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AMV Transcriptor™ Superscript™II

ACCUSCRIPT™ RT ACHIEVES UP TO SIX-FOLD HIGHER 
REVERSE TRANSCRIPTION ACCURACY
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Need More Information? Give Us A Call:

Stratagene USA and Canada
Order: (800) 424-5444 x3
Technical Services: (800) 894-1304

Stratagene Japan K.K.
Order: 03-5159-2060
Technical Services: 03-5159-2070

1. Roberts, J.D., Bebenek, K., Kunkel T.A. The Accuracy of Reverse Transcriptase from HIV-1. Science 1988 (242) 1171-1173.

Transcriptor is a trademark of Roche Applied Science. Superscript is a trademark of Invitrogen.

* Purchase of these products is accompanied by a license to use them in the Polymerase Chain Reaction (PCR) process 
in conjunction with a thermal cycler whose use in the automated performance of the PCR process is covered by the 
up-front license fee, either by payment to Applied Biosystems or as purchased, i.e., an authorized thermal cycler.
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Stratagene Europe
Order: 00800-7000-7000
Technical Services: 00800-7400-7400

Reverse transcriptases (RT) exhibit significantly higher error rates than other

known DNA polymerases, introducing errors at frequencies of one per 1,500 to

30,000 nucleotides during cDNA synthesis
1

. Our new AccuScript™ RT delivers 

3- to 6-fold fewer reverse transcription errors than other reverse transcriptases,

creating more accurate copies of RNA.

Achieve up to six times higher reverse transcription 
accuracy with AccuScript™ RT from Stratagene 

AccuScript™ Reverse Transcriptase System 50 rxns 600089
200 rxns 600090

AccuScript™ First Strand cDNA Synthesis System 200820
AccuScript™ High Fidelity RT-PCR Kit with PfuUltra™ DNA Polymerase* 600180

WHEN ACCURACY IS THE
NAME OF THE GAME.

• Greatly reduce sequence errors during first-strand cDNA synthesis

• Produce high yields of full-length cDNA

• Excellent RT-PCR sensitivity with low RNA amounts

http://www.Stratagene.com
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GE Healthcare

To 100,000 scientists worldwide, the name ÄKTA™ has
always meant outstanding protein purification, and now it’s
brought to you by GE Healthcare. With the ability to purify
virtually 100% of all biomolecules, the ÄKTAdesign™ platform
can handle the toughest of challenges. Whatever the scale,
from laboratory, to process development and manufacturing,
there’s an ÄKTAdesign system to meet every need. All systems
in the ÄKTAdesign family work with the intelligent UNICORN™

software, which makes it easy to control every stage of your
purification processes. Accurate, reproducible results just take
a little pure imagination.

Visit www.amershambiosciences.com/aktadesign 

Why do 100,000 scientists trust
GE Healthcare for all their
protein purification needs? 

Here’s Ä clue.

© 2005 General Electric Company - All rights reserved.
Amersham Biosciences AB, a General Electric company 
going to market as GE Healthcare.
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985 THIS WEEK IN SCIENCE

989 EDITORIAL by Edward C. Holmes,
Jeffery K. Taubenberger, Bryan T. Grenfell
Heading Off an Influenza Pandemic
related Dealing with Disasters section page 1029

990 EDITORS’ CHOICE

994 CONTACT SCIENCE

995 NETWATCH

1101 NEW PRODUCTS

1102 SCIENCE CAREERS

NEWS OF THE WEEK
996 EVOLUTION

Vatican Astronomer Rebuts Cardinal’s
Attack on Darwinism

996 AVIAN INFLUENZA

‘Pandemic Vaccine’ Appears to Protect
Only at High Doses
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Painstaking Approach Pays Off for Rice
Sequencing Project

999 HIV/AIDS
Report of Novel Treatment Aimed at Latent
HIV Raises the ‘C Word’

999 SCIENCESCOPE

1000 BIOTECHNOLOGY

Calming Fears, No Foreign Genes Found in
Mexico’s Maize

1001 PHYSICS

Physicists Get the Dope on Disorder in 
High-Temperature Superconductors
related Research Article page 1048

NEWS FOCUS
1002 HIV/AIDS

Prevention Cocktails: Combining Tools 
to Stop HIV’s Spread

Hedged Bet:An Unusual AIDS Vaccine Trial

1006 ECOLOGY

Beloved Arctic Station Braces for 
Its Own Climate Change

1008 ARCHAEOLOGY

Unraveling Khipu’s Secrets
related Report page 1065

1010 RANDOM SAMPLES

LETTERS
1012 Using Ethics to Fight Bioterrorism M. S. Frankel; L. Li;

S. K. Green; J. Rath and B. Jank; B. Perman; P. C. Agre et al.

Response M. Somerville and R. Atlas. Madrid Center Not

Quite in Limbo L. Boscá et al.

1017 Corrections and Clarifications

BOOKS ET AL.
1018 NEUROSCIENCE

Nerve Endings The Discovery of the Synapse

R. Rapport, reviewed by E. Jones

1019 HISTORY OF SCIENCE

The Changing Role of the Embryo in Evolutionary

Thought Roots of Evo-Devo

R. Amundson, reviewed by M. Laubichler

POLICY FORUM
1021 SECURITY

Microchallenges of Chemical Weapons Proliferation
T. H. Nguyen

PERSPECTIVES
1022 COSMOLOGY

Anthropic Reasoning
M. Livio and M. J. Rees

1024 PLANT SCIENCE

The Right Time and Place for Making Flowers
M. A. Blázquez
related Science Express Research Article by T. Huang et al.;

Research Articles pages 1052 and 1056

1025 GEOCHEMISTRY

Biogeochemical Cycling of Iron Isotopes
C. M. Johnson and B. L. Beard

1027 STRUCTURAL BIOLOGY

Choosing the Crystallization Path Less Traveled
S. Weiner, I. Sagi, L. Addadi
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SPECIAL ISSUE

DEALING WITH DISASTERS
A month after the December 2004 tsunami, people use a makeshift ferry to cross a river in
Loknga, Indonesia, as soldiers work to reconstruct a bridge. Recent devastating disasters
have sparked renewed efforts to prepare for and speed recovery from such unpredictable
threats. [Photo: Jewel Samad/AFP/Getty Images]

INTRODUCTION

1029 Resiliency in the Face of Disaster

NEWS

1030 The Tsunami’s Psychological Aftermath

VIEWPOINTS

1034 Toward Inherently Secure and Resilient Societies 
B. Allenby and J. Fink

1036 Social-Ecological Resilience to Coastal Disasters 
W. N. Adger et al.

1040 Insurance in a Climate of Change 
E. Mills

1044 Refocusing Disaster Aid 
J. Linnerooth-Bayer,
R. Mechler, G. Pflug 

Related Editorial page 989
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For related online content in Science’s
Next Wave, see page 983 or go to 
www.sciencemag.org/sciext/disasters/
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New genomewide solutions from QIAGEN provide potent, specific siRNAs and
matching, ready-to-use, validated primer sets for SYBR® Green based real-time 
RT-PCR assays.

■ One database — easy online access to RNAi and gene expression solutions at the 
GeneGlobe™ Web portal

■ Two matching solutions — siRNAs and matching real-time RT-PCR assays you can rely on

■ Three complete genomes — siRNAs and RT-PCR assays are available for the entire
human, mouse, and rat genomes

Trademarks: QIAGEN®, GeneGlobe™ (QIAGEN Group); SYBR® (Molecular Probes, Inc.). siRNA technology licensed to QIAGEN is covered by various patent
applications, owned by the Massachusetts Institute of Technology, Cambridge, MA, USA and others. QuantiTect Primer Assays are optimized for use in the Polymerase
Chain Reaction (PCR) covered by patents owned by Roche Molecular Systems, Inc. and F. Hoffmann-La Roche, Ltd. No license under these patents to use the PCR
process is conveyed expressly or by implication to the purchaser by the purchase of this product. A license to use the PCR process for certain research and development
activities accompanies the purchase of certain reagents from licensed suppliers such as QIAGEN, when used in conjunction with an Authorized Thermal Cycler, or is
available from Applied Biosystems. Further information on purchasing licenses to practice the PCR process may be obtained by contacting the Director of Licensing,
Applied Biosystems, 850 Lincoln Centre Drive, Foster City, California 94404 or at Roche Molecular Systems, Inc., 1145 Atlantic Avenue, Alameda, California 94501.
RNAiGEXGeneGlobe0605S1WW   © 2005 QIAGEN, all rights reserved.

Systems Biology — RNAi and Gene Expression Analysis

GeneGlobe — the world’s largest database
of matching siRNAs and RT-PCR assays
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For matched siRNAs and real-time RT-PCR assays, go to
www.qiagen.com/GeneGlobe !

New
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Untransfected
Transfected with
PRKCA siRNA

Reliable quantification after
knockdown.

Visit www.qiagen.com/GeneGlobe .

http://www.qiagen.com/GeneGlobe
http://www.qiagen.com/GeneGlobe
http://www.QIAGEN.com


http://www.sciencedigital.org/subscribe


http://www.sciencedigital.org/subscribe


www.sciencemag.org SCIENCE VOL 309 12 AUGUST 2005 979

SCIENCE EXPRESS www.sciencexpress.org

PLANT SCIENCE: The mRNA of the Arabidopsis Gene FT Moves from Leaf to Shoot Apex and
Induces Flowering
T. Huang, H. Böhlenius, S. Eriksson, F. Parcy, O. Nilsson

The long-sought “florigen” that moves from leaf to shoot and induces flowering as days lengthen is the
messenger RNA for the FLOWERING LOCUS T gene FT. related Perspective page 1024; Research Articles pages

1052 and 1056

ATMOSPHERIC SCIENCE: The Effect of Diurnal Correction on Satellite-Derived Lower
Tropospheric Temperature
C. A. Mears and F. J. Wentz

After modification of an erroneous diurnal correction, a reconstruction of recent atmospheric warming
of the lower troposphere from satellite data now agrees with that inferred from measurements at the
surface. related Science Express Reports by B. D. Santer et al. and S. Sherwood et al.

ATMOSPHERIC SCIENCE: Amplification of Surface Temperature Trends and Variability in
the Tropical Atmosphere
B. D. Santer et al.

Results of modeling recent temperature changes in the tropical troposphere agree with satellite data that
indicate more warming than earlier reconstructions. related Science Express Reports by C. A. Mears and F. J. Wentz;

S. Sherwood et al.

ATMOSPHERIC SCIENCE: Radiosonde Daytime Biases and Late–20th Century Warming
S. Sherwood, J. Lanzante, C. Meyer

Temperature measurements by weather balloons in the troposphere failed to reveal the extent of warming
because of an uncorrected artifact in new instrumentation. related Science Express Reports by C. A. Mears and

F. J. Wentz; B. D. Santer et al.

TECHNICAL COMMENT ABSTRACTS
1017 OCEAN SCIENCE

Comment on “Molybdenum Isotope Evidence for Widespread Anoxia in 
Mid-Proterozoic Oceans”
H.-F. Ling, J.-F. Gao, K.-D. Zhao, S.-Y. Jiang, D.-S. Ma 
full text at www.sciencemag.org/cgi/content/full/309/5737/1017c

Response to Comment on “Molybdenum Isotope Evidence for Widespread Anoxia in
Mid-Proterozoic Oceans”
A. D. Anbar, G. L. Arnold, T. W. Lyons, J. Barling 
full text at www.sciencemag.org/cgi/content/full/309/5737/1017d

BREVIA
1047 ECOLOGY: Soil Invertebrates Disrupt Carbon Flow Through Fungal Networks 

D. Johnson et al.
The massive flux of carbon through plants to soil via symbiotic mycorrhizal fungi can be reduced
32 percent by tiny soil insects that feed on the fungi.

RESEARCH ARTICLES
1048 PHYSICS: Atomic-Scale Sources and Mechanism of Nanoscale Electronic Disorder in

Bi2Sr2CaCu2O8+δ

K. McElroy, J. Lee, J. A. Slezak, D.-H. Lee, H. Eisaki, S. Uchida, J. C. Davis
Dopant atoms in a high-temperature superconductor are shown by scanning probe microscopy to be close
to areas of electronic disorder. related News story page 1001

PLANT SCIENCE

1052 FD, a bZIP Protein Mediating Signals from the Floral Pathway Integrator FT at the Shoot Apex 
M. Abe et al.

1056 Integration of Spatial and Temporal Information During Floral Induction in Arabidopsis

P. A. Wigge et al.

Two nuclear genes, one activated in the leaf and one in the shoot, work together to determine the time and
location of flowering. related Perspective page 1024; Science Express Research Article by T. Huang et al.

REPORTS
1059 MATERIALS SCIENCE: Origin of Brittle Cleavage in Iridium 

M. J. Cawkwell, D. Nguyen-Manh, C. Woodward, D. G. Pettifor, V. Vitek
Iridium’s characteristic brittle cleavage, not seen in any other metal with its structure, is caused by the formation
of two types of dislocations and rapid interchange between them.

Contents continued

1001
& 1048

http://www.sciencemag.org
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1078

1062 GEOCHEMISTRY: Photochemical Mass-Independent Sulfur Isotopes in Achondritic Meteorites 
V. K. Rai, T. L. Jackson, M. H. Thiemens

Sulfur in meteorites from early planetesimals has an anomolous isotopic distribution, probably preserved
from photolysis reactions in the early solar nebula.

1065 ARCHAEOLOGY: Khipu Accounting in Ancient Peru 
G. Urton and C. J. Brezine 

Analysis of seven khipu, enigmatic knotted strings from the Inka empire, show that they were an
accounting system for managing labor or tribute in the Inka bureaucracy. related News story page 1008

1068 OCEAN SCIENCE: Nature of Phosphorus Limitation in the Ultraoligotrophic 
Eastern Mediterranean 
T. F. Thingstad et al.

Adding phosphorus to phosphorus-poor waters in the Mediterranean Sea unexpectedly lowered
the abundance of phytoplankton but increased that of bacteria and copepods.

1071 DEVELOPMENTAL BIOLOGY: Direct Control of Germline Stem Cell Division and Cyst
Growth by Neural Insulin in Drosophila

L. LaFever and D. Drummond-Barbosa
Insulin-like peptides in the brain signal nutrient availability, directly regulating the division of germline stem
cells, thus coordinating resource availability and reproduction.

1074 DEVELOPMENTAL BIOLOGY: TAZ, a Transcriptional Modulator of Mesenchymal Stem Cell Differentiation
J.-H. Hong et al.

A regulatory protein binds to transcription factors via a four–amino acid domain, directing stem cells to become
bone cells while inhibiting their differentiation into fat cells.

1078 CELL SIGNALING: Formation of Regulatory Patterns During Signal Propagation in a Mammalian
Cellular Network 
A. Ma’ayan et al.

A network in hippocampal neurons having 545 components with 1259 interactions suggests how cells may
process information to allow transient or stable responses.

1083 EPIDEMIOLOGY: Containing Pandemic Influenza at the Source 
I. M. Longini Jr. et al.

A model of a southeast Asian population predicts that a hypothetical emergent flu strain may be containable
with antiviral agents, quarantine, and prevaccination.

1088 MICROBIOLOGY: In Situ Stable Isotope Probing of Methanogenic Archaea in the Rice Rhizosphere
Y. Lu and R. Conrad

An Archaean microbe in anoxic soils of rice paddies produces much of the atmospheric greenhouse gas
methane that results from human activities.

1090 VIROLOGY: Complete Genome Sequence and Lytic Phase Transcription Profile of a Coccolithovirus

W. H. Wilson et al.
A large virus that infects marine algae unexpectedly harbors genes for apoptosis and transcription, thought
to be absent from viruses.

1093 STRUCTURAL BIOLOGY: Structural Basis for the Activation of Cholera Toxin by Human ARF6-GTP 

C. J. O’Neal, M. G. Jobling, R. K. Holmes, W. G. J. Hol

Cholera toxin hijacks a human G protein during infection, activating it by causing conformational changes
that open the active site to substrates.

1096 CHEMISTRY: Pre-Unfolding Resonant Oscillations of Single Green Fluorescent Protein Molecules 

G. Baldini, F. Cannone, G. Chirico 

A protein on the verge of unfolding oscillates with a millisecond period between two conformations and
can be driven back and forth by resonant electric and acoustic fields.
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Practice of the patented polymerase chain reaction (PCR) process requires a license. The MJ Mini thermal cycler and the MiniOpticon
system include an Authorized Thermal Cycler, and may be used with PCR licenses available from Applied Biosystems. Their use with
Authorized Reagents also provides a limited PCR license in accordance with the label rights accompanying such reagents. Some
applications may also require licenses from other third parties.

Visit us on the Web at discover.bio-rad.com
Call toll free at 1-800-4BIORAD (1-800-424-6723);
outside the US, contact your local sales office.

The MJ Line of Amplification Products

A giant among its peers.
Introducing the MJ Mini™ thermal cycler and MiniOpticon™ real-time PCR system: 
Small on size, big on performance.

The 48-well MJ Mini cycler delivers the high-performance features found 
in higher-capacity instruments. When fitted with a two-color real-time 
detector, it’s transformed into the MiniOpticon real-time system — one 
of the smallest and most portable real-time PCR systems available.

■ A thermal gradient optimizes reactions for maximum efficiency
and accurate quantification

■ Fast achievement of thermal uniformity ensures reliable results 
and shortened run times 

■ The MiniOpticon system incorporates an array of 48 LEDs 
for excitation and a pair of sensitive photodiodes for detection 
in a robust design with no moving parts

■ Light weight and compact size allow these systems to fit just 
about anywhere

For more information, visit us on the Web at www.bio-rad.com/ad/mini/

MJ Mini cycler — 18 x 32 x 20 cm; 4 kg
MiniOpticon system — 18 x 32 x 33 cm; 8 kg

http://discover.bio-rad.com
http://www.bio-rad.com/ad/mini/
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sciencenow www.sciencenow.org DAILY NEWS COVERAGE

What’s Your Dog Thinking?
You may not be able to tell, but other canines seem to get the picture.

Brewing a Better Killer
DNA repeats explain how yeast evade drugs and the immune system.

How to Sell Humvees to Men 
Attacking their machismo makes men more supportive of war, more homophobic, and more willing to shell out for that SUV.

science’s next wave www.nextwave.org CAREER RESOURCES FOR YOUNG SCIENTISTS

Related Dealing with Disasters section page 1029

GLOBAL: Careers in the Science of Disasters—Feature Index A. Forde
Next Wave investigates scientists who use their expertise to help predict, prevent, and deal with disasters.

GLOBAL/US: Little Movement in Earthquake Science Careers J. Kling
Earthquake science careers have never been high demand, but opportunities do exist.

GLOBAL/EUROPE: Monitoring the Pulse of the Mount Vesuvius E. Pain
Massimo Orazi satisfies his appetite for technical advances at the Vesuvius Observatory.

GLOBAL/EUROPE: Learning from Disasters A. Forde
Ilan Kelman talks to Next Wave about his broad interest in the science of disasters.

GLOBAL/GRANTSNET: Student and Postdoctoral Funding in the Science of Disasters
Edited by S. Martin

GrantsNet offers a sampling of funding opportunities in disciplines related to the science of disasters.

CAREER DEVELOPMENT CENTER: Mitigating Disasters R. Arnette
A disaster epidemiologist ensures that the health needs in disaster-stricken areas are assessed and met.

science’s sage ke www.sageke.org SCIENCE OF AGING KNOWLEDGE ENVIRONMENT

GENETICALLY ALTERED MICE: BRI-Aβ42 Transgenic Mice Q. Guo
Mice that produce human Aβ1-42 in the absence of human amyloid precursor protein production 
develop amyloid-related pathologies.

GENETICALLY ALTERED MICE: BRI-Aβ40 Transgenic Mice Q. Guo
Mice that produce human Aβ1-40 in the absence of human amyloid precursor protein production 
do not develop amyloid-related pathologies.

NEWS FOCUS: Partly Cloudy  R. J. Davenport
Mice with Alzheimer’s disease–linked gene variants suffer deteriorating retinas.

NEWS FOCUS: Up to Speed M. Leslie
Amphetamines spare mice from Parkinson’s disease–like symptoms.

science’s stke www.stke.org SIGNAL TRANSDUCTION KNOWLEDGE ENVIRONMENT

PERSPECTIVE: Slowing Down the Ras Lane—miRNAs as Tumor Suppressors? J. P. Morris IV and

M. T. McManus
Do microRNAs act as tumor suppressors or oncogenes by regulating the expression of particular targets?

TEACHING RESOURCE: Regulation of Ion Channels by G Proteins M. Diversé-Pierluissi
Prepare a graduate-level class covering the regulation of calcium channels through G-protein signaling.

Primary microRNA transcripts.

Mousing for clues about 
fading vision.

Opportunities in researching
disasters.

GrantsNet
www.grantsnet.org

RESEARCH FUNDING DATABASE

AIDScience
www.aidscience.com

HIV PREVENTION & VACCINE RESEARCH

Functional Genomics
www.sciencegenomics.org
NEWS, RESEARCH, RESOURCES

Members Only!
www.AAASMember.org

AAAS ONLINE COMMUNITY

www.scienceonline.org

Separate individual or institutional subscriptions to these products may be required for full-text access.
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http://www.nextwave.org
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http://www.AAASMember.org
http://www.scienceonline.org


© Copyright 2005 Thomson. EndNote is 

a registered trademark of Thomson.

All trademarks are the property of their respective companies.

800-722-1227 • 760-438-5526
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EndNote, used by millions of researchers, students, professors,
librarians and writers worldwide, is known for introducing
innovative features such as the ability to search online bibliographic
databases, organize references and images, and create instant
bibliographies.With EndNote 9, you can work faster with increased
performance, connect to more data sources worldwide, and share
customized libraries with colleagues easily. EndNote is easy to use,
easy to learn and is seamlessly compatible with Microsoft®Word for
Windows® and Mac® OSX.There simply is no better way to manage
your references and build instant bibliographies.

Download your Free demo or buy online today.
www.endnote.com

EndNote. Where millions of
researchers, librarians and
students begin.

Learn about new 
tools for your 

research and publishing—

Onfolio™

Organize RSS feeds and Web research

RefViz™

Visualize references
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™

Proof your manuscript
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Dopant Distribution and Superconductivity
On the microscopic scale, the electronic structure of the high-tem-
perature (high-Tc) superconducting cuprates is inhomogeneous,
and this nanoscale electronic disorder could be caused by a ran-
dom distribution of dopant atoms. However, the identification of
the dopant atoms in the materi-
al, and quantifying what influ-
ence they have on the electronic
structure has been difficult to
realize. McElroy et al. (p. 1048;
see the news story by Cho) used
scanning probe microscopy to
image the dopant atom loca-
tions and probe the atomic-
scale electronic structure simul-
taneously in the high-Tc super-
conductor Bi2Sr2CaCu2O8+x. Cor-
relating the dopant atom distri-
bution with the electronic prop-
erties may provide a clearer un-
derstanding of not only the
cuprates but also other doped
complex materials.

More Is…Less? 
The abundance of photosyn-
thetic organisms in much of
the upper ocean is thought to
be limited by the amount of
the essential nutrient phos-
phorus (P) that is available.
Thus, the number of primary
producers in a P-depleted
ocean region would increase
if this nutrient was added.
Thingstad et al. (p. 1068) per-
formed such an experiment
on a 16-square-kilometer area
of the Mediterranean Sea, where productivity is very low and P is
the limiting nutrient. The chlorophyll content of the waters actual-
ly decreased, opposite what would be expected, and the abun-
dance of copepod eggs, ciliate biomass, and bacterial production
all increased. The authors discuss several possible reasons for this
response and how the effects of P limitation might differ with re-
spect to season and to groups of organisms.

Sum Information Recorded
The Inka Empire was the largest pre-Columbian empire in the
New World, yet apparently it lacked a written language. What is
preserved are khipu, groups of intricately knotted colored strings
that are thought to be used for accounting or record keeping, but
deciphering their meaning, relationship, or significance has been
problematic. Urton and Brezine (p. 1065; see the news story by
Mann), working with seven khipu that do have some contextual
information so that they can be treated as a group, show that
successive khipu record summations of other ones. It appears
that khipu were used to pass accounting information upward
through the Inka bureaucracy.

Oscillating Flashes
Proteins sample an enormous conformational space as they fold
and unfold, and traditional measurements reveal limited details of
the process because each molecule may follow a slightly different
path at a slightly different time. Fluorescence measurements with

single-molecule resolution can over-
come this blurring effect and trace indi-
vidual pathways. Baldini et al. (p. 1096)

examined a green fluorescent protein
mutant suspended in a gel during
unfolding. Just prior to unfolding,
the protein chromophore oscillates
with remarkable regularity be-

tween two states, a blue-fluorescing
neutral state and green-fluorescing an-

ionic state. The oscillatory frequencies
fall in the 400- to 1000-Hertz range, and
the process can be driven by applied res-
onant electric or acoustic fields. The mo-
lecular mechanism underlying this
process remains elusive.

Choosing Your Fate
During differentiation, cell lineages must
choose between different alternate
fates. Hong et al. (p. 1074) provide evi-
dence that a protein known as TAZ (for
transcriptional coactivator with PDZ-
binding motif) is a key regulator that
helps determine the fate of mesenchy-
mal stem cells that can differentiate into
osteoblasts or adipocytes. TAZ contains
a protein interaction domain that binds
to Pro-Pro-X-Tyr motifs (where X repre-
sents any amino acid). Two transcription
factors that control differentiation of
mesencymal stem cells, Runx2 and

PPARγ, contain such a motif in their activation domains. In tissue
culture and in zebrafish embryos, TAZ promotes formation of os-
teoblasts (by cooperating with Runx2) and inhibits differentiation
of adipocytes (by antagonizing the effects of PPARγ).

Bend and Snap
Iridium is the only face-centered cubic metal that undergoes brittle
cleavage after deformation. Using simulations, Cawkwell et al. (p.
1059) account for this behavior as arising from the interchange of
two dislocation types within the material. The cores of screw dislo-
cations in iridium can be either planar (glissile, and moving readily)

or be distributed on two planes, causing
them to be nonplanar (sessile, and mov-
ing only under high stress). The athermal
transformation of one defect type into
the other leads to a rapid increase in the
dislocation density. This process in turn
leads to fast strain hardening, which
eventually causes the flow stress to rise
fast enough to cause brittle failure.

www.sciencemag.org SCIENCE VOL 309 12 AUGUST 2005 985

A Time and a Place
for a Flower
Early plant responses
to spring environmen-
tal signals, such as day
length or vernalization,
occur in the leaves, but
the flowers form at a meri-
stem that shifts from vegetative to
floral growth. The mysterious mobile mediator be-
tween these two sites has been called “florigen.”
Wigge et al. (p. 1056) and Abe et al. (p. 1052) inves-
tigated the integration of floral initiation signals in
Arabidopsis (see the Perspective by Blázquez). Flow-
ering locus T (FT) is expressed in leaves in response
to environmental changes conducive to flowering.
Meanwhile, the meristem is primed to be ready for

floral production by ex-
pression of a transcription
factor FD. Together, FT
and FD activate floral
identity genes. Whether
FT actually is the mobile
mediator remains unclear,
but these two genes to-
gether do integrate the
“when” and the “where”
of the flowering response.

edited by Stella Hurtley and Phil Szuromi
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Containing a Potential Pandemic
In the 20th century, there were three influenza pandemics. Currently, the world is threat-
ened by avian influenza in Southeast Asia and may be only a reassortment or mutation
event away from another pandemic. However, there is a good chance of preventing the
spread of any emergent influenza strain at the source through good surveillance and the
aggressive use of influenza antiviral agents, quarantine, and vaccines. In a detailed epi-
demic simulation model for a Southeast Asian population, Longini et al. (p. 1083, pub-
lished online 4 August 2005) analyze possible strategies for containing a newly emergent
influenza strain and show that such a strain should be containable at the source under a
broad set of potential conditions.

How Rice Releases Methane
Rice agriculture is possibly the biggest source of anthropogenic methane: Rice paddies
cover about 130 million hectares of the earth’s surface, of which almost 90% are in Asia,
and emit 50 to 100 million metric tons of methane a year. Most of this methane is de-
rived from rice photosynthates excreted into the rhizosphere. Lu and Conrad (p. 1088)
used pulse-labeling of rice plants with 13CO2 followed by in situ stable isotope probing of
rhizospheric archaeal RNA to show that a group of methanogenic archaea, the so-called
Rice Cluster I, of which no isolates exist so far, is responsible for this methane production
from the degradation of photosynthates.

Scrutinizing Cholera Toxin 
Cholera toxin catalyzes reactions that lead to the devastating diarrhea characteristic of
the disease. The toxin is activated by a family of human G proteins, adenosine diphos-
phate−ribosylation factors (ARFs), which normally act as molecular switches through
binding effector proteins in eukaryotic cells. O’Neal et al. (p. 1093) now report high-
resolution structures of the catalytic cholera toxin A1 subunit (CTA1) bound to ARF−

guanosine triphosphate (GTP), with and
without substrate bound. Although
cholera toxin is not structurally similar
to human protein partners of ARF, the
toxin:ARF-GTP interface mimics ARF-
GTP recognition of human effector pro-
teins. The binding causes conformation-
al changes that open the CTA1 active
site to substrate access.

Planktonic Pathogen Genome
Given the incredible number of viruses present in the ocean, there are surprisingly few
marine viral genomes known. Wilson et al. (p. 1090) provide a complete genome se-
quence, annotated via a microarray analysis, of a Coccolithovirus pathogen of the ubiqui-
tous and globally important phytoplankton Emiliania huxleyi. This huge viral genome
contains a family of noncoding repeats and a viral RNA polymerase gene that might
function together as transcription machinery. The genome also appears to contain an
apoptosis activation system, which may be pivotal in understanding the bloom behavior
of the host alga. The majority of the genes in the virus are transcribed and the virus can
act as a vehicle for horizontal gene transfer within this species of coccolithophorids; in-
deed, E. huxleyi is one of the fastest evolving species of phytoplankton known.

Network Analysis of Cell Regulation
Fuller understanding of cellular regulation requires analysis of the interactions of multiple
signaling pathways in the complex networks that control cellular functions. Ma’ayan et al.
(p. 1078) analyze the network properties of 545 components that undergo 1259 interac-
tions underlying signaling and cell regulation in hippocampal neurons.The presence of reg-
ulatory motifs and other characteristics begin to reveal how cells may process information
to allow, for example, transient or stable changes in cell function.
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EDITORIAL
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C
ontinual news on the outbreak status of the H5N1 subtype of influenza A virus in Southeast Asia points
to one of the greatest challenges facing 21st-century society: the prediction and management of
disasters. Hundreds of thousands die from influenza annually, with widespread and often devastating
pandemics occurring episodically. The last flu pandemic occurred in 1968. Are we better able to
mitigate the effect of a new pandemic than we were 37 years ago? Advances in science, vaccine
strategies, and antiviral drugs provide this potential, but whether these can be applied in the short term

in an effective global policy is not guaranteed. 
The continual threat of influenza A viruses such as avian H5N1 lies in their basic biology. The virus is

easily transmitted and can be highly virulent. It is present at high frequencies in reservoirs of wild birds
that can infect domestic animals, including horses, pigs, and poultry. Add to that the genetic plasticity of
the virus, with high rates of mutation and a ready capacity for reassortment that allows it to combine
with other strains to produce new and sometimes highly pathogenic variants. Most worrisome, the
reassortment of human and bird strains could result in a pandemic virus that is transmissible among
humans. A highly pathogenic avian H5N1 virus first appeared in Hong Kong in 1997. A mass cull of
chickens alleviated the problem locally, but H5N1 viruses continued to circulate in birds in Asia,
most recently among migratory species that could theoretically carry the virus for long distances. In
2003, H5N1 re-emerged in humans, causing almost 60 deaths in Asia to date, although there is no
convincing evidence that the virus has evolved human-to-human transmission.

How might we prevent and manage a future influenza pandemic? The most obvious
requirement is a rapid and expansive influenza surveillance and response network. A permanent
global task force has been proposed to perform this role,* and we strongly endorse this idea.
However, such a task force will only be successful if national governments release data
promptly and adhere to control measures should a pandemic arise. Such surveillance activity
also needs to include humans, domestic animals, and wild birds. Second, we must develop
further, effective intervention strategies to reduce transmission and disease. The development of vaccines
against H5N1 strains, and ultimately against all subtypes, is a clear priority. Recent preliminary tests of a potential
vaccine are encouraging. But using traditional approaches, fewer than 500 million people could currently be vaccinated
with a two-dose monovalent pandemic influenza vaccine. New vaccine methodologies are in reach, but international
agreements on production, intellectual property, distribution, and administration need to be aggressively pursued.
Antiviral drug stockpiles are equally limited. Thus, because rapid global distribution networks of vaccines and
antiviral agents have yet to be established, it is essential that logistical simulations be conducted to determine their
possible limitations. Third, we need epidemiological models, to explore the spread and impact of potential influenza
pandemics in the face of realistic control measures and how to manage pandemics when they arise. Two recent reports
suggest that antiviral-based containment policies could be an effective strategy,† although this is contingent on a rapid,
coordinated response to the emergence of a pandemic.

We must also develop strategies to reduce the probability of pandemics. This will require a multitude of basic
scientific information, including the probability and mechanism of reassortment; a measure of the exposure rates of
influenza viruses at the human/animal interface; and, most critically, an understanding of how avian viruses evolve to
develop sustained transmission networks in humans. It is therefore essential to conduct a global surveillance of
genetic diversity in avian influenza viruses, sequencing complete genomes from these and mammalian strains to
explore the polygenic nature of host adaptation. We also need to determine the extent of clonal genetic variation within
individual hosts, because consensus sequences invariably hide strains with varying phenotypic properties. These data
would also provide perspective on the evolutionary dynamics of viral pathogens at different spatial scales. Although
a unified political effort is essential to avert or mitigate a major influenza pandemic, it must proceed in parallel with
advances in basic science.

The potential for avian H5N1 to cause a global human pandemic is presently uncertain because it cannot be
predicted with current data. However, if an H5N1 pandemic does not emerge in the near term, the political will to
continue the global preparations necessary for a future pandemic may falter. We cannot afford such a misstep.

Edward C. Holmes, Jeffery K.Taubenberger, Bryan T. Grenfell
Edward C. Holmes andBryan T. Grenfell are at the Center for Infectious Disease Dynamics, Department of Biology,The Pennsylvania State
University, Mueller Laboratory, University Park, PA 16802, USA. Jeffery K.Taubenberger is in the Department of Molecular Pathology,
Armed Forces Institute of Pathology, Rockville, MD 20850, USA.
*R.A. M. Fouchier,T. Kuiken, G. Rimmelzwaan,A. Osterhaus, Nature 435, 419 (2005); S. P. Layne et al., Science 293, 1729 (2001).
†I. M. Longini Jr. et al., Science 309, 1083 (2005); N. M. Ferguson et al., Nature, 3 August 2005 (10.1038/nature04017).

10.1126/science.1117128

Heading Off an Influenza Pandemic
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M AT E R I A L S  S C I E N C E

Stronger Steel

Ferritic and martensitic steels
are preferred structural 
materials for use at elevated
temperatures in power plants.
Their major advantage is
good thermal behavior 
relative to other elevated-
temperature alloys, but they
suffer from not being strong
enough at high temperature.
Niobium, vanadium, and
nitrogen have been added to
push upward this maximum-
use temperature, but alloying
may have reached its limit for
enhancing these steels. The
development of alloys that
are strengthened through the
dispersion of oxide particles
requires expensive manufac-
turing techniques. Under 
normal processing conditions,
commercial steel alloys
develop large metal (M) carbon
precipitates or MX particles,
where X is Nb or V. Small MX

precipitates confer higher-
temperature stability, and
Klueh et al. have developed
methods to increase their
density. High-temperature
rolling was used to create 
dislocations in the alloys that
acted as nucleation sites for
the MX particles, increasing
the nanoparticle density by
three orders of magnitude.
Tests on treated commercial
alloys showed increases in
yield stress, particularly
above 620ºC, which is the
upper use temperature for
the untreated alloys. — MSL

Scripta Materialia 53, 275 (2005).

C H E M I S T RY

Avoiding Distortions

The formation of silica 
zeolites usually requires 
some structural distortion,
but what has been observed
experimentally is that the
bending within the SiO4

tetrahedra is minor and

occurs mainly along the
bonds connecting them.
Zwijnenburg et al. performed
a computational study of
known zeolitic frameworks,
as well as hypothetical
frameworks built up of three-
connected polyhedral tiles
(simple tilings such as double
4-rings), whose packing can
be used to represent known
frameworks. They found that
the experimental frameworks
had minimal tetrahedral 

distortion (less than 2.5 × 10–2

Å2), but that hypothetical
frameworks, even ones with
enthalpies similar to those 
of experimental frameworks,
had an order of magnitude or
more tetrahedral distortion.
They conclude that although 
a few of the hypothetical
frameworks may be realizable,
most of the more distorted
ones will likely elude
hydrothermal synthesis. — PDS

J. Phys. Chem. B 10.1021/jp0531309
(2005).

P S Y C H O L O G Y

Of Morals and Mores

What is it that makes moral
beliefs nonnegotiable? 
Such beliefs are thought to
transcend cultural variation—
in short, to be universal—
and they are often associated
with intense emotion, as are
strongly held attitudes.Across
a range of situations, however,
Skitka et al. find evidence 
consistent with their proposal
that attitudes and moral 
convictions differ.When 
questioned about their social
distance preferences, where
in-laws were proximal and
public officials were distal,
study participants were less
tolerant of social relations
with people whose convictions
disagreed with their own than
when the discordant positions
on issues were regarded merely
as a clash of attitudes.This
abstract type of preference
could in fact be converted into
a simple physical measure of
how close to another person

with known similar or
dissimilar convictions
a participant chose
to sit. Furthermore,
grouped participants
demonstrated a

greater willingness
to engage in discussion
and negotiation with

others when opposing
beliefs arose from
nonmoral attitudes
rather than convictions,
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Hidden Long-Term Consequences 

Fires are becoming increasingly frequent in wet tropical
forests as a result of human land use and other associated
disturbances. In addition to their visibly destructive
effects on aboveground biomass, tropical
forest fires can smoulder underground for
a long time. Thus, fire has a potential to
alter soil properties directly, especially the
concentration and spatial distribution of
nutrients—both of which have ramifi-
cations for the subsequent ecological
dynamics of forests.

Blair has examined the effects of
underground fires on the spatial patterns
of soil constituents in a lowland wet forest
in Nicaragua. Fire altered the spatial scale of nutrient
distribution, generally reducing the patch size for key
nutrients such as carbon, nitrogen, phosphorus, and
potassium, with as yet unknown consequences for belowground competition between
plants. Asbjornsen et al. describe the effects of fire on plant biomass in montane cloud
forests in Mexico, a habitat type in which forest fires have been documented only in the past
few years. Here, the belowground effects were substantial: Deep ground fires occurring in
1997–1998 resulted in a 50 to 75% reduction in live root biomass, as well as >80% reduction
in aboveground biomass. Given the time scale of forest dynamics, the longer-term effects of
these disturbances will unfold over decades. — AMS

J. Trop. Ecol. 21, 435; 427 (2005).

Burned (inset) and unburned
(right) montane cloud forest.

Packing of simple tilings (the
AST framework), with detail 
of the tetrahedral distor-
tion, and a distorted
double 6-ring tiling.

http://www.sciencemag.org


in line with recent work suggesting 
distinct emotional versus cognitive neural
substrates for intuitive versus reasoned
social appraisals. — GJC

J. Pers. Soc. Psych. 88, 895 (2005).

G E O P H Y S I C S

Gradation of Fabric

The solid inner core of Earth grew larger
over time as the liquid iron outer core
crystallized. This process released latent
heat that helps drives convection in the
liquid outer core, producing Earth’s 
magnetic field; the inner core now has a
radius of about 1200 km. Recent seismic
observations have started to reveal
details of the inner parts of the inner
core. Initial results showed that the core
has a distinct and organized crystal fabric.
More recently, it has been suggested
that there may be a boundary deep 
in the inner core at a radius of about 
300 km, which may indicate its episodic
growth. Cormier and Stroujkova
searched for additional evidence of such
a structure in a series of waveforms of
seismic waves passing through the inner
core at various angles (thus sampling it
through different depths). The data 
suggest, albeit not conclusively, more
subtle variations in the fabric of the inner
core with depth, consistent with an
increase in organized crystal size with
depth, instead of a sharp transition. — BH

Earth Planet. Sci. Lett. 236, 96 (2005).

C H E M I S T RY

ROMP with Restraint

Ring-opening metathesis polymerization
(ROMP) yields a versatile range of linear
polymers from cyclic olefin starting 
materials.The reaction is driven by relief
of the bonding strain inherent to the
geometry, as a metal catalyst pries open
the monomer rings and stitches them
together one by one.Whereas molybdenum
and tungsten catalysts are more active,
ruthenium compounds can react selectively
with a C=C bond in the presence of many
other groups, such as ketones and esters.
The tradeoff for such a tolerant catalyst is
reduced reactivity toward low-strain rings,
such as cyclopentene and cycloheptene,
which are appealing substrates because
they can be functionalized symmetrically
to yield regioregular polymers.

Hejl et al.show that by careful tuning
of catalyst and monomer concentrations,
some of these rings can be coaxed open
by Ru-based systems. In particular, they
achieve >80% yields for polymerization
of the unsubstituted 5- and 7-membered
cyclic alkenes, and >60% yields for 
several ketone- and ester-substituted
variants. The authors used density 
functional theory to calculate the strain
in each monomer variant and found 
that the threshold for Ru-catalyzed
ROMP is a minimal strain of 3.4 to 
4.4 kcal/mol. — JSY

Macromolecules 10.1021/ma0501287 (2005).
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Signaling Behavior of Dopamine
Dopamine is a neurotransmitter in circuits that convey reward
and motivation, and abnormalities in dopamine signaling have
been associated with mental illness. In particular, reduced

function of the D2-type dopamine receptor (D2DR) is thought to contribute to
schizophrenia, addiction, and mood disorders. Park et al. used a yeast two-hybrid
screen to uncover prostate apoptosis response 4 (Par-4) as a binding partner for
D2DR. In striatal neurons from mice that expressed a mutant form of Par-4 (in which
the domain mediating the interaction with D2DR had been deleted), activation of
signaling through cAMP was disrupted. Furthermore, behavioral tests of the mutant
mice showed a depression-like phenotype, but no effects on measures of anxiety.
Beaulieu et al.examined another signaling pathway emanating from D2DR, and they
find that β-arrestin 2 is important in mediating the behavioral effects of dopamine.
In wild-type mice,β-arrestin 2 was shown to associate with protein phosphatase 2a
(PP2A) and the protein kinase Akt; this interaction increased after treatment with
dopamine, which produced a decrease in Akt activity. In contrast, in mice deficient in
β-arrestin 2, PP2A and Akt did not associate with D2DR, and dopamine did not affect
Akt activity; this latter set of mice also showed decreases in dopamine-dependent
behaviors. D2DRs are targets of antipsychotic drugs, so both studies provide
hope that understanding the complexities of dopamine signaling may lead to
the development of therapeutics that would be more effective and have fewer
side effects. – NRG

Cell 122, 275; 261 (2005).
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the world’s leading suppliers of transformational medical technologies. 
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DISEASE:
A 20-YEAR RIDDLE

YOUR OPPORTUNITY TO WIN IS NOW
The Young Scientist Award was established in 1995,
and is presented by Science/AAAS and GE Healthcare.
The aim of the prize is to recognize outstanding most
recent Ph.D.s  from around the world and reward their
research in the field of molecular biology.

This is your chance to gain international acclaim and
recognition for yourself and your faculty. If you were
awarded your Ph.D. in molecular biology* during 2004,
describe your work in a 1,000-word essay. Then submit
it for the 2005 Young Scientist Award. Your essay will 
be reviewed by a panel of distinguished scientists who
will select one grand prize winner and up to seven
regional winners. The grand prize winner will get his or
her essay published in Science, receive US$25,000, 
and be flown to the awards ceremony in St. Louis,
Missouri (USA). Entries should be received by
September 30, 2005.

Go to www.aaas.org/youngscientistaward to find the
entry form. We wish continued success to Dr. Valadkhan.
And to you. 

Read Dr. Saba Valadkhan’s latest findings in RNA.
2003 Jul, 9 (7): 892-904.

Well that’s just what one young scientist did when she unlocked 

the secrets of the spliceosome, a crucial molecular machine within 

the cell. Dr. Saba Valadkhan’s breakthrough discovery won her the

2004 Young Scientist Award. 

The spliceosome plays a key role in human health. Errors in its

function are thought to cause up to 50% of all genetic disease – the

tiniest mistake can result in retinal degeneration or neurological

disease. A clear understanding of how this large and complex 

structure works had evaded scientists despite two decades of 

research. But Dr. Valadkhan has changed that with the successful 

development of a novel, minimal spliceosome stripped down to the

core elements. This is now shedding light on how spliceosome errors

translate into mistakes in gene expression. 

Dr. Valadkhan won the grand prize in the 2004 Young Scientist Award

competition with an essay based on her research in this area. She is

now an assistant professor at the Center for RNA Molecular Biology 

at Case Western Reserve University in Cleveland, Ohio (USA).

She says: “The prize has been very beneficial to my career. It has 

given me valuable new connections, and a great deal of recognition 

in the scientific community. It has also helped me see my work in 

a wider context, and understand what science is really all about.”

* For the purpose of this prize, molecular biology is defined as “that part of biology which attempts to interpret biological events in terms of the physico-chemical properties of molecules in a cell”
(McGraw-Hill Dictionary of Scientific and Technical Terms, 4th Edition).

Established and presented by:

http://aaas.org/youngscientistaward
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E X H I B I T S

Fun With 

Genetics
Dive into a human skin cell and
zoom in on a loop of DNA. Quiz
an expert about the genetics of diseases such as lupus. Those are
two of the activities you can try at Understanding Genetics from
the Tech Museum of Innovation in San Jose, California. Interactive
exhibits let you explore topics such as eye color inheritance and
whether the produce in your refrigerator could be genetically
modified. The museum’s on-call geneticist discusses issues in the
news and answers questions from readers, such as whether a vegan
diet reduces your tolerance for milk. Probably not, because the
gene for lactase, the enzyme that breaks down milk sugar, naturally
shuts off as most people age, regardless of diet. But not drinking
milk for a while might eliminate bacteria that help digest it.

www.thetech.org/exhibits/online/ugenetics

F U N

Putting a Kick Into Physics
Unlike those aerial acrobats lofted by wires in martial arts
movies, real kung fu experts depend on an implicit understand-
ing of physics as they block and strike. For
a lighthearted exploration of the connec-
tion between physics and martial arts,
punch up the new exhibit Kung Fu Sci-
ence from the Institute of Physics in Lon-
don. Follow along as a physics student
learns how to chop a board in half with
her hand. Check out her calculations of
how much energy her hand can apply to
the wood, and then see if she can put the
results into practice by breaking a stack
of boards.

www.kungfuscience.org

T O O L S

Snooping for SNPs
The genome’s typos, single-nucleotide poly-
morphisms (SNPs), are one-letter changes
in DNA that can signal susceptibility to dis-
eases.WatCut from the University of Water-
loo in Canada helps pinpoint SNPs in DNA
samples. Users enter a SNP-containing DNA
sequence, and WatCut identifies restriction
enzymes that will chop the segment.
The site can also hunt for silent mutations
that allow a restriction enzyme to slice a
sequence but that don’t change the amino
acids the sequence codes for.

watcut.uwaterloo.ca/watcut/watcut/

template.php

I M A G E S

Portrait of the Heart
Can’t remember the location of the tricuspid valve? Need to
know what an aortic aneurysm looks like on an echocar-
diogram? Click over to Introduction to Cardiothoracic
Imaging from Yale University School of Medicine.
Although aimed at medical students, the
beautifully illustrated tutorial is a
good resource for researchers
or anyone else who wants
t o  p u m p  u p  t h e i r
knowledge of  hear t
and lung anatomy.
Other sections use 
x-rays, echocardio-
gram footage, and
other media to show
how the structures
change as a result of
diseases such as emphy-
sema and mitral stenosis, a narrowing of the opening between
the left atrium and ventricle that can allow blood backflow.
You’ll also find a rundown of various imaging techniques.

info.med.yale.edu/intmed/cardio/imaging

NETWATCH
edited by Mitch Leslie
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R E S O U R C E S

The Life Gelatinous
The world’s longest animals don’t have a mouth bristling with baleen or even a skeleton.
Reaching 40 meters, the record-holders are siphonophores, relatives of jellyfish and corals.
Get a peek at the marine predators, such as the deep-sea resident Marrus orthocanna (left),

with this primer* from Yale
grad student Casey Dunn.A
siphonophore is a squishy
commune, made of multiple
units called zooids, each of
which resembles an individ-
ual animal.Pages explain how
one zooid gives rise to a
siphonophore’s elongated
body.The site also showcases
a new deep-sea species,
which Dunn and co-workers
recently reported in Science,
that lures its prey with glow-
ing tentacles (8 July,p.263).

To snare more informa-
tion about jellyfish and their kin, check out the Jellies Zone,† from curatorial associate
David Wrobel of Harvard’s Museum of Comparative Zoology.You can read up on groups
of gelatinous creatures that live along the U.S. Pacific Coast, peruse a jellies FAQ, and
browse galleries crammed with spectacular photos.

* www.siphonophores.org

† jellieszone.com

Send site suggestions to netwatch@aaas.org.Archive: www.sciencemag.org/netwatch
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Th is  We e k

Is the Catholic Church rethinking its support
for evolution? That’s what Cardinal Christoph
Schönborn, the archbishop of Vienna, sug-
gested last month in The New York Times when
he asserted that the church does not accept
“neo-Darwinism.” His 7 July opinion piece
disturbed many scientists, especially those in
the United States already worried about a
resurgence of creationism and its “scientific”
cousin, intelligent design.

Last week, with no utterance forthcoming
from the new pope, the Vatican’s chief astro-
nomer George Coyne took it upon himself to
rebut Schönborn. Writing in the 5 August edi-
tion of The Tablet, Britain’s Catholic weekly,
the Jesuit priest accused the cardinal of
“darken[ing] the already murky waters” of the
evolution debate. He also pointed out that the
International Theological Commission under
the presidency of Cardinal Ratzinger, now
Pope Benedict XVI, issued a statement last
year that saw no conflict between Darwin’s
ideas and the teachings of the Church.

In his Times piece “Finding Design in
Nature,” Schönborn last month dismissed as
“vague and unimportant” the declaration of
Pope John Paul II in 1996 that evolutionary

theory is compatible with Catholic doctrine.
“Evolution in the sense of common ancestry
might be true,” the cardinal wrote, “but evolu-
tion in the neo-Darwinian sense—an
unguided, unplanned process of random vari-
ation and natural selection—is not.”

It didn’t take scientists long to react. On
13 July, three figures prominent in defending
the teaching of evolution in the United States
sent a letter to the new pope urging him to
reaffirm his predecessor’s statement. In these
“diff icult and contentious times,” wrote
physicist Lawrence Krauss of Case Western
Reserve University in Cleveland, Ohio, Fran-
cisco Ayala of the University of California,
Irvine, and Brown University biologist Ken-
neth Miller, “the Catholic Church [must] not
build a new divide … between scientif ic
method and religious belief.”

Biologist Peter Raven, head of the Mis-
souri Botanical Garden and a member of the
Pontifical Academy of Sciences, thinks sci-
entists may have “overreacted” to Cardinal
Schönborn’s comments. In fact, Raven says,
there is no evidence that the statement was
cleared with the pope. It reflects “a pretty seri-
ous misunderstanding of what evolution is and
what the church had done before,” he adds.
Raven doubts that Benedict, who was an hon-
orary member of the Pontifical Academy
before he succeeded John Paul II, is about to
switch course. “The church has had the same
view on evolution for about 75 years,” he says.
But Krauss is not so optimistic. “Based on
what I’ve read about this pope,” he says, “it’s
not at all clear” where he stands. Cardinal
Schönborn’s spokesperson Erich Laeten-
berger did not make the matter any clearer:
“The cardinal only expresses what the church
thinks about the issue,” he told Science.

Vatican Astronomer Rebuts 
Cardinal’s Attack on Darwinism

E V O L U T I O N

‘Pandemic Vaccine’Appears to Protect Only at High Doses
This week, a U.S. health official trumpeted
apparently good news: An ongoing trial sug-
gests that a vaccine can protect humans from
H5N1, the bird flu strain many worry may
evolve into a pandemic. But some flu experts
found the glass half-empty. The vaccine
seems to works only at doses so high that the
world’s flu vaccine factories could not churn
out enough to combat a pandemic, they say.
Based on the preliminary data, the current
U.S. stockpile of the vaccine, produced by
Sanofi Pasteur, is enough for only 450,000
people—not the more than 2 million the
administration hoped it would protect.

The findings, although an encouraging
proof of principle, show the urgent need to
develop ways to use vaccine more sparingly
and to replace chicken eggs—the limiting
step in current flu vaccine technology—with

cell-based production systems, says Jeroen
Medema, a vaccine scientist at Solvay,
another flu vaccine producer. At the moment,
he notes, “it’s a vaccine for the happy few.”

The new vaccine is based on an H5N1
strain isolated from a Vietnamese patient
and genetically weakened to make it grow in
eggs by researchers at St. Jude Children’s
Research Hospital in Memphis, Tennessee.
Last weekend, Anthony Fauci, director of the
National Institute of Allergy and Infectious
Diseases, which funded the trial, announced
in newspaper interviews that initial data
from 113 of the trial’s 452 subjects show the
vaccine eliciting protective antibodies. But
to reach “levels that give you confidence,”
says Fauci, two doses of 90 micrograms of
purified killed virus, or “antigen,” had to be
given 4 weeks apart.

The most common seasonal influenza
vaccine is one shot of 45 micrograms of anti-
gen—just 15 micrograms for each of the
three circulating strains it targets. Because
no one has immunity to H5N1, most
researchers believed more than that might be
needed in the new vaccine; plans for the U.S.
stockpile were based on the assumption that
two shots of 15 micrograms would work.
“But 180—that really is a lot,” says virolo-
gist Albert Osterhaus of Erasmus Medical
Center in Rotterdam, the Netherlands.

Fauci says trials with dose-sparing strate-
gies, including immune boosters called
adjuvants, are next on the agenda. Many
experts hope that with powerful adjuvants, a
single dose of less than 2 micrograms of the
vaccine might be enough, says Osterhaus. 

–MARTIN ENSERINK

AV I A N  I N F L U E N Z A

Evolutionary face-off. Astronomer and priest
George Coyne.
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The academy’s president, physicist Nicola
Cabibbo of the University of Rome, has prom-
ised to look into the issue, says academy mem-
ber and astronomer Vera Rubin of the Carnegie
Institution in Washington, D.C. In an interview
in the 18 July issue of the National Catholic
Reporter, Cabibbo indicated that he endorses
the views held by Pope John Paul II on evolu-
tion. Although some scientists think that “evo-

lutionism” rules out God, Cabibbo declared,
“this extension of Darwin’s theory is not part of
what has been discovered by science.” Coyne
makes reference to this debate in his recent
essay, noting that “there appears to exist a nag-
ging fear in the church” that the universe as
defined by science “escapes God’s dominion.”

Meanwhile, defenders of evolution are still
lamenting a comment last week by a vacation-

ing President George W. Bush, in response to
a reporter’s question, suggesting that public
schools should teach students about intelli-
gent design (Science, 5 August, p. 861).
Groups representing biologists, astronomers,
and science teachers, among others, have
shot off letters to the White House expressing
their dismay. –CONSTANCE HOLDEN

With reporting by Eliot Marshall.
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Preventing
AIDS without
vaccines

Khipu finds
speak
volumes

An Arctic
bellwether

Foc u s

TOKYO—Finishing 3 years ahead of sched-
ule and delighting agricultural researchers
worldwide, a publicly funded international
consortium has completed a highly accu-
rate sequencing of the japonica rice
genome. “It sets a gold standard” for plant
sequences, says Hei Leung, a rice geneticist
at the International Rice Research Institute
(IRRI) in Los Baños, the Philippines. 

The results, which appear in this week’s
issue of Nature, vindicate the International
Rice Genome Sequencing Project’s (IRGSP’s)
use of a time-consuming procedure in which
the researchers created libraries of small bits
of rice DNA and then sequenced them piece
by piece. This map-based approach came
under fire a few years ago after
two teams not in the consortium
published draft sequences of the
rice genome based on a different
technique (Science, 5 April 2002,
p. 32). That approach, called
whole-genome shotgun sequenc-
ing, busts the entire genome into
different-sized bits, sequences
them, and then uses supercomput-
ers to put the data in order.

IRGSP researchers feared that
their funding agencies would
assume the job was done and pull
the plug. But IRGSP leaders suc-
cessfully argued that the drafts had
too many gaps and errors to do jus-
tice to the world’s most important
cereal. “Supporting governments
responded very positively, even increasing
budgets to complete the map-based sequence,”
says Takuji Sasaki, director of Japan’s Rice
Genome Research Program, which led the
IRGSP effort. Sasaki says he does not have a
good estimate of the total project cost, but
Japan spent roughly $100 million to sequence
55% of the genome.

Although the extra funding accelerated
sequencing, Sasaki says the group finished
ahead of its 2008 target date because of help
from U.S.–based Monsanto, which had
announced in 2000 that it would make its rice
sequence data available to researchers and
donate a library of bacterial artificial chromo-
somes (BACs), each with a fragment of rice
DNA. “That was very important to us,” Sasaki
says. Syngenta, a Basel, Switzerland, agribusi-
ness that had published a draft rice sequence in
2002 based upon the whole-
genome shotgun approach,
also contributed its data.

IRRI’s Leung says a com-
plete rice sequence will enable

DNA microarray techniques to probe for
thousands of single-nucleotide poly-
morphisms, minute genetic variations, across
different rice varieties. Investigators hope to
identify the combinations of genetic varia-
tions associated with complex traits such as
drought tolerance. “The drafts would not
allow us to use this technique,” Leung says.

The benefits of a highly polished japonica
genome sequence go beyond rice because other
cereal crops, such as wheat and maize, tend to
have the same genes in the same order. But the
rice genome, at about 400 million bases, is
much more compact than maize, which has
about 2.3 billion bases. Joachim Messing, a
molecular geneticist and director of Rutgers
University’s Waksman Institute of Micro-
biology in Piscataway, New Jersey, says a 
consortium working on the maize genome 

has used the IRGSP
sequence to align
BACs made for maize
sequencing into a
physical map of the
maize genome much
more efficiently and
quickly than if they
had started from
scratch or used the two

draft rice genomes. The accuracy
and completeness of the IRGSP
sequence is key, he says, because “if
you have holes [in the sequence],
then all comparisons with other
genomes become tricky.”

The other draft rice genome
was of indica, a strain widely cul-
tivated in China. Yu Jun of the Bei-
jing Genomics Institute, a publicly
funded Chinese institution that
also published its draft genome in 
Science, says BGI has completed
sequencing that first variety and is

finishing a second indica variety. These two
are the parental strains of a hybrid rice
increasingly important in China. The data will
help identify which genes are dominant in the
first-generation crosses, which produce from
15% to 30% more grain than either parent.
“We’re looking for the secret of this hybrid
vigor,” he says. –DENNIS NORMILE

Painstaking Approach Pays Off for Rice Sequencing Project
G E N O M I C S

With the grain. Japan’s Takuji Sasaki (far left) led an international effort to
sequence the rice genome.
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Discovery Home Safe
To NASA’s immense relief, the space shut-
tle Discovery arrived safely at Edwards Air
Force Base in California 9 August after a
2-week mission to the international
space station. But there is little time for
celebration.Agency engineers are scram-
bling to solve the recurring problem of
loose foam on the shuttle’s external tank,
which threatens the orbiter’s delicate
tiles.Although some observers inside and
outside NASA speculate that the shuttle
might never fly again, managers say they
can fix the problem in time to meet a
tight September launch window. Mean-
while, NASA Administrator Michael Grif-
fin will begin a major lobbying effort in
Washington, D.C., to win support for his
postshuttle transportation plan, expected
later this month (Science, 22 July, p. 540).

–ANDREW LAWLER

NIH Ethics Procedures 
Criticized
A review has found “vulnerabilities” in the
way the National Institutes of Health
(NIH) monitors scientists’ outside con-
sulting work.

Since February, NIH scientists have been
under a ban on industry consulting while
the agency puts new ethics procedures in
place.The 72-page report by the Depart-
ment of Health and Human Services’
inspector general looked at outside activi-
ties approved for 174 senior employees
between 2001 and 2003. Employees sub-
mitted “limited information” on their out-
side work, often forgetting forms or super-
visors’ signatures. But ethics officials fell
short, too: 28% of activities were approved
only after they began, for example.

–JOCELYN KAISER

Bottom-Dollar Sequencing
The U.S. National Human Genome
Research Institute is betting on
researchers to massively shrink the cost
of sequencing large genomes.This week,
it awarded more than $25 million to nine
teams to develop technologies such as
nanopores and molecular sensors that
will speed the deciphering of DNA.The
goal is a “$1000 genome” that will put
sequencing machines into most labs and
many medical clinics by the next decade.
“We are ahead of schedule,” says George
Church of Harvard University, who has
developed a sequencer that uses a micro-
scope and other off-the-shelf equipment
(Science, 5 August, p. 862).

–ELIZABETH PENNISI

ScienceScope

A report in the 13 August issue of The Lancet
is roiling the world of AIDS research. It
describes an unusual treatment of four HIV-
infected people, and the authors suggest that
the strategy may point the way to a “cure of
HIV in the future.” The paper, co-written by a
prominent collection of AIDS researchers,
ventures into terrain that few have explored:
eradicating the virus from all infected cells
throughout the body. “The drumbeat we’ve
been hearing for the last 5 years is this can’t be
done,” says the study’s leader, virologist
David Margolis of the University of North
Carolina, Chapel Hill. “The level of skepti-
cism is very high. And rightly so. But the data
we’ve gotten make me more hopeful.”

In the AIDS field, few dare to use the 
“c word,” and its use here has stirred criticism.
Even “the words ‘on
the way to a cure’ are
just so inappropriate,”
says Robert Gallo,
head of the Institute of
Human Virology in
Baltimore, Maryland,
where Margolis once
worked. “I think that
was really a serious
mistake.” Researchers
are wary in part be-
cause they have been
burned before: Early
enthusiasm in 1996
about the power of
anti-HIV drug cock-
tails—called highly
active antiretroviral
therapy (HAART)—
led David Ho of the Aaron Diamond AIDS
Research Center (ADARC) in New York City
to famously propose that eradication might
take only 2 to 3 years of treatment. The con-
cept lost currency when it became clear that
HIV hides out in a latent state in cellular reser-
voirs from which it is very hard to dislodge. 

In the new study, Margolis and co-workers
recruited four patients who for 2 years had
fewer than 50 copies of HIV per milliliter of
blood, the detection limit of the standard assay.
The researchers first drew huge amounts of
blood from each patient through a process
called leukopheresis and, using a highly sensi-
tive test that purports to detect a single copy of
HIV per milliliter, sifted through hundreds of
millions of resting CD4+ white blood cells—
the main harbor for latent virus—to assess the
size of each patient’s viral reservoir. They then
gave the patients a drug they believed would
force their resting cells to spit out new copies

of HIV, which theoretically exposes the cells to
immune attack or self-destruction. To help
mop up bursts of the virus, the patients added
a new drug, T-20, to their standard cocktails.
After 4 months, the amount of infectious HIV
in each patient’s pool of latent cells declined
an average of 75%, the investigators reported.

Researchers roundly praise Margolis for
doing this difficult study, but reactions to
the data and the postulated mechanism of
action have been decidedly mixed. “It’s an
alternative approach that’s worth pursuing,”
says Anthony Fauci, head of the National
Institute of Allergy and Infectious Diseases in
Bethesda, Maryland. “But you have to be very
careful about the hope you have for eradication
with this. We went through the same thing a
few years ago.” Fauci, working with Tae-Wook

Chun in his lab, found that they could reduce
the size of the pool of latently infected cells in
two patients, using interleukin-2 (IL-2) to
“activate” the resting cells and thus flush the
latent virus out of hiding. But as Fauci, Chun,
and colleagues reported in the 28 October
1999 issue of Nature, when the patients
stopped treatment, HIV quickly surfaced and
refilled latent pools within weeks. Other
groups have reported similar results.

The new study takes a more precise
approach. Drugs such as IL-2 that non-
specifically activate white blood cells also
create more CD4+ cells for the virus to
infect. “You’re always going to be chasing
your tail” with such strategies, says Margo-
lis. Along with Carine Van Lint of the Uni-
versity of Brussels and Eric Verdin of the
Gladstone Institute of Virology and
Immunology in San Francisco, Margolis
has evidence that an enzyme called 

Report of Novel Treatment Aimed at
Latent HIV Raises the ‘C Word’
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histone deacetylase 1 (HDAC1) plays a cru-
cial role in keeping CD4+ cells in a latent
state. So Margolis gave his patients valproic
acid, an HDAC1 inhibitor that’s licensed to
treat epileptic seizures. “It’s more of a
scalpel than the blunter instruments that we
and others have used,” agrees ADARC’s Ho.
“There are caveats about this study, but I’m
certainly pleased to see their results.”

Virologist Robert Siliciano of Johns Hop-
kins University in Baltimore stresses that even
the 75% reduction of the latent pool has no

clinical relevance. “Partial reductions of these
cells sound good, but it’s got to be complete to
be useful,” says Siliciano, whose lab special-
izes in HIV latency. He notes, too, that he and
others disagree with Margolis about the
mechanism of latency, questioning the value
of HDAC1 inhibitors. “It’s likely that there are
several mechanisms,” counters Margolis, who
says this is just a small “proof of concept”
study. Other researchers also caution that the
assays used by Margolis and his collaborators
are highly experimental, and it’s unclear

whether valproic acid or the intensification of
HAART with T-20 were critical factors.

Roger Pomerantz, who also did eradica-
tion experiments in patients before he left
academia to become president of the drug
company Tibotec, says he’s intrigued by the
HDAC1 inhibitors, and he hopes the work
spurs other clinical studies. Ho, who has
taken heat for his earlier optimism, agrees.
“It’s OK to think about curing HIV,” he says.
“If we give up, there will never be a cure.”

–JON COHEN

Mexico’s transgenic maize scare appears to
be over. This week in the online edition of the
Proceedings of the National Academy of Sci-
ences (PNAS), a team of Mexican and U.S.
scientists report the results of a broad survey
for foreign genes in native varieties of corn in
southern Mexico. Four years ago, a report that
such genes had been detected touched off an
international furor. This time, scientists came
up empty-handed: They detected no trans-
genes in seeds from hundreds of corn plants
sampled in 2003 and 2004.

The negative results are good news for
Mexican scientists and envi-
ronmentalists, who worried
that genes from genetically
modif ied (GM) U.S. corn
could contaminate the gene
pool of Mexico’s traditional
varieties (landraces), confer-
ring traits such as insect resist-
ance that could skew their fit-
ness. “The results will ease
the concerns of many of us,”
says Universidad Nacional
Autónoma de Mexico ecologist
José Sarukhán, who was not
part of the study. At the same
time, the paper doesn’t resolve
lingering questions about
whether foreign DNA was
present in the first place.

That issue exploded in late 2001 when
biologists David Quist and Ignacio Chapela of
the University of California, Berkeley,
reported in Nature that they had detected
genes from GM maize in four corn cobs col-
lected in 2000 from the state of Oaxaca, part of
the center of maize genetic diversity. Even
more troubling, the genes were not always in
their usual places; they appeared in random
locations on chromosomes, suggesting that
they could hop around and disrupt normal
genes. Mexico had barred the planting of GM
corn in 1998, so the reported transgenes sug-
gested that farmers were illegally planting ker-
nels from GM maize imported as food from

the United States. Groups such as Greenpeace
and the Mexican Congress subsequently
called for a ban on imports of transgenic corn.

The controversy escalated when several
molecular biologists questioned the study—
particularly the claim that genes were jumping
around. They noted that Chapela and Quist
used the polymerase chain reaction, which is
prone to false positives. In the face of this criti-
cism, Nature asked the authors to submit more
data using a different technique. The pair did,
but the journal’s editors were not convinced:
They issued an unusual statement saying that

the original paper should not have been pub-
lished (Science, 12 April 2002, p. 236). 

Meanwhile, government scientists had
also detected GM genes in 5% or more of
native corn samples from some fields. But
when they tried to get the data published,
reviewers were skeptical, says Exequiel
Ezcurra, then president of the Instituto
Nacional de Ecologia (INE) in Mexico City
and one of the investigators. So the Mexican
group, led by Sol Ortiz Garcia of INE, decided
to start over. They also joined forces with ecol-
ogist Allison Snow of Ohio State University in
Columbus, who has studied the risks of gene
flow from other transgenic crops.

The scientists collected corn from 
125 fields across a swath of Oaxaca in late
2003 and 2004 and sent pooled samples of
more than 153,000 seeds from 870 cobs to two
commercial labs in the United States. The tests
found no traces of foreign DNA in the Oaxaca
samples, nor in more limited samples of other
regions. If the transgenes are present, the levels
are below 0.005%, the limit for detection. The
results were a surprise. “We were expecting to
find transgenes,” says Snow.

So what happened to the foreign DNA
apparently detected in 2000 corn? The authors
suggest that an education campaign may have
deterred Oaxaca farmers from planting more
GM kernels, and offspring of any transgene-
tainted plants may not have done well in Oax-
aca’s mountains. It’s also possible the foreign
genes were never present. Ezcurra, now at the
San Diego Natural History Museum, believes
they were: “I don’t think so many labs could
have found positives without something going
on there.” But the Mexican scientists didn’t
save their 2000 maize samples, he says, so the
question may never be settled. Chapela offers
another explanation—the sampling and test-
ing methods used in the new study may have
missed extremely low levels of transgenes.
Otherwise, he says, “it’s very hard to make
both [papers] compatible.” 

Assuming transgenes were present but
disappeared, that good news is no reason for
Mexico to relax, say several scientists. The
country could soon allow GM field trials of
maize, and strict biosafety rules will be essen-
tial, Sarukhán says. Moreover, a “massive
flow of maize” continues from the United
States, and chances are that GM corn is grow-
ing elsewhere in Mexico, says Greenpeace
scientific adviser Doreen Stabinsky. Last
year, the U.S. and Mexican governments
rejected a suggestion from a panel of North
American biodiversity experts that Mexico
require that U.S. corn be ground up before it is
imported. “That’s the kind of complacency
you don’t want this PNAS paper to generate,”
Stabinsky says. –JOCELYN KAISER

Calming Fears, No Foreign Genes Found in Mexico’s Maize
B I O T E C H N O L O G Y

Untainted.A new study finds no trace of foreign genes in traditional
maize grown by indigenous farmers in Oaxaca, Mexico.

http://www.sciencemag.org
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Uzbeks to Scientists:
Hit the Silk Road
An international conference devoted to
the disappearing Aral Sea has fallen 
victim to a Soviet-style freeze. In an 
11th hour snub to the European Union,
the Ministry of Foreign Affairs (MFA) of
Uzbekistan last week refused to grant
visas to participants in the Aral Sea Basin
Water and Food Conference, scheduled
for early next month in Tashkent. Rela-
tions between Uzbekistan and the West
have soured since May, when the govern-
ment suppressed an uprising in the east-
ern city of Andijan and blocked an inde-
pendent inquiry.

The scuttled conference was to cover
issues such as managing scarce water 
supplies and growing salt-tolerant crops in
the exposed lakebed of the Aral Sea, which
has shrunk by 75% since the 1960s 
(Science, 18 February, p. 1032).The topics
are “of uttermost importance,” says John
Lamers, a senior researcher at the Univer-
sity of Bonn in Germany, who was to chair a
panel on agriculture. MFA said the confer-
ence had not been approved by the Uzbek
Cabinet; the rebuff prompted the sponsor,
INTAS, a Brussels-based fund that supports
science cooperation with the former Soviet
Union, to pull the plug after being unable to
arrange an alternative venue.

–RICHARD STONE

Report Seeks Delay on Waste
The Department of Energy (DOE) should
wait before sealing radioactive waste tanks
at the Savannah River Site in South Car-
olina, a National Academies panel said in an
interim report last week. For years, activists
tried in court to force DOE to rid the
weapons-building site’s 51 underground
tanks of all nuclear waste. DOE has argued
that permanently sealing some waste in
place with grout can be environmentally
sound and cost-effective, and last year law-
makers gave it the authority to do just that.

But the congressionally mandated
report says that postponing permanent
closure on hard-to-clean tanks would
have “no effect on near or long-term risk”
and could give researchers time to
improve cleanup methods within a
decade. DOE, which calls it unwise to
postpone tank closures to wait for new
technologies, was unable to provide the
panel with many of the requested docu-
ments, citing internal reviews. But panel
members hope to have some of that
information in time for their final report
due in January, which will examine
cleanups in Washington state and Idaho
as well. –ELI KINTISCH

Within high-temperature superconduc-
tors—layer-cake materials that carry current
without resistance at temperatures as high as
130 kelvin—chaos reigns. To the vexation of
physicists, key properties of the material
vary randomly from place to place inside all
but the most pristine samples. Some argue
that the atomic-scale variations are a neces-
sary ingredient of the superconductivity;
others think they have nothing to do with it.
Now, measurements reported on page 1048
reveal the source of much of the disorder: It’s
caused by oxygen “dopant” atoms strewn
throughout the layered crystals—the same
atoms that supply electric charges for the
superconducting currents.

By linking the disorder to the oxygen
atoms, the results strike a blow against theo-
ries in which the variations arise sponta-
neously from interactions of the charges and
then help the charges flow without resist-
ance, says Elbio Dagotto, a theorist at the
University of Tennessee, Knoxville. “This
result is telling me that some of the more
exotic scenarios may not materialize,” he
says. But John Tranquada, an experimenter at
Brookhaven National Laboratory in Upton,
New York, says the meaning of the new
observations isn’t obvious. “Does this tell us
something deep about the mechanism of
high-temperature superconductivity?” he
says. “I don’t see a clear message on that.”

Kyle McElroy and J.C. Séamus Davis of
Cornell University in Ithaca, New York, and
colleagues made the measurements by taking
a close-up look at the superconductor bis-
muth strontium calcium copper oxide, or
BSCCO (pronounced “bisco”). BSCCO con-
sists of planes of copper and oxygen atoms
arranged in checkerboardlike squares, inter-
spersed with layers containing other ele-
ments. The dopant oxygen atoms nestle
between the planes, soak up some of the neg-
atively charged electrons in them, and leave
behind positively charged “holes” that pair to
carry current without resistance along the
copper-and-oxygen planes. However, physi-
cists had never been able to pinpoint the loca-
tion of the dopant atoms to see precisely how
they affect the flow of electricity.

To do that, the Cornell team scanned
BSCCO samples with a scanning tunneling
microscope (STM), a probe just a few atoms
wide from which current flows into the sur-
face of a material. When the researchers
applied large negative voltages from tip to
surface, they noticed that the current shot up
in specific locations. Less than a nanometer
wide, the spots were more common in sam-

ples doped with more oxygen, indicating that
each marked the location of an oxygen atom.

At smaller voltages, the researchers also
traced out the so-called superconducting
gap—a range of voltage at which the current
dwindles—and the adjoining coherence
peaks, ranges in which the current shoots up
again. The size of the peaks and the width of
the “valleys” between them varied in ways
that were correlated with the positions of
the oxygen atoms, Davis says, suggesting
that the atoms cause the seemingly chaotic
fluctuations that have puzzled physicists.

The peaks shrank near each oxygen
dopant, possible evidence that each oxygen
atom damages the superconductivity in its
neighborhood, Davis says. If so, it may be
possible to achieve superconductivity at
higher temperatures by doping the material in
a more clever way, he says—perhaps by elim-
inating the oxygen dopants and using a strong
electric field to pull electrons out of the cop-
per-and-oxygen planes.

But others are cautious about the specula-
tion that the oxygen dopants damage the
superconductivity around them. “If it’s true,
then I guess future work will show it,” says
Øystein Fischer, an experimenter at the Uni-
versity of Geneva, Switzerland, who also does
STM experiments. Still, by tying the electronic
disorder to the dopants, the results make an
important contribution to the study of high-
temperature superconductors, Fischer says.
Things are still a mess within them, but now
researchers know why. –ADRIAN CHO

Physicists Get the Dope on Disorder in
High-Temperature Superconductors

P H Y S I C S

Spotted. In a high-temperature superconductor,
oxygen dopants (white spots) lie in regions
where the “superconducting gap” grows wider
(dark regions), new measurements show.
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If AIDS researchers reported that a vaccine
protected 65% of the participants in an effi-
cacy trial, the news would be trumpeted
across the globe. Two weeks ago at an
AIDS meeting in Brazil, a study revealed
that male circumcision produced that level
of protection in South Africa. Many major
media did not even mention this advance. 

True, male circumcision as
an HIV prevention strategy
pales in comparison to a vac-
cine, a few shots of which theo-
retically could train the immune
system of both genders to ward
off HIV for decades. But the
search for a safe and effective
vaccine has stumbled repeat-
edly, and fundamental questions
remain about whether a vaccine
is even feasible, much less how
it would work. These frus-
trations have prodded
researchers to explore
other, decidedly more
mundane, alternatives
like circumcision.

Nearly a dozen poten-
tial preventives are now
under study that have a
refreshing simplicity to
them. They include drugs
already on the market, existing devices
such as the female diaphragm, and such
basic concepts as improving genital
hygiene. The hope is that these could work
together with condoms and behavior
change to help communities slow AIDS
epidemics. “We all know that abstinence
and couples being mutually faithful would
be great if they were applicable to every-
body’s lives, but they’re not,” says Helene
Gayle, who directs the HIV, TB, and Repro-
ductive Health program for the Bill and
Melinda Gates Foundation. “These more
short-term endeavors are giving people

hope. We know that’s its going to take at
least decade to get to a vaccine.” Adds psy-
chologist Thomas Coates, who does pre-
vention research at the University of Cali-
fornia, Los Angeles (UCLA): “It’s a new
era of prevention.”  

Each of these interventions, circumci-
sion included, has serious limitations. They

also could do more harm than good
if they lull people into taking more

sexual risks. That’s just one of several vex-
ing ethical dilemmas that prevention
researchers are facing. But Gayle, who has
helped steer the Gates Foundation’s fund-
ing of many of these projects, says the
promise is undeniable. “People are ener-
gized in ways that they weren’t before,”
says Gayle. “People have gotten jazzed.” 

Beyond observation

In addition to the vaccine field’s travails,
the impetus for many of the new interven-
tions being tested comes from observa-
tional studies that have highlighted the co-

factors most responsible for HIV transmis-
sion. “There are interesting scientific data
that support development of very tightly
reasoned biological hypotheses that are not
just relying on a vaccine,” says Kenneth
Mayer, director of the Brown University
AIDS Program in Providence, Rhode
Island, who does prevention studies in sev-
eral countries. Roughly 5 years ago, two
large observational studies began to yield
several overlapping insights. 

One, the so-called Study Group on the
Heterogeneity of HIV Epidemics in African
Cities, looked at 8000 men and women from
four locales, two of which had much higher
HIV prevalence than the others. Anne Buvé,
an epidemiologist at the Institute of Tropi-
cal Medicine in Antwerp, Belgium, and her
colleagues found that circumcision and pre-
existing infection with herpes simplex
virus-2 (HSV-2), which causes genital
ulcers, seemed to account for much of the
difference in prevalence. The second study,
led by Ronald Gray of Johns Hopkins Uni-
versity in Baltimore, Maryland, and Maria
Wawer of Columbia University in New York
City, followed 15,000 adults in the Rakai
District in Uganda. The researchers found
that in “discordant” couples in which only
the woman was infected with HIV, if the
male partner was circumcised, which
occurred in 50 cases, she never transmitted
the virus; nearly 17% of the uncircumcised
men did acquire the virus from their
infected partners. In these same initially
discordant couples, people with higher HIV
levels—or viral loads—more readily spread
their infection. And the researchers later
found that HSV-2 infection strongly
increased the likelihood of transmission. 

Both the four-city and Rakai studies
have become landmarks in the field, and
clinical trials are now building on those
observations. A lead investigator in the
four-city study, Bertran Auvert of the Uni- C
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With no vaccine in sight,AIDS researchers are testing a range of surprising biomedical interventions 

Prevention Cocktails: Combining
Tools To Stop HIV’s Spread

News Focus
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Co-factor. Infection with herpes sim-
plex virus 2 (left) in four African cities is
estimated to have accounted for more
than 30% of new HIV infections.
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versity of Versailles in Saint-Quentin,
France, headed the South African trial that
found 65% protection from circumcision.
Gray and Wawer are currently running 
a similar circumcision study in HIV-
uninfected men in Rakai, as well as a sec-
ond trial that asks whether circumcising
HIV-infected men in discordant couples
might reduce transmission. (Yet another
circumcision study underway in Kisumu,
Kenya, run by Robert Bailey from the Uni-
versity of Illinois at Chicago School of
Public Health, is also evaluating circumci-
sion of HIV-uninfected men.)

A model based on data from the four-
city study underscores circumcision’s
potential to alter AIDS epidemics. As Kate
Or roth from the London School of
Hygiene and Tropical Medicine reported
last month at an Amsterdam conference on
sexually transmitted diseases (STDs), her
preliminary data suggest that if circumci-
sion rates jumped from 10% to 100% in
the Zambian city of Ndola, the prevalence
of HIV in adults would drop from 27% to
7% in little more than a decade—and
that’s assuming circumcision offers only
50% protection.

Following up on the HSV-2 lead, epi-
demiologist Connie Celum from the Uni-
versity of Washington in Seattle is heading
two multisite, international trials of daily
acyclovir, which is licensed to treat herpes
infections, to see whether suppressing that
virus can reduce the incidence of HIV
transmission. “These trials have a reason-
able chance of providing some data that
will reshape our focus on HIV and sexually
transmitted diseases,” says Celum. One
trial will include some 3000 HIV-
uninfected people. The other, building on
evidence that HSV-2 reactivation helps
HIV copy itself—and thus makes a person
more infectious—is recruiting 3600 cou-
ples who are discordant for the AIDS virus.

Acyclovir is ideal for this type of study
because it “has virtually no toxicity except
in really high doses,” says Celum, and
there’s little danger that daily doses will
lead to the emergence of drug-resistant
strains. For HSV-2 to become resistant to
acyclovir, it must mutate a key enzyme
used by the virus, which reduces its “fit-
ness,” Celum explains. She knows of only
two cases in which people transmitted such
resistant strains.

If acyclovir treatment of HSV-2 works
as an HIV prevention strategy, it too could
greatly affect AIDS epidemics. HSV-2
infects from 22% of adults in the United

States to a staggering 70% of women 
in southern Africa. And that’s in HIV-
uninfected people; more than 80% of HIV-
infected adults are co-infected with 
HSV-2. Again, models offer provocative
predictions. At the Amsterdam STD meet-
ing, Esther Freeman, a grad student who
works with Orroth and Richard Hayes at
the London School of Hygiene, used the
four-city data to show that 15 years after
HIV was introduced to those locales,
HSV-2 accounted for more than one-third
of the new infections with the AIDS virus
(see graph, p. 1002). “It’s a huge effect,”
Freeman says.

Direct hit

Other prevention trials underway use anti-
HIV drugs to attack the virus directly. 

Antiretrovirals lower viral loads, and
given the Rakai data showing that people
with less virus are less infectious, this
strongly suggests that anti-HIV drugs
might work as both a treatment and preven-
tion tool—but that remains to be proved.
“Knowing whether they have some benefit
in prevention is a really important ques-
tion,” says Brown University’s Mayer.

To specif ically address this question,
the HIV Prevention Trials Network
(HPTN), sponsored by the National Insti-
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Testing patience. A social worker (red sweater)
in Kolkata, India, takes a group of people to the
city’s busy HIV testing clinic at the School of
Tropical Medicine.
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Hedged Bet:An Unusual AIDS Vaccine Trial

Even the AIDS vaccine world has jumped on the simplicity bandwagon. To many AIDS vac-
cine researchers, the key obstacle is that no one has yet found a vaccine that can trigger
effective antibodies against the surface protein of the virus. So Merck has constructed a
vaccine that abandons antibodies altogether, and the company is testing it in a fast-tracked
study to determine whether it’s worth pursuing the approach.

Although antibodies prevent cells from becoming infected, the Merck vaccine
attempts to train the cell-mediated arm of the immune system, which eliminates cells
that HIV has infected. The vaccine uses adenovirus to carry three HIV genes, but, in a
marked difference from almost every other vaccine under development, not the gene for
the surface protein.

Working with the National Institute of Allergy and Infectious Diseases (NIAID) in
Bethesda, Maryland, Merck has launched a study in 3000 people at high risk of becom-
ing infected. This unusual study is essentially a hedge bet: it will not have the statisti-
cal power of the typical Phase 3 efficacy trial that leads to licensure, so researchers are
calling it a Phase 2b. “What do you do if you want to know if something works, and the
only way to do it is humans, and you don’t have enough confidence to do a Phase 3
study?” asks Peggy Johnston, who heads NIAID’s AIDS vaccine program. “You do an
overpowered Phase 2.”

The trial aims to answer two discrete questions. First, most people have been infected
with the adenovirus subtype (called Ad5) that Merck uses, and their antibodies against this
“vector” could prevent it from producing the HIV proteins needed to stimulate a robust
immune response. So half the people recruited for the international study, called Step, will
have low levels of antibodies to Ad5. If the vaccine works, researchers then can evaluate
whether the Ad5 antibody levels have any impact. Secondly, if it produces robust cell-medi-
ated immunity, they’ll know once and for all whether that response by itself can protect
against HIV. “The Step trial is a good name for it,” says Johnston. “I see it as a step forward.
But it’s not the final step.” –J.C.

Fight on. The San Francisco
Department of Public Health
uses this ad to recruit for the
Step study.

http://www.sciencemag.org


tute of Allergy and Infectious Diseases
(NIAID) in Bethesda, Maryland, recently
launched an ambitious antiretroviral treat-
ment study led by Myron Cohen of the Uni-
versity of North Carolina (UNC) in Chapel
Hill; it ultimately hopes to enroll 1750 dis-
cordant couples on four continents. Colum-
bia’s Wawer is also examining the role of

antiretrovirals as a prevention strategy with
a new, multiyear observational study in
Rakai. Wawer essentially is taking advan-
tage of the fact that the U.S. government is
providing treatment to many HIV-infected
Ugandans as part of the President’s Emer-
gency Plan for HIV/AIDS Relief.

The most advanced trials to test whether
antiretrovirals can prevent infection involve
giving a drug called tenofovir to uninfected
people. Several monkey studies have shown
that tenofovir—which cripples an enzyme
that HIV needs to copy itself and has been on
the market since 2001—works remarkably
well at what’s called pre-exposure prophy-
laxis (PrEP). In these experiments,
researchers give animals the drug and then
attempt to infect them with SIV, the simian
relative of HIV. Monkeys that receive the
drug up to 2 days before this SIV “chal-

lenge” have dodged the infection. Although
enthusiasm dampened for this approach
when a recent study from the Centers for
Disease Control and Prevention (CDC) in
Atlanta, Georgia, showed that tenofovir-
treated monkeys eventually did become
infected after repeated challenges, many
researchers suspect PrEP will work to some

degree in humans. “In the absence of a vac-
cine, it could be a very effective tool against
HIV,” says UCLA’s Coates.

Seven clinical trials, funded separately
by the Gates Foundation and CDC, are now
evaluating the safety and efficacy of teno-
fovir PrEP. Two other tenofovir PrEP stud-
ies ended prematurely after activists raised
ethical concerns—which had more to do
with trial designs than the specific inter-
vention—and a third closed up shop for
technical reasons  (Science, 18 March, 
p. 1708). In an unusual twist, tenofovir’s
maker—Gilead Sciences of Foster City,
California—says it has no interest in pursu-
ing PrEP because of fears that uninfected
people who take tenofovir and still become
infected might sue the company.

Tenofovir appears to be safer than most
antiretrovirals on the market, and if it

works, it offers clear advantages over some
other prevention strategies. “The idea of
doing circumcision on a mass scale is kind
of daunting,” says Coates. “Providing pills
is a lot simpler.” Tenofovir PrEP might also
work equally well in both sexes and isn’t
limited to people who already have another
infection, like HSV-2.

Researchers have also begun to incorpo-
rate tenofovir and other antiretrovirals into
microbicides, gels or creams that are put
into the vagina—or, in one new study, the
rectum. The five efficacy trials now under-
way with vaginal microbicides all rely on
nonspecific formulations such as buffering
agents and detergents; as a result, many
researchers question whether any will have
much success. These non-specif ic com-
pounds must also be used about one hour
before intercourse. “Maybe the deck is
stacked against them,” says Zeda Rosen-
berg, a virologist who heads the Inter-
national Partnership for Microbicides in
Silver Spring, Maryland.

In contrast, tenofovir and some other
anti-HIV drugs—including one being
developed by Rosenberg’s nonprof it—
remain active longer and may only need to
be used once a day. And ideally, she says,
microbicides will take a page from the
treatment world and use a cocktail of anti-
HIV drugs to attack the incoming virus
from many angles at once. 

Early containment

Very early detection of HIV infection may
also offer an opportunity to prevent trans-
mission when the risk is highest—which
typically occurs before people even know
they are infected. 

The Rakai study and several since then
have reported that people have the highest
viral loads, and are most infectious, right
after they become infected—and before
infections show up in antibody tests.
“You’re never going to be able to deal with
the epidemic until you deal with those
acutely infected people,” explains UNC’s
Cohen.

He and Christopher Pilcher have pio-
neered a strategy to better identify acutely
infected people. They have used the poly-
merase chain reaction (PCR) to detect HIV
in blood that has been pooled from thousands
of people visiting STD clinics and the like. If
they detect the virus, they break the pool into
smaller and smaller pools for retesting, even-
tually identifying the individual patients who
harbor the virus. As the researchers
explained in the 5 May New England Journal
of Medicine, they used this technique, which
cost less than $4 per blood donor, in North
Carolina to identify 23 acutely infected peo-
ple. They and 48 of their sexual partners were
notified and given counseling about how to S
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Novel Prevention Studies

Intervention
HIV

status Product Sponsors Locations Stage
Projected

end

Pre-exposure 

prophylaxis

Circumcision

Treat HSV–2

Diaphragm

Topical penile 

microbicide

Rectal 

microbicide

Acute infection

Vaginal 

microbicide

Treat depression

Treat HSV–2 in 

discordant 

couple

Treat HIV in 

discordant 

couple

Circumcision

Tenofovir

n/a

Acyclovir

n/a

Ethanol

based

Biosyn 

UC-781 RT 

inhibitor

PCR on pooled 

blood samples

Tenofovir

Bupropion

ARVs

Acyclovir

n/a

CDC, Gates 

Foundation

Malawi, Ghana, 

Thailand, U.S., Peru

Malawi, North 

Carolina

Zambia, Zimbabwe, 

S. Africa, U.S., Peru

U.S., India

San Francisco

S. Africa, Zimbabwe 

Kenya, Tanzania, 

Uganda, Zambia, 

Botswana, S. Africa

Malawi, India, 

Zimbabwe, Brazil, 

Thailand, U.S.

Kenya, Uganda

Kenya

Uganda
Gates 

Foundation

Gates 

Foundation

Gates 

Foundation

NIAID

NIAID

NIAID

NIAID

NIAID

NIH U.S.

NIH

NIH

-

-

+

-

+/-

+/-

-

-

+/-

+

-

+/-

Safety– 
efficacy

Efficacy

Efficacy

Efficacy

Efficacy

Pilot

Efficacy

Phase 2

n/a

n/a

Safety

Phase 2

2006–08

2007

2008

2007

2008

2006

2007

Start in fall

Pending

Pending

Start in fall

2006
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lower their risks. Twenty of the acutely
infected people also opted to start treatment,
likely reducing their viral loads.

Low tech

In this new era of prevention, even the com-
monly used diaphragm and other simple
approaches are playing a role.

“It took me over 10 years to get this
funded,” says Nancy Padian, an epidemiol-
ogist at the University of California, San
Francisco (UCSF), describing her study of
the diaphragm and a lubricant as an HIV
prevention device in Zimbabwe and South
Africa. “People are interested in a new
microbicide, a new vaccine. But the
diaphragm? ‘No, no, no,’ ” says Padian,
who finally received funding from Gates.

As Padian explains, the diaphragm
should prevent HIV from reaching the
cervix and endocervix, where most female
infections occur. If it works, she says, the
diaphragm will have a distinct advantage as
it will enable a woman to protect herself
without having to negotiate with a partner,
as often happens with condoms.

In males, basic hygiene of the penis
may prevent transmission. King Holmes
from the University of Washington in Seat-
tle, working with Elizabeth Bukusi at the
Kenya Medical Research Institute, is
studying whether wiping the penis with an
ethanol-based gel—similar to
the commercially available
Purell—can thwart transmission
of HIV, HSV-2, and other sexu-
ally transmitted microbes.
“There was a long history of men
using topical prophylactics, but
with advent of antimicrobials
around World War II, these basi-
cally stopped,” says Holmes.

One of the most provocative,
low tech prevention studies
focuses on the master organ that
makes people vulnerable to HIV:
the brain. Grant Colfax at the San
Francisco Department of Public
Health studies the link between
methamphetamine use in gay men
and HIV transmission. Meth users
have decreased dopamine levels
in the brain, which can lead to
depression. Because studies have
shown strong links between
depression in gay men and sexual risk-
taking, Colfax explains, he plans to launch a
study this fall that will assess the impact of
an antidepressant, bupropion (trade name
Wellbutrin), which acts by indirectly
increasing dopamine levels.

Real world

Researchers concede that it’s difficult to
envision how these myriad prevention

interventions will play out in the real
world. After all, the benefits of condoms
have been widely known for years. In
addition, clinical trials often fail to reflect
how a drug is actually used. The tenofovir
PrEP and acyclovir studies evaluate daily
dosing, for instance, but if they work, peo-
ple might take the drugs intermittently.
More troubling still, investigators worry
that the benefits of most prevention inter-

ventions could be undermined by what
psychologists call behavioral disinhibi-
tion. Specif ically, if an intervention—
whether it’s proven to work or still in tri-
als—leads people to think they are pro-
tected and thus can safely have more sex-
ual partners or unsafe sex, the risk of
becoming infected could increase. 

Another untidy dilemma is that success
comes at a cost. If, say, tenofovir PrEP

works, then ethics demand that everyone in
any prevention study be offered the drug.
“It could have a major impact on vaccine
studies,” says Peggy Johnston, who heads
AIDS vaccine research for NIAID. “Each
prevention tool that’s added makes it harder
for the next one to prove efficacious. But
that’s not necessarily a bad thing. It means
were getting better prevention tools.”

And in prevention, as in treatment,
combining interventions ap-
pears to be the name of the
game. “We need to really look
at how we put together a combi-
nation of options that f it peo-
ple’s lifestyles,” says the Gates
Foundation’s Gayle. Ideally,
prevention campaigns also will
promote these options to the
high-risk groups most likely 
to become infected and spread 
the virus (a concept that has 
far less importance in the 
many sub-Saharan locales that
have double-digit prevalence,
which makes all sexually active
adults vulnerable).

UCSF’s Padian contends that
a cocktail of the various preven-
tion interventions now in trials
could be “extraordinarily suc-
cessful,” but she notes that other
than circumcision, each one

requires that people repeatedly take actions
to protect themselves. Which means that a
safe and effective AIDS vaccine will remain
an urgent need. But in the meantime, if
more of these unflashy biomedical alterna-
tives prove their worth, they could power-
fully slow HIV, which now infects another
14,000 people—half of them between 
15 and 24 years old—each day. 

–JON COHEN
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Changing behavior? Limited success with prevention campaigns like this
one being designed in Kunming, China, have fueled the search for new bio-
medical interventions.
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World of trouble. HIV infects nearly 5 million people each year.
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TOOLIK LAKE, ALASKA—Lying on his stomach,
ripping moss off a two-by-three-meter patch
of tundra, Tom Crumrine learned this sum-
mer what it means to study climate change in
the Arctic. The high school teacher from
Concord, New Hampshire, spent 3 weeks of
his break on a fellowship at the Toolik field
station on Alaska’s North Slope,  contribut-
ing to an experiment on how changes in veg-
etation caused by global warming will affect
the Arctic landscape.

The answers won’t be clear for years to
come. But delayed gratification is the norm
at Toolik Lake, where for 3 decades scientists
have journeyed 300 kilometers above the
Arctic Circle to assess the state of flora and
fauna as Earth warms. “It’s always been a
place where you could come and really focus
on your work,” says Gaius Shaver, an ecolo-
gist at the Marine Biological Laboratory in
Woods Hole, Massachusetts. 

During the short research season, 
hundreds of ecologists, geomorphologists,
plant physiologists, and biochemists traipse
out to field sites, some 250 kilometers away,
to measure and manipulate nutrients, species
composition, temperature, water flow, and
other factors. Their observations will be
plugged into the still emerging picture of the
impact of global climate change on Arctic
ecosystems, which are coping with air tem-
peratures that have risen by an average of 3°C
in Alaska over the past 40 years.

The research station itself is also chang-
ing with the times. Toolik’s leaders want to
keep the lab open year-round, instead of just
4 months during the late spring and summer.
They also hope to improve lab conditions,
extend their studies into additional territory,
and increase outreach to undergraduates as
well as teachers like Crumrine and their stu-
dents. “The Arctic is such a data-poor
place,” says Tom Pyle, director of the Arctic
research section at the National Science
Foundation (NSF), which provides the sta-
tion with 90% of its $10.5 million in annual
support. But its record, he says, makes Too-
lik “the crown jewel.”

However, scientists fear the gem could
lose some of its luster. Toolik sits just off the
Dalton Highway, a road built and main-
tained for the oil wells 200 kilometers to the
north at Prudhoe Bay, and there are plans for
a pipeline to carry natural gas from those

same fields. Other proposed developments
could also encroach on ongoing or planned
experiments. And scientists are worried
about NSF’s ability to continue to support
their work. Flat budgets expected for the
agency’s 26 ecological research stations, of
which Toolik is one, for ecosystems studies
and for Arctic research jeopardize existing
activities and leave little room for growth.

“Our concern is Toolik has a unique
dataset that we feel is very important,” says
John Hobbie, director of the ecosystems cen-
ter at the Marine Biological Laboratory in
Woods Hole, Massachusetts. If funders pull
the plug, even temporarily, he warns, decades
of work might be lost forever. “We can’t
reconstruct that data set.” 

Meager beginnings

It was 30 years ago that Hobbie first recog-
nized Toolik Lake’s potential as a research
site. He followed the bulldozers as they built
the “haul” road northward to bring pipes,
gravel, and other construction goods to the oil
fields. A 25-meter deep lake perfect for com-
paring lake and pond nutrient cycles, Toolik
allowed Hobbie to further his NSF-funded
research on aquatic ecosystems, a project he’s
continued ever since. A year later, Shaver
showed up to study revegetation of the road-
side, helping to establish a terrestrial comple-
ment to Hobbie’s work.

With the Brooks Range as a backdrop,
researchers at Toolik make use of continuous
sunlight during the summer to work alongside
caribou, bear, and moose on one of the
world’s most carbon-rich soils. Arctic tundra
and boreal ecosystems take up one-sixth the
world’s land, but possess one-third the world’s
terrestrial carbon. Within hiking distance are
tundra habitats ranging from wet soils cov-
ered with squishy moss to dry heath land-
scapes. The age of the land varies from
12,000 to 200,000 years, making the area a
good place to understand how soils contribute
to tundra ecology.

In 1987, the field station became an NSF
Long-Term Ecological Research (LTER) site,
directed by Hobbie. NSF core funding, now
$820,000 a year, provides for technicians and

equipment to help keep long-term studies
going with or without income from individual
investigator grants. The site put down even
deeper roots in 1999, when NSF signed a
cooperative agreement with the University of
Alaska to run the station. A new 5-year agree-
ment starting next year will provide about
$1.5 million per year.

For years the lab grew slowly, retaining
its rustic atmosphere. Two trailers served as
kitchen, dining area, office, and lab. Scien-
tists slept in backpacking tents. Today, there
are four custom-built doublewides for labs,
a dining hall open 24-7, a trailer for show-
ers, and even one for laundry—32 buildings
in all. There’s a helicopter, and a fiber optic
line put in for the Alyeska Pipeline Com-
pany of Anchorage provides Internet access.
“They have put a lot of money into getting a
really high-tech infrastructure,” says Jeff
Dudycha, an evolutionary biologist at
William Paterson University in Wayne, New
Jersey, who visited Toolik this summer as

Beloved Arctic Station Braces for
Its Own Climate Change
Researchers of all stripes have been monitoring the impact of climate change at Alaska’s
Toolik Lake for decades.They now face new challenges

Ecology

For science’s sake. In June, University of Alaska researcher Syndonia Bret-Harte and teacher Tom
Crumrine spent their days pulling moss to simulate potential global climate change effects.
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part of a field trip arranged for the Evolu-
tion 2005 meeting in Fairbanks. Adds Breck
Bowden, an aquatic ecosystems ecologist
from the University of Vermont, Burling-
ton, “We have lab facilities that rival what I
have [at my university].”

The terrestrial research at Toolik consists
in large part of parallel experiments in differ-
ent types of tundra. Plots are fertilized with
either nitrogen, phosphorous, or a mixture of
both. Some are housed in plastic greenhouses
that boost ambient temperatures by an aver-
age of 3.5°C and simulate global warming,
while others are shrouded in layers of green-
house shade cloth that block half the incom-
ing light. Fine chicken wire helps exclude
small herbivores, and taller fences keep out
moose and caribou.

The message from all these experiments is
clear: The availability of nutrients is the driv-
ing force for the ecosystem. With the light cut
by 50%, “there isn’t much impact,” says
Shaver—at least not right away. The same is
true for temperature. On acidic, 60,000-year-
old tundra that has been fertilized, stands of
dwarf birch eventually dominate, replacing
sedges. The birch trees use added nutrients to
grow taller and bushier, blocking ever more
light from competitors. The shrub cover also
insulates the ground, altering the season dur-
ing which decomposition—and the release of
nutrients—can occur.

In 2004, Shaver and his colleagues
reported the surprising result that supplemen-
tary nitrogen and phosphorous fertilizer had
increased plant production but resulted in a
net loss of nitrogen and carbon from deeper
layers of acidic soils. When exposed to fertil-
izer, soil microbes boosted their breakdown of
the organic matter in those layers. Moreover,
fertilizer increased the rate at which organic
nitrogen was converted to an inorganic form.
He also learned that productivity in green-
house plots can change: It took 9 years to see
an increase in productivity in the unfertilized
greenhouse plots, as the increased tempera-
ture slowly boosted microbial activity and the
release of nutrients locked up in the soil. “The
message I get is to be careful about jumping to
conclusions,” says Pyle.

Research on streams and their role in
nutrient flow is also yielding surprising
results. In 2003, Bowden and hydrologist
Michael Gooseff from the Colorado School
of Mines in Golden began tracking the course
and nutrient flow of subterranean water per-
colating along streambeds. They discovered
that this submerged waterway and its sur-
roundings—called the hyporheic zone—play
a bigger role in stream ecology than had pre-
viously been thought. “We suspect that a
major part of the nutrients to supply primary
productivity actually come from [this] zone
and not from the [nutrients] that run off the
landscape directly,” says Bowden.

The researchers also are finding that the
hyporheic zone holds steady at 2° to 3°C
below zero, and the ice above gets no colder
despite air temperatures of minus 50°C. “So it
only took a little bit of exposure to sunlight”
to start the water flowing again, says Bowden.
“The whole system is primed to go” as soon
as the sun returns to the sky, he adds.

Opportunities and threats

Despite their concentrated efforts each
summer, scientists are concerned that they
might be missing par t of the climate
change story. “We are basing
what we know [about the
tundra] on data from June

and July,” says Brian Barnes, director of
the University of Alaska Institute of Arctic
Biology, Fairbanks, which runs the Toolik
station. “We’ve been assuming that noth-
ing is happening in the winter because it’s
too cold.” But work by researchers such as
Bowden is showing that underground tem-
peratures may actually be mild enough to

allow organisms to function and be on call
for the spring.

The lab is also trying to add educational
components to its research agenda. Crum-
rine is part of an NSF-sponsored program to
provide teachers with research experience
in the Arctic. There’s talk about starting a
graduate student summer course. Also,
Robin Bingham, an evolutionary biologist
from Western State College in Gunnison,
Colorado, is part of a group planning an
Arctic biology course for undergraduates.

But such activities require additional
resources, which are in short supply.
The future of Toolik is closely tied
to the future of NSF funding. The
agency’s overall budget was
reduced this year and seems
unlikely to do better than inflation
in 2006. Forest ecologist Henry
Gholz, who manages the LTER
program, says both his budget and
funding for ecosystems research
will “likely remain static or only
have a small increase.” Another

problem is that LTER sites are judged
by how well they leverage funding from
other sources. But as Hobbie notes, “in the
Arctic there are no other agencies to which
we can apply for funds.”

Within NSF, there is increased competi-
tion for funding within programs that sup-
port work done at Toolik station. Over the
past 5 years, the success rate for ecosys-
tems proposals has fluctuated between
18% and 14%, says NSF’s Michelle Kelle-
her. Success rates for the Office of Polar
Programs have gone up and down as well:
In 2000, it was 37%, but in 2005 it was
31%. The office is helping to sponsor the
International Polar Year in 2007, a global
effort to stimulate more research in the
Arctic and in Antarctica. Without more
money, Pyle says, any initiatives for the
polar year will have to be paid out of the
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Scenic science. With Alaska’s Brooks Range as a backdrop, Toolik research station stands out as a
center for studying global change in the Arctic.

Nutrients matter. A comparison of fertilized
(above) and unfertilized (inset) greenhouse plots
shows the importance of nutrients.
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same budgets as for Arctic and Antarctic
research and logistics.

There are non-fiscal threats as well. A nat-
ural gas pipeline, if it’s built, would mean
more people, more traffic, more way stations,
and more gravel excavation. One of Shaver’s
sites is right next to an old gravel pit that, if
reactivated, could destroy the site either
directly or by increasing silt and other runoff
sufficiently to invalidate longitudinal studies.

To counter these possible problems and
more, Barnes and his colleagues at the Uni-

versity of Alaska are beginning to seek sup-
port from federal and state officials for a
44.5-hectare research park that would pro-
tect the study plots against potential intru-
sions. The U.S. Bureau of Land Manage-
ment leases 10.8 hectares to the University
of Alaska Institute of Arctic Biology as the
station’s grounds and has zoned the 31,000
hectares around Toolik Lake as a Research
Natural Area. Expanding the size of the
protected zone to include the upper
Kuparak River watershed, a site of some

long-term studies, would safeguard
research without impeding oil and natural
gas development, says Barnes.

It would also protect Toolik’s future and
avoid, in Gholz’s words, NSF’s having made
“a huge investment that’s thrown out.” Too-
lik deserves special attention, Bingham and
others would argue, because of its ability to
monitor a key component of global climate
change. “Arctic ecosystems are some of the
most endangered habitats and organisms on
earth,” she says.  –ELIZABETH PENNISI

In 1956, Peruvian archaeologists uncovered a
vessel hidden in the floor of a high-status
home in the Inca administrative center of
Puruchuco, near present-day Lima, Peru.
Inside, they found a kind of treasure: a set of
21 of the knotted strings called khipu. The
Inca relied on sets of khipu (or quipu in Span-
ish) to keep records of their far-flung realm,
which extended more than 5500 kilometers,
the distance from Stockholm to Cairo. 

The Spanish who conquered the empire
discovered that it was held together by a
highly efficient bureaucracy that controlled
the distribution of labor, goods, and services,
using streams of khipu to issue orders and
record the results. So essential were khipu to
the native population, according to Galen
Brokaw, an expert in Andean texts at the State
University of New York at Buffalo, that the
early colonial government reluctantly
approved their continued use until they could
be displaced by alphabetic texts the Spaniards
could understand. Today, only perhaps 
600 pre-Hispanic khipu survive.

For more than a century, researchers
have sought to understand how these dis-
tinctive objects were used within the
empire, and whether they functioned as a
unique kind of three-dimensional, textile-
based “writing.” On page 1065 of this 
issue, anthropologist Gary Urton and 
mathematician-weaver Carrie J. Brezine,
both at Harvard University in Cambridge,
Massachusetts, take a step toward answer-
ing both questions. Through a computer-
aided analysis of seven of the Puruchuco
khipu, Urton and Brezine have identified
one way that data and instructions were
passed up and down the hierarchy from
local villages to the powerful central gov-
ernment in Qosqo (modern Cusco). In the

process, they also have tentatively made the
first-ever identification of a khipu “word.”

Almost simultaneously, archaeologist
Ruth Shady Solis of the National University
of San Marcos in Lima has independently

unveiled what is seemingly the oldest
khipu—or, perhaps, proto-khipu—ever 
discovered. Found in a cache buried inside a
pyramid at Caral, an ancient city north 
of Lima that Shady’s team has been excavat-
ing since 1994 (Science, 7 January, 
p. 34), the object resembles an Inca khipu,
except that the pendant strings are twisted
around small sticks. 

According to Shady, it is more than 
3000 years older than the oldest previously
known khipu, which date from the 9th cen-
tury C.E. If so, then khipu, though younger
than the world’s f irst writing systems of

Sumerian cuneiform and Egyptian hiero-
glyphics, arose in the third millennium
B.C.E. and are among humankind’s oldest
means of communication. 

The Caral artifact’s apparent great age of
4000 to 4500 years “indirectly strengthens
the case” that the khipu were “more than
numeric,” notes Daniel H. Sandweiss of the
University of Maine in Orono. Ancient writ-
ing methods such as cuneiform evolved over
many centuries from accounting records, as
scribes invented symbols to identify what

was being counted. “If what Ruth
has found really is a khipu ances-
tor,” Sandweiss says, “then khipu
would be following the pattern of
other writing systems.” 

Inca khipu consist of a main
cord from which dangle as many
as a thousand smaller strings, the
latter of which contain clusters of
knots. In the 1920s, Leland Locke,
an amateur scientist, argued that
khipu were simply lists of num-
bers, with individual knots repre-
senting digits and groups of knots
on a strand representing succes-
sive powers of 10. (Blank spaces
function as zeroes.) Locke’s rules
held true for many khipu, and his
view of them as mnemonic
devices largely held sway until the
1970s, when the Cornell Univer-
sity husband-wife team of Robert

and Marcia Ascher overhauled his work,
assembling a detailed khipu database
( h t t p : / / i n s t r u c t 1 . c i t . c o r n e l l . e d u /
research/quipu-ascher/). They argued that
khipu were more akin to writing—and indeed
that about 20% of surviving khipu do not 
fit Locke’s rules.

If khipu were a form of writing or proto-
writing, they were unlike any other. Scribes
“read” the khipu by running their fingers
along the strings, sometimes while manipulat-
ing small black and white stones—in striking
contrast to other cultures’ ways of recording
symbols, which involve printing or incising

Unraveling Khipu’s Secrets
Researchers move toward understanding the communicative power of the Inca’s 
enigmatic knotted strings, which wove an empire together

Archaeology 

First strings. This artifact from the ancient city of Caral may
be a khipu as old as 4500 years.
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marks on flat surfaces. “The Spaniards were
bewildered by them,” Urton says. “Four hun-
dred years later, we aren’t much better off.”

The Aschers sparked a new push to
decode khipu. Supported by a National Sci-
ence Foundation grant and a MacArthur
Prize, Urton and Brezine in 2002 began
assembling a more sophisticated khipu data-
base that permitted complex searches
(http://khipukamayuq.fas.harvard.edu/).
Among the first khipu they entered was the
set unearthed at Puruchuco. According to
anthropologist Carol Mackey of California
State University, Northridge, these khipu
were found in the home of a khipukamayuq,
an elite scribe who created and read the
khipu that recorded the flow of goods, labor,
and taxes within the empire. Mackey noted
that two of the khipu were almost identi-
cal—an observation that tallied with the
Inca writer Guaman Poma’s 1609 claim that
khipukamayuq made multiple copies of each
khipu so that “no deception could be prac-
ticed by either the Indian tribute payers or
the official collectors.”

Brezine realized that the pattern of string
colors on the two matching khipu also “was
very similar—you had sequences of four
strings, each with [the same] repeated pattern
of four string colors.” Brezine then asked the
database to identify khipu with a “similar kind
of arrangement of four string colors in repeat-
ing sets.” By interfacing the values in the Har-
vard khipu database with the popular software
Mathematica, Urton says, “she was able to
ask, ‘Is there any instance of these strings
whose sum is found on another khipu?’”

The answer was yes. Brezine’s data-sifting
revealed a hierarchical pattern involving
seven of the 21 khipus. The hierarchy consists
of three levels, each with two khipu. (Urton
and Brezine removed one of the level 2 khipu,
which has disappeared from the Puruchuco
museum, from their analysis). Khipu on each
level have identical or nearly identical number
values and string colors—“the checks-and-
balances aspect” of khipu accounting. And the
values on lower-rank khipu add up to the val-
ues on subsections of higher-rank khipu.
Thus, Urton and Brezine argue, the seven
khipu represent either demands, probably
from the provincial governor, for labor or
goods, which lower-level functionaries broke
down into components, or reports of tribute
from the bottom being aggregated on their
way up the ladder. Either way, Urton says,
“you see how information might have been
funneled upward and dispersed downward”—
an essential task in controlling the large,
diverse, and populous empire.

Notably, some of the cords in the level 2
khipu are only approximate sums of the cor-
responding cords in level 1. But the top level
khipu is much more precise, with only 2 inex-
act totals. That suggests to Urton that “some

data-manipulation was going on.” The
khipukamayuq may have been matching real
figures for labor taxes on the bottom to ideal
requests from the top, for example.

The khipu on the two top levels have intro-
ductory segments of three figure-eight knots
on three strings. To Urton and Brezine, the
knots on these khipu, which presumably
would have circulated out of their place of ori-
gin and perhaps as far as the capital, most
likely served to identify their place of origin,
the palace at the place now called Puruchuco.
If so, then the introductory segments give its

name—the first-ever precisely deciphered
“word” in khipu “writing.”

“The identification seems logical to me,
though we are being cautious about it,” Urton
says. Aware that the decoding of both Mayan
and Egyptian hieroglyphics began by identi-
fying place names, he believes that “if khipu
can be deciphered, this is the kind of
approach that will do it.”

Urton has previously argued (Science,
13 June 2003, p. 1650) that khipu were a
kind of binary code, with the 0s and 1s
being the either-or choices faced by khipu-
makers (right or left direction for knots,
spin, and ply, for example). With other
researchers, Brokaw has criticized this
binary theory, because, he says, “there is no
way to reconcile it with the decimal code in
which the khipu [also] clearly participate,”
and because he believes it is not supported
by ethnographic data. But Brokaw calls the
current work “fascinating,” noting that it
does not directly depend on the earlier
binary theory.

The increased belief that the khipu were a
complex means of communication is coupled
with growing recognition of the extraordi-
nary role of textiles in the precolonial Andes.
“Textiles are important to every society,” says
William J. Conklin, an architect and archaeol-
ogist who is a research associate at the Textile
Museum in Washington, D.C. “But their role
in Andean societies as carriers of meaning
and power is different from anything else that
I know.” Conklin notes, for example, that very
early textiles from Huaca Prieta, a north coast
site dated to about 1500 B.C.E., were appar-
ently not used for clothing. The “incredible
fact,” in Conklin’s view, is that “weaving was
invented for what we might call ‘conceptual
art’—to communicate meaning—and only
afterward was it used for clothing.”

Khipu, Conklin says, were part of this
tradition, as possibly shown by the Caral
proto-khipu. Consisting of a ladderlike
assemblage of 12 cotton strings, some knot-
ted, that are wrapped around sticks, the
object was found in a sealed room within
one of the large pyramids at Caral earlier
this year. Along with the other objects in the
cache—including pristine baskets, mysteri-
ous spheres of fiber, and what looks like
netting—the apparent khipu will be dis-
played at a Caral exhibit in Lima’s Museo de
la Nación until 31 August. Shady reports
that her group “soon” will submit for publi-
cation the results from a “study of the con-
text and the material within the cache.”
Sandweiss cautions that the huge temporal
gap between the Caral object and the earli-
est firmly dated khipu—one carbon-dated
by Conklin to between 779 and 981 C.E.—
is “puzzling.” Clearly, he says, “there is a
great deal more to be learned here.”

–CHARLES C. MANN
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Line by line. A set of khipu found together (one
from the set, above) may help in understanding
khipu such as this 1200-year-old one (top).
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Birthday Blowout
MONTSERRAT—In an ominous birthday
surprise, a slumbering volcano awakened
even as researchers gathered to 
commemorate the 10th anniversary 

of its first eruption 
in centuries. In July
1995, the Soufrière
Hills volcano on the
Caribbean island of
Montserrat exploded
to life. Over the next
few years, it rendered
two-thirds of the
island uninhabitable,
forced thousands
into exile, and 
killed 19 people.
On 25 July, as nearly
100 researchers
gathered here at a
conference to mark
the anniversary of
the volcano’s rebirth,
the capricious peak

suddenly belched roiling clouds of gray
ash and gases into the azure sky.

The volcano had snoozed for nearly 
2 years, so the renewed rumblings, which
began in June, have islanders on edge.
“We thought we could start moving back
to some of the houses we abandoned,”
says John Wilson, Montserrat’s minister
of public works and communications.
“Now I'm afraid it’s going to start 
all over again.” However, predicting 
what the volcano will do is difficult,
says Sue Loughlin, a geologist and 
director of the Montserrat Volcano

Observatory. And although the ash 
falls are annoying, she says, they are 
not dangerous as long as masks are 
worn when sweeping them up.

Ministry Scorches Italian
Climate Researchers
Officials at the Italian environment 
ministry must like the heat. On 20 June in
Rome, the ministry held a public meeting
featuring climate-change skeptics who

concluded that human activity plays
little role in global warming.The 
meeting was summarized in a four-
page advertisement, paid for by the 
ministry, in the 24 July issue of the
Catholic weekly Famiglia Cristiana.
The ad has ignited the fury of Italian
climate researchers, who say they 

were not invited to the seminar.
According to the ad, Paolo Togni,

director of communications for the 
environment ministry, called for an
approach to environmental issues that
would recognize that human activity can
benefit the environment.Togni did not
respond to requests for further comment.
The ad also quotes Fabio Pistella, president
of the Italian research council (CNR),
as saying, "The phenomena of current 
climate changes are almost certainly 
natural and not due to man."

The ministry is “trying to discredit 
the scientific community,” says Franco
Miglietta, an ecologist at the Biometeor-
ology Institute in Florence. More than 
70 scientists have signed a statement
calling for an open scientific debate 
on climate change. Meanwhile, the 
ministry is planning 15 more meetings 
on environmental issues and says it has
bought advertising space for all of them.
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RANDOM SAMPLES
Edited by Adrian Cho

Without spotting a single new animal,
researchers have identified five new species
of lemurs—small nocturnal primates from
the forests of Madagascar. The behavior,
morphology,and genetics of the two known
populations of the giant mouse lemur sug-
gest they are in fact separate species that
diverged 2 million years ago,Peter Kappeler and colleagues at the German Primate Center
in Göttingen conclude in the current issue of Primate Report.Genetic analysis also revealed
that the researchers’control group of lemurs,known simply as mouse lemurs,likewise con-
tained a distinct new species.The two new species joined three new species of lepilemurs,
also discovered by studying animals thought to be the same species and described on
10 August at the Congress of the European Federation of Primatology in Göttingen.
Kappeler says the new classifications will help explain speciation among these rare animals.

Despite centuries of investigation, the mystery of who built Stonehenge and why
remains unsolved. Even a precise date for the prehistoric complex of stone circles,
ditches,and burial mounds on England’s Salisbury Plain has eluded researchers,although
it’s known that it was built between about 3000 and 1500 B.C.E. Now, archaeologists
have proposed a new research framework to answer the many unresolved questions
surrounding Stonehenge.

Much of the archaeological
research carried out on Stonehenge
in the 19th and early 20th centuries
was of poor quality, says David
Miles, chief archaeologist at English
Heritage, the British government’s
advisory body for historical sites.
This month, the organization
released a report that outlines
gaps in current data and proposes
ways to fill them.For example, laser
scanners could reveal carvings hidden by weathering and lichen, says David Batchelor,
an archaeologist with English Heritage.

English Heritage has not put a time frame or price tag on the proposed research and
hopes individual researchers and organizations will drum up the funding.Archaeologists
may never know why Stonehenge was erected, as its builders left no written and few
pictorial records of their motives,says Batchelor:“It’s always going to be a bit of a mystery.”

Be Fruitful and Divide

New Age for Stonehenge Research

Mirza zaza is a new species of lemur.
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The show goes on. Legendary
computer pioneer Alan Kay is
one of 14,500 employees just
let go by Hewlett-Packard (HP)
in a downsizing move that will
terminate four research and

development
projects. But
the pink slip
isn’t going 
to interrupt 
his research,
Kay says.

An early
architect of 
personal 

computing who created the first
laptop and helped design early
versions of overlapping screen
windows and the Internet, Kay
joined HP Labs in 2002 to lead
its Advanced Software Research
team in developing new soft-
ware platforms based on open
source code. Many of his early
innovations were originally
designed to reinvent computers
as child-friendly, interactive edu-
cational environments, and Kay
says he plans to continue that
work through his California-
based nonprofit organization,
Viewpoints Research Institute.

“We’ve had our agenda in place
for the last 35 years,”Kay says.
“[Viewpoints is] a way of 
maintaining continuity.”

HP spokesperson Dave
Berman says despite the cuts,
the company is still committed
to innovative research in areas
including printing and imaging,
IT and nanotechnology, and
quantum computing.

Delayed dividend.An engineer
at the University of Texas (UT),
Arlington, and his former 
graduate student are finally 
getting their reward for inventing
a technology that enables users
of hand-held
electronic
devices to
type words
quickly. Under
a $1.8 million
settlement in
a patent-
infringement
lawsuit filed
by the university against the
Canadian manufacturer of
Blackberry devices, UT’s George
Kondraske (above) and Adnan

Shennib, now president and CEO
of the Center for Medical Device
Innovations in Dublin, California,
will split roughly $550,000
between them. UT Arlington will
receive a $550,000 unrestricted
research grant.The rest of the

money from last month’s settle-
ment will go toward lawyer fees
and other expenses, says UT
spokesperson Anthony de Bruyn.

Kondraske and Shennib’s
invention allows electronic
devices to deduce whole words
if just a portion of the word 
is entered—for example, by
converting “univ” to “university.”
This spring, 18 years after the
invention, UT filed suit against
more than 40 companies it
charged were using the tech-
nology without paying licensing
fees. Blackberry maker Research
in Motion in Waterloo, Ontario,
is the first to settle, although the
company maintains that its own
technology was developed
“completely independently.”
In exchange for its payment,
Research in Motion gets licensing
rights to UT’s patented tech-
nology.“The reward … comes
with a sense of professional 
satisfaction,” says Kondraske.
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PEOPLE
Edited by Yudhijit Bhattacharjee

Then and now. Archaeology students at Michigan State
University (MSU) in East Lansing didn’t have to travel to exotic
lands this summer for their field studies: They excavated the
site where the university’s first dormitory burned down in a fire
129 years ago. Besides unearthing artifacts of student life from
a bygone era, including a water pitcher, a toothbrush, and clay
pipe stems, the diggers confirmed archival records indicating
that the accident had been caused by a fire left burning in the
basement of the three-storied building by maintenance
workers.“It was fascinating to discover pieces of the past lying
just below our feet,”says MSU anthropologist Jodie O’Gorman,
one of the faculty members who led the project.

E X P L O R E R S

A shot at the moon.Telecom inventor Sam Pitroda,who transformed India’s telephone system 2 decades
ago with exchanges rugged enough for rural India, now has a new mission. As chair of India’s new
Knowledge Commission,which the government launched last week,Pitroda aims to help India emerge as
a hub for innovation and knowledge generation.

Under his leadership, the eight-member panel will chart out policy
initiatives to foster excellence in India’s educational institutions and
public-funded research laboratories, which many analysts say are in dire
need of reform.This is the second time that Pitroda, currently chair of the
U.K.-based company WorldTel,has been charged with a national initiative;
in the 1980s,after a successful career in American industry,he returned to
India to set up the Center for Development of Telematics (C-DOT),which
designed and built rural telephone exchanges. The C-DOT technology
now supports more than 20 million telephone lines across India. “This
new assignment is clearly a tougher challenge,”says Pitroda, an electrical
engineer who holds nearly 50 telecommunication patents.

The government wants the commission to come up with bold pro-
posals to infuse creativity into Indian universities and research centers
and reverse what Indian Prime Minister Manmohan Singh has described
as “falling standards.”Pitroda promises that the commission’s first action
plan,due in October,will contain some radical ideas.“In India,you have to
aim at the moon to touch the roof,”he says.

Got any tips for this page? E-mail
people@aaas.org
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Using Ethics to Fight

Bioterrorism

M. A. SOMERVILLE AND R. M. ATLAS ARE TO BE

commended for drawing attention to the
ethical responsibilities of life scientists
whose work could impact bioterrorism
(“Ethics: a weapon to counter bioterrorism,”
Policy Forum, 25 Mar., p. 1881). A point not
given sufficient emphasis is the “profession-
alization of ethics,” whereby a profession’s
commitment to a set of values and ethical
standards reflects its interpretation of the
world (1). This phenomenon tends to narrow
the scope of moral evaluation to the exclusion
of the experiences and needs of those who
may be affected by the professional behavior
(1). As a result, the profession’s view of its
role and responsibilities as embodied in its
code of ethics risks becoming divorced from
broader social values. To counter this ten-
dency, it is critical that researchers engage

nonscientists in the process of developing a
code of ethics. A provision that acknowledges
the critical role played by the public in devel-
oping a code of ethics for the life sciences
(i.e., that obligates researchers to reach out to
nonscientists when drafting the code) should
be included together with a parallel provision
that requires that the code be widely dissemi-
nated so that all those potentially affected by
the research can have a basis for evaluating
the conduct of scientists.

MARK S. FRANKEL

Scientific Freedom, Responsibility and Law,American

Association for the Advancement of Science, 1200

New York Avenue, NW,Washington, DC 20005, USA.
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IN THEIR POLICY FORUM “ETHICS: A WEAPON

to counter bioterrorism” (25 Mar., p. 1881),
M. A. Somerville and R. M. Atlas argue con-
vincingly that physicians and scientists in the
life sciences should adopt a code of ethics
against bioterrorism and bioweapon research.
They propose a code of ethics that urges physi-
cians and scientists to “[c]all to the attention of

the public, or appropriate authorities, activities
(including unethical research) that there are
reasonable grounds to believe are likely to
contribute to bioterrorism or biowarfare.” This
clause begs the question: What if one’s own
government, which presumably represents the
“appropriate authorities,” funds and conducts
bioweapons research?

Most biodefense-related research is paid
for and done at the behest of national gov-
ernments, rather than by private companies
or terrorist groups (1, 2). The “public” and
“appropriate authorities” in the code of
Somerville and Atlas should be amended to
“national or international public” and “appro-
priate national or international authorities.”
Because bioterrorism and bioweapon pro-
liferation are international issues, I believe
that it would be entirely appropriate for any
scientist to appeal to international institutions
and world opinion, if he/she has reasonable
grounds to believe that his/her government
is engaged in activities that are likely to con-
tribute to bioterrorism or biowarfare. Only by
cooperation and mutual supervision among
nations will we have a realistic chance of
limiting bioterrorism and biowarfare.

LEWYN LI

Department of Biological Sciences, Columbia

University, New York, NY 10027, USA.
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M.A. SOMERVILLE AND R. M.ATLAS (“ETHICS:
a weapon to counter bioterrorism,” Policy
Forum, 25 Mar., p. 1881) are right to call for
a code of ethics to govern the conduct of
research in the life sciences, but those who
heed their invitation should pause before
the wheel is reinvented. In listing bodies
that have spoken out about a need for ethics
in the conduct of life sciences research, the
authors have overlooked the Council on
Ethical and Judicial Affairs (CEJA) of the
American Medical Association (AMA). 

CEJA has addressed this need, having
issued ethical guidelines to prevent malevolent
use of biomedical research (1), which were
incorporated into the AMA Code of Medical
Ethics (2) in June 2004. These guidelines call
on biomedical researchers to balance their
commitment to the advancement of scientific
knowledge against the same “substantive and
procedural principles of ethics” articulated by
Somerville and Atlas, including commitment
to the betterment of public welfare and safety
and the importance of maintaining public trust.
Moreover, building on the scientific traditions
of individual and collective responsibility, the
guidelines specify that scientists should strive

to assess foreseeable ramifications of their
research and that of their peers in an effort to
balance the promise of benefit from biomed-
ical innovation against potential harms from
corrupt or unintended application of findings. 

SHANE K. GREEN*

Center for Public Health Preparedness and Disaster

Response, American Medical Association, 515

North State Street, Chicago, IL 60610, USA. E-mail:

shane.green@ama-assn.org

*The views and opinions expressed are those of the

author and should in no way be construed as repre-

senting official policies of the American Medical

Association.
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IN THEIR POLICY FORUM DISCUSSING THE ROLE

of ethics in combating bioterrorism, M. A.
Somerville and R. M. Atlas discuss the need
for a code of conduct for scientists working in
dual-use research areas (“Ethics: a weapon to
counter bioterrorism,” 25 Mar., p. 1881). For
the 6th Framework Program (2002–06), the
European Commission has adopted an ethics
review process that considers classical ethi-
cal issues (like the use of human biological
samples), human data protection, and animal
testing as well as dual-use research (1).

Grant applicants are asked to consider
dual-use aspects of their projected research (2).
They must provide information on what dual-
use implications they foresee, how to address
these issues, and how relevant legal require-
ments will be met. The scientific reviewers of
the proposals are also asked to reflect on ethical
issues and to flag any sensitive areas. If the
applicants and/or the scientific reviewers
have indicated any ethical sensitive issues,
the proposal undergoes an ethics review. An
independent, multidisciplinary, multinational
expert panel, including dual-use specialists,
reviews the project proposal and provides
recommendations to the funding institution
and the applicants. These specialists are guided
by EU-wide accepted international agree-
ments, relevant EU legislation, and relevant
national legislation (3).

Letters to the Editor
Letters (~300 words) discuss material published

in Science in the previous 6 months or issues of

general interest. They can be submitted

through the Web (www.submit2science.org) or

by regular mail (1200 New York Ave., NW,

Washington, DC 20005, USA). Letters are not

acknowledged upon receipt, nor are authors

generally consulted before publication.

Whether published in full or in part, letters are

subject to editing for clarity and space.
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The experiences gained in this established,
systematic, and institutionalized review
process applied by the European Commission
may provide relevant information to develop a
best practices model to increase awareness of
the dual-use problem and to enforce ethically
sound research. 

JOHANNES RATH AND BERNHARD JANK

Department of Evolutionary Biology, University of

Vienna,Althanstrasse 14,1090 Vienna,Austria.E-mail:

johannes.rath@univie.ac.at 
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M. A. SOMERVILLE AND R. M. ATLAS HAVE

grossly oversold the use of ethics as a means of
deterring the threat of bioterroism (“Ethics: a
weapon to counter bioterrorism,” Policy
Forum, 25 Mar., p. 1881). A “Code of Ethics”
similar to the one presented by the authors will
not counter bioterrorism because it will be
imposed on a scientific community that has
no intent to conduct terror operations. The
“dual-use” misnomer implies that biological
scientists inadvertently develop weapons
through their benign research efforts. In fact,
bioterror plots are not hatched by benevolent

scientists having a momentary ethical lapse;
rather, they are the trade-craft of ruthless
murderers who happen to have subverted
the accomplishments of modern science.
Bioterrorism is much more than the mere
absence of ethical intentions; it is the highest
crime perpetrated against humanity and is best
addressed by aggressive law enforcement and
intelligence efforts directed against would-be
perpetrators. Imposing ethical standards on
scientists as a means of curbing the use of
biotechnology in terrorist plots will only
demonize the scientific community.

Somerville and Atlas acknowledge that
bioterrorists will not be deterred by a code
of ethics. The enemy is a terrorist first and a
scientist by convenience. His terroristic

intentions compel him to offer his intellect
to the will of his cause. The priority of cause
over vocation in the many examples of
scientists and doctors turned terrorist show
that each was well aware of their “ethical
obligations,” but, undeterred by the oaths
they took, chose killing over healing.

BEN PERMAN

Advanced Systems and Concepts Office, Military

Operations Division, Defense Threat Reduction

Agency, 8725 John J. Kingman Avenue, Fort Belvoir,

VA 22060–6201, USA.

IN “ETHICS: A WEAPON TO COUNTER BIO-
terrorism” (Policy Forum 25 Mar., p. 1881), M.
A. Somerville and R. M. Atlas cite the Thomas
Butler case as a purported example of unethical
behavior by a scientist. They could better have
used the case to show how ethical behavior
can backfire on a scientist in an age of severe
political pressures on antiterrorism agencies. 

Butler would not be serving a 2-year sen-
tence had he not voluntarily reported missing
vials containing plague and had he not refused
on principle to plead guilty to a false accusa-
tion of lying to federal authorities as proposed
in a plea-bargain offer. Somerville and Atlas
state that Butler reported missing vials and
then “claimed that he had inadvertently
destroyed the cultures” without mentioning
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[B]ioterror plots are … 
the trade-craft of ruthless
murderers who happen to

have subverted the
accomplishments of

modern science.
–PERMAN
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that the second, contradictory statement was
produced during an FBI interrogation in which
Butler was in wrist irons connected to a metal
waist belt, given a lie-detector test, and ques-
tioned for long hours without adequate food or
sleep, and without legal counsel (waived by
Butler in his wish to cooperate with authori-
ties). Butler’s self-contradiction under these
circumstances led to a charge of lying (1) that
enabled FBI officials to blame Butler for their
costly actions in response to his initial report.
His refusal to accept that charge led to the pil-
ing on of 54 additional charges (2), most
derived from a dispute with his university over
research contracts. The jury acquitted Butler
of lying, the judge (3) praised his humanitarian
and ethical behavior, and his former dean (4)
has defended his use of funds.

Protests by scientists (5) do not imply
“acceptance of [Butler’s] breach of laws and
regulations” as stated by Somerville and
Atlas. A Code of Ethics for scientists and sci-
entific institutions needs to reflect a better
appreciation of the complex issues involved
than shown by Somerville and Atlas in their
discussion of the Butler case. 
PETER C.AGRE,1 SIDNEY ALTMAN,2 ROBERT F. CURL,3

TORSTEN N.WIESEL,4 MARY JANE WEST-EBERHARD5

1Department of Biological Chemistry, Johns Hopkins

School of Medicine, 725 North Wolfe Street, Baltimore,

MD 21205–2185, USA. 2Department of Molecular,

Cellular and Developmental Biology,Yale University,219

Prospect Street, New Haven, CT 06520–8103, USA.
3Department of Chemistry,Rice University,MS 60,6100

Main Street,Houston,TX 77005–1892,USA.4Rockefeller

University,1230 York Avenue,New York,NY 10021,USA.
5Smithsonian Tropical Research Institute, c/o Escuela de

Biología,Universidad de Costa Rica,Costa Rica.
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Response
WE PROPOSED A CODE OF ETHICS TO COUNTER

bioterrorism hoping it would stimulate
dialog. As the Letters presented here attest,
the code has caused people to think about
the value of ethics and the need to act to protect
science from misuse. 

We welcome Frankel’s points that the values
and ethical standards enshrined in a code of

ethics must reflect a broader spectrum that
stretches well beyond those of a given profes-
sion and that the public must have a strong
voice in deciding on these values and ethical
standards. Ethics requires more than scientists
just acting in good personal conscience, and the
same is true of them acting collectively as a
profession in good professional conscience.
Rather, the broadest possible range of people
and institutions must be involved in ethics
decision-making.

The following are some of the ways in
which we recognize the need to engage people
outside science and, in particular, the public, in
setting values and ethical standards for the life
sciences: (i) In requiring ethics review of all
research, we assume that, as is now the norm,
any ethics committee would have a very
broad-based membership. (ii) The concept we

L E T T E R S
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articulate, that the scientific professions hold
science on trust for society, establishes that
society has the final say as to what will and will
not be allowed in terms of ethics. (iii) The code
includes an express duty “to bring to the atten-
tion of the public or appropriate authorities”
activities that are unethical or could contribute
to bioterrorism or biowarfare.

As we indicated, providing for “whistle-
blowing” is an essential element in imple-
menting a code. Li makes the important point
that one’s own government could (and would,
unless procedures were put in place to avoid
it) have a conflict of interest in receiving
information about its own wrongdoing. In
such cases, it would not be an appropriate
authority to which, as the code requires, to
report. Who would be appropriate must be
determined on a case-by-case basis and might
include a role for other national authorities or
international ones, as well as the public.

We are aware of the developments in
medical ethics that Green references and
our code is indebted to them, but experience
has shown that professional specificity of
ethical requirements is needed for scientists
to personally identify with them and, as a
result, apply them in practice.

Rath and Jank provide an important
example of the practical operationalization of

a code of ethics. We can learn much from the
European experiential ethics knowledge that
has resulted, and it is important to identify and
build on all presently existing relevant
resources. In some cases, ongoing monitoring
of ethics as the research evolves, a step not
mentioned by Rath and Jank, is also required.

Like democracy, our code will not instan-
tiate a perfect system, but the right question is
whether we are better off with it than without
it. We strongly disagree with Perman that
“[i]mposing ethical standards… will only
demonize the scientific community,” that
scientists might not inadvertently “develop
weapons through their benign research
efforts,” and that “aggressive law enforce-
ment and intelligence efforts” are the only
ways to counter bioterrorism and are not

complemented by implementing ethics.
Ethics is integral to science, which means
that unethical science is bad science, not just
bad ethics. Like all elements of good science,
ethics must be intentionally included and a
code helps ensure that. It assists scientists in
fulfilling their ethical responsibility to help
protect against the misuse of science by those
who would do harm. 

Given the division within the scientific
community caused by the Butler case, we are
not surprised by Agre et al.’s letter, which
reminds us that good facts are essential to good
ethics. Judging the ethics of certain situations
can be highly complex, especially when the
facts are in dispute, as Agre et al. say they are
in the Butler case. We welcome their criticism
because we recognize that engaging in ethical
analysis in real cases is an exercise of power,
and power must be exercised ethically. In
short, ethicists must also be reminded that they
must practice their profession—that is, “do
ethics”—ethically. But our fundamental point
remains unchanged—unless to do so would
be unethical, scientists and their colleagues
must recognize the responsibility to comply
with agreed-upon regulations and laws even if
government officials and others encourage
them to do otherwise and even if the intent of
the research is noble. 
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In conclusion, the basis on which societal-
level trust is established has shifted in post-
modern Western societies from blind trust to
earned trust (1). Earning trust requires open-
ness, honesty, and integrity. It is a continuing
process that requires the sharing of informa-
tion and the informed consent of those who
give their trust. Scientists must develop a man-
ifest culture of responsibility to maintain the
public trust upon which science depends.

MARGARET SOMERVILLE1 AND RONALD ATLAS2

1McGill Centre for Medicine, Ethics, and Law, McGill

University, Montreal, Canada H3A 1W9. 2Center for

the Deterrence of Biowarfare at the University of

Louisville, Louisville, KY 40205, USA.
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Madrid Center Not

Quite in Limbo

IN HIS ARTICLE “MADRID HEART CENTER TO BE

rescued” (8 July, p. 229), X. Bosch summa-
rized recent news about the Spanish National
Center for Cardiovascular Research (Centro
Nacional de Investigaciones Cardiovasculares,
CNIC). He states that “CNIC slipped into
limbo in May 2004…” In this context, “limbo”
seems to mean “a place or condition of oblivion

or neglect” (according to Webster’s New World
Dictionary). However, many things happened
within CNIC during the last year. A new
administrative manager was hired by the gov-
ernment, and financial support to finish the
building project was provided by the Ministry
of Health. Scientific activity kept pace and
resulted in several contributions that will hope-
fully stand evaluation by usual scientific crite-
ria (see www.cnic.es/research.htm). Hence, we
have trouble grasping the precise connotation
of the word “limbo” as used by Bosch.

LISARDO BOSCÁ,* SANTIAGO LAMAS,*

JUAN MIGUEL REDONDO*

Centro Nacional de Investigaciones Cardiovasculares,

Melchor Fernandez Almagro 3, Madrid 28029, Spain.

*Group leaders at CNIC and Staff Scientists of the

Consejo Superior de Investigaciones Científicas (CSIC).

CORRECTIONS AND CLARIFICATIONS

Letters: “Issue in Indian science” by S. Byravan (22
July, p. 557). Because of an editing error, the size of
the Indian middle class was given as approximately
3 million people. It is approximately 300 million.

News of the Week: “Madrid heart center to be
rescued” by X. Bosch (8 July, p. 229). Salvador
Moncada’s subject of study was incorrectly given as
nitrous oxide; it is nitric oxide.

TECHNICAL COMMENT ABSTRACTS

COMMENT ON “Molybdenum
Isotope Evidence for Widespread
Anoxia in Mid-Proterozoic Oceans”

H.-F.Ling, J.-F.Gao,K.-D.Zhao,S.-Y. Jiang,D.-S.Ma

Molybdenum isotope data presented by Arnold et al.
(Reports,2 April 2004,p.87) do not support their claim
for a 10-fold change in oxic deposition area from mid-
Proterozoic to present-day oceans. Our calculation
using their model shows that euxinic area comprised
only 3.7% of the oxic area in mid-Proterozoic oceans,
which is not consistent with widespread anoxia.
Full text at 

www.sciencemag.org/cg/content/full/309/5737/1017c

RESPONSE TO COMMENT ON

“Molybdenum Isotope 
Evidence for Widespread Anoxia 
in Mid-Proterozoic Oceans”

D.Anbar, G. L.Arnold,T.W. Lyons, J. Barling

Ling et al. assume that molybdenum is removed
only in oxic or euxinic (sulfidic) basins and that
ocean bottom waters are either oxic or sulfidic.
These simple assumptions ignore the importance
of settings that are anoxic, or nearly so, but not
sulfidic. Our conclusions are more consistent with
plausible paleooceanographic interpretations.
Full text at

www.sciencemag.org/cg/content/full/309/5737/1017d
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F
ew scientists are granted the privilege 
of controlling what posterity thinks 
about them. Santiago Ramón y Cajal

(1852–1934) is one who was. Apart from his
scientific publications, virtually all that we
know or think we know about him comes from
his Recuerdos de mi vida (1, 2). Published in

two volumes (1901 and
1917), it was made
available to English
speakers through a
1937 translation by 
E. Horne Craigie and
Juan Cano (3). Their
abbreviated version
focuses on Cajal’s
description of his per-
sonal life and times

but—in omitting the lengthy lists of scientific
accomplishments that Cajal was at pains to
document on a year-by-year basis—is of lim-
ited value to historians of neuroscience. 

Cajal’s most renowned scientific accom-
plishment, his discovery of the basis for the
synapse, is the topic of Richard Rapport’s
Nerve Endings. Rapport (a neurosurgeon in
Seattle, Washington) structures the story
around a comparison of Cajal and Camillo
Golgi. Writing for a broad, nonspecialist
audience, the author interweaves the lives
and research of the two scientific antagonists
who shared the 1906 Nobel Prize in
Physiology or Medicine.

In his Recuerdos, Cajal presented himself
as an unruly youth who denied himself much
formal education, whose medical training
was crude, and whose exposure to science
was nonexistent. Yet he was widely read in
contemporary science and literature, and he
possessed a great flair for descriptive writing
that extended beyond science to the produc-
tion of entertaining short stories. His knowl-
edge of French was sufficient to permit him
to prepare scientif ic publications and
speeches in that language. Cajal was
appointed a professor at age 31, by which
time he was already a skilled microscopist
with an enormous facility for recording in
graphic form what he observed and a grow-
ing capacity to derive biological principles of
fundamental importance from his observa-
tions. His patina of humility was underlain

by a strong competitive streak and a desire to
be recognized on the international stage. 

Although Cajal worked in what he pre-
sented as an isolated environment outside the
mainstream, it was not by chance that after
stumbling across the Golgi technique for
staining nerve cells in 1887, he was able to
make the breakthrough that clinched the real-
ity of the neuron doctrine. At the time, he was
sufficiently well versed in (primarily German)
scientific developments to recognize how the
technique could help resolve the debate
between proponents of the reticular view of
the nervous system and the increasing number
of researchers who saw it composed of indi-
vidual cells that communicate by some means
other than protoplasmic bridges. Within two
years, he had shown to the world what Golgi
himself (who had first described the technique
in 1873) had never been able to do: When
applied to the brains of small or infant animals
and, in repeated impregnations, the stain con-
sistently allowed him to show nerve cells in
their entirety and to reveal their relations to
one another at high resolution. The relations
depended on communications between axons
and somata or dendrites “by contact” and not
by protoplasmic continuity. (These contacts
were to become known as synapses, thanks to

an unknown classical scholar who suggested
the term to Charles Sherrington around 1900.)
Within four years, by dint of labor remarkable
for its intensity and productivity, Cajal pro-
vided all of the data that Wilhelm Waldeyer
required to formally announce the neuron
doctrine in 1891. He was well on the way to
demonstrating the routes taken by informa-
tion as it flows from cell to cell in the different
regions of the central nervous system. 

Cajal worked hard in promoting his science,
and even at the peak of his career, he acted to
ensure his priority would be recognized. While
not obscuring the contributions of others, he
made sure that parallel credit came his way
when he and they made the same observations
around the same time—as, for example, with
Michael Lenhossék and the description of the
growth cone, Arthur Van Gehuchten and the
law of dynamic polarization, and Aldo
Perroncito and the earliest outgrowth of axon
sprouts in regenerating peripheral nerves. Cajal
invariably gave Golgi credit for the staining
technique and for the first demonstrations of
the free endings of the dendrites and of the axon
collaterals. Golgi, by nature far more reserved
and less capable of self-promotion, grew
increasingly despondent about what he viewed
as his failure of recognition. The fact that he
remained an adherent of the reticular theory
long after its demise did not help.

Although Cajal referred to himself and
Golgi as “Siamese twins joined at the shoul-
der,” the contrast between the two scientists
was strikingly revealed in Stockholm when
they received their shared Nobel prize. In his
Nobel lecture, Cajal in businesslike fashion
presented the reality of communications by
contact (he still wasn’t using the word
synapse) using well-chosen examples from
the cerebellum, spinal cord, olfactory bulb,
and retina. Then, like any modern scientist
would, he quickly went on to describe the
results of his latest experiments on peripheral
nerve regeneration. Golgi, by contrast (and
apparently to the consternation of the scien-
tists present), devoted his lecture to an attempt
to demolish the neuron doctrine. But he only
succeeded in revealing himself to be out of
date. In addition, his personal behavior toward
Cajal may have been unpleasant—at least that
is how it was reported by Cajal. 

Already preoccupied with his duties as an
Italian senator and with turf disputes
between the universities of Pavia and Milan,
after 1906 Golgi dropped further away from
active research. Cajal, productive and driven
as ever, continued to make new discoveries
on nerve degeneration and regeneration and
to undertake fresh battles over priority with
the growing school of German cytoarchitec-
tonicists, who were dividing up the cerebral
cortex into functional areas. In works pub-
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Nerve endings. Cajal’s drawing of the termina-
tions of stellate cell (A) axons (a), climbing fibers
(D), and Purkinje axon collaterals (C) on Purkinje
cells in the cerebellum from his Nobel Prize lec-
ture,“Structure et connexions des neurones” (5).
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lished in the year of his death, he was still
defending the neuron doctrine against what
he perceived as new threats.

Rapport retells the story of Cajal’s
Recuerdos in an engaging and entertaining
way, with asides on Golgi drawn from Paolo
Mazzarello’s biography (4). Adopting the
modern biographical form in which the author
places himself not only in the times but also in
the mind of the biographee, he writes with the
faith of the true believer. Nerve Endings will
serve to bring Cajal—who is now more often
quoted than read—to the attention of a
younger generation of neuroscientists. In an
enjoyable fashion, it will present Cajal to them
exactly as Don Santiago would have wanted.
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This is how one pictures the angel of history.
His face is turned toward the past. Where we
perceive a chain of events, he sees one single
catastrophe that keeps piling ruin upon ruin
and hurls it in front of his feet.…The storm
irresistibly propels him into the future to
which his back is turned, while the pile of
debris before him grows skyward. This storm
is what we call progress. —Walter Benjamin
“Theses on the Philosophy of History” (1)

W
hen all the hype that generally
accompanies any newly pro-
claimed synthesis within the sci-

ences settles, the hard work of merging
diverse paradigms begins. This is the cur-
rent state of evolutionary developmental
biology (evo-devo). Moving beyond the
catching proclamations of a “genetic

toolkit” for development and the impor-
tance of “regulatory evolution” for pheno-
typic transformations, we are currently try-
ing to develop a conceptual, theoretical, and
empirical framework that will allow us to
integrate the population-based models of
microevolution with our understanding of
the principles of development (genetic as
well as epigenetic) and their implications
for macroevolution. At such moments, the
work of philosophers and historians of sci-
ence can be of immense help to those scien-
tists who are actively engaged in shaping
the future of their field. 

Ron Amundson, a philosopher of biology
at the University of Hawaii at Hilo, has set
himself a formidable task. In The Changing
Role of the Embryo in Evolutionary Thought,
he seeks to investigate the epistemological
structure and ontological implications of the
currently emerging synthesis of evolutionary
developmental biology and to reevaluate
(from a philosopher’s point of view) how the
history of the relation between embryology
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and evolutionary biology has traditionally
been conceived. 

The strength of Amundson’s account lies
in his philosophical analysis. He identifies
and contextualizes four conceptual dichoto-
mies that are deeply entrenched within the
current theoretical structure of biology and
that complicate any attempt to merge evolu-
tionary and developmental biology: (i) the
genotype-phenotype divide; (ii) the idea of
a separation between germ line and soma;
(iii) the distinction between proximate and
ultimate causes, championed most promi-
nently by the late Ernst Mayr; and (iv) the
different implications of typological versus
population thinking. All four dichotomies
emerged during critical periods in the his-
tory of evolutionary biology, and they are
now generally seen as fundamental to its
conceptual structure.

As a consequence of these dichotomies,
structuralist types of explanations—which
involve molecular, genetic, and cellular
mechanisms and for Amundson are central
to developmental biology—cannot easily
be fitted into the framework of population-
based explanations in evolutionary biology.
Amundson uses the problem of homology
to illustrate the great depth of this divide.
Analyzing Wagner’s concept of biological
homology (2), he concludes that the regula-
tory morphogenetic and morphostatic
mechanisms that are at its core might offer a
means of incorporating typo-
logical ideas within popula-
tion thinking. But he remains
skeptical, suggesting that “a
true defense of evo-devo may
require the refutation of the
dichotomies themselves,”
which would be “a truly mo-
mentous achievement.”

Such a defense is difficult
because, according to Am-
undson, in the course of the
second half of the 20th century
the founders and advocates of
the modern synthesis (fore-
most among them Ernst Mayr) presented a
skewed perspective on the relations
between developmental and evolutionary
biology, one that largely created the myth of
the irrelevance of development for evolu-
tion. Amundson gives an interesting
account of the intellectual developments
and academic politics that motivated the
debates on those relations and contributed
to what he sees as “synthesis historiogra-
phy,” a biased view of the history of evolu-
tionary biology.

Within synthesis historiography, the his-
tory of evolutionary ideas has been recon-
structed in such a way that the modern syn-
thesis comes out “right” and that alternative
accounts (such as those that emphasize

architectural and developmental constraints)
are discredited. With the book, Amundson
wants to set the record straight, rewriting his-
tory in such a way that evo-devo comes out
right and that structuralist and typological

ideas are no longer dismissed.
The problem is that Amundson, as
he freely admits, is no historian.
His typological bias, which works
well for his focus on conceptual
dichotomies and supports his
explorations of the epistemologi-
cal and methodological conse-
quences of different explanatory
frameworks, unfortunately gets in
the way of writing a historical nar-
rative that fully takes into account
the complexities of historical
developments. One reason for the
difficulties might be that history

is conceptually closer to population thinking
than to typological schemas.

As a consequence of his approach,
Amundson’s version of the history of biology
does contain some new and challenging per-
spectives. These include his discussions of
the origins of essentialist ideas within biol-
ogy, the concept of the fixity of species, and
the latter’s importance in constituting the
domain of biological research in the late 18th
century. But with regard to the book’s princi-
pal theme—the “changing role of the embryo
in evolutionary thought”—Amundson’s
account remains static and incomplete. Here
the author has let himself be largely defined
by the very same synthesis historiography
that he wants to challenge. And even though

he proposes to do greater justice to typologi-
cal and structuralist ideas, his selection of
what to discuss is constrained by the existing
secondary literature in English. 

Therefore he misses some of the more
promising historical precedents for an evo-
devo synthesis—such as Hans Przibram’s
program in experimental zoology (pursued
in the famed Vienna Vivarium) and its
emphasis on ontogenetic sequences and
life history in the study of evolution (3) or
the detailed studies in developmental phys-
iology and physiological developmental
genetics that flourished in Germany and
Switzerland in the first half of the 20th cen-
tury. Richard Goldschmidt is discussed
briefly, but only with regard to his role as a
common foe for the synthesis biologists.
Amundson offers no consideration of
Goldschmidt’s place within a tradition that
has emphasized the study of homeotic
mutants and lethal factors (and thus pro-
vided the groundwork for the later discov-
eries of the Homeobox and the mutation
screens of Christiane Nüsslein-Volhard and
Eric Wieschaus). The author therefore
shortchanges himself, as he does not deal
with those episodes in the history of biol-
ogy that would most help his case (4, 5).

But does this matter? Is the history of sci-
ence at all important for present scientific
endeavors? Walter Benjamin’s image of the
angel of history is pessimistic about our abil-
ities to consciously shape the future.
Similarly, Amundson is agnostic about
whether evo-devo will eventually accom-
plish a synthesis. Yet, as The Changing Role
of the Embryo in Evolutionary Thought
demonstrates, understanding the deep epis-
temological and conceptual foundations of
current research practices is clearly valuable.
Amundson has taken an important first step,
focusing largely on conceptual and ontologi-
cal incompatibilities between scientific theo-
ries, thus suggesting some order among the
ruins. Because whole empires have been
built on the ruins of previous ones, it pays to
know more about their history; similarly in
science. In the case of evo-devo, we have
barely begun to sift through the debris.
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A developmental tree. Martin Barry’s 1837 
representation of von Baer’s theory of the four
archetypes and their developmental patterns (6).
Darwin, in his “Notebook B” from the same year,
sketched a tree of descent under which he noted
“Thus genera would be formed—bearing relation
to ancient types.” As Robert Richards has dis-
cussed (7), the resemblance between the trees
suggests the possibility that Darwin had learned
of von Baer’s embryological ideas through Barry.
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T
he Geneva Protocol of 1925 was estab-
lished to ban the use of asphyxiating
and poisonous gases in international

conflict but did not restrict their possession.
The stockpiling of chemical weapons contin-
ued throughout World War II and the Cold
War with the development of more lethal and
sophisticated agents. The continuing threat of
chemical warfare and the actual use of chem-
ical weapons in the developing world led to
multilateral negotiations of the Chemical
Weapons Convention (CWC), which entered
force in 1997 (1). The CWC was drafted
according to the practices of the chemical
industry at the time (2). However, recent
technological advancements within the
chemical industry have the potential to
threaten the effectiveness of the CWC’s pro-
visions for verification and compliance.

The CWC defines chemical weapons
comprehensively and contains an unprece-
dented and intrusive verification mechanism,
going far beyond other treaties banning
weapons of mass destruction. Essential to the
continued efficacy of the CWC is the provi-
sion in Article VIII for Review Conferences
to “take into account any relevant scientific
and technological development.” The
Scientific Advisory Board (SAB) for the
CWC prepared a report (3) on relevant
advancements in science and technology for
the First Review Conference in 2003. Two
key issues arose: newly discovered toxic
agents and the development of new chemical
production processes. The former has been
debated extensively; the latter has not
received much attention.

The International Union of Pure and
Applied Chemistry (4) identified micro-
process technology for chemical synthesis as
having security implications. Research in
microtechnology has grown rapidly within
the last decade and has garnered much atten-
tion in both academia (5) and industry (6),
with about 1000 studies detailing its possible
applications (7). Miniaturized reaction sys-
tems for chemical synthesis and production

present many advantages over traditional
batch vessel methods. Microreactors have
dimensions ranging from credit card size to
notebook size and possess inner channels that
are generally under a millimeter in diameter,
thus increasing the surface area–to–volume
ratio as compared with conventional chemical
reactors. Industrial experts have stated (8),
“continued development of these devices is
expected to drive construction of miniature
chemical plants that are inherently safe, and
can operate in an explosive or hazardous
regime that may be off-limits to a conven-
tional plant and equipment.” 

Although the full chemical synthesis
potential of microreactors is not yet clear,
the syntheses of lethal chemicals (9) such as
hydrogen cyanide, phosgene, and methyl
isocyanate have been demonstrated.
Nitroglycerine has recently been produced
in China (10) by using microprocess tech-
nology at a maximum rate of 10 kg per hour. 

The inherently small physical size of the
equipment and small space required make it
attractive for clandestine operations. The abil-
ity to produce chemicals of interest in a safer
and more feasible manner, with little signa-
ture produced, could encourage their applica-
tion for malicious intent. Chemical weapon
precursors could be synthesized instead of
purchased. “Just in time” production of chem-
icals could be facilitated by the use of
microreactors, which would also reduce the
risk of discovery and of handling and storage
of dangerous and toxic chemicals in large
quantities. This technology could potentially
alter the expected list of signatures for chemi-
cal weapons production and thus create more
challenges to nonproliferation efforts. What is
the potential for widespread proliferation?
How will security interests be served without
hindering the technology’s development and
economic impact (11)?

Effective measures for control and veri-
fication must not curtail the development
and growth of such technologies. Yet the
security challenges should not be ignored.
To address these issues, the Organization
for the Prohibition of Chemical Weapons
(OPCW) should begin by partnering not
only with industry experts but also with
innovators of this technology to identify

and characterize immediate threats associ-
ated with these advancements. 

Because the CWC reaches into a
transnational, multibillion dollar chemical
industry, there are limits to controls that
must be def ined. Transit states in Asia,
where sensitive technologies exist, have
only limited, unilateral export controls. The
Australia Group (12) is an informal
arrangement of 33 countries and the
European Commission that aims to mini-
mize the risk of assisting chemical and bio-
logical weapons proliferation by ensuring
cooperative national export licensing. They
are well positioned to begin international
discussions dealing with these issues and to
add microreactors specifically to their list
of dual-use chemical manufacturing facili-
ties, equipment, and related technologies.

United Nations Security Council
Resolution 1540 (13), which was adopted in
April 2004, calls on nations to adopt legisla-
tion to criminalize proliferation activities
and to develop appropriate, effective export
controls. It remains to be seen whether inter-
national governments will provide the neces-
sary teeth to this resolution. However, micro-
process technology is racing ahead, and dia-
logues must begin between the technical and
diplomatic communities. The next confer-
ence to consider revisions to the CWC is
scheduled for 2008. It is not too early to
begin discussions to add this to the agenda. 
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D
oes extraterrestrial intelligent life
exist? The fact that we can even ask
this question relies on an important

truth: The properties of our universe have
allowed complexity (of the type that charac-
terizes humans) to emerge. Obviously, the
biological details of humans and their emer-
gence depend on contingent features of
Earth and its history. However, some
requirements would seem generic for any
form of life: galaxies, stars, and (probably)
planets had to form; nucleosynthesis in stars
had to give rise to atoms such as carbon,
oxygen, and iron; and these atoms had to be
in a stable environment where they could
combine to form the molecules of life.

We can imagine universes where the con-
stants of physics and cosmology have differ-
ent values. Many such “counterfactual” uni-
verses would not have allowed the chain of
processes that could have led to any kind of
advanced life. For instance, even a universe
with the same physical laws and the same
values of all physical constants but one—a
cosmological constant Λ (the “pressure” of
the physical vacuum) higher by more than an
order of magnitude—would have expanded
so fast that no galaxies could have formed.
Other properties that appear to have been
crucial for the emergence of complexity are
(i) the presence of baryons (particles such as
protons and neutrons); (ii) the fact that the
universe is not infinitely smooth, allowing
for the formation of structure (quantified as
the amplitude of the fluctuations in the cos-
mic microwave background, Q); and (iii) a
gravitational force that is weaker by a factor
of nearly 1040 than the microphysical forces
that act within atoms and molecules—were
gravity not so weak, there would not be such
a large difference between the atomic and the
cosmic scales of mass, length, and time. 

A key challenge confronting 21st-cen-
tury physics is to decide which of these
dimensionless parameters such as Q and Λ
are truly fundamental—in the sense of being
explicable within the framework of an ulti-
mate, unified theory—and which are merely
accidental. The possibility that some are

accidental has certainly become viable in the
context of the “eternal inflation” scenario
(1–3), where there are an infinity of separate
“big bangs” within an exponentially expand-
ing substratum. Some versions of string the-
ory allow a huge variety of vacua, each char-
acterized by different values of Λ (or even
different dimensionality) (4). Both these
concepts entail the existence of a vast ensem-
ble of pocket universes—a “multiverse.” If
some physical constants are not fundamen-
tal, then they may take different values in 

different members of the ensemble.
Consequently, some pocket universes may
not allow complexity or intelligent life to
evolve within them. Humans would clearly
have to find themselves in a pocket universe
that is “biophilic.” Some otherwise puzzling
features of our universe may then simply be
the result of the epoch in which we exist and
can observe. In other words, the values of the
accidental constants would have to be within
the ranges that would have allowed intelli-
gent life to develop. The process of delineat-
ing and investigating the consequences of
these biophilic domains is what has become
known as anthropic reasoning. 

Anthropic considerations are beginning
to be seriously discussed, especially in rela-
tion to dark energy. During the past 7 years,

it has become clear that the expansion of the
universe is accelerating (5, 6), with dark
energy contributing about 70% of the critical
density required to sustain a geometrically
flat universe (7). The question that arises is
why we happen to live in the first and proba-
bly only time in the history of the universe in
which the matter density and dark energy
density are roughly equal. 

The questions used to be: Why should
empty space exert a force? Why should there
be a cosmological constant Λ? Now we ask:
Why is the force so small? If there was an
inflationary era with a large cosmic repul-
sion, how could that force have switched off
(or somehow have been neutralized) with
such amazing precision? In our present uni-
verse, Λ is lower by a factor of about 10120

than the value that seems natural to theorists. 
Following the orig-

inal suggestion by
Weinberg, some mod-
els have been con-
structed in which the
cosmological constant
is a random variable,
whose a priori proba-
bility distribution is
determined by the
laws of physics (in the
framework of infla-
tionary cosmology). If
we assume that we are
typical (mediocre)
observers, the approx-
imate coincidence
between the time when
the dark energy starts
to dominate the cos-
mic energy density
and the present age of
the universe does seem
to find a natural expla-
nation: If Λwere larger,

then the acceleration would have over-
whelmed gravity before galaxies had a
chance to form (8, 9).

The situation becomes more complex
when more than one physical parameter is
postulated to be a random variable. For
instance, Q, the amplitude of the fluctua-
tions generated in the aftermath of the big
bang, could take different values in other
universes (10). However, in the anthropi-
cally allowed domain, Λ and Q could be
correlated, in the sense that in a universe
that has higher-amplitude density fluctua-
tions, structure could still form even in the
presence of considerable acceleration. For
Q values smaller than about 10–6, only
small structures of dark matter would form,
and even those would do so rather late in the
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universe’s life (see the figure). Gas within
these structures would be so dilute that it
would not cool radiatively, thereby preclud-
ing star formation. For values of Q larger
than about 10−3, large structures would col-
lapse gravitationally to form mostly mon-
strous black holes. For any given value of Q,
above a certain value of Λ no galactic-mass
bound systems would form before acceler-
ating expansion commences. Clearly, our
own pocket universe lies within the
anthropically allowed domain. However, a
more definitive answer to the question of
how “typical” our location is will have to
await a better understanding of the proba-
bility distributions of Λ and Q over the
ensemble of universes.

We would argue that both the multiverse
and anthropic reasoning are bona fide top-
ics for (albeit speculative) scientific dis-
course. Improved understanding of string
theory or inflation may give us f irmer
grounds for assessing whether our big bang
was unique, or merely one of many. In the
latter case, some of the physical constants
and cosmic numbers that we have hitherto
regarded as fundamental are in fact acci-
dental. Yet the mere mention of “anthropic
reasoning” and the “multiverse” tends to
raise the blood pressure of some physicists.
There are two reasons for this.

First, the potential existence of an
ensemble of unobservable universes
appears to be in conflict with the “scientific
method” (which requires theories to be fal-
sif iable by observations or experiments)
and therefore in the realm of metaphysics.
But there is actually a “fuzzy” boundary
between what we define to be observable
and what is not. The capabilities of present-
day telescopes obviously imply a “horizon”
beyond which nothing can be observed; a
more fundamental limit to observations lies
at the particle horizon, that is, the spherical
surface around us (effectively at infinite
redshift) from which photons emitted at the
big bang are just reaching us. 

In the simplest universe described in the
textbooks, the Einstein–de Sitter model, the
expansion decelerates, the redshift of any
galaxy decreases, and all galaxies currently
lying beyond the horizon will eventually
come within it; they will thus become
observable in the far future. But we are not in
an Einstein–de Sitter universe: We are in a
flat but accelerating one. In this universe, any
galaxies now beyond the horizon will stay
that way. A generic accelerating universe
contains galaxies that we can never, even in
principle, observe. If there are galaxies in
“our” pocket universe—the aftermath of our
big bang—that will never be observable, is it
then much of a leap to envisage unobservable
galaxies that came into being from other big
bangs—part of a multiverse?

As mentioned above, there are theories
that predict many big bangs: One possibil-
ity is the existence of brane worlds, that is,
many universes embedded in a higher
dimensional space. Another is “eternal
inflation.” What we have traditionally
called “the universe” could be just one
patch of space-time in a vast cosmic archi-
pelago—a “landscape,” some call it.

We do not know if these theories are
correct. But they are speculative science,
not metaphysics. Could there be many big
bangs? If so, are they characterized by a
range of values of the cosmic numbers—
Q , Λ,  and so for th? Would the same
physics apply throughout the multiverse?
What could give us confidence in unob-
servable universes? 

The answer is clear—we will believe in
them if they are predicted by a theory that
gains credibility because it accounts for
things that we can observe. We believe in
quarks, and in what general relativity says
about the inside of black holes, because our
inferences are based on theories corrobo-
rated in other ways. Specifically, if a theory
has testable and falsifiable predictions in
the observable parts of the universe, we
should seriously consider and be prepared
to accept its predictions in parts of the uni-
verse (or multiverse) that are not accessible
to direct observations.

A second reason why some physicists are
hostile to the multiverse concept is that
anthropic reasoning seems to point to a fun-
damental limitation of physics—even the
“end of physics.” But this objection is, in our
opinion, a purely psychological one.
Physicists would like, above all else, to dis-
cover a uniquely self-consistent set of equa-
tions that determines all microphysical con-
stants, and the recipe for the big bang. They
therefore hope that future theories will
reveal that all physical parameters are
uniquely determined. But there is no reason
why physical reality should be structured
according to their preferences. It is good that
many physicists are motivated to seek a the-
ory that uniquely derives all fundamental
numbers and constants, but they may be
doomed to failure.

The quest for first-principles explanations
may prove as vain as Kepler’s quest for a
beautiful mathematical formula that
described the solar system. If future develop-
ments bear out the possibility of a multiverse,
then anthropic arguments will offer the only
“explanation” that we will ever have for some
features of our universe. At the moment, we
have no firm reason to close off any of the
options. In view of our current ignorance as
to what is truly fundamental and what is not,
we should keep an open mind about all the
options. What we have traditionally called
fundamental constants and laws could be

mere parochial bylaws in our cosmic patch.
They might derive from some overarching
theory governing the ensemble, but might not
be uniquely fixed by that theory.

Finally, one may wonder whether
anthropic reasoning has any predictive
power. In principle it has. For instance, imag-
ine that the cosmological constant is the only
random variable. If, as some arguments sug-
gest, it is drawn from a flat probability distri-
bution, then in a random member of the mul-
tiverse one would expect it to take a high
value. In the subset of anthropically allowed
universes, however, clearly there is some
upper limit above which structure and com-
plexity would not emerge. If our universe
were a mediocre member of the ensemble (as
Copernican humility would require), the
expectation is that the value of the cosmolog-
ical constant in our universe would not be
much smaller than this upper limit. Put dif-
ferently, if observations showed that the cos-
mological constant is smaller than the
anthropic threshold by a factor of 105, this
would make any anthropic arguments seri-
ously questionable. As it turns out, however,
the value determined from observations of
high-redshift supernovae and from the spec-
trum of the fluctuations in the cosmic
microwave background is smaller than the
threshold by only a factor of 5 to 10, not
inconsistent with anthropic expectations. 

The next few decades are expected to wit-
ness better constraints on the nature of dark
energy, experimental tests of supersymmetry
and symmetry breaking, and perhaps the
detection of the gravity waves that originated
from inflation (11). These and other unex-
pected discoveries will undoubtedly shed
some light on the reality of the multiverse
and on the uniqueness (or not) of the laws of
physics. Our universe isn’t the neatest and
simplest. It has the rather arbitrary-seeming
mix of ingredients in the parameter range
that allows us to exist. Until we know for sure
which type of universe or multiverse we live
in, anthropic reasoning is certainly one
option in the physicists’ arsenal.
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R
eproductive success in plants
depends on the synchronization of
flowering within a given species.

Many plants have developed a highly
complex signaling network that monitors
environmental conditions, such as day

length, tempera-
ture,  or nutrient
availabili ty,  and
determines the ap-
propriate timing

for flowering (1, 2). This is the case for the
model plant Arabidopsis thaliana and the
pea that both flower in spring when day
length and ambient temperature increase,
or certain rice varieties and soybean that
flower early in the fall when days get
shor ter.  The initiation of flowering
requires an additional developmental pro-
gram to specify the floral identity of the
new structures that continuously arise at
the shoot apex (3). For instance, during the
long vegetative phase in Arabidopsis,
every primordium, the groups of cells
poised to differentiate, forms a leaf.
However, once the decision to flower has
been made, all newly emerging primordia
follow a developmental program that cul-
minates in the formation of flowers rather
than leaves. Thus, constructing a flower
requires both temporal and spatial infor-
mation that restricts the initiation of flow-
ering to specific locations. But how this
information is integrated has not been
clear. Three studies now reveal the molec-
ular mechanism by which this integration
is achieved.  In this issue, Abe et al. on
page 1052 (4) and Wigge et al. on page
1056 (5) report that interaction between
Flowering Locus T (FT), a protein en-
coded by a gene that is expressed in
leaves, and FD, a bZIP transcription factor
that is present only in the shoot apex, trig-
gers the expression of floral identity genes
in the new primordia.  The third paper by
Huang et al. in this week’s Science Ex-
press (6) reports how the two factors
meet—FT transcript travels from leaf to
shoot via the plant vascular tissue.

It has been known for at least 50 years
that flowering is triggered at the shoot apex
through a mobile signal, or “florigen,” that
is generated in leaves in response to condi-
tions that promote the production of flow-
ers. In a classic experiment, the leaves of
florally induced Perilla crispa plants pro-
moted flowering when
grafted onto control plants
(7). In Arabidopsis, percep-
tion of day length in the
leaves operates through a
transcription factor encoded
by CONSTANS (CO), a gene
whose expression oscillates
in a circadian manner, peak-
ing at around dusk (see the
f igure). During the short
days of winter, CO accumu-
lates in leaves after sunset.
But prolonged days in the
spring allow the protein to

accumulate in the presence of light, the
stimulus that activates CO (8). Over-
expression of CO causes early flowering,
and among the target genes directly acti-
vated by CO, two seem to be most relevant
for floral induction: FT and SUPPRESSOR

OF OVEREXPRESSION OF CONSTANS
1. Interestingly, CO acts in the phloem, the
vascular tissue of plants, to activate FT
expression in leaves in a cell-autonomous
manner. This is based on the observation
that CO activates FT expression and pro-
motes flowering only when expressed under
the control of phloem-specific promoters in
the leaf, but not apex-specific promoters in
the shoot (9, 10). These results suggest that
the activity of CO is central for the genera-
tion of the mobile signal that originates in
the leaf but has to be perceived in the apex
to establish flowering. The up-regulation of
FT expression by CO is required because
loss of FT function prevents early flowering
caused by overexpression of CO, whereas

increasing FT expression causes premature
flowering (11, 12). Thus, an important
question has been how FT produced in the
leaves would activate the transcription of
floral identity genes, such as APETALA1
(AP1), at the shoot apex.
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To solve the spatial paradox of FT
action, Abe et al. and Wigge et al. ana-
lyzed a gene encoding a new bZIP tran-
scription factor, FD, that is expressed
preferentially at the shoot apex in the
region where new primordia are being
generated (4, 5). Multiple lines of evi-
dence in these studies suggest a model by
which FD provides the spatial framework
for timely activation of flowering by FT.
First, FD is required by FT to promote
flowering because mutations in the FD
gene delayed both up-regulation of AP1
expression and the early flowering phe-
notype caused by FT overexpression.
Second, although FD is not as efficient as
FT in promoting early flowering when
either one is overexpressed, there was
synergistic interaction between them in
plants that overexpress both factors. And
third, FT and FD proteins interact physi-
cally, as shown in yeast by two-hybrid
assays and as seen in plants by fluores-
cence microscopy. 

How relevant  is  the interact ion
between FT and FD for the regulation of
flowering? FT has no known DNA bind-
ing domain.  However,  const i tut ive
expression of a fusion protein containing
FT and the glucocorticoid receptor accel-
erated flowering in the presence of dex-
amethasone, a synthetic steroid that acti-
vates the glucocorticoid receptor and
allows translocation of the fusion protein
into the nucleus (4). Furthermore, a key
experiment strongly suggests that FD and
FT act together to activate downstream
targets: Ectopic expression of FD caused
up-regulation of AP1 expression in leaves
only when they were subjected to treat-
ments that increase FT expression, such
as transfer of plants from short- to long-
day conditions (5).

The finding that FT and FD act together
to activate reproductive development in
plants fills a gap in our understanding of
how temporal information and spatial con-
straints are integrated, but several questions
remain. For instance, it is intriguing how
AP1 expression is established precisely in
floral primordia, given that FD is more
widely expressed in the shoot apex.  As pro-
posed by Abe et al., other proteins must
restrict AP1 expression to the correct loca-
tion, and in this context, it is worth men-
tioning that TERMINAL FLOWER 1, a
protein with strong sequence similarity to
FT, is a well-known regulator of AP1
expression that prevents AP1 from invading
the central part of the shoot apex (13).

The model presented by Abe et al. and
Wigge et al. implies that FT itself might be
an important component of the elusive
mobile signal that induces flowering,
because FT is expressed in a plant tissue

different from the cells in which its direct
interaction with FD is needed. The study by
Huang et al. (6) answers this question,
showing that the transcript of FT moves
from the leaf to the shoot apex.  By locally
inducing FT expression in a single
Arabidposis leaf, the authors demonstrate
that a pulse of FT expression in the leaf
results in transport of the FT transcript to
the shoot apex, and is sufficient to trigger
flowering. Indeed, long-distance movement
of RNAs through the phloem has been well
documented in plants (14), but it remains to
be determined if specif ic proteins are
invloved in the transport of FT transcripts
through the phloem. In a more complicated
scenario, FT presence in the apex might
also be the result of the activity of a differ-
ent FT-induced signal moving through the
phloem or from cell to cell. Movement of
transcription factors through plasmodes-
mata, junctions that allow direct commu-
nication between the cytoplasm of adja-
cent plant cells, has also been described
(15). It remains to be determined if specific

proteins are involved in the transport of FT
transcripts through the phloem.  Although
the composition of the florigenic signal is
very likely complex (16), it seems that our
understanding of this phenomenon is com-
ing full circle.
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I
ron is the most abundant element that
engages in reduction-oxidation (redox)
chemistry. The ferrous form (Fe2+) is

dominant in the core, mantle, and deep
crust, but ferric iron (Fe3+) is stable under
current atmospheric conditions and hence is
the stable oxidation state in most surface
environments. At the same time, some of the
largest fractionations in the isotopic compo-
sition of iron {commonly expressed as δ56Fe
= [(56Fe/54FeSample)/(56Fe/54FeStandard) – 1] ×
103} occur between oxidized and reduced
forms. Because biochemistry involves
changes in redox state, this fractionation
process has been a major motivation for
developing this isotopic system as a means
for tracing biogeochemical phenomena. In
environments that contain iron in both oxi-
dation states, the oxidized form is generally
enriched in the heavy isotopes on the order
of several per mil (parts per thousand, or ‰)
at room temperature. This behavior is seen
across all of the transition elements that have
multiple oxidation states (1). In terms of iso-
topic studies of the transition elements, iron

has received the most attention because of
its high abundance on Earth and its promi-
nent role in biogeochemical processes.

More than 60 papers have been pub-
lished on iron isotope geochemistry since
the f ield initially gained visibility in
1999, and these works have addressed
issues ranging from biological process-
ing of iron (2) to the rise of oxygen in the
atmosphere (3). Collectively, studies of
natural samples, as well as the critical
laboratory-determined equilibrium and
kinetic isotope fractionation factors in
abiologic and biologic systems, have pro-
vided an initial picture of isotopic varia-
tions that are produced by global biogeo-
chemical cycling of iron (see the figure).
A remarkably large portion of the iron
inventory on Earth is isotopically homo-
geneous (δ56Fe = 0‰ relat ive to  an
igneous rock s tandard) ,  including
igneous rocks and sedimentary rocks that
have undergone minimal  chemical
change after deposition (4). Although
iron-isotope variations within the mantle
could arise as a result of high-pressure
mineral fractionation and/or chemical
changes, these variations are apparently
homogenized during magma generation,

G E O C H E M I S T RY

Biogeochemical Cycling

of Iron Isotopes
Clark M. Johnson and Brian L. Beard

The authors are in the Department of Geology and
Geophysics,University of Wisconsin–Madison,Madison,
WI 53706, USA. E-mail: clarkj@geology.wisc.edu

P E R S P E C T I V E S

www.sciencemag.org SCIENCE VOL 309 12 AUGUST 2005

mailto:clarkj@geology.wisc.edu
http://www.sciencemag.org


1026

producing oceanic and continental crust
with 56Fe/54Fe ratios that are indistin-
guishable from those of bulk Earth (5).
Terrestrial weathering, transport, and
deposition produce negligible isotopic
change in bulk detritus under modern
atmospheric conditions, despite a large
increase in  the Fe3+/Fe2+ rat io  upon
weathering (see the f igure). Despite the
large intrinsic isotope fractionation that
exists between ferric and ferrous species
(6), the low solubility of ferric iron pre-
vents loss of a sizable proportion of iron
in aqueous systems. The small proportion
of soluble iron that is lost during modern
weathering has relatively low δ56Fe val-
ues (see the figure) (7, 8). Although this
mobile iron component is too small to
affect the isotope composition of bulk
sedimentary material, it may provide an
important control on the iron isotope
composi t ions of  the modern oceans
because of the very low iron content of
seawater. 

Weathering under a reduced (low oxy-
gen) atmosphere, such as might have
existed in the Archean, would be expected
to produce much larger quantities of solu-
ble iron, and the δ56Fe values of this com-
ponent should lie close to zero because no
redox change would occur during weath-
ering. Moreover, the expected greater
extent of dissolution during weathering
under an anoxic atmosphere would pro-
duce δ56Fe values for aqueous iron that are
close to the initial igneous values, as
required by simple isotopic mass balance
relations (9). An ancient, iron-rich ocean
might be expected to have δ56Fe values
between −0.5 and 0‰, in contrast to the
more negative δ56Fe values that appear to
be characteristic of the modern iron-poor
oceans (10), although the relative balance
of sources and sinks was likely to have
been important (11).

Much attention has been focused on
iron isotope variations in Precambrian
sedimentary rocks because they may
record major changes in the iron redox
cycle due to changes in the contents of
atmospheric oxygen, as well as develop-
ment of metabolic processes that oxidize
or reduce iron (3, 9, 12). The relatively
large range in iron isotope compositions
measured for Precambrian sedimentary
rocks and minerals spans the entire range
yet observed in nature (δ56Fe = −4 to
+1‰), and if such compositions were
produced when the oceans were iron rich,
extremely large quantities of iron must
have been cycled. It seems unlikely that
large ranges in isotopic composition over
short time intervals (103 to 105 years)
could directly reflect that of an anoxic,
iron-rich ocean, given the great resist-

ance such an ocean would have to
changes in the isotopic compositions of
sources and sinks if the residence time of
iron was long (12).

Oxidation of aqueous Fe2+ at near-
neutral pH, either by oxygen or anaerobic
photosynthetic iron oxidation, will pro-
duce ferric hydroxide precipitates that
have positive δ56Fe values (see the f ig-
ure) (13, 14). The very rapid isotopic
exchange that occurs between aqueous
Fe2+ and Fe3+ ensures that for all  but
essentially instantaneous oxidation rates,
isotopic equilibrium will be maintained
between reduced and oxidized aqueous
species (4), suggesting that isotopic frac-
tionation during the oxidative step will be
independent of the pathway in nature, be
it oxidation by atmospheric O2, anaerobic
photosynthetic Fe oxidation, or ultravio-
let photo-oxidation. The δ56Fe value of
the f inal ferric hydroxide precipitates
that are produced during oxidation under
near-neutral pH will therefore depend on
the magnitude of the Fe3+

aq-Fe(OH)3 frac-
tionation (see the figure), which is likely
to be near zero under equilibrium condi-
tions but may be quite variable during
rapid precipitation because of the unidi-
rectional nature of the process (15). The

overal l  fract ionation between fer r ic
hydroxide product and aqueous Fe2+

therefore lies generally between ~ +1.4
and +2.9‰ at room temperature (see the
figure). Oxidation of aqueous Fe2+ from
mid-ocean ridge hydrothermal fluids by
O2-bearing seawater,  or,  in  the
Precambrian,  oxidat ion of  Fe2+-r ich
anoxic bottom waters that mixed with rel-
atively oxygenated surface waters, are
processes that would produce Fe3+-bear-
ing minerals with δ56Fe > +1‰, and yet
such materials are relatively rare in the
rock record (3, 9).

Marine sedimentary rocks that have
undergone anoxic diagenesis,  from
Archean age to modern environments,
generally have δ56Fe values less than −1‰
(3, 9). Reductive dissolution of ferric
hydroxide/oxide minerals during anoxic
reactions may produce aqueous Fe2+ and
Fe2+-bearing minerals such as siderite and
magnetite through microbial dissimilatory
iron reduction (DIR), where bacteria pump
electrons to the Fe3+ phase to create
reduced iron externally. Aqueous Fe2+ and
iron sulfide minerals also may be produced
through interaction with dissolved sulfide,
through abiologic sulfide pathways or by
bacterial sulfate reduction. The evidence at C
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Fe2+ (aqueous)
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Fe (aqueous)
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Iron flow in the environment. Despite extensive oxidation of deep-Earth iron during weath-
ering, no appreciable iron isotope fractionation occurs for the bulk detritus (upper left). Under
oxic conditions, however, small amounts of dissolved iron may have low δ56Fe values. Isotopic
fractionation is important during oxidation and precipitation of hydrothermally-sourced
aqueous Fe2+ (δ56Fe ~ –0.5 ‰) through a variety of mechanisms at mid ocean ridges (at right),
all of which will produce positive δ56Fe values for ferric hydroxide precipitates (red spheres)
through a two-step oxidation and precipitation process. The largest range in δ56Fe values in the
sedimentary record lies in marine sediments that have undergone anoxic diagenesis
(expanded box), either in the presence of sulfide or during dissimilatory iron reduction, and
these processes appear to produce distinct δ56Fe values for porewater Fe2+.
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hand suggests that the iron isotope compo-
sitions of aqueous Fe2+ that is produced by
DIR (δ56Fe= –1.0 to –2.5‰) or sulf ide
interactions (δ56Fe= 0 to +0.5‰) are quite
different, providing a means for distin-
guishing the two processes (see the figure)
(16, 17). The distinct δ56Fe values that are
measured for aqueous Fe2+ in pore fluids
from modern marine sediments that are
undergoing sulfide- or DIR-related diage-
nesis are also different from the iron iso-
tope compositions of hydrothermal fluids
(δ56Fe = –0.5‰) (see the figure), suggest-
ing that marine diagenesis may produce
iron isotope variations that are decoupled
from the ambient seawater compositions,
even in an Archean iron-rich ocean. In 
the case of Late Archean and Early
Proterozoic banded iron formations, the
range in δ56Fe values of magnetite layers
has been interpreted to reflect a mixture of
iron sources, including hydrothermal flu-
ids and aqueous Fe2+ produced by DIR
(18). It therefore remains unclear if the
low-δ56Fe values measured for diagenetic
sulfides in Archean and Proterozoic rocks
can be directly related to changes in con-
tents of atmospheric oxygen, as recently
proposed (3).

Exploring the environments and
processes involved in redox cycling of

iron is likely to remain a focus of iron iso-
tope geochemistry in the near future. We
are just beginning to understand the dis-
tinct fractionations that may be associated
with specific iron cycling pathways and
their overall contributions to the isotopic
mass-balance for the iron budget on
Earth. Laboratory determinations of iso-
topic fractionation factors for aqueous
species and minerals that occur in nature
are cri t ical  to interpret ing data for  
natural samples. Thus, experimental work
remains a high-priority focus of research
in this discipline. In addition, theoretical
calculations of isotopic fractionation fac-
tors is important for providing a mecha-
nistic basis for interpreting natural iso-
topic variations, as well as exploring sys-
tems that may be difficult to examine in
the laboratory (19, 20). This new field of
geochemistry is developing rapidly. It
seems likely that debate and discussion
will continue, reflecting the importance
of the issues that are being addressed,
such as the origin and evolution of life
and changes in the habitable zone on
Earth over the past 4 billion years.
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A
good way to grow large crystals in
desired shapes is by slow cooling of
a melt phase of the substance on a

small crystal seed. The alternative is to per-
form the same process with a crystal seed
and a slightly supersaturated solution. The
crystal seed operates as a nucleating sub-
strate that will reliably induce a crystal of
choice to form. Without a nucleating sub-
strate, it is very difficult to control forma-
tion of the product. When spontaneous
crystallization starts, the process can fol-
low several different pathways that
inevitably result in a mass of small crystals
of various sizes and shapes. The crystals
formed by organisms are usually not at all
like that; they are of uniform size and
shape and are often aligned. So it would
seem that biological systems have opted

for the nucleation substrate strategy. And
so they do. But biological processes cannot
operate at the high temperatures required
for a melt phase in inorganic minerals. The
supersaturated solution strategy could be
viable, but because the solubility of min-
eral crystals is inevitably low, large solu-
tion volumes must be removed to form
even relatively small crystals. Amazingly,
living organisms have found solutions to
both of these problems.

The hallmark of the biological strategy
for making certain mineralized skeletal
parts is producing the first-formed solid
deposits as disordered and often hydrated
phases that with time transform into the sta-
ble crystalline deposit. The f irst proven
example of such a process in a living organ-
ism is from the chiton, a mollusk that has
mineralized teeth that are used for scraping
rocks to extract algae buried beneath the
surface. The outer layer of the tooth contains
magnetite, a hard magnetic mineral (1). It

forms from a disordered ferrihydrite precur-
sor phase (2). The inner layer of the tooth
contains carbonated apatite, the same min-
eral present in bone. It forms by way of an
amorphous calcium phosphate precursor
phase (3). In the years following these dis-
coveries, it was shown that ferrihydrite is a
precursor phase of magnetite formation in
magnetotactic bacteria (4). Beniash et al. (5)
later reported that the larva of the sea urchin,
an echinoderm, forms its calcitic spicule
from an amorphous calcium carbonate pre-
cursor phase. Mollusk larvae have also been
found to form their aragonitic shells from
such a precursor phase (6, 7). And adult sea
urchins also apparently follow the same pro-
tocol for generating their carbonate skeleton
(8). Because mollusks and echinoderms are
on two different branches of the animal phy-
logenetic tree, it seems likely that an amor-
phous calcium carbonate strategy for form-
ing crystals may well be widely used.
Indeed, it has been suggested that corals and
crustaceans use this approach to produce
their skeletons as well (9, 10).

Why should organisms use such a strat-
egy? One reason is that a disordered phase
can easily be molded into any shape,
whereas a crystal has a strong propensity
to adopt a specific shape dictated by the
structure of its atomic lattice. There are
many examples of beautifully sculpted
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carbonate minerals in biology (see the fig-
ure). If these are all formed by way of an
amorphous calcium carbonate precursor
phase, the strategy is most certainly wide-
spread. Smooth curved surfaces in bio-
genic minerals are often the telltale signs
of the involvement of cellular membranes
in determining shape. 

For about a century it has been known that
organisms can produce amorphous calcium
carbonate in a stable form. However, amor-
phous calcium carbonate is inherently unsta-
ble. It was only recently synthesized in vitro
as a stable phase, and even then under
extreme pH conditions (11). Specific pro-
teins can induce the formation of stable
amorphous calcium carbonate in vitro under
nearly physiological pH and temperature
conditions (12). But stable amorphous cal-
cium carbonate phases differ from each other
in that their local atomic organization around
the calcium ions varies. Nevertheless, they
all have one mole of water per mole of cal-
cium carbonate. 

The transient forms of amorphous cal-
cium carbonate that have been observed in
organisms are even more enigmatic. They
have little or no water, and the nascent
short-range order around their calcium ions
resembles the calcitic or aragonitic stable
phase into which the amorphous phase will
transform. All known biogenic amorphous
calcium carbonates contain magnesium
and phosphate ions (11), suggesting critical
importance, yet their roles are not clear. In
vitro studies of amorphous calcium car-
bonate formation point to the stabilizing
properties of small confined spaces delim-
ited by a membrane or in a hydrophobic
medium (13). Size itself can be important
when nano-sized particles are involved
(14), as is the case with the spherical sub-
units that make up amorphous calcium car-
bonate. Isolating nano-sized amorphous

calcium carbonate particles from the exter-
nal medium until crystallization is desired
may well be part of the biological strategy.
It may stabilize the transient amorphous
phase by preventing contact with water and
by preventing contact of the nanoparticles
with nucleating substrates. 

Crystallization by way of a transient
precursor amorphous phase does not pre-
clude the involvement of a designed nucle-
ation substrate. The two processes are
clearly integrated in the formation of the
sea urchin larval spicule (see the figure).
The first step is the oriented nucleation of
a single crystal of calcite at a specific loca-
tion within a large vesicle delimited by a
membrane (called a syncitium). The vesi-
cle is then loaded with amorphous calcium
carbonate, and a single crystal continues to
grow at the expense of the amorphous
phase until the entire spicule becomes a
single crystal of calcite (11). It is conceiv-
able that fusion of membrane-coated
amorphous calcium carbonate particles
with the large vesicle membrane delivers
them uncoated into the vesicle cavity, thus
initiating their transformation into crys-
tals. In mollusk shells, the function of a
hydrophobic silk fibroin gel phase may be
to prevent crystallization until the particles
contact the nucleating substrate, ensuring
that oriented crystals will form only at the
correct location.

We thus come to the peculiar conclu-
sion that organisms achieve their aim of
building large single crystals of desired
shape by slowly growing them on a small
crystal seed or a nucleation substrate by
way of a disordered phase. This disor-
dered phase has characteristics similar to
a melt phase but does not require high
temperatures. This knowledge may well
prove useful for fabricating complex-
shaped crystalline synthetic materials;

because no water is present in the precur-
sor phase, these materials may also have
low porosity and improved mechanical
properties.

Is it possible that vertebrates also use
the transient precursor phase strategy for
forming bones and teeth? This option was
discussed in the 1970s after it was discov-
ered that in vitro, under nearly physiologi-
cal conditions, carbonated apatite (the
mineral in bone) forms from an amor-
phous calcium phosphate precursor phase.
After it was shown that this phase is not
present in mature bone, the possibility of
carbonated apatite formation by way of
transient precursor phases was also
rejected [reviewed in (15)]. It may be time
to reconsider. 
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Skeletons from crystals. Different organisms likely use the same strategy to generate diverse skeletal parts from crystals that arise from a transient
amorphous calcium carbonate phase.
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T
he devastating December 2004 Sumatran earthquake and tsunami, the largest modern natural disaster
in terms of people and area affected, is just one grim reminder that societies today are facing
increasingly diverse and costly natural and human-triggered threats. Many trends are exacerbating
the risks. More people are concentrating in coastal areas, where threats of flooding and storms are
heightened, and climate change and sea level rise will amplify these risks. Terrorists have attacked
the infrastructures of cities. Population movements, along with global trade and transport, heighten

the odds of disease pandemics (see the Editorial on p. 989). 
Such diverse and, in many cases, unpredictable threats have led to renewed efforts to improve the resiliency of

cities and societies overall. This special issue surveys some of these emerging approaches both for preparing for
diverse disasters before they happen and for dealing with them afterward.

Two Viewpoints emphasize related aspects of developing social systems
that are resilient to unexpected and diverse threats. Allenby and Fink
(p. 1034) discuss strengthening infrastructure, cities, and individual
businesses; whereas Adger et al. (p. 1036) highlight steps for improving the
safety of coastal regions. Both emphasize that there are steps that can be
taken now that will increase security and help society even if a disaster does
not strike. For example, preserving natural
ecosystems such as reefs diversif ies
coastal economies, which can enhance
recovery from disasters.

The insurance industry is  being
called on to help in disaster recovery
and to guide preparedness in developed
and developing nations alike. Mills
(p. 1040) examines how the industry
must adapt to deal with climate change.
In turn, Linnerooth-Bayer et al. (p. 1044)
survey some initial approaches that are
being developed and tested to expand
insurance coverage of these risks to
poorer nations. 

A major difficulty in recovery from
disasters is dealing with the lasting
effects they have on the mental health of

affected populations. A News story by Miller (p. 1030) describes what is
perhaps the broadest effort to date to deal with the psychosocial consequences
of disasters and the difficulties of applying Western concepts of mental health
to different cultures. Finally, several other aspects of dealing with disasters are
explored on Science’s Next Wave (see www.sciencemag.org/sciext/disasters/).

–BROOKS HANSON AND LESLIE ROBERTS

Resiliency in the Face
of Disaster

P A G E 1 0 3 0

T I T L E O F S P E C I A L S E C T I O N

I N T R O D U C T I O N

C O N T E N T S

N E W S

1030 The Tsunami’s Psychological
Aftermath

V I E W P O I N T

1034 Toward Inherently Secure and
Resilient Societies 
B.Allenby and J. Fink

1036 Social-Ecological Resilience to
Coastal Disasters 
W. N.Adger et al.

1040 Insurance in a Climate of Change 
E. Mills

1044 Refocusing Disaster Aid 
J. Linnerooth-Bayer et al.

See also the Editorial on p. 989 and related

Science’s Next Wave material on p. 983 and

at www.sciencemag.org/sciext/disasters

C
R

ED
IT

:K
IE

R
A

N
 D

O
H

ER
T

Y
/R

EU
T

ER
S

P A G E 1 0 3 0

http://www.sciencemag.org
http://sciencemag.org/sciext/disasters/
http://sciencemag.org/sciext/disasters


12 AUGUST 2005 VOL 309 SCIENCE www.sciencemag.org1030

TIRRUKKOVIL, KALMUNAI, AND COLOMBO, SRI

LANKA; CHENNAI AND CUDDALORE, INDIA—Two
dusty vans pull up at a camp for displaced
tsunami survivors near Tirrukkovil, a small
fishing village on the east coast of Sri Lanka.
Several men hop out and begin setting up a
mobile medical clinic. They grab a table and a
few plastic chairs and set them up under a
thatched roof supported by metal poles. Next
comes the pharmacy: a row of medicine jars
on a wood plank in a neighboring tent. As
word spreads, a line forms to see Dr. Rajandra,
a physician sent from the ministry of health. 

The first two patients have respiratory
infections, which flourish in the close confines
of the camp. Next, a young woman in a batik
dress complains of a headache that won’t go
away. She also has abdominal pain, numbness
in her extremities, and, when asked, confesses
that she hasn’t been sleeping well and hasn’t
felt much like eating. She slumps in her
chair and stares blankly at the table but
patiently answers the doctor’s questions. Her
symptoms began about 6 months ago, she
says, shortly after the tsunami swept away
her house and all her belongings and took
the lives of five members of her extended
family. Rajandra suspects she’s suffering
from mild to moderate depression.

The young woman’s situation is com-
mon, says Boris Budosan, a Croatian-born
psychiatrist with the International Medical
Corps (IMC) who works in the camps
around Tirrukkovil and elsewhere in
Ampara district, the region in Sri Lanka
hardest hit by the 26 December 2004
tsunami. People in this part of the world
almost never speak of mental anguish,
Budosan says; it’s just not part of the culture.
Instead, they complain of various aches,
pains, and discomforts that have no apparent
physical cause. “In the West you can ask
somebody if he’s sad,” Budosan says.
“Here, they don’t talk that much about
their feelings.” Even if the symptoms are
masked, Budosan says, he and his colleagues
regularly find people living in the camps
who suffer from mental problems, especially
depression, and who can benef it from
counseling or medication.

At the mobile clinic, Rajandra gives the
young woman a small plastic bag of anti-
anxiety and antidepressant pills, and a
worker from IMC gives her a short mental
health survey and will pass her name on to a
psychiatrist scheduled to visit the camp the
following week. Their work is part of a
massive effort under way in villages around

the Indian Ocean to gauge, and help alleviate,
the psychological toll of the tsunami. Perhaps
more than any other disaster in recent history,
the tsunami triggered an outpouring of aid
for the devastated region—along with
unprecedented attention to the mental health
of the survivors, many of whom saw their
children or other family members carried
away by the waves. Since the disaster, hundreds
of nongovernmental organizations (NGOs)
have sent teams to the region to provide various
forms of “psychosocial” aid.

Eight months later, the full impact of
the tsunami on the mental health of the
survivors remains unknown. The World
Health Organization (WHO), among others,
has estimated that hundreds of thousands of
people could suffer lasting psychological
effects. Some early evidence, however,
suggests that people may be coping better
than expected, aided by the Asian emphasis
on strong family and community ties. “Given
the scale of the catastrophe, the population
has been remarkably resilient,” says Harry
Minas, a psychiatrist at the University of
Melbourne in Australia, who has worked
with WHO and the Indonesian government
on the mental health of tsunami survivors. 

Similarly, the verdict is not yet in on how
effective the myriad interventions have been.
The mostly Western relief groups arrived
with abundant good intentions and a wide
variety of strategies. But the field of disaster
mental health is relatively new, and little C
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The Tsunami’s Psychological Aftermath
The massive psychosocial relief effort has had its problems, but most
survivors of the Indian Ocean disaster have shown remarkable resilience.
One positive outcome may be a much-needed increase in mental health
services for the region

D E A L I N G W I T H D I S A S T E R S

Utter devastation. More than 75,000 people in Sri Lanka’s Ampara district lost their homes in the tsunami; more than 10,000 died.
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research exists on what interventions best
stave off long-term psychological problems.
Problems have arisen in the aid effort, but
many experts say the spotlight on mental
health has benefited tsunami survivors and
provided political leverage for revamping
health policy in the region to include mental
health care. This would be a welcome devel-
opment for a part of the world where mental
health problems are thought to take a heavy
toll but—as in much of the developing
world—are largely unrecognized. 

Gauging the impact

One reason solid epidemiological data aren’t
yet available is that many research teams felt
it would be unethical to conduct studies in the
immediate aftermath of the disaster. “When
we saw what the situation was, we threw our
[survey] sheets away,” says Prathap Tharyan,
a psychiatrist at Christian Medical College
in Vellore, India, describing a visit he and
colleagues paid to coastal Tamil Nadu state
shortly after the tsunami. Instead of doing
research, the team found itself on cleanup
duty. “Now, 8 months in, we will get approval
from our ethics committee and go do a survey,”
he says. Researchers in other tsunami-affected
regions have similar plans.

Some of the most-cited estimates of the
toll come from WHO, which in February
suggested that up to half of the 5 million
people affected by the tsunami would expe-
rience moderate to severe psychological
distress that would fade without intervention
over the course of a year or more. Roughly
5% to 10% would develop more persistent
problems, such as depression, posttraumatic
stress disorder (PTSD), or other anxiety
disorders that would be unlikely to resolve
themselves without intervention. And perhaps
1% to 2% would be left with incapacitating
mental problems such as major depression
or psychosis. WHO also cautioned that
the tsunami could trigger acute episodes
for thousands of patients with preexisting
conditions, especially those who were dis-

placed from psychiatric facilities or lost their
medicine in the disaster.

“Talking to psychiatrists [in the affected
areas], we get a feeling that our general
assessment … was more or less valid,”
says Shekhar Saxena, WHO’s coordinator
for mental health evidence and research
in Geneva, Switz-
erland. Preliminary
surveys and anec-
dotal reports suggest
that the tsunami has
indeed affected peo-
ple deeply.  Many
women have been
wracked with guilt
and anxiety over
children they were
u n a b l e  t o  s av e .
Children have been
afraid to leave their
parents  to  go  to
school. Men have
found i t  hard  to
return to the sea to
fish, and many have
turned to alcohol to
help cope. Survivors complain of night-
mares, flashbacks, and intrusive thoughts
of the disaster. One of the challenges for
the upcoming epidemiology studies will
be to distinguish normal stress and grief
responses from psychopathology. 

At the same time, many people who have
worked with tsunami survivors are struck by
their resilience. Asian culture, with its
emphasis on group welfare over individual
self-reliance, seems to have been a powerful,
positive influence. “People came together
to support each other and look after the
necessities,” says Athula Sumathipala, a Sri
Lankan psychiatrist who has worked with
tsunami survivors in the south and west of
the country. “A man who lost his own son
would care for someone else’s son.”

“In India, most people try to deal with
grief in the context of community activities,”

explains Tharyan.
“In the West, public
grieving is not en-
couraged, but at fun-
erals here people cry,
scream, shout.” That
has helped people
cope, in Tharyan’s
view. So has religion.
“Hinduism has many
r i tuals  regarding
death ,”  he  says .

“By the end of the first year, you’ve done so
many rituals you’re not grieving anymore.”

Sadly, a long-standing familiarity
with upheaval and tragedy may also have
bolstered the coping mechanisms of many
tsunami survivors. “The idea that people
who have chronic stress and now have an

acute stress will break down is not entirely
true,” says Saxena. “Sometimes they cope
better.” In Sri Lanka, ethnic conflict between
the majority Sinhalese government and
armed Tamil rebels killed at least 60,000
people and displaced at least 800,000
between the early 1980s and a 2002 cease-fire
agreement. Much of the violence took place
in the Tamil homeland in the north and east
of the country, the areas worst hit by the
tsunami. Struggle is accepted by people here
as a given in life, says P. M. Vincentine, a
counselor for SHADE, a psychosocial NGO
founded to help war trauma survivors in
northern and eastern Sri Lanka but which
has shifted its focus to tsunami survivors.
“There is a Tamil saying: ‘Through the
struggle, you have to live,’ ” he says.

Similar sentiments can be heard across the
region, from war-torn Aceh province in
Indonesia to coastal India. “People here have a
tough life to begin with,” says Tharyan. “The
expectations in life are very different from
those in the West.” Many people in Tamil Nadu
view the tsunami more as the latest obstacle
life has thrown at them than as a cataclysmic
blow, Tharyan says.

Chaos on the ground

Into this cultural milieu came the psycho-
social NGOs. Prominent international relief
groups like Médecins Sans Frontières and
the Red Cross brought psychiatrists, psycho-
logists, and other workers with extensive
field experience in disaster areas. The Scien-
tologists brought “Volunteer Ministers” who
trained local people to do “touch assists,” a
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Supportive community. Even in displacement camps, like this one near
Tirrukkovil, strong social networks seem to be helping tsunami survivors cope.
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technique that reputedly eases
suffering by restoring communi-
cation between injured body
parts. Other groups brought
everything from trauma coun-
selors to swim instructors to
teddy bears.

The upshot, especially in the
early days, was chaos. It was
nearly impossible to keep track
of who was coming and what
they were doing, Saxena says.
Coordinating the NGOs—a task
taken on by WHO and other
U.N. agencies in consultation
with local governments—has
been a major challenge through-
out the region, but especially
so in Sri Lanka, which has
attracted more psychosocial
relief groups than other coun-
tries. “At times there were more
tents set up for the people trying
to help than for the people being
helped,” says Saxena.

This has occasionally led to
friction and even competition as
psychosocial NGOs have tried to stake
their claims in the refugee camps. At a
recent psychosocial coordination meeting
in Colombo, several participants said this
is still going on. “Kids get attached to vol-
unteers, and then new groups come and
offer incentives” for the children to join
their activities instead, said T. Gadamban-
than, a psychiatrist in the eastern town of
Trincomalee. “Children are torn between
these loyalties, and it can be traumatic.”

Another problem early on was that
many aid workers lacked fluency in local
languages and knowledge of local culture,
says Sumathipala. In the first weeks after
the tsunami, for instance, some foreign
groups buried bodies in mass graves due to
fears of disease. “We have thousands of
years of culture here, particularly with
regard to death and mourning,” says
Sumathipala, who believes that casting aside
these traditions added to people’s suffering.
Efforts to dispose of bodies quickly were
likely misguided anyway: Research has
shown that dead bodies do not pose an
imminent threat of disease, and WHO and
other groups have discouraged mass burials
to allow time for traditional practices.

In terms of psychological services, one
of the biggest  problems,  say many
experts, has been an overemphasis on
finding and treating cases of PTSD, which
is characterized by flashbacks, emotional
detachment, sleep difficulties, and other
disruptions. Recent years have seen a
lively debate among mental health experts
over the importance of PTSD in disaster

mental health, especially in non-Western
settings. The harshest critics see PTSD as
a bogus diagnosis—a medicalization of
normal grief. But even more moderate
exper ts think the diagnosis has been
overemphasized. “It’s not at all clear that
this is the disorder that burdens people
most,” says Mark van Ommeren, a spe-
cialist in disaster mental health at WHO.
“It’s only one of many problems that arise
after a disaster.” 

People who come looking for PTSD
will find it—and miss half the people who
need help, says Minas of the University of
Melbourne. In Bosnia, for instance, spe-
cial centers set up to find and treat people
with PTSD “proved to be a disaster,” he
says. People with war-related depressive
and anxiety disorders other than PTSD
were overlooked, as were people with pre-
existing conditions that were exacerbated
by the war. 

By putting out bulletins and using its
contacts with NGOs in the field, WHO has
tried, with mixed success, to discourage
teams from focusing exclusively on PTSD.
The organization has also tried to discour-
age the use of “single-session debriefing,”
a controversial intervention intended to
reduce posttraumatic stress. In these
sessions, survivors are encouraged to relive
the traumatic event shortly afterward. But
the bulk of research has failed to f ind
evidence that it reduces the incidence of
PTSD or other psychological problems,
and some studies have suggested that it may
even increase the likelihood of problems.

Exporting trauma?

Some critics question the entire enterprise of
psychosocial aid to disaster victims, particu-
larly in non-Western countries. Derek Sum-
merfield, a psychiatrist at Maudsley Hospital
in London, is among the most vocal. The idea
of disaster mental health is “culturally alien”
outside the West, Summerfield says: “We
can’t imagine something like this happening
in our countries without our needing coun-
seling, so we take it all to Sri Lanka.”

Instead of putting tsunami survivors in
our shoes, we should begin by asking what
they actually want, says Summerfield, who
has worked in Bosnia and other war zones
and advised Oxfam and other NGOs on
their psychosocial aid programs. In his
experience, people want help rebuilding
their homes, reestablishing their liveli-
hoods, and getting the children back to
school. “They don’t want foreigners coming
over and saying, ‘You’ve suffered a deep
wound in your psyche, and you’re going
to need our help getting over it,’ ” he says.
R. Thara, a psychiatrist and director of
SCARF, a mental health NGO based in
Chennai, India, that has done psychosocial
work with tsunami survivors in Tamil Nadu,
agrees that counseling has been overempha-
sized. “We had a needs assessment where
we asked people what they needed, [and]
counseling was the last thing they checked,
and probably only because we’d mentioned
it.” Sumathipala says the same is true in Sri
Lanka. “People want material help, people
are not asking for counseling,” he notes.
Two surveys in the north and east of the S
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country in recent years found that people
displaced by the civil war who sought
mental health treatment were actually
more concerned with finding employment
than relief from psychological symptoms
such as flashbacks.

Still, Thara, Sumathipala, and others
insist that for a small proportion of tsunami
survivors, counseling is in fact needed. “As a
psychiatrist I believe a certain amount of
people would need psychological interven-
tion, including counseling and medication,”
says Sumathipala. 

The critique by Summerfield and others
highlights how little is known about the best
way to care for the mental health of people who
have lived through a disaster. The bulk of the
research to date has been carried out in devel-
oped countries. As a result, much of what is
being tried in Asia, for instance, is based on
good intentions rather than good science, says
Minas. “I think there’s a real obligation to carry
out good quality evaluation of
what’s being done and the conse-
quences of the disaster,” he
says. “But there’s an ethical
quandary about what
kind of research, and
carried out by whom.”

In the f irst few
months after the tsu-
nami, says Sumathipala,
several foreign researchers
were found to be con-
ducting research without
approval from any
authority in Sri Lanka, or,
at least in some cases,
approval from their home
institution. Sumathipala
has been keeping a list of
such incidents to push the
government to set up a
national medical ethics
review board. His list
includes a Japanese group
he says collected blood from
tsunami survivors to search for
biomarkers of PTSD, without
previous approval. A ministry of
health official seized their samples
and insisted that they get approval,
which they subsequently have done. Many
groups—university researchers as well as
local and foreign NGOs—circulated surveys
in the aftermath of the tsunami. Some of these
were inappropriate, Sumathipala says, includ-
ing one distributed by a German group that
asked young children detailed questions
about sexual abuse.

Minas is working on a set of guidelines
that could be used by communities—aided by
consultants from local universities and other
institutions—to evaluate research proposals

in future disasters. Many NGOs are reluctant
to do research, Minas says, because they see
providing service as the first priority. He
thinks that view reflects a misunderstanding
of the purpose of research. “Lots of people are
ready to just get in and do things without any
evidence of whether what they’re doing helps
people … or maybe even does harm. I think
it’s negligent to do that without evaluating
what’s going on.”  

Looking forward

Despite the glitches in the relief effort and
problems with particular NGOs, most
observers say the psychosocial response has
been benef icial overall. There are also
encouraging signs that the influx of money
and the expertise of the better trained groups
may help pave the way for a stronger mental
health care infrastructure.

The need is great. In Sri Lanka alone, WHO
estimates that before the disaster some 384,000

people suf-
fered from seri-

ous mental disorders
such as major depres-

sion, bipolar illness,
and schizophrenia, and

perhaps 2 million who were
afflicted by less severe mental

disorders. These numbers dwarf even
the worst case estimates for mental health
problems related to the tsunami. (WHO
estimates that 22,000 to 44,000 tsunami
survivors in Sri Lanka will develop psycho-
logical problems serious enough to require
long-term treatment.) 

But the country has just 41 psychiatrists,
including academics. About four times that
many Sri Lankan psychiatrists practice in
the United Kingdom, says John Mahoney,
WHO’s point person in Sri Lanka for mental
health. There are no psychiatric nurses and
only eight psychiatric social workers for the

entire country. Nearly all of these meager
resources are concentrated in Colombo,
where many patients are relegated to
outdated government-run asylums. In
June, a Colombo newspaper visited the
Mulleriyawa women’s asylum near the
capital and photographed patients tied to
the beds with strips of cloth. The hospital,
built to house 400 patients, holds hundreds
more, some of whom have been there for
decades, Mahoney says: “Places like this
shouldn’t exist.” 

Earlier this summer, the Sri Lankan Min-
istry of Health approved a plan developed
by WHO, in consultation with local health
officials, that would close Mulleriyawa and
another large mental hospital while vastly
increasing access to mental health services,
especially for people outside the capital.
WHO has pushed for this plan before with-
out much success, but with the momentum
from the tsunami behind them, Mahoney is

now optimistic that reform is possible.
“Now things will happen,” he predicts.

A key component of the WHO plan is to
provide mental health training to primary care
doctors, community health workers, and mid-
wives in Sri Lanka. Rajandra, the ministry of
health physician from Tirrukkovil, for exam-
ple, recently attended a series of mental health
workshops put on by IMC. NGOs are provid-
ing much of the human—and financial—
resources for this training.

Similar plans are in the works for Aceh,
where mental health care was virtually non-
existent, and Tamil Nadu in India. The
trick, of course, will be to keep the ball
rolling after the tsunami aid money dries
up. If the plans succeed, however, they may
represent the most lasting legacy of the
tsunami in terms of mental health.

–GREG MILLER

Reporting for this story was supported by a fellowship
from the Carter Center.
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Here to help. Many NGOs have been active in Sri Lanka (left) and
Tamil Nadu, India (above), where fishing boats bear the names of the
groups that donated them.

14

15

19

49

59

68

37

Health and psychosocial service 

organizations in Sri Lanka by district

4–17

18–30

31–42

43–55

56–68

35
49

47

16

4

6

Colombo

Kalmunai

Tirrukkovil

Trincomalee

http://www.sciencemag.org


V I E W P O I N T

Toward Inherently Secure and Resilient Societies
Brad Allenby1* and Jonathan Fink2

Recent years have seen a number of challenges to social stability and order, ranging from
terrorist attacks and natural disasters to epidemics such as AIDS and SARS. Such
challenges have generated specific policy responses, such as enhanced security at
transportation hubs and planned deployment of a global tsunami detection network.
However, the range of challenges and the practical impossibility of adequately ad-
dressing each in turn argue for adoption of a more comprehensive systems perspective.
This should be based on the principle of enhancing social and economic resiliency as well
as meeting security and emergency response needs and, to the extent possible, de-
veloping and implementing dual-use technologies that offer societal benefits even if
anticipated disasters never occur.

Resiliency is defined as the capability of a

system to maintain its functions and structure in

the face of internal and external change and to

degrade gracefully when it must. Developing

enhanced resiliency is a rational strategy when

the probability and specifics of a particular

challenge are difficult to define. However, re-

siliency is not a global characteristic of a sys-

tem; it can meaningfully be determined only

with reference to an identified system and par-

ticular challenges. The Internet, for example, is

characterized by a few hubs with high connec-

tivity and an increasing number of other hubs

with decreasing connectivity. Such scale-free

networks are highly resistant to random failures,

in that a substantial number of links can fail and

still not affect the performance of the network as

a whole. But such architectures are very

vulnerable to a deliberate attack directed against

the major hubs (1). For example, the September

11 attack on the World Trade Center only

indirectly affected the Internet, which continued

to function almost flawlessly (2); it would be

much less resilient if directly attacked.

Frequently, a challenge will involve multiple

scales, so that overall resiliency requires the

ability to understand and take advantage of

different initiatives at different levels. For ex-

ample, designing a building that can be sealed

against airborne pathogens is useful, and a

number of such buildings in a downtown urban

environment will enhance the urban area_s over-

all resiliency against an attack. But designing

building-level resilient systems will not substi-

tute for an urban sensor system that enables early

and accurate definition of an attack_s parame-

ters, nor for the emergency response effort that

the city as a whole will need to mount. Anal-

ogously, there may be a number of opportunities

in the Bevent life cycle[ to implement resiliency

strategies. Onemight invest in avoiding any event

in the first place; creating long-term plans that

reduce or mitigate threat; generating a warning in

time to implement or adjust plans and reduce

potential costs; mitigating the event as it occurs;

or planning short-term responses and recovery or

longer term recovery capabilities.

Some kinds of resiliency are primarily

externalities, in that the protection gained pro-

vides almost no other benefits, whereas others

are dual use and provide substantial economic

benefits in addition to resiliency. For example,

the communications systems provided to de-

fense and national security organizations are

commonly Bhardened[; that is, additional tech-

nology provides protection against eavesdrop-

ping, destructive electromagnetic frequency

pulses, and physical intrusion. This extra level

of protection obviously adds cost to the system

but not additional communications functionality

(although the costs are presumably justified by

the additional security obtained). In contrast, the

creation of internal corporate intranets and

support systems for virtual offices and telework

capability, which diffuses information assets,

can save firms money and make them more re-

silient against point attacks, as well as natural

events such as epidemics (3, 4). More broadly,

when a resiliency option is less coupled to

other functions, it can be more easily imple-

mented, but it may not offer the additional

benefits that strategic investments enhancing

resiliency often do.

In general, a portfolio approach based on

managing a number of varying risks should be

themost efficient. Such an approach should seek

to minimize not risk associated with individual

events but risk across the social unit as a whole.

The portfolio approach is also desirable given

the difficulty of unambiguously defining risk

and thus investments in resiliency. This ambi-

guity also serves as an argument for investment

in dual-use options where possible—that is,

investments that both enhance resilience against

attack or disaster and provide additional eco-

nomic, social, or environmental benefits. Not

only are such dual-use technologies important

because of resource limitations, but they en-

hance long-term security as well, for in the

longer view a secure society involves innovation

in strong infrastructure and social systems as

well as in counterterrorism techniques and tech-

nologies. Fragile communities are more likely to

be susceptible to disaster or attack and to

disruption when such events occur and more

likely to experience subsequent weakness and

failure in the aftermath of an attack.

Network Organization and
Urban Systems

Urban systems provide ideal laboratories for

understanding resiliency and for developing

dual-use technologies, practices, and systems

that provide value even if no negative events

occur. This is particularly true given accelerating

urbanization: Developed countries are already

highly urbanized, and the United Nations

estimates that the urban populations of Africa,

Asia, and Latin America will double over the

next 30 years, from 1.9 billion in 2000 to 3.9

billion in 2030. At that point, over 60% of the

world’s population will live in cities (5).

Moreover, the cultural, economic, and symbolic

importance of urban systems to their societies

makes them natural targets for deliberate vio-

lence; global transportation networks and high

population density make them ideal centers for

disease; and the concentration of economic

assets and people that characterize them make

them highly susceptible to damage from local

natural disaster. But cities are not fragile.

Indeed, throughout history they have often been

destroyed—by fire, by disease, by nuclear

attack, by earthquake, and by war—and yet,

from 1100 to 1800 only 42 cities worldwide

were abandoned after their destruction (6).

Cities also present challenging studies in

resiliency because their nature is changing

rapidly and fundamentally as information

becomes an ever more important component of

urban structure at all scales (2, 7, 8). Reliance on

information infrastructures by other critical

networks, such as transportation, financial, and

corporate systems, is also rapidly accelerating

(9, 10); cities frequently form critical nodes

where these networks intersect and interact.

Moreover, the performance characteristics of

these networks are also evolving rapidly. In

telecommunications, for example, defined and

fragile telephone networks have been replaced

by Internet-based virtual networks that can be

reconfigured and that monitor their own

performance and structure and repair them-

selves in real time (11). Similarly, modern

computing systems are being designed to con-
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tinuously monitor and tune their own perform-

ance; adapt to unpredictable conditions (making

them resilient and not just engineered for

redundancy); predict, prevent, and gracefully

recover from failure; and provide safe, secure

computing environments (12). It is not yet clear

how these changes in demographics and

information systems will affect the resiliency

of urban systems. One immediate result has

been increased interest in new tools that

aggregate and display complex information

patterns at the urban systems level, such as

the immersive Decision Theater at Arizona

State University (13, 14). Such technologies not

only facilitate coordinated emergency manage-

ment and systemic responses to disasters, but

enable better routine management of increas-

ingly complex urban systems and can serve as

important educational tools for city managers

and the public. They are thus good examples of

dual-use technology.

Network-Centric Organizations

The evolution of information-dense urban sys-

tems is paralleled by a trend in private firms

toward network-centric organizational structures.

This parallelism raises a number of questions,

including how network-centric firms increase

urban system resiliency or, alternatively, vulner-

ability; whether such firms are indeed more

resilient and if so at what scales; and how cor-

porate structure couples community, urban sys-

tem, regional, and national patterns of social,

technological, and economic resiliency. These are

highly complex questions requiring further re-

search, but some initial observations can bemade.

It is elementary that physical dispersion

of assets makes them less subject to point at-

tack or localized disaster such as a tornado or

earthquake. A decentralized workforce is also

more resilient against a number of other dis-

ruptions, including disease (employees who are

able to work from home run less risk of

infection and help reduce the velocity with

which infectious diseases can spread) (4). A

dispersed workforce enhances resiliency in

more subtle ways in addition to the obvious

reduction in direct impact. The response to the

September 11 attacks indicates that postevent

stress and anxiety (the creation of which is a

major purpose of many terrorist attacks) can be

relieved substantially if arrangements are in

place that enable dispersion of the workforce,

especially to a home environment where they

are both more comfortable and feel themselves

less of a potential target (15). Ensuring that

data and information are not located only in

one area, but duplicated in facilities that would

not be affected by the same local event,

similarly helps protect against catastrophic

loss. This was another lesson gained from the

September 11 attack on the World Trade

Center, where firms such as Lehman Brothers

and Cantor Fitzgerald, which had established

backup data facilities as part of their business

continuity contingency plans, were able to rap-

idly resume operation (2).

But these new patterns of corporate structure

have not arisen from concern about terrorism

or from seeking resiliency of corporate per-

formance in a risky world. Rather, they reflect

economic pressures generated by today’s glob-

alized economy with its increasingly dispersed

patterns of economic production and increased

reliance on information as a critical input to

economic activity and production of informa-

tion as a valuable output (9, 16, 17). Stronger

competition and a more rapidly changing

operating environment lead firms and other

institutions to adjust in many ways, such as

implementing rapid cycle times, learning how

to manage and use information networks,

developing the ability to absorb and respond

to complex information patterns, and empha-

sizing the knowledge of their workforce as an

increasingly critical source of value. Institu-

tional structures are shifting from rigid to more

fluid and responsive network-centric organiza-

tional patterns, with value and productivity a

function of how efficiently the firm can gather

and manage knowledge (2, 16).

Concomitantly, the critical infrastructure for

many firms is shifting to a substantial degree

from their physical assets, such asmanufacturing

facilities, to knowledge systems and networks

and the underlying information and commu-

nications technology systems and infrastructure.

The functionality that supports corporate, gov-

ernment, and other organizational structures, and

most critical corporate data and operational

information, now reside on corporate intranets,

where they can be accessed from virtually any-

where. This is a costly and potentially disruptive

transition in business models, involving substan-

tial changes in many internal organizations such

as human resources, real estatemanagement, and

information technology management, as well as

raising legal, operational, and managerial chal-

lenges (3). Nonetheless, adoption of these

technologies and techniques is driven by

competitive pressure, particularly the need to

manage costs and increase productivity. Thus,

for example, some 30% of the managers at

AT&T are completely ‘‘virtual’’ in that they

have no assigned office in company-managed

buildings, a corporate structure that produces

$180 million in business benefits annually, pri-

marily from productivity increases and real

estate cost reduction (4). Other firms report sim-

ilar financial benefits (18, 19).

From the perspective of a city, policies that

encourage a strong teleworking capability in

local firms are ideal dual-use systems: They

provide resiliency against disaster or attack, but

many important ancillary benefits as well. An

urban system with a large number of potential

teleworkers can encourage working from home

on bad air quality days, or during blizzards or

other emergency conditions, or when unan-

ticipated upsets in the traffic networks result in

congestion. Moreover, an urban environment

that encourages teleworking also provides a

higher quality of life; AT&T’s data indicate that

81% of its teleworkers name better balance

between work and family as a substantial

benefit of the practice (4). Additionally, some

argue that by enabling people to work in their

neighborhoods, telework can enhance a sense

of community and neighborhood security (20).

Developing policies and tools to support

implementation of such a dual-use technology is

not easy. Novel issues, such as whether a city

should invest at the margin in additional trans-

portation infrastructure, such as wider roads, or

information infrastructure, such as broadband to

the home, are likely to arise. This question is

complicated by how investments in information

and communication technologies (ICT) interact

with the overall evolution of information-dense

urban structures. Moreover, the increased reli-

ance on ICT systems and the Internet implied by

this process can actually produce vulnerabilities,

unless greater emphasis is placed on protecting

information infrastructures, especially from de-

liberate physical or software attack towhich they

might be most vulnerable given their current

structure (3). Accordingly, proper network de-

sign with hubs geographically separated (and

critical ones perhaps duplicated), and network

security sensitive to varying degrees of vulner-

ability of critical network components, includ-

ing software functionality, should be part of any

information and employee dispersion policy or

national policy against terrorism.

This point has not been lost on governments.

The United States, for example, has issued a

series of executive orders and strategies intended

to protect ICT infrastructure (21, 22). But vul-

nerabilities, especially in the private sector,

remain widespread, as recent well-reported

compromises of consumer and employee data

held by major firms indicate (23).

At the national scale, the implications of

network-centric organizations are profound and

only slowly being recognized. For example,

reducing unnecessary transportation reduces

demand for gasoline and thus enhances energy

security. AT&T, for example, estimated that its

telework/virtual office program even in 2000

was avoiding some 110 million unnecessary

miles of driving per year, avoiding the con-

sumption of more than 5 million gallons of

gasoline (and emission of an estimated 50,000

tons of carbon dioxide) (2). It also seems likely

that, if properly managed, a network-centric

society might well be more equitable, more

productive, and therefore perhaps less fragile in

the face of challenge. Most obviously, many

societies use only a small fraction of the in-

tellectual capital available to them; some mar-

ginalize women, or noncitizens, but virtually all

have relatively arbitrary ages beyond which

they marginalize older workers, and most do

not have mechanisms to include disabled

workers in their economies. Network-centric
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structures enable non–place-based access and

temporary working arrangements, and cognitive

capability built into network tools can facilitate

economic integration of the disabled. This en-

hances not just the economic performance of

society, but the quality of life of individuals

involved; virtually all marginalized groups are

highly interested in participating in the economy

if they can and if the work can be structured to

suit their requirements, which is precisely the

flexibility the network-centric structure can

provide. Thus, for example, seniors in the United

States report a high interest in continuing to work

flexibly (fewer hours, no required office, and no

lengthy commutes) (24, 25). On the demand

side, the need for adequate knowledge workers

will grow substantially as the baby boom gen-

eration retires (25), and management of pension

shortfalls and old-age support policies might

well be facilitated by the operational and social

flexibility enabled by network-centric economic

organization.

The range of ancillary effects discussed in

this brief example illustrates the complexities

and challenges of adopting the principle of

resiliency as a policy and planning touchstone,

as well as the potential value of dual-use tools

and technologies. Understanding the interplay of

these systems and how various investments and

policy choices integrated into a resiliency

portfolio can simultaneously enhance both

security and economic and social stability and

growth is not a trivial challenge, but the potential

benefits argue strongly for such a course.
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Social-Ecological Resilience to Coastal Disasters
W. Neil Adger,1* Terry P. Hughes,2 Carl Folke,3 Stephen R. Carpenter,4 Johan Rockström5

Social and ecological vulnerability to disasters and outcomes of any particular extreme
event are influenced by buildup or erosion of resilience both before and after disasters
occur. Resilient social-ecological systems incorporate diverse mechanisms for living
with, and learning from, change and unexpected shocks. Disaster management requires
multilevel governance systems that can enhance the capacity to cope with uncertainty
and surprise by mobilizing diverse sources of resilience.

Human populations are concentrated along

coasts, and consequently coastal ecosystems

are some of the most impacted and altered

worldwide. These areas are also sensitive to

many hazards and risks, from floods to disease

epidemics. Here, we explore how a better un-

derstanding of the linkages between ecosys-

tems and human societies can help to reduce

vulnerability and enhance resilience of these

linked systems in coastal areas. By resilience,

we mean the capacity of linked social-ecological

systems to absorb recurrent disturbances such

as hurricanes or floods so as to retain essential

structures, processes, and feedbacks (1, 2).

Resilience reflects the degree to which a

complex adaptive system is capable of self-

organization (versus lack of organization or

organization forced by external factors) and

the degree to which the system can build

capacity for learning and adaptation (3, 4).

Part of this capacity lies in the regenerative

ability of ecosystems and their capability in the

face of change to continue to deliver resources

and ecosystem services that are essential for

human livelihoods and societal development.

The concept of resilience is a profound shift in

traditional perspectives, which attempt to con-

trol changes in systems that are assumed to be

stable, to a more realistic viewpoint aimed at

sustaining and enhancing the capacity of social-

ecological systems to adapt to uncertainty and

surprise.

Coastal Hazards and Resilience

Natural hazards are an ongoing part of human

history, and coping with them is a critical ele-

ment of how resource use and human settle-

ment have evolved (5, 6). Globally, 1.2 billion

people (23% of the world’s population) live

within 100 km of the coast (7), and 50% are

likely to do so by 2030. These populations are

exposed to specific hazards such as coastal

flooding, tsunamis, hurricanes, and transmis-

sion of marine-related infectious diseases. For

example, today an estimated 10 million people

experience coastal flooding each year due to

storm surges and landfall typhoons, and 50

million could be at risk by 2080 because of

climate change and increasing population den-

sities (8). More and more, adaptive responses

will be required in coastal zones to cope with a

plethora of similar hazards arising as a result

of global environmental change (9).

Hazards in coastal areas often become di-

sasters through the erosion of resilience, driven
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by environmental change and by human action

(10–12). For example, when Hurricane Andrew,

a powerful category 5 storm, struck Florida in

1992, it caused devastation valued at $26.5

billion and 23 people lost their lives. An equiv-

alent tropical typhoon that ravaged Bangladesh

in 1991 resulted in over 100,000 deaths and the

displacement of millions of individuals (13)

from widespread flooding. In Florida, social

resilience from strong institutions, early warn-

ing systems, and a high capacity to deal with

the crisis confined the impact to manageable

proportions, whereas social vulnerability in af-

fected areas of Bangladesh caused a human

disaster of a far greater scale. Yet adaptive capac-

ity can be increased through purposeful

action. Consequently, Bangladesh has

reduced mortality associated with

typhoons and flooding in the past dec-

ade through careful planning focused

on the most vulnerable sectors of so-

ciety (14, 15).

The resilience (or conversely, the

vulnerability) of coastal societies is more

tightly linked to larger-scale processes

today than in the past. For example,

economic linkages and the globaliza-

tion of trade in commodities and eco-

logical goods and services tie regions

much more closely together than before

(16–18). In coastal regions, this is often

evident in the vulnerabilities created by

global tourism (an ecosystem service),

where the growing demands of visitors

impact previously undeveloped coastal

areas (19). Similarly, increased mo-

bility of people has spread infectious

diseases such as human immunodeficien-

cy virus–acquired immune deficiency

syndrome [which have high prevalence

in some coastal fishing communities

(20)], whereas global-scale environmen-

tal change is certain to exacerbate vul-

nerability to vector-borne diseases [e.g.,

malaria and cholera (21, 22)]. Con-

versely, greater mobility, improved com-

munications and awareness, and the

growth of national and international

NGOs that link societies can all

strengthen resilience to crises and im-

prove responses when they occur.

During periods of gradual or incremental

change, many important sources of resilience

may be unrecognized or dismissed as in-

efficient or irrelevant. Typically, therefore,

components of resilience are allowed to de-

cline or are deliberately eliminated because

their importance is not appreciated until a

crisis occurs. For example, chronic overfishing

and declining water quality around coral reefs

have made them more vulnerable to cyclones

and global warming (23). Instead of absorbing

recurrent disturbances as they have done for

millennia, many overfished and polluted reefs

have recently undergone radical regime shifts,

where coral populations fail to rebuild after

external shocks and have instead been replaced

by fleshy seaweeds (24, 25). Rebuilding resil-

ience, by improving water quality and main-

taining adequate stocks of herbivores, can

promote the regenerative capacity of corals

after recurrent disturbances. Thus, loss of eco-

logical and social resilience is often cryptic, and

resilience can be eroded or bolstered acciden-

tally or deliberately through human action (26).

Resilient social-ecological systems incor-

porate diverse mechanisms for coping with

change and crisis (27, 28). In ecosystems, bio-

diversity, functional redundancy, and spatial

pattern can all influence resilience. Biodiversity

enhances resilience if species or functional

groups respond differently to environmental

fluctuations, so that declines in one group are

compensated by increases in another (24, 29).

Spatial heterogeneity can also confer resil-

ience, as when refuge areas provide sources of

colonists to repopulate disturbed regions (30).

Similarly, in social systems, governance and

management frameworks can spread risk by

diversifying patterns of resource use and by

encouraging alternate activities and lifestyles.

Such practices sustain ecosystem services,

analogous to the way that management of a

diverse portfolio sustains the growth of invest-

ments in financial markets (31).

After catastrophic change, remnants (‘‘mem-

ory’’) of the former system become growth

points for renewal and reorganization of the

social-ecological system (28). Ecological mem-

ory is conferred by biological legacies that

persist after disturbance, including mobile

species and propagules that colonize and reor-

ganize disturbed sites and refuges that support

such legacies and mobile links (30, 32). Social

memory comes from the diversity of indi-

viduals and institutions that draw on reser-

voirs of practices, knowledge, values, and

worldviews and is crucial for preparing the

system for change, building resilience, and

for coping with surprises (33).

Responding to Change in
Coastal Areas

How can coastal zones be trans-

formed into systems that are more

resilient and adaptive to a rising

incidence of large disturbances? We

review two case studies as examples.

The first is the 2004 Asian tsunami,

which shows that social-ecological

resilience is an important determinant

of both the impacts of the tsunami

and of the reorganization by com-

munities after the event. The second

is from research on planning for and

adaptating to severe storms and cli-

mate change in coastal zones and on

small islands. In both cases, in-

dividuals and communities under-

take adaptive strategies that involve

the mobilization of assets, networks,

and social capital both to anticipate

and to react to potential disasters.

Crucially, the causes of vulnerability

are embedded in the political econ-

omy of resource use and the resil-

ience of the ecosystems on which

livelihoods depend.

The 2004 Asian tsunami. On 26

December 2004, countries in South

and Southeast Asia experienced an

enormous tsunami associated with

the second-largest earthquake in the

instrumental record. Coastal areas in

parts of Indonesia, Thailand, and

Malaysia closest to the epicenter received little

or no warning (Fig. 1). A key lesson is that

resilient social-ecological systems reduced

vulnerability to the impacts of the tsunami

and encouraged a rapid, positive response.

This response needs to be sustained in the

longer term, long after the tsunami fades from

global news reports.

Chronic degradation of local environments

has influenced the short- to medium-term

impact of the tsunami and will continue

to shape the longer-term options for re-

building. In Banda Aceh, Indonesia, the

presence or absence of sand dunes, man-

grove forests, and coral reefs made no dif-

Fig. 1. Mosque and crop field in Banda Aceh, Indonesia, before (top)
and after (bottom) the 2004 Southeast Asia tsunami, illustrating
the impact of natural disasters on the delivery of ecological goods
(agriculture) and the social cohesion of resilient societies.
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ference in the impact of giant waves that

penetrated kilometers inland. Further from the

epicenter, however, in Sri Lanka, the energy of

smaller waves was reduced by natural barriers

(34, 35). Moreover, wherever ecosystems have

been undermined, the ability to adapt and re-

generate has been severely eroded. For exam-

ple, throughout coastal Asia, deforestation of

mangrove for intensive shrimp farming, a lu-

crative export industry, has reduced the liveli-

hood options available to local farming and

fishing communities (36). In many locations,

environmental degradation such as land clear-

ing, coastal erosion, overfishing, and coral

mining has reduced the potential for econom-

ic recovery from the tsunami because of the

loss of traditional income sources related to

coastal ecosystems rich in biodiversity and

ecological functions.

Social resilience, including institutions for

collective action, robust governance systems,

and a diversity of livelihood choices are impor-

tant assets for buffering the effects of extreme

natural hazards and promoting social reorga-

nization (Table 1). Coastal communities harbor-

ing knowledgeable, prepared, and responsive

institutions are more likely to be able to prevent

the tsunami from making the transition from

extreme natural hazard to longer-term social

disaster (37). For instance, fishing communities

on Simeulue Island, west of Sumatra and close

to the epicenter of the earthquake causing

the tsunami, and on Surin Island, Thailand,

survived the tsunami thanks to inherited local

knowledge of tsunamis and to institutional

preparedness for disasters.

There has been a well-meaning rush by

organizations and international aid agencies to

apply engineering approaches to rebuilding

coral reefs damaged by the tsunami by trans-

planting corals and constructing miniature

artificial reefs. However, none of these engi-

neering interventions actually work at mean-

ingful scales or provide realistic solutions to

the increased global threats to coral reefs.

Fundamentally, the upsurge in investment in

artificial rehabilitation of reefs is misguided

because it fails to reverse the root causes of

regional-scale degradation. Before the tsunami,

runoff from land, overfishing, destructive

fishing practices (bombing and poisoning),

and climate change had already seriously

degraded many reefs. Throughout the region,

chronic pollution and overfishing of herbivo-

rous fishes have promoted blooms of turfing

and fleshy seaweed that overgrow and smother

juvenile corals. Regeneration of damaged reefs

continues to be impaired by these and other

ongoing human impacts. Now the tsunami has

added to the destruction in many locations,

smashing corals and smothering reefs with

choking sediments. Realistically, regeneration

processes in the wider seascape are the only

means by which coral reefs can reestablish

after large-scale damage (25). Consequently,

restoration efforts should focus on improving

water quality and restoring depleted fish stocks

to bolster the innate resilience of coral reefs

(24). Scarce reconstruction aid should not be

squandered on simplistic and ineffective reef

rehabilitation projects. Rather, support should

be directed to provide ecologically sustainable,

long-term employment for coastal commu-

nities, to eliminate poverty, and to improve

local and regional governance systems for

managing the natural resilience of coral reefs.

The 2004 Asian tsunami tragedy demon-

strates that formal and informal institutions

with the capacity to respond to rapid change in

environmental and social conditions are a key

to mitigating the social effects of extreme

natural hazards. Rather than attempting to

reduce or eliminate inherent change and

variability (the conventional engineering ap-

proach to ‘‘control’’ nature), governance sys-

tems, from governments through to local

marine and land tenure systems, need to focus

on sustaining and enhancing the sources of

resilience of societies and their life-supporting

ecosystems. The hidden success story of the

tsunami was the prevention of widespread

secondary mortality of injured and traumatized

victims from infection and disease, due in large

part to the unprecedented scale of national and

international responses.

Coping and adapting to hurricanes. Hurri-

canes, typhoons, and their related impacts

affect societies throughout the world. They do

so both directly through acute damage on

human settlement, often with major loss of

life, and indirectly through their impact on

coastal ecosystems such as coral reefs, sea-

grass beds, and mangroves (38, 39) that sup-

port local societies and economies. There is

growing consensus than human-influenced

climate changes are now evident in hurricane

regions and are likely to affect hurricane

intensity and rainfall (which cause much of

the damage), although the effect of climate

change on hurricane frequency in the future

remains uncertain (40). Although the costs of

weather and climate events in terms of eco-

nomic damage and lives at risk are rising

through time, the observed increases are

caused by changing social vulnerabilities as

much as by changing physical hazards (39).

In the Caribbean, responses to hurricanes

and their effectiveness depend on social and

ecological resilience. The Cayman Islands,

for example, has implemented adaptation

actions at national and community levels,

building both preparedness and community

resilience. The implementation of these ac-

tivities followed economic and ecological

impacts of three major hurricanes in 1988

(Gilbert), 1998 (Mitch), and 2000 (Michelle).

The resilience of the islands was subsequent-

ly put to the test by Hurricane Ivan (2004)

and was demonstrably improved. Adaptations

included changes in the rules and governance

of hurricane risk, change in organizations,

establishment of early warning systems, and

promotion of self-mobilization in civil soci-

ety and private corporations. Social learning,

the diversity of adaptations, and the promo-

tion of strong local social cohesion and

mechanisms for collective action have all

enhanced resilience and continue to guide

planning for future climate change (41). After

Hurricane Ivan in 2004, private sector interests

in tourism and banking accelerated recovery by

rebuilding public infrastructure such as roads

and electricity supply. In Trinidad and Tobago,

networks associated with present-day coral reef

management also play a key role in disaster

preparedness and in building resilience (42, 43).

Hence, social resilience to disasters in the

Caribbean has been promoted through a wide

diversity of institutional forms.

However, large sections of society in the

Caribbean region remain vulnerable, and cur-

Table 1. Examples of local- and regional-scale actions to enhance resilience in social-ecological
systems exposed to abrupt change.

Elements of
vulnerability

Local action National and international action

Exposure and
sensitivity to
hazard

Maintenance and enhancement of
ecosystem functions through
sustainable use

Maintenance of local memory of
resource use, learning processes
for responding to environmental
feedback and social cohesion

Mitigation of human-induced causes
of hazard

Avoidance of perverse incentives for
ecosystem degradation that increase
sensitivity to hazards

Promotion of early warning
networks and structures

Enhancement of disaster recovery
through appropriate donor
response

Adaptive capacity Diversity in ecological systems
Diversity in economic livelihood

portfolio
Legitimate and inclusive

governance structures and social
capital

Bridging organizations for
integrative responses

Horizontal networks in civil
society for social learning
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rent adaptation processes are not always appro-

priate or effective. The impacts of Hurricane

Mitch onHonduras, Nicaragua, and El Salvador

in 1998 were exacerbated by unsound econom-

ic policies, such as export-driven agriculture.

Farmers who had adopted modern management

practices suffered greater losses than those who

had more traditional agro-ecological practices

(44). Industrialized agricultural practices also

generated unexpected impacts and risks, such as

the release of 70 tons of toxic pesticides into the

environment in Honduras after the destruction

of several warehouses, exposing rural popula-

tions to long-term harm (45). Even today, the

lessons of implementing postdisaster planning

to increase adaptive capacity do not appear to

have been learned by many of the states that

were impacted by Hurricane Mitch.

In summary, the social-ecological resil-

ience of tsunami- or hurricane- and typhoon-

affected regions involves many elements and

actions (Table 1), and each of these involves

human agency. Exposure to hazards can often

be modified through government interventions

or informal norms that regulate the use of

coastal ecosystems. Reducing the perverse

incentives that destroy natural capital and thus

exacerbate vulnerability in the first place

should, in many cases, be the priority. Net-

works and institutions that promote resilience

to present-day hazards also buffer against

future risks, such as those associated with

climate change. Effective multilevel gov-

ernance systems are critical for building capac-

ity to cope with changes in climate, disease

outbreaks, hurricanes, global market demands,

subsidies, governmental policies, and other

large-scale changes. The challenge for social-

ecological systems is to enhance the adaptive

capacity to deal with disturbance and to build

preparedness for living with change and un-

certainty (28).

Conclusions

The case for building resilience in coastal

regions is urgent, given trends in human

settlement, resource use, and global environ-

mental change. Two-thirds of the coastal

disasters recorded each year are associated

with extreme weather events, such as storms

and flooding, that are likely to become more

pervasive threats because of anthropogenically

driven shifts in Earth’s climate and sea level

rise. These risks in particular are exacerbated

by human action, raising the possibility that

greenhouse gas emitters may one day become

legally liable for impacts (46). Clearly, the

reduction of greenhouse gas emissions is nec-

essary in this context but not sufficient in the

management of hazards in coastal regions. Al-

ready, the resilience of many social-ecological

systems has been eroded, particularly in vul-

nerable, marginalized societies.

The capacity of coastal ecosystems to

regenerate after disasters and to continue to

produce resources and services for human

livelihoods can no longer be taken for granted.

Rather, socio-ecological resilience must be

understood at broader scales and actively

managed and nurtured. Incentives for generat-

ing ecological knowledge and translating it

into information that can be used in gov-

ernance are essential. Multilevel social net-

works are crucial for developing social capital

and for supporting the legal, political, and

financial frameworks that enhance sources of

social and ecological resilience (33, 47). The

sharing of management authority requires

cross-level interactions and cooperation, not

merely centralization or decentralization. In

many cases, improved, strong leadership and

changes of social norms within management

organizations are required to implement adapt-

ive governance of coastal social-ecological

systems. There is no time to waste.
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V I E W P O I N T

Insurance in a Climate of Change
Evan Mills*

Catastrophe insurance provides peace of mind and financial security. Climate change
can have adverse impacts on insurance affordability and availability, potentially
slowing the growth of the industry and shifting more of the burden to governments
and individuals. Most forms of insurance are vulnerable, including property, liability,
health, and life. It is incumbent on insurers, their regulators, and the policy community
to develop a better grasp of the physical and business risks. Insurers are well positioned
to participate in public-private initiatives to monitor loss trends, improve catastrophe
modeling, address the causes of climate change, and prepare for and adapt to the
impacts.

Business and science meet in the wake of

disasters. The insurance sector is a lightning

rod, serving as global integrator of impacts

across all sectors of the economy, and messen-

ger of these impacts through the terms and price

signals it projects to its customers (1). As the

world_s largest industry Eit would be the third

largest country if its $3.2 trillion in yearly

revenues were compared with national gross

domestic products (GDPs)^, the implications

of rising disaster losses on insurers are as

important as defining the industry_s

role in furthering understanding of

the problem and advancing loss-

prevention solutions.

The insurance Bindustry[ is non-

monolithic, with considerable regional

variations in coverages, hazard expo-

sure, and regulation within and among

countries. Insurance penetration av-

erages 9% of GDP ($2750/capita) in

industrialized countries and 5% of

GDP ($25/capita) in developing coun-

tries and economies in transition (2).

Although 12% of premiums today

come from this latter market, at current

growth rates it will constitute half of the

global market within a few decades.

Insurance payouts for weather-related

disasters in the developing world are

today three times the amount pro-

vided by international aid (3).

Insurance is part of a broader

public-private patchwork for spreading

risks across time, over large geograph-

ical areas, and among diverse social

and commercial communities. Not all

natural hazards are insured. In some cases

(e.g., flood, crop), public and private agencies

share the risk. The growing repository of in-

surance loss data—considered among the best

sources of disaster statistics (4)—augments

geophysical observing systems with trends in

economic impacts.

The availability and affordability of insur-

ance are grist for economic development and the

financial cohesion of society, as well as se-

curity and peace of mind in a world where the

knowledge of hazards lags their evolution. Un-

anticipated changes in the nature, scale, or

location of hazards are among the most im-

portant threats to the insurance system. History

has shown that society in general, and insurers in

particular, are often caught unprepared for os-

tensibly Binconceivable[ disasters. This reflects,

in part, the recurring social miscalculation of

using the past to predict the future while un-

derinvesting in disaster preparedness. Be it

the attacks of B9/11[ or Hurricane Andrew,

expectations based on past experience led to

complacency and dramatic underestimation

of exposure. An eye-opening insurance indus-

try report from the mid-1980s (5) highlighted

the importance of anticipating multiple large

events in a single year, yet exposures are still

often expressed in terms of probable maxi-

mum losses for single events rather than for

entire insurance Bseasons.[ The limitations of

this approach were evident in the 2004 U.S.

hurricane season and its $60 billion in eco-

nomic losses (of which half were insured).

The weather-dependent share of global in-

sured catastrophe losses (È90%) is greater than

that experienced by the economy as a whole

(È75%) (Fig. 1). This, coupled with the in-

crease in the number, cost, and variability of

such losses (Fig. 2), has brought some insurers,

reinsurers, and their trade associations to view

climate change as a strategic factor in their

future (6–8).

Virtually all segments of the industry

have a degree of vulnerability to the likely

impacts of climate change, including those

covering damages to property (structures,

automobiles, marine vessels, aircraft); crops

and livestock; pollution-related liabilities;

business interruptions, supply-chain disruptions,

or loss of utility service; equipment

breakdown arising from extreme tem-

perature events; data loss from power

surges or outages; and a spectrum of

life and health consequences (1).

Specific technical risks include the

following: (i) Shortening times between

loss events. (ii) Changing absolute

and relative variability of losses. (iii)

Changing structure of types of events.

(iv) Shifting spatial distribution of

events. (v) Damage functions that in-

crease exponentially with weather in-

tensity (e.g., wind damages rise with

the cube of the speed). (vi) Abrupt or

nonlinear changes in losses. (vii)

Widespread geographical simultane-

ity of losses (e.g., from tidal surges

arising from a broad die-off of pro-

tective coral reefs or disease outbreaks

onmultiple continents). (viii) More sin-

gle events with multiple, correlated

consequences. This was well evidenced

in the pan-European heat catastrophe of

2003—where temperatures were six

standard deviations from the norm

(9). Immediate or delayed impacts included

extensive human morbidity and mortality,

wildfire, massive crop losses, and the cur-

tailment of electric power plants owing to the

high temperature or lack of cooling water. (ix)

More hybrid events with multiple consequences

Ee.g., El NiDo–Southern Oscillation (ENSO)–

related rain, ice storms, floods, mudslides,

droughts, and wildfires^.

Specific market-based risks include the fol-

lowing: (i) Historically based premiums that

*The author is at the Lawrence Berkeley National
Laboratory, MS 90-4000, Berkeley, CA 94720, USA.
E-mail: emills@lbl.gov
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Fig. 1. Global impacts of natural disasters from 1980 to 2004.
Insured property losses are dominated by storm events due to risk-
selection preferences of insurers and coverage of flood and crop
exposures by public entities, and low penetration of earthquake
insurance. Economic values are inflation-adjusted to 2004 levels.
[Source: Munich Re, NatCatSERVICE]
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lag behind actual losses (especially for life in-

surers, where premiums may be fixed over

long periods). (ii) Failing to foresee and keep

up with changing customer needs arising from

the consequences of climate change. (iii)

Unanticipated changes in patterns of claims,

and associated difficulty in adjusting pricing

and reserve practices to maintain profitability.

(iv) Responses of insurance regulators (10). (v)

Reputational risks falling on insurers who do

not, in the eyes of consumers, do enough to

prevent losses arising from climate change. (vi)

Stresses unrelated to weather but conspiring

with climate change impacts to amplify the net

adverse impact. These include drawdowns of

reserves due to earthquakes or terrorist attacks

and increased competition from self-insurance

or other competing methods of risk-spreading

(especially if relatively low-risk customers shift

to those products).

Observed Trends

It is widely recognized that the costs of

weather-related natural disasters have been

rising. The impacts include an elevated need

for assistance from outside impacted areas

(11) and a shrinking gap between insurance

premiums and losses (Fig. 3).

From 1980 through 2004, the global eco-

nomic costs of such events totaled US$1.4

trillion ($2004), of which $340 billion were

insured. To put the burden of these costs on

insurers in perspective, recent average annual

losses surpass those experienced in the after-

math of the 9/11 attacks in the United States.

These costs are substantial for insurers and

their customers, leading to industry-wide un-

profitability in the worst years (even includ-

ing investment gains), abrupt price increases,

and isolated bankruptcies. Although headline-

catching catastrophic events are the most vis-

ible, the average aggregate insured cost of

smaller events is 60% of the total (1).

The insured share of total economic losses

from weather-related catastrophes is rising,

increasing from a negligible fraction in the

1950s to 25% in the last decade. The ratio has

climbed more quickly in the United States,

with more than 40% of the total disaster losses

insured in the 1990s (12).

For several reasons, the cited magnitude of

losses systematically underestimates actual

costs to insurers and the broader economy

because, although large in aggregate, small

events are rarely captured in these statistics

(especially in the developing world). For ex-

ample, the Property Claims Services (PCS),

which compiles data for U.S. insurers, in-

cludes only those events with costs above a

threshold of US$25 million. Among the types

of events often excluded, power outages in the

United States alone are estimated to result in a

cost of US$80 billion per year (13) [and

weather-related events account for 60% of

the customers affected by disturbances on the

bulk power grid (14)], and lightning strikes

cause billions of dollars of losses each year, as

do damages from soil subsidence (1), the

melting of permafrost (15), and wildfire (16).

No winter storms were included in the PCS

statistics for the 46-year period from 1949 to

1974, and few were included thereafter (17).

Similarly, aggregate weather-related vehicle

accidents are typically not tracked. Further-

more, trends toward increasing deductibles

and decreasing insured limits, as well as a

strong shift toward self-insurance, lower year-

to-year insurance payouts for like events. Fi-

nally, the figures cited above largely exclude

weather-related life and health costs; restric-

tions on trade, travel, and tourism; disaster

preparedness; and evacuations, energy price in-

creases, and other second-order market im-

pacts of severe weather.

Attribution

Socioeconomic and demographic trends clear-

ly play important—and likely dominant—

roles in the observed upward loss trends (18).

As recognized by insurers and others, migra-

tion of populations to flood- and fire-prone

areas, increasing reliance on vulnerable elec-

tric power grids, and rising material wealth

are among the many drivers. Changes in the

incidence and impacts of extreme weather

events and sea-level rise can also be observed

(19–22).

Global weather-related losses in recent

years have been trending upward much faster

than population, inflation, or insurance pene-

tration, and faster than non–weather-related

events (Fig. 2D). By some estimates, losses

have increased by a factor of 2, after account-

ing for these factors plus increased density of

insured values (23, 24). The Association of

British Insurers states that changes in weather

could already be driving UK property losses

up 2 to 4% per year (7) owing to increasing

extreme weather events. Specific event types

have increased far more quickly than the aver-

ages. For example, damages from U.S. storms

grew 60-fold to US$6 billion/year between

the 1950s and the 1990s (21).

According to the latest Intergovernmental

Panel on Climate Change (IPCC) assessment,

climate change has played a role in the rising

costs of natural disasters (1). As an illustration

of the linkages, the distribution and frequency

of lightning strikes is expected to shift under

climate change (25), and insurers indeed

observe a notable increase in losses during

periods of elevated temperatures (Fig. 4) (6).

Many human activities mask losses that

would otherwise manifest in the trend data.

These include improved building codes, early-

warning systems, flood control, electric load-

shedding to avoid blackouts during heatwaves,

disaster preparedness and response, and land-

use planning. Insurer actions to reduce their

exposures produce a dampening effect on ob-
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Fig. 2. (A to D) Trends in (A) global numbers of
weather-related events, (B) insured share, (C)
variability of total losses, and (D) economic
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total property losses ($45 billion and $107
billion in 2004, respectively) are rising faster
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growth. Data exclude health and life insurance
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Inflation-adjusted economic losses from cata-
strophic events rose by 8-fold between the
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(11). [Sources: Natural hazard statistics and
losses from Munich Re, NatCatSERVICE; Pre-
miums from Swiss Re, Sigma]
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served insured costs. Untangling these off-

setting factors is a necessary part of any com-

prehensive attribution analysis and has not

been dealt with satisfactorily in the literature.

In any event, the consequences of future

climate change will be amplified by econom-

ic development and the tendency of popula-

tions to move into harm’s way. Regardless of

the relative weights of anthropogenic climate

change and increased exposure (quantification

is premature), rising uncertainty would com-

plicate the fundamental actuarial and pricing

processes that underlie well-functioning insur-

ance markets.

The Globalization of Risk:
One View of the Future

Most scenarios of climate change impacts are

cast from the vantage point of the natural sci-

ences with minimal examination of economic

implications. Moreover, analysts often take

an understandably simplified ‘‘stovepipe’’

approach by examining a specific type of

event in isolation from the real-world

mosaic of interrelated causes, vulnerabil-

ities, and impacts.

The following business scenario—based

on current socioeconomic trends and in-

surance market dynamics—explores an

ensemble of events and impacts occurring

simultaneously. The triggering events arise

from the consequences of gradual anthro-

pogenic climate change. Abrupt changes

also anticipated in the longer term by

many in the scientific community (26) are

not included. The result is a plausible—

and certainly neither a worst- nor best-

case—rendition of what the future could

bring.

In this scenario, weather-related prop-

erty losses and business interruptions

continue to rise at rates observed through

the latter 20th century. The insured share

increases, and underwriting becomes more

problematic. Corporations face more environ-

mentally related litigation (and associated

insurance payouts), both as emitters of green-

house gases and from noncompliance with

new regulations (27).

A new class of losses emerges within the life

and health branches of the insurance industry

(28). These are driven by thermal extremes, re-

duced water quality and availability, elevated

rates of vector-borne disease, air pollution, food

poisoning, and injuries and mortalities from

disasters and their associated mental health

impacts (11, 29, 30). Other health consequences

manifest in natural systems that directly or

indirectly affect human systems, including

coral-reef bleaching, agricultural diseases or

other events that hamper food production,

animal and livestock diseases, and pests such

as pine beetle superinfestations. Mobilization of

dust, smoke, and CO
2
-linked aeroallergens

(e.g., pollen and molds) exacerbates already

high rates of asthma and other forms of

respiratory disease.

The combined effect of increased losses,

pressure on reserves, inflation of construction

costs following natural disasters, and rising costs

of risk capital result in a gradual increase in the

number of years in which the industry is not

profitable. A compounding effect arises from the

continued destructive industry practice of under-

pricing risk and routinely allowing the core

business to operate at a loss, relying instead on

profits from their investments (also known as

‘‘cash-flow underwriting’’). As occurred follow-

ing the European windstorms of the 1990s (7),

insurers periodically encounter liquidity prob-

lems when paying claims, forcing the sale of

large blocks of securities, which, in turn, creates

undesirable ‘‘knock-on’’ impacts in the broader

financial markets. Outcomes are particularly

bad in years when large catastrophe losses co-

incide with broader market downturns.

Insurance operations in the developing world

and economies in transition (the primary growth

markets for insurance, already generating nearly

$400 billion/year in premiums) are the most

markedly affected. This arises from a combina-

tion of inferior disaster preparedness and recov-

ery, more vulnerable infrastructure due to the

lack or nonenforcement of building codes, high

dependency on coastal and agricultural econom-

ic activities, and lack of funds to invest in

disaster-resilient adaptation projects (3). Insurers

also experience rising losses under political risk

policies in these regions, as civil unrest and

conflicts over food, water resources, and ref-

ugees manifest in the wake of natural disasters

(31). Insurers from industrialized countries

share these losses through their growing ex-

pansion into these emerging markets.

As insurability declines, insurers use tradi-

tional methods to reduce their exposures: in-

creased premiums and deductibles, lowered

limits, nonrenewals, and new exclusions. Al-

though consumer demand for insurance increases

at first, it evolves into reducedwillingness to pay,

and some shift from the use of insurance to

alternatives such as weather derivatives.

Aswarned by theU.S. Government Account-

ability Office (32), private insurers encounter in-

creasing difficulty in handling extreme weather

events. As commercial insurability declines, de-

mands emerge to expand existing government-

provided insurance for flood and crop, and to

assume new risks (e.g., wildfire and windstorm).

Cash-strapped governments, however, find that

claims interfere with balancing their budgets

(4) and, in turn, limit their coverage (33), with

the result that more ultimate losses are shifted

back to the individuals and businesses affected

by climate change. Compounding the problem,

international aid for natural disasters continues

its current decline as a percentage of donor-

country GDP (3).

The impacts of climate change accelerate

several forms of unrelated adverse structural

change already under way in the insurance

industry. This manifests as a rise in com-

petition among insurers, consolidation due

to the reduced viability of small firms, in-

creased risk exposure by way of glob-

alization, and a growing proportion of

competing self-insurance and alternative

risk transfer mechanisms. Better prepared

for the impacts of climate change, Euro-

pean and Asian insurers capture market

share from the United States.

Although the industry is not bankrupt, as

some have suggested, an increasing number

of firms do succumb to these losses, espe-

cially where solvency regulation is weak. In

the United States, at least 7% of insurer

bankruptcies are currently attributed to ca-

tastrophes (34). As the globe warms, cli-

mate change puts a chill on the insurance

market. Insurance ceases to be the world’s

largest industry.

Policy Considerations

With human-induced climate change, the locus

of Garrett Hardin’s ‘‘tragedy of the commons’’

(35) as conceived in the 1960s has mush-

roomed from pastoral grazing lands to the

global atmosphere. While his treatise was

written before the issue was widely recog-

nized, in a reprise three decades later Hardin

reflected: ‘‘On the global scale, nations are

abandoning not only the freedom of the seas,

but the freedom of the atmosphere, which acts

as a common sink for aerial garbage’’ (36).

The relevance for insurers is twofold. They

will inevitably experience some of the im-

pacts and mirror back to society (through

their selection and pricing of risk) some of the

costs of externalities imposed on the climate

commons. They may also become more pro-

active in formalizing social solidarity to pre-

vent and, when necessary, endure and adapt to

extreme events that individuals cannot manage

independently, keeping the commons livable

Fig. 3. Declining insurance industry capacity to absorb
weather-related natural disasters. Curves show ratio of
global weather-related property losses to total property/
casualty premiums over the past quarter-century,
indexed to average 1980 levels. [Sources as in Fig. 2]
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and sustainable and the insurance business vi-

able. This is the highest form of insurance,

with roots in its centuries-old tradition of loss

prevention. What happens in practice remains

to be seen.

Insurance is a form of adaptive capacity for

the impacts of climate change, although the

sector itself must adapt in order to remain via-

ble. It is incumbent on insurers, their regu-

lators, and the policy community to develop a

better grasp of the physical and business risks.

A key issue is whether the meeting of com-

mercial interests with the expectation that in-

surance serves a basic social function results

in market failures under climate change.

Related questions concern the nature and de-

sirability of loss prevention, universal cov-

erage, and profit-driven decisions to exclude

coverage for certain individuals or hazards.

Can insurers extend their self-chosen his-

torical role in addressing root causes (as founders

of the first fire departments, building codes,

and auto safety testing protocols) to one of

preventing losses at a

much larger scale,

namely, the global cli-

mate? Should insur-

ance regulators take a

more active role in

fulfilling their obli-

gation to maintain

insurance availabili-

ty and affordability?

How can the public

be more effectively

enlisted in loss pre-

vention?What is gov-

ernment’s role, and

will it serve as ‘‘in-

surer of last resort’’?

Although insurers

first expressed con-

cern about climate

change more than three decades ago (37),

fewer than one in a hundred appear to have

seriously examined the business implications

(38), and fewer still present their analyses in

the open literature (7, 8, 11, 39–41). This state

of affairs heightens the likelihood of un-

anticipated adverse outcomes.

Disjointed modeling traditions and in-

conclusive attribution analyses hamper the

industry’s ability to assess weather-related

risks and regulators’ ability to safeguard both

insurers and consumers (1). Insurers’ weather-

related loss models focus primarily on cata-

strophic events (to the exclusion of a broader

array of small-scale events that have larger

aggregate impacts), are predicated on extrap-

olating historical trends, and largely neglect

life and health impacts. In contrast, the climate

change community’s models are future-focused,

yield results not easily applied to business

decision-making, and underestimate the physi-

cal and economic impacts of abrupt climate

changes (26). These communities operate large-

ly in isolation (42). An effort to bridge the gap,

in the case of windstorms under climate change

(40), yielded striking results. Predicted losses,

technical prices (risk premiums), and capital

requirements under a low-emissions scenario

[525 parts per million by volume (ppmv) at-

mospheric CO
2
concentration by 2080] were

one-fifth to one-eighth those under a high-

emissions case (810 ppmv CO
2
). The value of

improved data and modeling is central, as ev-

idenced by a shift in the industry (thanks in

part to better models) toward accepting flood

risks where they previously had been viewed

as uninsurable (43).

Certain measures that integrate climate

change mitigation and adaptation can simulta-

neously reduce insurance losses (44). Exam-

ples include protection of mangroves, reefs,

and wetlands that buffer storm surge and wave

risks. A host of energy-efficiency technologies

also provide insurance loss-prevention benefits

(45, 46). A few insurers have sought to lead by

example, e.g., Swiss Re has committed to be-

coming carbon-neutral in its operations and

asset management, and a growing number

have initiated enterprise-wide sustainability

programs.

Public-private partnerships are clearly es-

sential (11, 43, 47). Insurers and governments

have devised innovative means of spreading

financial risk while fostering loss-prevention

practices (3, 48). Government’s role can in-

clude research, education, emissions reduc-

tions, land-use planning, disaster preparedness,

and provision of backstop reinsurance. Joint

efforts to develop innovations such as micro-

insurance and microcredit can better serve

the uninsured and fund disaster preparedness

in the developing world. Such efforts should

be coupled with a more prevention-oriented

paradigm within the development and disas-

ter relief communities.

Insurers will also find business opportuni-

ties in responding to climate change (7, 39, 47).

These include new risk-management products

for emissions reductions and loss-prevention

technologies, analysis and advisory services,

participation in adaptation activities, and in-

creased demand for insurance itself.

Are insurers simply fomenting fear about

climate change in order to sell more of their

product or raise prices? This is doubtful. An

industry thus motivated would be sounding a

much louder alarm. Moreover, insurance reg-

ulators rarely allow price increases or expan-

sion of reserves based on projected losses, and

price competition is stiff. The prospects of

forced reductions in coverage, loss of market

share, periodic bankruptcies, eroded reputa-

tions, and regulator rejection of requests to

withdraw from markets are material business

risks that merit concern. Moreover, insurers

hold major investments that may be vulner-

able to climate change. A few insurers will

no doubt be inappropriately opportunistic—

and should be called to task for doing so—

but those who have expressed concern are

actively supporting climate change adaptation

and mitigation, which will ultimately curb

price increases.

The future role of insurance in helping

society to cope with climate change is un-

certain. Insurers may rise to the occasion and

become more proactive players in improving

the science and crafting responses. Or, they

may retreat from oncoming risks, thereby

shifting a greater burden to governments and

individuals.
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V I E W P O I N T

Refocusing Disaster Aid
Joanne Linnerooth-Bayer, Reinhard Mechler, Georg Pflug

With new modeling techniques for estimating and pricing the risks of natural disasters,
the donor community is now in a position to help the poor cope with the economic
repercussions of disasters by assisting before they happen. Such assistance is possible
with the advent of novel insurance instruments for transferring catastrophe risks to the
global financial markets. Donor-supported risk-transfer programs not only would
leverage limited disaster-aid budgets but also would free recipient countries from
depending on the vagaries of postdisaster assistance. Both donors and recipients stand
to gain, especially because the instruments can be closely coupled with preventive
measures.

Postdisaster assistance for emergency relief

and reconstruction, although important for

humanitarian reasons, has failed to meet the

needs of developing countries in reducing

their exposure to disaster risks and ensuring

sufficient funds to governments and individ-

uals for financing the recovery process. Di-

sasters continue to impose substantial human

and economic losses on the developing world.

In a sample of large natural disasters over the

period 1980 to 2004, fatalities per event were

higher by orders of magnitude in low- and

middle-income countries compared with high-

income countries; similarly, losses as a per-

centage of gross national income (GNI) were

highly negatively correlated with per capita

income (Fig. 1) (1). Despite evidence of large

returns on investments in preventive measures

(2), most assistance arrives after the disaster.

Moreover, postdisaster aid discourages preven-

tion because of the associated moral hazard:

Governments and individuals, expecting sup-

port, have little incentive to invest in precau-

tionary measures.

The donor community—financial institu-

tions, international agencies, nongovernmental

organizations, and donor governments—is

recognizing the need to place more emphasis

on programs that prevent disaster losses. There

is less recognition, however, of the need to

support risk-pooling and risk-transfer pro-

grams that assure readily available postdisaster

funds for relief and reconstruction. Lacking

sufficient funds, the follow-on costs of di-

sasters can be extensive. For example, 4 years

after the devastation of Hurricane Mitch in

1998, the gross domestic product (GDP) of

Honduras was 6% below predisaster pro-

jections (3). Donor pledges of US$2.7 bil-

lion were considered exceptionally high but

amounted to only about half of the estimated

total reconstruction costs (4).

Governments, households, and businesses

in poor countries cannot easily afford com-

mercial insurance to cover their disaster risks.

Whereas low-cost microinsurance for inde-

pendent risks, such as funeral expenses, is now

widely available in countries like Bangladesh

and India, this is not the case for dependent

risks that affect many communities at the

same time. The cost of catastrophe insurance

is usually substantially higher than the pure

risk premium, mainly because of the insurer_s

cost of backup capital to cover dependent

claims. Consequently, people can pay more

for disaster insurance than their anticipated

losses over the long term. For example, in

the Caribbean region, catastrophe insurance
The authors are at the International Institute for
Applied Systems Analysis, Laxenburg, Austria.
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premiums were estimated to represent about

1.5% of GDP during the period 1970 to 1999,

whereas average losses per annum (insured

and uninsured) amounted to only about 0.5%

of GDP (5). This helps explain why only 1%

of households and businesses in low-income

countries and only 3% in middle-income

countries have catastrophe insurance cover-

age, compared with 30% in high-income

countries (1). Instead of insurance, they rely

on family and public support, which is not

always forthcoming for catastrophes that

affect whole regions or countries. Without

support from insurance, family, or the gov-

ernment, disasters exacerbate poverty as vic-

tims take out high-interest loans (or default

on existing loans), sell assets and livestock,

or engage in low-risk, low-yield farming to

lessen exposure to extreme events (6).

Developing countries cannot rely on donor

aid to fill the financing gap. Humanitarian aid

reported by the Organisation for Economic Co-

operation and Develop-

ment (OECD) Develop-

ment Aid Committee is

generally only a small

percentage (usually un-

der 10%) of disaster

losses in recipient coun-

tries (7). EThe $5.3 bil-

lion pledged after the

2004 Asian tsunami (8)

was exceptional.] More-

over, promises can fall

short of actual outlays.

Two years after the 2001

earthquake in Gujarat,

India, assistance from

the central reserve fund

and international sources

had reached only 20% of

original commitments (9). Because business as

usual will likely not meet the postdisaster needs

of developing countries, the donor community

should consider refocusing disaster assistance to

support risk-management programs that leverage

aid with public and private contributions and that

promote loss mitigation (10). Three examples

demonstrate the potential for donor-supported

risk-transfer programs.

The recently launched Turkish Catastrophe

Insurance Pool (TCIP), which is similar to

public-private insurance systems in France, the

United States, Japan, and other developed

countries, is the first of its kind to tackle the

problem of insurance affordability in a middle-

income developing country. Istanbul faces an

estimated 0.41 probability of a severe earth-

quake over the 30-year period from 2004 to

2034 (11). In response to this risk, earthquake

insurance policies are now obligatory for all

property owners, who pay a risk-based fee to a

privately administered public fund. To reduce

the premiums and make the system viable, the

World Bank provides backup capital for two

layers of risk in the form of a loan with highly

favorable conditions and contingent on the oc-

currence of a major disaster (12). Despite man-

datory policies and 17% insurance penetration,

the TCIP has not been fully successful in terms

of public acceptance and implementation (and

could have benefited from public participation

in its design) (13). Still, it sets an important

precedent as the first time an international

financial institution has absorbed developing

country risk. The donor community, too, could

absorb risk in this way. Moving beyond the

TCIP experience, it could provide support not

just for risk transfer but for a comprehensive

risk-management program, including preventive

measures such as retrofitting buildings, educating

the public, and enforcing land-use restrictions.

There are also innovative prospects for

governments, which hold a large portfolio of

infrastructure assets, to transfer their risks.

Mexican authorities are planning to reinsure

their national catastrophe relief and recon-

struction fund (FONDEN) with a catastrophe

bond. This is an instrument whereby the in-

vestor receives an above-market return when

a specific catastrophe does not occur within

a specified time (e.g., an earthquake of mag-

nitude 7.0 or greater on the Richter scale in

the vicinity of Mexico City over a 1-year

period) but sacrifices interest or part of the

principal after the event. The government_s

disaster risk is thus transferred to international

financial markets that have many times the

capacity of the reinsurance market (14). Al-

though Mexico, a middle-income developing

country, will finance the bond out of its own

means, a similar, but donor-assisted, bond is

an option for poorer countries.

Risk-transfer instruments are also emerg-

ing to address higher frequency, slower onset

disasters such as droughts. In Ethiopia, where

a drought resulted in the deaths of nearly one

million people in 1984 (15), farmers may soon

be able to purchase an index-based weather

derivative. This is a contingent contract with a

payoff determined by future weather events,

such as a specified lack of precipitation mea-

sured at a weather station (16). Because of this

physical trigger, there is no moral hazard; on

the contrary, farmers have an incentive to re-

duce potential losses, for example, by diversi-

fying their crops. A physical trigger also means

that claims are not always fully correlated with

losses, but this Bbasis risk[ may be offset by the

elimination of long and expensive claims settle-

ments. Expedient payments will reduce the need

for farmers to sell their assets and livestock to

survive the aftermath of a disaster. However,

despite low transaction costs, Ethiopian farmers

have many other pressing needs and can ill

afford to pay the costs of this hunger insurance.

The affordability of the system will only be

assured by the World Food Program, which has

solicited donors to subsidize the premiums.

Such subsidized pilot schemes, if they can

be scaled up to create a sufficiently diversified

pool, hold considerable promise for the more

than 40% of farmers in developing coun-

tries who face threats

to their livelihoods from

adverse weather (17).

The donor community

can help make these

systems viable in two

ways: subsidizing pre-

miums as in Ethiopia

and/or providing back-

up capital to reduce the

risks to private or pub-

lic providers.

The implementation

of these public-private

risk-transfer programs

is now feasible largely

as a result of advances

in computerized model-

ing that make it possi-

ble to better estimate and price low-probability

extreme event risks for which there are limited

historical data. Catastrophe models typically

generate probabilistic losses by simulating

stochastic events based on the geophysical

characteristics of the hazard and combining

the hazard data with analyses of exposure in

terms of values at risk and vulnerability of

assets. For example, the TCIP is based on a

model that includes the tectonic or geophys-

ical features of the country, seismic activity

(modeled according to a compound Poisson

process), and the intensity of ground-shaking.

Apartment buildings have been mapped accord-

ing to their vulnerability to shaking and the

characteristics of the soil on which they are built

(18). In addition, there has been important pro-

gress in the mathematics of extreme value

theory and in the convergence of the theories

of finance and insurance, rendering possible the

pricing of exotic risk-transfer instruments such

as weather derivatives and catastrophe bonds

(19, 20). Perhaps most important, countries are

developing the capacity to build these models,

Fig. 1. Fatalities per event and direct economic losses as a share of national per capita income
over the period 1980 to 2004. Country income groups according to World Bank classification
using GNI per capita. Lower-middle and upper-middle income groups were combined.

D E A L I N G W I T H D I S A S T E R SD E A L I N G W I T H D I S A S T E R S

www.sciencemag.org SCIENCE VOL 309 12 AUGUST 2005 1045

S
P
E
C
IA

L
S
E
C
T
IO

N

http://www.sciencemag.org


which increases local knowledge about the

risks and how to reduce them. On the basis of

modeling and research by Turkish universities,

the Turkish government is considering pilot

programs to retrofit housing, schools, and other

infrastructure.

If these pilot programs prove successful,

they present compelling reasons for the donor

community to follow the examples of the

World Bank and the World Food Program

and invest in risk-transfer instruments. By

sharing responsibility with individuals and the

state, donors leverage their limited budgets and

substitute a calculable annual commitment to a

risk-transfer system for the unpredictable grant-

ing of postdisaster aid. With donor-supported

risk-transfer programs, developing country

governments will rely less on debt financing

and international donations, and assured funds

for repairing critical infrastructure will attract

foreign investment. Donor support will also

provide poor households, farmers, and busi-

nesspersons with access to affordable means

to spread risks spatially and temporally, which

will secure their livelihoods and improve

their creditworthiness. Most importantly, by

making this assistance contingent on require-

ments or incentives for prevention as part of

a comprehensive risk-management program,

predisaster assistance can reduce the human

and economic toll that disasters take on the

poor. Even at extra cost, predisaster donor

aid can thus be an efficient strategy if it re-

duces the long-term need for humanitarian

disaster aid.

The need for assisting developing coun-

tries has become more pressing in light of

the climate-change negotiations. As developed

countries recognize that their greenhouse gas

emissions can lead to increased intensity and

frequency of weather extremes in the devel-

oping world (21), climate negotiators are seek-

ing options for helping affected countries adapt.

Specifically, the United Nations Framework

Convention on Climate Change (UNFCCC)

and the Kyoto Protocol call upon developed

countries to consider actions, including insur-

ance, to meet the specific needs and concerns of

developing countries with respect to adverse

climate impacts. Providing assistance to public-

private risk-transfer programs such as those in

Turkey, Mexico, and Ethiopia, is an innovative

option to consider (22, 23).

Recent initiatives to put risk-transfer pro-

grams into place, and the role of catastrophe

models in making these programs possible, are

remarkable. Still, there are many challenges for

implementing these programs on a large scale

and ensuring that they genuinely provide af-

fordable security to the poor. To begin, the

science underlying the models and risk esti-

mates must be independent, transparent, and

viewed as reliable by insurers, investors, and

donors. Despite advancements in data collec-

tion and verification with satellite technology,

changes in climate, urbanization, and land-use

practices create large uncertainties in estimating

longer term risks (catastrophe insurance ar-

rangements are usually short term) and add to

the reluctance of the private sector to invest in

risk-transfer instruments (24).

Beyond the formidable scientific issues, a

challenge for the international donor community

is to promote good governance and sound reg-

ulatory practices as prerequisites for any risk-

transfer program. As cases in point, premium

payments for the TCIP are placed in a seg-

regated account, and investors in catastrophe

bonds are assured payment from an internation-

ally controlled special-purpose vehicle. Both are

legally inaccessible to the respective govern-

ments. Still, corrupt practices are a risk even to

clear contractual arrangements. This political

risk, however, should be compared to that of ad

hoc postdisaster assistance, which is more dif-

ficult to monitor and often diverted from its in-

tended purpose.

Another challenge is overcoming the myo-

pia of individuals and governments and their

reluctance to invest in protection against low-

probability disasters. Subsidizing developing

country insurance programs, it can be argued,

will distort prices and create the wrong signals

for avoiding risk exposure. This argument,

however, is hardly relevant for poor communi-

ties, which have few affordable options for

relocating or otherwise reducing their exposure

to disaster risk, and, lacking subsidized insur-

ance instruments, will continue to rely on in-

ternational aid. The argument against subsidies,

however, underlines the importance of explic-

itly tying predisaster support to affordable loss

prevention and phasing out subsidies as coun-

tries develop.

As these early risk-transfer schemes illus-

trate, the purpose of refocusing disaster aid is

not to replace it with unaffordable private in-

surance but rather to complement postdisaster

humanitarian aid with predisaster support of

risk-management programs that combine pre-

vention and risk transfer. A strong commitment

on the part of the donor community and climate

policy negotiators in providing expertise, capac-

ity building, and, above all, financial support

will be necessary if these programs are to make

a wide-scale difference to the poor.

References and Notes
1. Munich Re NatCatSERVICE, Natural Disasters According

to Country Income Groups 1980-2004 (Munich Re,
Munich, 2005).

2. R. Mechler, ‘‘Cost-benefit analysis of natural disaster
risk management in developing countries,’’ working
paper (Deutsche Gesellschaft für Technische Zusam-
menarbeit, in press).

3. R. Mechler, Natural Disaster Risk Management and
Financing Disaster Losses in Developing Countries (Verlag
für Versicherungswissenschaft, Karlsruhe, 2004).

4. J. Telford et al., ‘‘Learning lessons from disaster recovery:
The case of Honduras,’’ Disaster Risk Management
Working Paper Series No. 8 (World Bank, Washington,
DC, 2004).

5. P. Auffret, ‘‘Catastrophe insurance market in the Carib-
bean region,’’ World Bank Policy Research Working Paper
No. 2963 (World Bank Group, Washington, DC, 2003).

6. P. Varangis, P. Skees, J. R. Barnett, in Climate Risk and
the Weather Market, B. Dischel, Ed. (Risk Books,
London, 2005), pp. 279–294.

7. J. Linnerooth-Bayer, A. Amendola, Geneva Pap. Risk
Ins. 25, 203 (2000).

8. Reuters Foundation AlertNet, www.alertnet.org/thefacts/
aidtracker/.

9. World Bank, Financing Rapid Onset Natural Disaster
Losses in India: A Risk Management Approach (World
Bank Group, Washington, DC, 2003).

10. UNISDR (United Nations International Strategy for
Disaster Reduction), Hyogo Declaration. World Con-
ference on Disaster Reduction (Kobe, Japan, 2005).

11. T. Parsons, J. Geophys. Res. 109, B05304, doi:10.1029/
2003JB002667 (2004).

12. E. Gurenko, in Catastrophe Risk and Reinsurance: A
Country Risk Management Perspective, E. Gurenko,
Ed. (Risk Books, London, 2004), pp. 3–16.

13. In Hungary, a participatory process provided important
insights to the design of a national insurance system
(25).

14. J. Pollner, Managing Catastrophic Risks Using Alter-
native Risk Financing and Insurance Pooling Mecha-
nisms (World Bank, Washington DC, 2000).

15. J. Morris, ‘‘Can insurance break Ethiopia’s vicious cycle
of hunger?’’ (FT.com Financial Times, 10 May 2005).

16. U. Hess, K. Richter, A. Stoppa, in Climate Risk and the
Weather Market, B. Dischel, Ed. (Risk Books, London,
2005), pp. 295–310.

17. World Bank, ‘‘Commodity and Weather Risk Manage-
ment Programs to be Expanded’’ (World Bank News &
Broadcast, 24 May 2005). http://web.worldbank.org/
WBSITE/EXTERNAL/NEWS/0,,contentMDK:20513603È
menuPK:34459ÈpagePK:34370ÈpiPK:34424ÈtheSitePK:
4607,00.html.

18. D. Kuzak, in Catastrophe Risk and Reinsurance: A
Country Risk Management Perspective, E. Gurenko,
Ed. (Risk Books, London, 2004), pp. 41–64.
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Soil Invertebrates Disrupt Carbon

Flow Through Fungal Networks
David Johnson,1*. Martin Krsek,2 Elizabeth M. H. Wellington,2

Andrew W. Stott,3 Lisa Cole,4 Richard D. Bardgett,5

David J. Read,6 Jonathan R. Leake6*

Amajor proportion of the flux of carbon (C) from

plants to soil moves rapidly through networks of

symbiotic, arbuscular mycorrhizal (AM) fungi

(1), which colonize around 80% of land plants.

Mycorrhizal mycelia extends from plant roots to

produce a distinct Bmycorrhizosphere[ and a

nutrient-absorbing network, which, in grassland,

can reach up to 100 m in length per gram of soil

(2). Increasing awareness of the importance of

AM mycelial networks for below-ground C flow

has highlighted the need to investigate the extent

to which these fragile pathways are susceptible to

disruption by abundant fungal-feeding inverte-

brates (3). Here we address the affect of natural

densities of Collembola in their native grass-

land habitat on C flow through intact mycelial

networks. We combined field-based manipu-

lations of AM external mycelium and fungal-

feeding microarthropod populations with in situ
13CO

2
pulse labeling (4) in upland, seminatural

grassland in Scotland, UK.

Mesh cores, into which mycorrhizal myce-

lium could grow from the surrounding plant

roots and in which collembolans could be

Bcaged,[ were filled with defaunated soil and

inserted into replicate plots (4). After 6 weeks

for mycelial colonization, 20 individuals of the

collembolan Protaphorura armata were added

to half the cores; the remaining cores served as

controls (Fig. 1). After a further 4 weeks, the

swards of the plots containing the cores were

pulse labeled with 13CO
2
for 7 hours (4).

The numbers of P. armata surviving in the

mesh cores to which they were added ranged

from 2 to 8 (SEM, 5 T 0.58). The relatively low

survivorship of the collembolans, perhaps in part

a result of the extraction procedure (4), resulted

in a density of 14,100 mj2, which is within the

typical range for temperate grassland (5,000 to

50,000 mj2). The presence of P. armata re-

duced by 32% the atom excess %13C (the

relative proportion of 13C above that found

naturally) of respiration from the mycorrhizo-

sphere (Fig. 1) (P 0 0.014).

The addition of the collembolans had no

effect on the natural abundance d13C-CO
2
(the

relative proportion of 13C found naturally) from

mesh cores (Fig. 1) (P 0 0.55), so their effects

on 13C enrichment of respiration after pulse

labeling must reflect disruption to the pathway

of C flux into the mycorrhizosphere. This dis-

ruption could be a result of either consumption

of mycelium or incidental damage. We found

that the phospholipid fatty acid (PLFA) 16:1w5

was significantly (Student_s t 0 7.09, P 0 0.006)

enriched in 13C in the collembola-free mycor-

rhizosphere after pulse labeling, whereas in the

presence of collembola, this PLFA was not

significantly enriched (Student_s t 0 2.43, P 0

0.093). Because 16:1w5 has high specificity to

AM fungi (5), this result suggests that the

reduction in atom excess %13C of respiration as

a result of the activities of the collembola is pri-

marily attributable to disruption of mycorrhizal

rather than saprotrophic fungal mycelium. This

supports observations that have identified frag-

ments of AM mycelium in the guts of some

Collembola (6).

Given the importance of mycorrhizal mycelial

networks for the establishment, diversity, nutri-

tion, and productivity of plant communities (7),

their disruption by soil invertebrates may have a

wide range of additional effects that need to be

investigated. Our results highlight the need to

redouble efforts to quantify mycorrhizosphere C

fluxes in the field and its contribution to soil food

webs. There is now a clear case for inclusion of

C flow through the mycorrhizosphere in empir-

ical and theoretical studies of C cycling in natural

environments and for further work to estimate the

effect of soil mesofauna on the

total C flux from soil.
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Fig. 1. (A) Twenty collembolans (P. armata) were freshly extracted and added to (B) mesh-walled root exclusion
cores containing nonsterile defaunated soil that had been inserted into field plots in upland grassland (4). (C)
Effect of the presence and absence of natural densities of P. armata on the natural abundance isotopic signature
(shaded bars, not significantly different; P 0 0.55) and on the atom excess %13C released from mesh cores
containing root-free mycorrhizosphere soil 16 hours after pulse labeling (open bars, significantly different; P 0

0.014). The CO
2
released from the mesh cores was sampled within 90 min of their removal from the field plots (4)

and the isotopic signatures analyzed by paired t test (T SEM).
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Atomic-Scale Sources and

Mechanism of Nanoscale Electronic

Disorder in Bi
2
Sr

2
CaCu

2
O
8þd

K. McElroy,1,2 Jinho Lee,1 J. A. Slezak,1 D.-H. Lee,2 H. Eisaki,3

S. Uchida,4 J. C. Davis1*

The randomness of dopant atom distributions in cuprate high–critical temper-
ature superconductors has long been suspected to cause nanoscale electronic
disorder. In the superconductor Bi

2
Sr

2
CaCu

2
O
8þd

, we identified populations of
atomic-scale impurity states whose spatial densities follow closely those of the
oxygen dopant atoms. We found that the impurity-state locations are strongly
correlated with all manifestations of the nanoscale electronic disorder. This
disorder occurs via an unanticipated mechanism exhibiting high-energy spectral
weight shifts, with associated strong superconducting coherence peak suppres-
sion but very weak scattering of low-energy quasi-particles.

Important new electronic materials have been

created by chemically doping their inert parent

compounds with charge carriers. Examples

include organic conductors, cuprate high-

temperature superconductors, manganites that

display colossal magnetoresistance, cobaltates

that display large thermoelectric powers, and

magnetic semiconductors. In such chemical

doping schemes, a critical challenge is to gen-

erate the desired electronic properties without

also creating destructive electronic disorder due

to the random distribution of dopant atoms.

Cuprate high-T
c
superconductivity (HTSC)

is one of the most remarkable examples of this

situation. In hole-doped cuprates (those with

the highest critical temperature T
c
), supercon-

ductivity appears when electron acceptor atoms

are introduced into the parent insulators (1). This

process almost always creates random distri-

butions of differently charged dopant atoms

near the critical CuO
2
crystal planes. These are

potential sources of electronic and crystalline

disorder (2) and T
c
suppression (3, 4). Indeed,

dopant atoms may have two diametrically op-

posite influences on HTSC, being destructive

at the atomic scale but supportive globally

(via enhanced carrier densities). Thus, a key

challenge in cuprate studies has been to de-

termine directly how dopant atoms influence

the superconducting electronic structure at the

atomic scale.

Spectroscopic imaging scanning tunneling

microscopy (SI-STM) studies reveal nanoscale

electronic disorder inmany cuprates. For example,

YBa
2
Cu

3
O
6–d

exhibits local density of states

(LDOS) modulations at the CuO plane (5). In

Na
x
Ca

2–x
CuO

2
Cl

2
, topographic imaging shows

both random nanoscale electronic disorder (6)

and disorder related to the 4 � 4 electronic

Bcheckerboard[ of nondispersive LDOS modu-

lations (7). Bi
2
Sr

2
CaCu

2
O
8þd

(Bi-2212) exhibits

several signatures of electronic disorder, including

subgap dispersive LDOS modulations (8), dis-

ordered regions (diameter È3 nm) in energy-gap

images D(r
Y

) (9–11), and nanoscale disorder in

low-bias topographic images z(r
Y

) (11). Although

dopant disorder was suspected to cause these

effects, this was impossible to verify directly be-

cause simultaneous atomic-resolution images of

the dopant atom locations and the superconduct-

ing electronic structure were unattainable.

Locating the atomic-scale sources of
electronic disorder. Here we focus on Bi-

2212, a cuprate superconductor that is hole-

doped by adding a number d of nonstoichiometric

oxygen atoms per unit cell. The floating zone–

grown crystals, prepared with variable oxygen

dopant densities, can be cleaved to reveal the BiO

layer (Fig. 1A). Although analyses of x-ray and

neutron scattering studies imply that the oxy-

gen dopant atoms may be located either within

or between BiO layers (12, 13), their exact

locations have never been determined. To at-

tempt location of oxygen dopants by SI-STM,

one needs to identify an electronic impurity

state characteristic of dopant atoms only.

The stoichiometric oxygen atoms are invisible

to low-bias SI-STM because their contribu-

tions to the BiO band structures occur far from

the Fermi energy. By contrast, each non-

stoichiometric oxygen dopant atom is a –2e

charged impurity, so they might be expected

to generate an electronic impurity state some-

what below the Fermi level. To search for such

dopant-induced impurity states, we acquired

LDOS( r
Y

,E 0 eV ) images with large field of

view over a range of energies –1.2 eV G E G

–0.15 eV. At typical tunnel junction resistance

R
J
0 109 ohms with V È 1 V, the electric field

exceeds È109 V/m and can rupture the BiO

surface; therefore, new techniques for LDOS

imaging with R
J
up to 1011 ohms were devel-

oped for these studies.

Figure 1A shows a typical z(r
Y

) topograph

with sample bias V
B
0 –0.9 V. Figure 1B, which

shows the simultaneous LDOS(r
Y

,E) image at

energy E 0 –0.9 T 0.05 eV, reveals a random

distribution of bright maxima in the LDOS, each

with radius È4 ). The inset of Fig. 1A com-

pares the shape of the high-voltage spectrum at

one of the bright features in Fig. 1B with that of

a spectrum typical of regions far from them; we

see that the contrast in Fig. 1B occurs because

each bright region exhibits a broad peak (arrow

in Fig. 1A) in the spectrum at V 0 –0.96 V.

By cross-correlating the simultaneous topo-

graphic and LDOS(V 0 –0.96 V) images (e.g.,

Fig. 1A with Fig. 1B), we determined that

the ‘‘–0.96 eV features’’ occur at a distance of

È1.9 ) away from the nearest Bi along the

BiO bond direction but in an unknown plane

(inset, Fig. 1B). The precision of this determina-

tion is not high because of crystal spatial disorder

and the extended nature (diameter È8 )) of the

impurity state. One possible explanation for these

features is a dopant atom residing above the BiO

layer. This scenario, although not ruled out, is not

supported by observations of adatoms at these

locations. Another possibility is a vacancy at the

stoichiometric oxygen site in the BiO layer, but

here topography does not reveal the anticipated

displacements of Bi atoms. A well-known elec-

tronic defect (4) is substitution of a Bi atom on

the Sr site, but this cannot explain the –0.96 eV

impurity state because it is positively charged

(Bi3þ on the Sr2þ site), so its impurity state

should exist above the Fermi level; in fact it is

observed at E 0 þ1.7 eV (9). A final possibility

is that, at whichever site within the crystal the O–2

dopant atom resides, it generates a local electronic

impurity state somewhere below the Fermi level.

To test whether the ‘‘–0.96 V features’’

could be such impurity states, we repeated the

LDOS(V 0 –0.96 V) imaging experiments on

several samples with different oxygen dopant

densities. Typical results are shown in Fig. 2,

where the locations of spectra exhibiting –0.96 V

peaks are marked as white dots superimposed on

the simultaneously acquired gap maps D(r
Y

). The

hole density p per CuO
2
decreases from Fig. 2A

to Fig. 2C, as evidenced by the increasing aver-

age gap magnitude D; in break junction studies

of Bi-2212, D , E75 – 275 (T10%) � p] meV

(14). From images of the –0.96 eV features, we
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find that their density per CuO
2
plaquette, n, also

diminishes from Fig. 2A to Fig. 2C and is

related to the average gap magnitude D , E75 –

600 (T15%) � n] meV. These data are all con-

sistent with every –0.96 eV state being asso-

ciated with the contribution of È2 holes to the

CuO
2
plane. It is then reasonable to postulate

that each is due to a single oxygen dopant atom,

and hereafter we refer to them provisionally as

the ‘‘dopant defects.’’ These –0.96 eV impurity

states, independent of their microscopic cause or

electronic structure, occur at the primary sources

of the nanoscale electronic disorder (see below).

Superconducting electronic disorder
phenomena in Bi-2212. The simplest type

of electronic disorder in Bi-2212 appears in

LDOS( r
Y

,E) images generated from tip-sample

differential tunneling conductance g( r
Y

,V)

measurements:

LDOSð r
Y

;E 0 eVÞ º gð r
Y

;VÞ K dI=dV r
Y

;V

�
�

ð1Þ

Differential conductance images revealed weak

quasi-periodic modulations exhibiting up to 16

inequivalent sets of energy-dispersive wave

vectors in g(q
Y

,E), the Fourier transform magni-

tude of g( r
Y
,E) (8). When analyzed as scattering-

induced quasi-particle interference patterns

(15–17), these sets of dispersing q
Y

-vectors

yielded elements of the Fermi surface and mo-

mentum space D(k
Y

) in excellent agreement with

photoemission (8, 18, 19). However, the iden-

tity of the scattering centers that generate these

quasi-particle interference patterns was unknown.

Intense disorder is also universally seen in

atomically resolved images of the superconducting

energy gapD(r
Y

) (9–11, 20–23). Gap values range

from below 20 meV to above 65 meV within

adjacent nanoregions; the data shown in Fig.

2, A to C, are typical. Explaining these D( r
Y

)

phenomena has become a key challenge in

cuprate studies.

The disorder seen in low-bias (–150 mV G

V
B
G 0) topographic images of Bi-2212 is also

exceptionally strong (11). For example, the low-

bias topograph in Fig. 3B (with the È2.6 nm

wavelength surface undulations removed by

Fourier filtering) reveals the disorder contrast

as dark and light nanoregions. STM topographic

imaging actually measures the vertical tip dis-

placement z( r
Y

,V
B
) required to maintain con-

stant tunnel current I(V
B
) for sample bias

voltage V
B
. With z

0
as the exponential tunneling

factor, the current at V
B
is given by

IðVBÞº expEjzð r
Y

;VBÞ=z0^

�
X

eVB

0 LDOSðE; r
Y

ÞdE ð2Þ

Ázð r
Y

;VBÞ þ C 0 z0 ln X

eVB

0 LDOSðE; r
Y

ÞdE

ð3Þ

In this simple single-particle picture, the spatial

charge density variations within states up to E 0

eV
B
would then be

drð r
Y

Þ
k
eVB

0 0 d½e X0
eVB

LDOSðE; r
Y

ÞdE� ð4Þ

For this reason, the disorder seen in low-bias

topographs z( r
Y

, –150 mV G V
B

G 0) has

been interpreted via Eqs. 3 and 4 as a log-

arithmic image of charge density disorder

(11, 24).

Modeling the cause of nanoscale elec-
tronic disorder in cuprates. Nanoscale

electronic disorder effects in cuprates (5–11,

20–23) pose critically important questions.

Are there really intense nanoscale CuO
2
plane

charge density variations in near-optimal high-

T
c
superconductors? Is the observed electronic

disorder due to some form of electronic self-

organization or to dopant disorder? If the

latter, what is the microscopic mechanism? Is

it scattering from dopant atoms that produces

the quasi-particle interference modulations (8)

and superconducting coherence peak suppres-

sion (10, 22, 23)? Which specific dopant atom

or defect locations most strongly diminish T
c

(3, 4)?

Theoretical studies of the effects of dopant

atoms explore several hypotheses. In one such

model (24–26), poor electrostatic screening of

the –2e charge on each dopant atom produces

a repulsive potential for electrons, causing

holes to accumulate at that location. This

local increase in hole density produces re-

duced energy-gap values near the dopant atoms

(24–26). Thus, in such a ‘‘hole accumulation’’

model, the disorder in D( r
Y

) is created electro-

statically by the dopant atoms via hole density

variations in the CuO
2
plane. The second class

of model (27) holds that, because of their

displacement from the CuO
2
plane, the dopant

oxygens produce only small-angle scattering,

which is nonetheless sufficient to result in both

the observed quasi-particle interference modu-

lations and the gap disorder (27). A third mod-

el is that the dopants generate local crystalline

stress/strain at the nanoscale (2, 3, 28, 29). In

Fig. 1. (A) Atomic-resolution topographic
imageof theBiO surface of Bi-2212 taken at
VB 0 –0.9 V and RJ 0 3 � 1010 ohms. The
inset compares the shape of a high-
voltage spectrum at one of the bright
features in (B) with that of a spectrum
typical of regions far from any bright
feature (spectra were taken at different
junction resistance and have different nor-
malizations). (B) An LDOS(E 0 –0.96
eV, r

Y
) K O( r

Y
) image [simultaneously

acquired with (A)] of the differential
tunneling conductance measured at V 0

–0.9 V with a modulation amplitude of
50 mV. It shows about 600 atomic-scale
regions of high differential conductance,
which occur because there is a peak in the
differential conductance spectrum near
V 0 –0.96 V at each of these locations.
This is the only energy in our window
where such effects were detected. Exam-
ples of the high-voltage spectra on and
off these bright regions are shown in the
inset of (A); an arrow indicates the peak in
tunnel conductance. Shown schematical-
ly in the inset of (B) is the line parallel to
the c axis along which we believe the
dopant defect is located. It is not
possible to determine which layer of
the crystal it lies in.
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this picture, the local electronic disorder oc-

curs because various hopping matrix elements

in the crystalline unit cell are altered by crys-

tal distortions near dopants. It seemed reason-

able that the exact cause of cuprate nanoscale

electronic disorder could contain some con-

tributions from all these, and perhaps other,

effects.

Correlating dopant defect locations
with electronic disorder. To explore these

issues, we acquired simultaneous atomi-

cally resolved (i) topographs z( r
Y

,VB), (ii)

LDOS(E, r
Y

) images, (iii) gap maps D( r
Y
), and

(iv) LDOS(E 0 –0.96 eV, r
Y

) K O( r
Y

) dopant-

defect images for each sample (more than 3 �

105 individual spectra for this study). To ana-

lyze such data, we define the normalized cross-

correlation C
f,g
(R
Y

) between two-dimensional

images f( r
Y

) and g( r
Y

) as

Cf;gðR
Y

Þ0
X

f ð r
Y

Þj f̄

h i

� gð r
Y

þ R
Y

Þj ḡ

h i

d
2
r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Af; f ð0ÞAg;gð0Þ
p

ð5Þ

where

Af; f ðR
Y

Þ 0
X

f ð r
Y

Þj f̄

h i

� f ð r
Y

þ R

Y

Þj f̄

h i

d
2
r

ð6Þ

For simplicity, we designate C
f,g
(R
Y

0 0) as

C[ f:g]. Identical images f( r
Y

) 0 g ( r
Y

) yield

C[ f:g] 0 1, an image and its negative f ( r
Y

) 0

–g( r
Y

) yield C[ f:g] 0 –1, and C[ f:g] 0 0 for

no local correlation. We calculate a series of

cross-correlations between the simultaneously

measured z( r
Y

,V
B
), LDOS(E, r

Y

), D( r
Y

), and

O( r
Y

) images, yielding similar results at all

dopings studied. A typical set of C
f,g
(R
Y

) data

averaged azimuthally (Fig. 3A) immediately

reveals the strong spatial correlations between

dopant defects and the electronic disorder.

Important deductions emerge from more

detailed analysis of these cross-correlations. It

is well known that low-bias topographic

disorder and gap maps are anticorrelated

(11), and Fig. 3A shows that our measured

cross-correlation coefficient between D( r
Y

) and

z( r
Y

,V
B
0 j100 mV), C[D( r

Y

):z( r
Y

,V
B
0 j100

mV)] , –0.4, in good agreement. But we can

now demonstrate that this effect is indeed

generated by dopant defects, because (Fig. 2,

A to C; Fig. 3A) strong correlations exist

between dopant defect images O( r
Y

) and both

(i) low-bias topographic disorder z( r
Y

,V
B

0

j100 mV), C[O( r
Y

):z( r
Y

,V
B
0 j100 mV)] ,

–0.25, and (ii) simultaneous gap maps D( r
Y

),

C[O( r
Y

):D( r
Y

)] , þ0.3. But these correlations

are inconsistent with dopant-induced hole

accumulation models (24–26) because the sign

of the correlation C[O( r
Y

):D( r
Y

)] is positive.

This means that instead of diminished gap

magnitudes, we find predominantly increased

gap magnitudes near each dopant defect (Fig.

2, A to C; Fig. 3A). We find that the sign of

C[O( r
Y

):z( r
Y

,V
B
)] is negative for both signs of

sample bias. This means that low-bias z(r
Y

,V
B
) is

almost equally diminished for states above and

below the Fermi energy. Even more important,

as V
B

is increased, correlations with pairs of

topographs of opposite V
B
remain identical,

but the topographic z( r
Y

,V
B
) disorder itself

begins to moderate near V
B
0 T0.25 V and is

greatly diminished above V
B
0 T0.60 V (Fig.

3C). Consistent with this, Fig. 3A shows that

C[O( r
Y

):z( r
Y

,VB 0 j900 mV)] , 0 because

disorder in z( r
Y
,V

B
0 T0.9 V) is very weak. All

these data indicate that, when integrated over

states in the range V
B
, T0.9 V, variations in

X
0

eVB

LDOS(E, r
Y

)dE are significantly weaker

than had been originally suspected [as had

been anticipated from nuclear magnetic reso-

nance studies (30, 31)]. Within the single-

particle picture, we estimate that root mean

square charge density fluctuations are dr( r
Y

)/r e

10% in the states up to V
B
, T0.9 V.

How do the dopant defects generate
the electronic disorder? Because disorder

in topography clearly exists at low-bias V
B
e

T0.25 V but diminishes markedly above V
B
,

T0.60 V, the low-bias electronic disorder must

be compensated by contributions of the op-

posite sign beginning above V
B
, T0.25 V. This

can occur only if the low-energy LDOS spectral

weight diminutions near dopant defects are

balanced by equal enhancements at intermediate

energies. To test this deduction, we measured

LDOS( r
Y

,E) images up to high voltage (but well

below the È –0.96 eV impurity state) and

Fig. 2. (A to C) Three gap maps, with identical field of view sizes of 49 nm (corresponding to
È16,000 CuO

2
plaquettes) and color scales, measured on samples with three different oxygen

doping levels. Average gap magnitudes D are shown at the top, together with values of N, the total
number of –0.96 V features (shown as white circles) in the field of view. Those in (B) were derived
from the LDOS image in Fig. 1B. Note that the black regions have a distinct spectrum with a wide gap
and no superconducting coherence peaks (23), as also shown by the black curve in (D). (D) The average
spectrum associated with each superconducting gap value is color-coded to associate each gap-average
spectrum with regions of the same color in all gap maps. As coherence peaks decrease and local gap
values increase near dopant defects, the spectral weight shifts from below to above 250 meV for filled
states and from below to above 150 meV for empty states. To make these observations, we used
setup voltages of þ600 meV and –600 meV, yielding simultaneous topographs with minimal nano-
scale disorder and almost identical sets of spectra. Thus, no renormalization of these spectra to
compensate for topographic disorder (11) was required. Further, the –600 meV setup voltage is
sufficiently far below the –960 meV peak at the dopant sites to avoid tip elevation errors due to the
impurity states.
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identified the average spectrum associated with

each superconducting gap value. The results

(Fig. 2D) are color-coded to associate each

gap-averaged spectrum with regions of the

same color in all gap maps. These shifts are

correlated with dopant defect locations to the

same degree that the gap map is (Fig. 2, A to

C; Fig. 3A, blue line). Therefore, as coherence

peaks are suppressed and local gap values

increase near dopant defects (Fig. 2, A to C;

Fig. 3A), spectral weight shifts from below to

above E 0 250 meV for filled states and E 0

150 meV for empty states are seen (arrows,

Fig. 2D). Total spectral weight is conserved

within the range kEk G 0.9 eV. These effects are

most easily detected at intermediate doping

( p , 0.14); we anticipate that they will di-

minish at very low and very high doping.

Because charge density variations are sig-

nificantly weaker than previously suspected, a

non–charge-driven mechanism for the nano-

scale electronic disorder effects should be con-

sidered. It is known that substitutional atomic

disorder at the Sr site suppresses supercon-

ductivity strongly (4), most likely by distor-

tions of the crystalline unit cell and associated

changes in the hopping matrix elements and

superconducting correlations (2–4, 28, 29).

Dopant atoms might act similarly, perhaps

by displacing the Sr or apical oxygen atoms

nearby, thereby changing the vibration fre-

quencies and/or hopping integrals. Very re-

cently, on the basis of the results reported

here, Nunner et al. proposed a new model for

the cuprate electronic disorder mechanism (32)

in which the dopants not only produce some

charge disorder, but also strongly perturb the

local superconducting pairing potential on in-

dividual bonds between Cu sites. This propos-

al, that atomic-scale electron pairing–potential

variations are paramount, offers a novel ex-

planation for the complex phenomenology de-

scribed here and in (8–11, 20–23).

Correlating dopant defects with quasi-
particle interference modulations. Another
long-standing mystery has been the source

of the very weak low-energy quasi-particle

scattering interference modulations (8) and

Fig. 4. (A) R 0 0 cross-correlation values C[O(r),LDOS(r,E)] for all energies kEk G 60 meV. These
correlations begin to be significant around E 0 10 meV and are intense for 30 meV G kEk G 50 meV.
The sign is always negative; hence, LDOS is low when the intensity of the –0.96 V peak in the O( r

Y

)
map (e.g., Fig. 1B) is high. This is true even though the LDOS modulation images look completely
different at energies that differ by less than 10 meV. (B) Image of oxygen dopant defect locations (red
dots) and LDOS at E 0 –14 meV. The modulations are weak at this energy and consist of numerous
wave vectors. Nonetheless, the tendency for the dopant defects to lie in the minima of LDOS
modulations can be detected by eye. (C) Image [simultaneous with (B) and (D)] of dopant defect
locations and LDOS at E 0 –24 meV. Here the modulations are strong and more clearly reveal the
tendency for the dopants to be at the minima. (D) Image [simultaneous with (B) and (C)] of dopant
defect locations and LDOS at E 0 –34 meV. Here the long-wavelength modulations no longer exist,
and the contrast basically represents the height of the –34 meV coherence peaks. The tendency for
these peaks to be strongly diminished where the dopants are clustered is obvious.

Fig. 3. (A) A series of cross-correlations C
f,g
(R
Y

)
among the simultaneously measured z( r

Y

,VB), D( r
Y

),
and O( r

Y

) images. These show the angular aver-
age Cf,g(kR

Y

k) for f:g pairs O( r
Y

):D( r
Y

) (blue line),
O( r

Y
):z( r

Y
,V
B
0 j100 meV) (red line), O( r

Y

):z( r
Y

,V
B
0

j900 meV) (black line), D( r
Y

):z( r
Y

,VB 0 j100
meV) (purple line), and D( r

Y
):z( r

Y
,V
B
0 j900 meV)

(green line). We note that because O( r
Y

) is an
image with intensity in only a few percent of this
field of view (see Fig. 1B), any correlation
C[O( r

Y

), f( r
Y

)] È 0.3 is actually quite strong.
The images in Fig. 2, A to C, show directly that
the O( r

Y

):D( r
Y

) correlation, while strong, is not
obviously deterministic, as might be expected for
a nonlocal quantum mechanical system. (B) A
typical low-bias topographic image z( r

Y

,V
B
0 –100

mV), with the 2.6 nm ‘‘supermodulation’’ surface
undulation removed but retaining the crystalline
structure, and showing the low-bias disorder as
dark patches. (C) A high-bias topographic image
z( r
Y

,VB 0 –900 mV), from the same field of view
as (B) with the same gray scale, with the 2.6 nm
‘‘supermodulation’’ surface undulation removed
but retaining the crystalline structure. Here, mini-
mal nanoscale electronic disorder can be detected.
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the much stronger superconducting coher-

ence peak suppressions (8, 10, 22, 23) in

Bi-2212. The analysis of correlations be-

tween the dopant defects and quasi-particle

interference patterns C[O( r
Y

):LDOS( r
Y

,E)]

shown in Fig. 4A reveals directly that they

are strongly correlated over a wide energy

range. The negative sign of these correlations

means that minima of LDOS modulations

preferentially occur at the dopant defects. This

is true at all energies, even though the actual

quasi-particle interference patterns are quite

different (8). This can be seen directly in im-

ages of LDOS( r
Y

,E) at E 0 –14 meV, –24

meV, and –34 meV (Fig. 4, B to D, respec-

tively), with dopant defect locations shown as

red dots. In all cases we see that the dopant

defects have a very high probability of being

found at the minima in the LDOS, even though

the patterns are quite different between ener-

gies. This implies a fixing of the spatial phase

of the LDOS modulations at scattering sites,

an effect first seen in cuprates at oxygen va-

cancy defects in YBa
2
Cu

3
O
6–d

(5). Perhaps

more important, Fig. 4D shows that suppres-

sion of superconducting coherence peaks is

found primarily near the dopant defect clusters,

and the bright regions with the sharp coherence

peaks—usually associated with strong super-

conductivity—occur between them. The corre-

spondence between dopant defect locations

and LDOS minima for a variety of LDOS

patterns occurring at different energies (Fig. 4)

provides clear and direct evidence that these

dopant defects generate the LDOS modula-

tions and also suppress superconducting co-

herence peaks in Bi-2212.

Our simultaneous imaging of apparent dopant-

induced impurity states and superconducting

electronic structure points to solutions for several

outstanding problems. The results provide direct

evidence for the concept of an atomic-scale

source for the nanoscale electronic disorder in

cuprates (11, 24–26). Strong correlations be-

tween dopant defect distributions and both gap

map and coherence peak amplitude show that

the dopant defects are responsible for most (but

perhaps not all) of the superconducting electron-

ic disorder in Bi-2212. Further, scattering leading

to quasi-particle interference can now be ascribed

almost completely to whichever atomic-scale

perturbation produces the dopant defects. Finally,

the topographic disorder and related supercon-

ducting electronic disorder are due empirically to

spectral weight shifts from low to high energy

near each dopant defect. These data indicate

that high-energy spectral weight redistributions,

strong coherence peak suppressions, and very

weak scattering of low-energy quasi-particles

are dominant elements in the atomic-scale

mechanism of superconducting electronic dis-

order in Bi
2
Sr

2
CaCu

2
O
8þd

. Similar phenomena

are likely to be common in all nonstoichiometric

oxygen-doped high-T
c
cuprates.
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FD, a bZIP Protein Mediating

Signals from the Floral Pathway

Integrator FT at the Shoot Apex
Mitsutomo Abe,1* Yasushi Kobayashi,1,2*. Sumiko Yamamoto,1,2*

Yasufumi Daimon,1 Ayako Yamaguchi,1 Yoko Ikeda,1

Harutaka Ichinoki,1 Michitaka Notaguchi,1 Koji Goto,2,3

Takashi Araki1,2,4-

FLOWERING LOCUS T (FT) is a conserved promoter of flowering that acts
downstream of various regulatory pathways, including one that mediates
photoperiodic induction through CONSTANS (CO), and is expressed in the
vasculature of cotyledons and leaves. A bZIP transcription factor, FD, pref-
erentially expressed in the shoot apex is required for FT to promote flowering.
FD and FT are interdependent partners through protein interaction and act at
the shoot apex to promote floral transition and to initiate floral development
through transcriptional activation of a floral meristem identity gene, APETALA1
(AP1). FT may represent a long-distance signal in flowering.

Flowering inArabidopsis is regulated by several

pathways that converge on the transcriptional

regulation of the floral pathway integrators FT,

SUPPRESSOR OF OVEREXPRESSION OF

CO 1 (SOC1), and LEAFY (LFY) (1). FT is a

direct target of CO, a key transcriptional reg-

ulator of the photoperiod pathway, and the role

of FT as a potent promoter of flowering in re-

sponse to photoperiods is conserved in Arabi-

dopsis and rice (2–6). FT is expressed in the

phloem tissues of cotyledons and leaves (7, 8)

and encodes a 20-kD protein with homology to

phosphatidylethanolamine binding protein or

Raf kinase inhibitor protein (2, 3). However, the

biochemical function of FT and downstream

events leading to floral transition and floral mor-

phogenesis at the shoot apex remain unknown.

bZIP protein FD is required for FT
function. To understand how signals are me-

diated from FT to finally cause floral transition

and floral morphogenesis, we searched for genes

required for FT to promote flowering. Ectopic
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overexpression of FT by the 35S RNA promot-

er of cauliflower mosaic virus (35S::FT) causes

a precocious-flowering phenotype (2, 3). We

screened for suppressors of 35S::FT, because a

similar approach with 35S::CO was successful

in elucidating the downstream targets of CO,FT

and SOC1 (4, 9). In addition to screening

mutagenized populations of 35S::FT, we ex-

amined known late-flowering mutants (10) for

their effect on the 35S::FT phenotype. Through

the latter approach, we found that fd-1 is a

strong suppressor of 35S::FT (Table 1). In

contrast to a strong effect on 35S::FT, fd-1 had

only a weak effect on a similar precocious-

flowering phenotype of soc1-101D, an activa-

tion tagged allele of SOC1 (11) (Table 1), or

35S::LFY (12). These observations suggest that

the FD activity is required specifically for the

promotion of flowering by FT.

The FD gene was identified with AtbZIP14

(At4g35900) (13) by a map-based approach

(figs. S1 and S2 and table S1). In seedlings, FD

expression was observed mainly in the shoot

apex (Fig. 1, A to E and J), did not show dis-

tinct circadian oscillation, and was not affected

by photoperiods and CO activity (fig. S3). Un-

der both short days (SDs) and long days (LDs),

FD mRNA levels increased with time after ger-

mination (fig. S3). To examine the subcellular

distribution of FD protein, we made a construct

Table 1. Flowering times of transgenic and mutant plants.

Genotype* No. of rosette leavesy No. of cauline leavesy N

Experiment 1, LDs
Wild type (Col) 14.2 T 2.2 (11–18) 3.0 T 0.7 (2–4) 25
fd-1 23.1 T 3.1 (19–29) 6.6 T 1.2 (4–8) 14
35S::FT (YK#1-5C) 2.8 T 0.4 (2–3) 1.0 T 0.4 (0–2) 25
35S::FT (YK#1-5C); fd-1 18.4 T 2.7 (14–24) 5.4 T 1.2 (4–8) 20
soc1-101Dz 1.9 T 0.3 (1–2)` 2.1 T 0.3 (2–3) 15
soc1-101D; fd-1z 2.0 T 0 (2) 1.9 T 0.3 (1–2) 21
Wild type (Ler) 7.2 T 1.1 (6–9) 2.4 T 0.8 (1–4) 22
fd-1 12.3 T 0.7 (11–15) 4.1 T 0.7 (3–5) 43
35S::FT (YK#1-5L) 2.0 T 0 (2) 1.2 T 0.4 (1–2) 40
35S::FT (YK#1-5L); fd-1 4.0 T 0 (4) 2.4 T 0.8 (1–4) 24

Experiment 2, SDs
Wild type (Col), 45.3 T 5.1 (38–54) 10.4 T 2.0 (7–15) 17
fd-1 51.0 T 5.8 (43–61) 9.8 T 1.7 (7–13) 15
35S::FT (YK#1-5C) 2.3 T 0.5 (2–3) 1.0 T 0.5 (0–2) 25
35S::FT (YK#1-5C); fd-1 18.2 T 4.3 (11–26) 4.4 T 1.1 (3–7) 19

Experiment 3, LDs
Wild type (Ler) 5.3 T 0.5 (5–6) 1.7 T 0.5 (1–2) 14
ft-3z 11.2 T 0.8 (10–12) 2.8 T 0.4 (2–3) 10
FD::FT (YD#2-1); ft-3 3.5 T 0.5 (3–4) 0.5 T 0.5 (0–1) 14
PDF1::FT (MA#4-12); ft-3 2.1 T 0.4 (2–3) 1.0 T 0.5 (0–2) 35
SULTR2;1::FT (YD#1-1); ft-3 3.0 T 0 (3) 0.7 T 0.5 (0–1) 15
IAA14::FT (YD#4-3); ft-3z 10.7 T 0.8 (9–12) 2.4 T 0.5 (2–3) 20

Experiment 4, LDs
Wild type (Col) 10.0 T 0.7 (9–12) 2.4 T 0.6 (1–3) 21
fd-1z 21.1 T 2.0 (18–24) 5.5 T 0.5 (5–6) 22
FD::FD (MN#7-1); fd-1 8.4 T 0.5 (8–9) 2.9 T 0.5 (2–4) 21
SULTR2;1::FD (MN#4-2); fd-1z 20.7 T 1.6 (18–24) 5.0 T 0.7 (4–6) 23

Experiment 5, LDs
Wild type (Ler) 5.3 T 0.5 (5–6) 1.8 T 0.4 (1–2) 15
ft-3 13.7 T 0.7 (12–15) 3.3 T 0.7 (2–5) 15
ft-3; fd-1 17.8 T 0.8 (16–19) 5.3 T 0.4 (5–6) 16
FD::FT (YD#2-1); ft-3 2.9 T 0.6 (2–4) 0.8 T 0.4 (0–1) 15
FD::FT (YD#2-1); ft-3; fd-1 5.9 T 0.6 (5–7) 1.8 T 0.6 (1–3) 15
PDF1::FT (MA#4-12); ft-3 2.0 T 0 (2) 1.3 T 0.5 (1–2) 18
PDF1::FT (MA#4-12); ft-3; fd-1 6.4 T 0.6 (5–7) 2.5 T 0.5 (2–3) 20
SULTR2;1::FT (YD#1-1); ft-3 2.7 T 0.5 (2–3) 1.2 T 0.4 (1–2) 13
SULTR2;1::FT (YD#1-1); ft-3; fd-1 4.1 T 0.3 (4–5) 2.0 T 0 (2) 13

Experiment 6, LDs
Wild type (Ler), –Dex 6.8 T 0.9 (5–8) 3.0 T 0.6 (2–4) 22
Wild type (Ler), þDex¬ 6.4 T 0.9 (5–8) 2.9 T 0.7 (2–4) 24
ft-3, jDex 14.1 T 2.5 (11–19) 4.9 T 1.0 (4–7) 12
ft-3, þDex¬ 12.7 T 1.8 (10–15) 4.2 T 0.6 (3–5) 11
35S::FT:GR (YD#9-a); ft-3, jDex 8.8 T 1.7 (6–12) 3.7 T 0.6 (3–5) 24
35S::FT:GR (YD#9-a); ft-3, þDex 3.3 T 0.7 (2–4) 2.1 T 0.4 (1–3) 24

*Genetic background: Col, Columbia; Ler, Landsberg er. Plants in each experiment were grown under LDs or SDs as
indicated. þDex indicates Dex treatment (14). .Indicators of flowering time (10) and shown as average T SD
(range). Statistical tests were done on the number of rosette leaves. -No statistically significant difference among
indicated genotypes in each experiment (Student’s t test, P 9 0.1). No symbol means that there was a statistically significant
difference (P G 0.001) among the genotypes or conditions compared in each experiment. `Includes two plants with
elongated internodes. ¬Indicates no statistically significant difference from the above condition (P 9 0.06).

Fig. 1. Expression of FD and subcellular distribu-
tion of EGFP:FD and FT:EGFP. (A and B) Ex-
pression of FD in shoot apex of wild-type
seedlings grown under LDs (16 hours light) for
6 (A) and 7 (B) days. (C to E) GUS staining of
gFD::GUS seedlings grown under LDs for 6 (C and
D) and 7 (E) days. (C) A whole seedling. The arrow
indicates a root tip, which is enlarged in the inset.
(D) Shoot apical region. (E) Longitudinal section of
shoot apex. (F to I) Distribution of functional
EGFP:FD fusion protein (F and G) and functional
FT:EGFP fusion protein (H and I) expressed in
shoot apex by FD promoter. (G) and (I) are
enlargements showing subcellular distribution.
Arrowheads in (I) indicate nuclei. ( J to M)
Expression of FD (J and L) and AP1 (K and M) in
shoot apex of wild-type plants at floral transition
on day 10 (J and K) and early inflorescence stage
on day 15 (L and M) under LDs. Arrowheads in (L)
and (M) indicate floral meristems at stage 1. Scale
bars: 50 mm in (F), (H), (L), and (M); 20 mm in (A),
(B), (E), (J), and (K); and 10 mm in (G) and (I).
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to express enhanced green fluorescent protein–

FD (EGFP:FD) fusion protein by the FD

promoter (FD::EGFP:FD) (14). That the fusion

protein is functional was confirmed by the rescue

of fd-1 (table S2). EGFP:FD was localized in the

nucleus in cells of the shoot apex (Fig. 1, F

and G). Similarly, nuclear localization of func-

tional enhanced yellow fluorescent protein–

FD (EYFP:FD) fusion protein (table S2) was

observed in cells of the shoot apex and other

tissues in 35S::EYFP:FD seedlings with various

genetic backgrounds (fig. S4) (14), suggesting a

constitutive nuclear localization.

To gain clues to the molecular basis of the

requirement of FD for FT function, we in-

vestigated protein interactions. FT interacted with

FD in yeast cells (Fig. 2A) and in vitro (Fig. 2C).

In contrast, FD showed very weak interaction in

yeast cells with TERMINAL FLOWER 1

(TFL1), the FT-related protein with an antago-

nistic role in the regulation of flowering (2, 3)

(Fig. 2A and fig. S5). Because the subcellular

distribution of the FT protein remains un-

known, we examined the distribution of func-

tional FT:EGFP fusion protein (table S2)

expressed in the shoot apex of Arabidopsis

by the FD promoter or in leaf epidermal cells

of Nicotiana benthamiana by the 35S promoter

(14). In both cases, FT:EGFP was observed in

the nucleus and cytoplasm (Fig. 1, H and I,

and fig. S4). That FT is able to function in the

nucleus was supported by observations that FT

protein fused to a glucocorticoid receptor (GR)

expressed by the 35S promoter (35S::FT:GR)

(14) promoted flowering on dexamethasone

(Dex) treatment (Table 1). These findings

suggest that FD and FT proteins coexist in the

nucleus. We further analyzed the interaction of

FT and FD proteins in plant cells using bi-

molecular fluorescent complementation (BiFC)

(15). In tobacco leaf epidermal cells coexpress-

ing the N-terminal half of EYFP fused to FD

(YN-FD) and the C-terminal half of EYFP

fused to FT (YC-FT) (14), YFP fluorescence

was observed in the nucleus (Fig. 2D). These

findings show that protein interaction is the

basis of the dependence of FT on FD.

Floral meristem identity genes are
regulatory targets of FT and FD. We next

tried to identify the regulatory targets of FT and

FD in the shoot apex that cause floral transition

and morphogenesis. We obtained clues from

analysis of ft; lfy and fd; lfy double mutants. A

previous work showed that ft; lfy greatly reduced

mRNA levels of AP1 and caused severe defects

in floral meristem specification (16). These ob-

servations led to the suggestion that FT and

LFY play redundant roles in up-regulation of

AP1 and floral fate specification (1, 16). In

agreement with a previous report, ft; lfy greatly

reduced the amount and region of AP1 ex-

pression in the shoot apex and caused severe

defects in floral development (Fig. 3, A to D,

and fig. S6). fd; lfy plants had an inflorescence

phenotype indistinguishable from that of ft; lfy

and displayed a severely reduced amount and

spatial extent of AP1 expression (Fig. 3, A to

D, and fig. S6). These observations suggest

that FT and FD together are involved in the

regulation of AP1 redundantly with LFY.

Consistent with a role of FD in the reg-

ulation of AP1, ectopic expression of AP1 was

observed in 35S::FD seedlings (Fig. 3E). Ectop-

ic induction of AP1 expression by FD was

abolished by ft mutation (Fig. 3F) or under

SDs, which reduce FT expression (2, 3, 17, 18)

(Fig. 3G). Upon a shift from SDs to LDs,

which induces FT expression (8, 18), AP1 ex-

pression was induced (Fig. 3H). In young

seedlings, FT is expressed mainly in the

vasculature of cotyledons, and little is detected

in mesophyll cells (7, 8). In 35S::FD seedlings,

AP1 expression was detected in the vascular-rich

fraction but not in the mesophyll-rich fraction

from cotyledons (Fig. 3I). These observations

suggest that activation of AP1 expression by FD

requires the FT function. Finally, in the shoot

apex around the stage of floral transition and in

the young inflorescence apex, the region of AP1

expression was within the expression domain of

FD (Fig. 1, J to M). Thus, AP1 seems to be a

regulatory target of FD, which requires the FT

activity through protein interaction. In support of

this conclusion, several potential bZIP protein

binding motifs were found in a 1.7-kb AP1

promoter (19) (fig. S7).

Because AP1 expression was observed only

in a subset of the expression domain of FD, there

should be factors that restrict AP1 expression to

nascent lateral meristems. TFL1, which has a

role antagonistic to FT (2, 3), is likely to be

responsible for suppressing AP1 expression in

the shoot apical meristem proper (20, 21). That

the loss of AP1 alone does not affect the

precocious-flowering phenotype of 35S::FT (3)

suggests that other regulatory targets of FD

contribute to the promotion of floral transition.

FRUITFULL (FUL) and CAULIFLOWER

(CAL), which act redundantly with AP1 to

promote flowering (22), are candidates for such

targets (Fig. 3, C and E to J, and fig. S8).

How FT regulates FD activity is another

important question. Constitutive nuclear localiza-

tion of FD and the presence of FT in the nucleus

suggest the regulation of FD activity in the

nucleus. Whether FD and FT form a stable

transcriptional complexor interact only transiently

remains to be investigated. FD protein has a

potential phosphorylation site for Ca2þ-dependent

protein kinases (CDPKs) at the C terminus (Fig.

2B and fig. S2). Deletion or mutation of this

Fig. 2. Protein interaction. (A) Yeast two-hybrid assay of interaction among FD, FDP, FT, and TFL1. FDP,
FD PARALOG (AtbZIP27). (B) Yeast two-hybrid assay of interaction between FT and C-terminal mutants
of FD. C-terminal sequences of wild-type (WT) FD and mutant (DC, T282A, T282S) FD proteins
including a possible CDPK site (blue). The asterisk on the WT sequence indicates a threonine (T) residue
expected to be phosphorylated. T282A (substitution with an alanine), but not T282S (substitution with a
serine), abolishes the CDPK site. None of the mutants affected interaction with wild-type FD. (C) In vitro
pull-down assay of interaction between FT and FD (14). ‘‘10% input’’ indicates 10% of 35S-labeled FD
subjected to pull-down by GST or GST-FT. Arrows indicate labeled FD. (D) BiFC analysis of interaction
between FT and FD in N. benthamiana leaf epidermis (14). BF, blight field image; YFP, YFP fluorescence;
PI, propidium iodide fluorescence (nuclei); Merge, merge of YFP and PI; YN-FD, expression of YN-FD
alone; YC-FT, expression of YC-FT alone; YN-FD & YC-FT, coexpression of YN-FD and YC-FT. At the
bottom are higher magnification images of a nucleus of a cell coexpressing YN-FD and YC-FT. Not all
nuclei were stained with PI. Scale bars: 100 mm (upper three rows) and 10 mm (bottom row).
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site abolished interaction with FT (Fig. 2B),

ectopic induction of AP1 expression (Fig. 3J),

and the ability to complement fd-1 (fig. S9),

although nuclear localization was not affected

(fig. S4). These findings suggest the impor-

tance of phosphorylation of FD in the interac-

tion with FT and in its functional regulation.

Mutual dependence and site of action
of FT and FD. The mutual dependence of

FT and FD, as shown above, is further sup-

ported by the observation that flowering of

35S::EYFP:FD plants was delayed under

SDs, which reduce FT expression (table S3).

Furthermore, the enhanced phenotype in

35S::FT; 35S::FD (tables S3 and S4) indicates

that FT and FD are mutually limiting for the

combined activity of FT and FD. These raise

the question of the site(s) of action of FT and

FD. In seedlings, FT is expressed in the

vasculature of cotyledons, but not in the shoot

apex (7) (fig. S10), whereas FD is expressed in

the shoot apex but not in cotyledons and leaves

(Fig. 1, A to E, and fig. S10). As expected,

restoration of the FT function in the vascula-

ture through expression by SULTR2;1::FT (14)

could rescue the late-flowering phenotype of ft

(Table 1 and table S5). Restoration of the FT

function in the shoot apex of ft, either in the

whole region by FD::FT or in the outermost

cell layer (L1) by PDF1::FT (14), also rescued

the late-flowering phenotype (Table 1 and table

S5). These findings agree well with those of a

previous report that the late-flowering phenotype

of co is suppressed by similar constructs for FT

misexpression (23). We further observed that

FD::FT, PDF1::FT, and SULTR2;1::FT

rescued delayed flowering, reduced AP1 ex-

pression, and severe floral defect in ft; lfy (Fig.

3, B and C, and fig. S6). By contrast, restoration

of FT in root vasculature by IAA14::FT (14)

failed to rescue ft (Table 1). These observations

indicate that ectopically expressed FT in the

shoot apex can exert an effect on flowering. FT

expressed in the shoot apex requires the FD

function, because fd-1 attenuated the rescued

phenotype (Table 1 and table S5). In contrast,

FD rescued the late-flowering phenotype of fd

through expression in the whole shoot apex (by

FD::FD), but not through ectopic expression in

leaf vasculature (by SULTR2;1::FD), where FT

is expressed (Table 1). Therefore, FD acts in

the shoot apex and seems to be required in all

cell layers. These findings, together with ob-

servations that protein interaction is the basis

for interdependence between FT and FD, sug-

gest that the shoot apex is the site of the FT

and FD action.

FT and the long-distance signal in
flowering. It has long been believed that a

long-distance signal, named florigen (24), is

generated in leaves upon exposure to inductive

photoperiods, is transported to the shoot apex,

and acts there to promote flowering (25).

However, the nature of the signal has remained

elusive (25). Our present work supports an

emerging hypothesis (7, 8, 23) that the FT

products represent a part of the long-distance

signal(s) generated in cotyledons and leaves

(mainly in the phloem tissues) and act at the

shoot apex to promote floral transition and to

initiate floral development (fig. S11).

Fig. 3. FT-dependent activation of AP1 by FD. (A) Floral defect in lfy-26, fd-1; lfy-26, and ft-2; lfy-26.
Lateral structures on the primary inflorescence that would be single flowers in the wild-type plant.
Inset shows a flower formed later in lfy-26. Scale bars: 2 mm and 1 mm (inset). (B) Rescue of floral
defect in ft-2; lfy-26 by tissue-specific expression of FT. Young primary inflorescences and flowers of
ft-2; lfy-26 with indicated FT constructs. Arrowheads indicate a terminal flower. Scale bars, 2 mm and
1 mm (inset). (C) AP1 and FUL expression in shoot apex of various genotypes at two different stages.
SOC1 and ACT2 were amplified for reference. (D) AP1 expression in young inflorescence apex. Scale
bar: 10 mm. (E to J) AP1 and FUL expression in 35S::FD and wild-type (WT) seedlings. SOC1, EF-1, and
ACT2 were amplified for reference. Whole seedlings (E to H and J) or cotyledons (I) were harvested for
RNA extraction at the indicated Zeitgeber time (ZT) points. (E) Seven-day-old seedlings under LDs. (F)
Seven-day-old 35S::FD in FTþ and ft-3 background and wild type under LDs. (G) Seven-day-old
seedlings under LDs and SDs (8 hours light). (H) 35S::FD seedlings grown for 6 days under SDs and
subjected to day-length extension from 8 to 16 hours on day 7. (I) Vascular- and mesophyll-rich
fractions from cotyledons of 10-day-old seedlings under LDs (14). SULTR1;3 is a vascular marker and
RbcS is preferentially expressed in mesophylls. ( J) Seven-day-old seedlings of wild-type and fd-1 with
35S::FD or 35S::FDT282A or without a transgene (j) under LDs.
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Integration of Spatial and

Temporal Information During

Floral Induction in Arabidopsis
Philip A. Wigge,1,4*.- Min Chul Kim,1* Katja E. Jaeger,1.

Wolfgang Busch,2 Markus Schmid,3 Jan U. Lohmann,2

Detlef Weigel1,4-

Flowering of Arabidopsis is regulated by several environmental and endogenous
signals. An important integrator of these inputs is the FLOWERING LOCUS T (FT)
gene, which encodes a small, possibly mobile protein. A primary response to
floral induction is the activation of FT RNA expression in leaves. Because flowers
form at a distant site, the shoot apex, these data suggest that FT primarily
controls the timing of flowering. Integration of temporal and spatial in-
formation is mediated in part by the bZIP transcription factor FD, which is
already expressed at the shoot apex before floral induction. A complex of FT and
FD proteins in turn can activate floral identity genes such as APETALA1 (AP1).

One of the major flowering pathways in

Arabidopsis, the photoperiod pathway, posi-

tively regulates activity of the nuclear protein

CONSTANS (CO), which acts upstream of a

graft-transmissible signal produced in leaves

(1–3). Experiments with a dexamethasone-

dependent, constitutively expressed version of

CO have suggested that CO directly activates

genes with diverse biochemical functions (4).

These include two genes that are known to

promote flowering: the transcription factor

gene SUPPRESSOR OF OVEREXPRESSION

OF CONSTANS 1 (SOC1) and FLOWERING

LOCUS T (FT), which encodes a small glob-

ular protein related to the floral repressor

TERMINAL FLOWER 1 (TFL1) (5–7). In ad-

dition, ACS10 and P5CS2, structural genes for

ethylene and proline biosynthetic enzymes,

were identified as potential CO targets in these

experiments (4).

FT is the major primary target of CO
in leaves. Because the results with CO gain-

of-function alleles had suggested that the CO-

induced signal is complex, we used microarray

analyses to identify targets of endogenous CO

in leaves. To induce endogenous CO activity,

we activated CO protein with light (1). We

grew all plants in 8-hour short days. On the day

of the experiment, we exposed the experimental

group to 16 hours of light and the control group

to 8 hours of light followed by 8 hours of

darkness. We harvested leaves at the end of the

16-hour period. Differentially expressed genes

were identified with a combination of per-gene

variance [logit t test, P G 0.025 (8)] and

common variance (91.5� change).

Of 2000 genes that are activated or repressed

after exposure to a single long day, merely three

genes are responsive to long days in wild-type

plants and at the same time differentially

expressed between wild-type plants and co

mutants in long days. Of these, only one gene

does not respond at all to long days in a co

background: FT (Fig. 1, A and B). In contrast,

SOC1, ACS10, and P5CS2 expression is in-

dependent of CO after exposure to a single long

day (Fig. 1B), suggesting either that these genes

respond only to higher levels of CO or that they

respond to CO in tissues other than the leaf. In

plants grown in continuous light, FT expression

is much higher in leaves than at the shoot apex

(Fig. 1C), consistent with leaves being the pri-

mary site of FT activation.

The finding that FT is the major target of

CO in leaves is in agreement with our observa-

tion, also based on global expression profiles,

that FT is the major output of CO at the shoot

apex and that early floral markers such as SOC1

and FRUITFULL (FUL) are similarly dependent

on both CO and FT (9). Thus, the initial signal

acting downstream of CO in leaves might be

less complex than previously thought.

The bZIP protein FD is required for FT
activity. To understand how FT activity is

transduced, we searched for FT interactors. In a

yeast two-hybrid screen, we isolated two closely

related bZIP transcription factors, At2g17770

and At4g35900 (fig. S1), the Arabidopsis

orthologs of tomato SIP8/SPGB, which inter-

acts with Arabidopsis FT and TFL1, as well as

the tomato TFL1 homolog SELF-PRUNING

(10). The available collections of transferred

DNA (T-DNA) insertion lines do not contain any

At2g17770 alleles, but there are four different

alleles but of At4g35900 (11). The late-

flowering phenotype of these lines (Fig. 2A

and Table 1) is rescued by a minigene, in-

dicating that At4g35900 promotes flowering

(fig. S2). The only late-flowering mutant

described for this region of the genome is fd-1

(12), and complementation crosses showed FD

and At4g35900 to be allelic. We therefore

designated our reference insertion allele of

At4g35900 as fd-2. By their phenotype and

genetic interactions, FD and FT have been placed
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in the same class of floral regulators (12, 13). A

special property of ft compared with several

other late-floweringmutants is that ft leafy (lfy)

double mutants never form flowers, indicating

partially redundant functions of FT and LFY

(14). fd-2 lfy-12 double mutants also lack

flowers (Fig. 2, B and C). One of the outputs

of combined LFY and FT activities is activation

of the floral identity gene AP1. Again con-

sistent with a role of FD in the FT pathway,

activation of AP1 is delayed in fd-2 mutants

(Fig. 3, B and C). Finally, FD is required for

FT activity, such that the early flowering

caused by FT overexpression is partially sup-

pressed by fd-2 (Fig. 2A and Table 1).

In contrast toFT, FD is highly expressed at

the shoot apex (Fig. 1C). Specifically, FD

RNA was observed in leaf and floral anlagen.

Its levels decrease soon after floral primordia

start to express AP1 (Fig. 3, A and B, and fig.

S3). Expression in floral anlagen appears to be

slightly higher than in leaf anlagen, and a

modest increase after floral induction is also

seen with microarrays, both in wild-type

plants and ft mutants (fig. S4).

It thus appears that FT, which is induced

most strongly in leaves, integrates environmen-

tal signals that allow for correct timing of flower

initiation, whereas FD, which is most strongly

expressed at the shoot apex, provides spatial

specificity for FT action. Because FD is already

expressed at the shoot apex before floral in-

duction, FD should be less limiting for flower-

ing than FT. Indeed, the early flowering of lines

that overexpress FD is weaker than that of

35S:FT plants (Table 1). In addition to early

flowering, 35S:FD plants are small with curled

leaves (Fig. 2D). Both phenotypes largely dis-

appear in short days, when little FT activity is

present (Table 1). That FT and FD are mutually

limiting is further supported by the synergistic

phenotype of 35S:FT 35S:FD plants (Fig. 2D).

FT and FD are sufficient to activate the
expression of floral marker genes. The
strong leaf phenotype of 35S:FD plants, which
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Fig. 1. Expression analyses using microarrays and
real-time RT-PCR. (A) Venn diagram of Affymetrix
ATH1 microarray data (ArrayExpress experiment
E-TABM-2) showing that only a single gene, FT, is
differentially affected by the co mutation and
the shift from short days (SD) to long days (LD),
indicated in bold. (B) Microarray values (averages
of three replicates) for FT and three other genes
previously identified as potentially direct CO tar-
gets (4). (C) Expression patterns of floral regu-
lators, from the AtGenExpress microarray atlas
(26). From left to right, tissues are embryonic
leaves (cotyledons, 7 days) and rosette leaves 2,
4, 6, 8, 10, and 12 (17 days); petiole, proximal,
and distal parts of leaf 7 (3 weeks); vegetative
apex (7 days), transition apex (14 days), flower-
ing apex (21 days), and stage-9 flowers. FT is
expressed most strongly in the oldest leaves,
and within a leaf, in the distal, most differen-
tiated part. SOC1 is expressed more strongly in
leaves than in vegetative apices, but induced
upon flowering at the shoot apex. Light color in-
dicates an ‘‘absence’’ call by the Affymetrix MAS
algorithm in all three replicates. (D) Real-time
RT-PCR analysis of FT and AP1 in leaf 3 and
shoot apex of 20-day-old wild-type plants.

Fig. 2. Phenotypes of
plants grown in long
days. (A) Partial sup-
pression of 35S:FT by
fd-2. From left: 30-
day-old 35S:FT, 35S:FT
fd-2, wild-type, and
fd-2 plants. (B) lfy-12
mutants produce abnor-
mal flowers (f). (C) lfy-
12 fd-2 plants produce
leaves (l) instead. (D) An
18-day-old 35S:FT (left)
compared with 35S:FD
35S:FT plant. (E) Cotyle-
dons (c) and two normal
leaves (l) are seen in a
10-day-old 35S:FT tfl1 ft
plant (left). The first
two leaves of 35S:FT-VP16 tfl1 ft are curled up and surround a single terminal flower (right). Plants
in each panel were grown simultaneously. Scale bars, 1 cm (A), 5 mm [(B) to (D)], and 1 mm (E).

Fig. 3. In situ hybridization patterns of FD and AP1 at the shoot apex. Plants transferred from short to
long days were sampled at the end of each day. ‘‘0d’’ indicates last short day. A complete series until
day 7 after transfer is shown in fig. S3. Day 4 after transfer (‘‘4d’’) was the first day on which a robust
AP1 signal was apparent in the wild-type plant. (A) FD expression at the shoot apex of wild-type
plants. Note transient expression in floral anlagen (a), with rapidly declining expression in floral
primordia (p). (B) AP1 expression in wild-type plants. AP1 is detected in floral primordia and
subsequent stages. (C) Delayed and weaker activation of AP1 expression in fd-2 plants. A range of
floral stages with corresponding variation in AP1 expression was found in each sample. An average
example is shown for each day and genotype.
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is reminiscent of plants that overexpress AP1

or FUL (4, 15), suggested that combined FT

and FD activities are largely sufficient for

triggering the floral transcriptional program.

Consistent with this hypothesis, AP1 and

FUL are ectopically activated in the leaves

of 35S:FD plants, but only during long days

(Fig. 4, A and B).

Two additional experiments demonstrated

that ectopic activation of floral markers requires

the combined presence of FT and FD. First, we

manipulated the temporal expression of FT in

35S:FD plants by transferring them from short

to long days. In this experimental set-up,

activation of AP1 closely follows that of FT

(Fig. 4C), indicating that AP1 is an early target

of combined FT and FD activity. Second, we

manipulated the spatial pattern of FT expres-

sion in 35S:FD plants containing an AP1:GUS

reporter by partially covering leaves with

aluminum foil. FT itself is cell-autonomously

activated in response to light-dependent activa-

tion of the upstream regulator CO (1, 2, 16, 17).

Upon transfer of 35S:FD AP1:GUS plants from

short to long days, which induces FT expres-

sion in leaves, AP1:GUS is strongly activated

in the light-exposed but not the shaded part of a

leaf (Fig. 4D).

How, then, does FT control FD activity? FT

might affect posttranslational modification of

FD, which in turn may alter its DNA binding

capacity or transcriptional activity. Alternative-

ly, FT itself might provide transcriptional

activation potential. To test the latter scenario,

we added the potent VP16 activation domain to

FT and introduced a 35S:FT-VP16 construct

into ft tfl1 double mutants. These plants flower

even earlier than 35S:FT ft tfl1, and have a

phenotype similar to that of 35S:FT 35S:LFY

(5, 6), with a single terminal flower between

the first two leaves (Fig. 2E). AP1 and FUL

are expressed at much higher levels in 35S:FT-

VP16 than in 35S:FT plants, confirming that

the VP16 domain alters FT activity (Fig. 4E).

That adding a transcriptional activation do-

main to FT changes its activity supports a mod-

el in which FT acts in the nucleus as part of

a transcriptional complex with FD. To generate

additional support for this scenario, we mapped

the FD response element in the AP1 promoter

to a 130–base pair region (Fig. 4F), which

also encompasses the previously identified

binding site of LFY, another AP1 activator

(18). The LFY binding site is not required for

ectopic activation of the AP1 reporter, con-

firming an LFY-independent effect of FD on

the floral transcriptional program. To test

whether an FT/FD complex directly interacts

with the FD response element, we performed

chromatin immunoprecipitation, using 35S:FD

plants and FT antibodies (11). AP1 promoter

sequences are enriched in long days, in which

FT expression is induced, but not in short days

(Fig. 4G). An enrichment of AP1 sequences is

not seen with leaf material of wild-type plants.

Thus, FT protein is recruited to the FD-

response element in the AP1 promoter in an

FD-dependent manner.

Roles of FT and FD in mediating floral
inductive signals. It has long been known

that day length is detected in leaves, which in

Fig. 4. Response of
floral meristem-identity
genes to FD and FT
activity. (A) Expression
of floral meristem-
identity genes in leaves
of 26-day-old, long-
day-grown wild-type
[left; two replicates,
light and dark blue
(mostly too small to
be visible at this scale)]
and 35S:FD plants
(right; three replicates,
yellow, orange, and
red), as measured by
real-time RT-PCR. LFY
does not respond to
35S:FD. (B) Photoperiod-
dependent activation
of a FUL:GUS reporter
in leaves of 35S:FD. (C)
Activation of FT and
AP1 in leaves of 35S:FD
plants in response to
transfer to long days.
Abscissa indicates chro-
nological time, starting
at 16:00 hours on the
first day (end of short
day). There appears to
be a slight delay in AP1
activation relative to FT activation. (D) AP1:GUS reporter activity is only induced in the part of a leaf
from a 35S:FD plant that has been exposed to long days. Dashed box indicates covered portion of
the leaf. An uncovered leaf is shown below. (E) Expression of AP1 and FUL in 18-day-old 35S:FT tfl1
ft (left; two replicates, light and dark blue) and 35S:FT-VP16 tfl1 ft plants (right; two replicates,
yellow and red). (F) Mapping of an FD-response element in the AP1 promoter to a region that
encompasses binding sites for LFY (18), SPL3 (27), and a C-box, a motif that can be bound by bZIP
proteins (28). (G) Immunoprecipitation of chromatin from 35S:FD plants with antibodies to FT,
followed by real-time PCR amplification of control HSF1 promoter (blue) or AP1 promoter (yellow)
sequences (11). PCR cycle difference between precipitate and supernatant is plotted; a lower number
of cycles indicates relative enrichment in the immunoprecipitate compared with the supernatant.
Numbers on top indicate fold enrichment of AP1 compared with HSF1 sequences, by assuming PCR
efficiency of 1.8-fold amplification per cycle. Results are averages of at least three replicates. Tissue
was harvested at 23:15 hours on the second day after transfer from short to long days.

Table 1. Flowering times of mutant and transgenic plants. The 95% confidence interval is 2 � the
standard error of the mean.

Genotype Leaves 95% confidence interval Range n

Experiment 1 (long days)
Wild type 16.3 T0.7 15–18 12
fd-2* 23.5 T0.6 18–28 54

Experiment 2 (long days)
Wild type 15.7 T0.8 10–19 23
35S:FT 5.3 T0.2 4–8 75
fd-2 22.8 T1.5 20–28 10
fd-2 35S:FT 10.7 T0.7 8–13 15

Experiment 3 (long days)
Wild type 15.6 T1.0 13–18 14
35S:FD 10.0 T0.4 8–12 24

Experiment 4 (short days)
Wild type 50.5 T0.4 48–53 30
35S:FD 45.6 T0.8 43–50 21

Experiment 5 (long days)
Wild type 13.6 T0.5 12–15 12
FD:FT (T1 plants) 5.3 T0.3 5–6 10

*At4g35900 insertion allele SALK_013288.
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turn release a systemic signal dubbed ‘‘flori-

gen’’ (19, 20). Our data suggest a model in

which FT directly regulates the activity of FD

at the shoot apex by formation of a transcrip-

tional complex, even though induction of FT

RNA expression in response to photoperiod

occurs predominantly in leaves. Consistent

with FT being the primary target of CO in

leaves, CO overexpression causes activation

of the FT promoter in the phloem of leaves

(2, 21). The most parsimonious hypothesis to

integrate these findings is that induction of

FT RNA in the leaf phloem leads to the

presence of FT protein at the shoot apex. Con-

ventional means are insufficient to detect

FT protein at the shoot apex, nor can FT

RNA be detected at the shoot apex on mi-

croarrays (Fig. 1C). More sensitive real-time

reverse transcription polymerase chain reac-

tion (RT-PCR) analyses indicate a merely

threefold increase of FT RNA at the shoot

apex of plants grown in the long-day com-

pared with the short-day condition; this

contrasts with the approximately 70-fold dif-

ference in leaves (Fig. 1D). In addition,

transgenic experiments show that FT activity

at the shoot apex needs to be tightly con-

trolled in order to prevent precocious flower-

ing: When FT is expressed directly in the FD

domain with the use of FD regulatory se-

quences, early flowering ensues, demonstrat-

ing exquisite sensitivity of the shoot apex to

local FT levels (Table 1).

Our data do not necessarily imply that

FT RNA or FT protein themselves are the

long-distance signal. They are similarly con-

sistent with a relay mechanism in which FT

induces a mobile signal in leaves, which in

turn leads to FT activation in secondary tis-

sues near or at the shoot apex. Such an inter-

mediate step may be required to translate the

circadian activation of FT in leaves into a

more constant and finely tuned signal at the

shoot apex. Secondary activation of FT ex-

pression at the shoot apex may also explain

why this tissue has an important function

in perceiving the effects of vernalization, the

transient exposure to winterlike temperatures

that promotes flowering in many plants

(22, 23).

Finally, FT and FD are unlikely to be the

only factors that mediate the effects of up-

stream regulators such as CO on flowering.

Rather, we envision an intricate system of

flowering promoting and repressing activities

that act at the shoot apex to provide a robust

flowering response. This system is likely to

include the multitude of MADS box genes

affecting flowering, such as SOC1 and others,

as well as the targets of the miR156 and

miR172 microRNAs (23–25). How the FD/FT

module interacts with these other factors and

their role in transmitting the mobile flower-

inducing signal are important avenues for

further research.
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Origin of Brittle Cleavage in Iridium
Marc J. Cawkwell,1* Duc Nguyen-Manh,2

Christopher Woodward,3,4 David G. Pettifor,5 Vaclav Vitek1

Iridium is unique among the face-centered cubic metals in that it undergoes
brittle cleavage after a period of plastic deformation under tensile stress. Atom-
istic simulation using a quantum-mechanically derived bond-order potential
shows that in iridium, two core structures for the screw dislocation are possible:
a glissile planar core and a metastable nonplanar core. Transformation between
the two core structures is athermal and leads to exceptionally high rates of cross
slip during plastic deformation. Associated with this athermal cross slip is an
exponential increase in the dislocation density and strong work hardening from
which brittle cleavage is a natural consequence.

The plastic deformation of crystalline materials

is mediated by the motion of line defects

called dislocations (1). Dislocations glide

along crystallographic planes and displace the

two parts of the crystal by a fixed lattice vector

known as the Burgers vector. If metastable

stacking faults can form, dislocations may

reduce their energy by dissociating into partials

with Burgers vectors smaller than the lattice

vector, connected by the stacking fault. The

equilibrium width of splitting is determined by

a balance of elastic repulsion between the

partials and attraction arising from the energy

of the stacking fault. The mobility of individ-

ual dislocations is to a large extent governed

by the shape of their cores. Dislocations with

cores that are spread only on the slip plane are

hereafter referred to as planar and are usually

glissile; i.e., they move easily at very low ap-

plied stresses even at low temperatures. Dis-

locations with cores that are spread onto two or

more nonparallel planes are hereafter referred

to as nonplanar and tend to be sessile; i.e., in

order to glide, they require high stresses that

are often strongly dependent on temperature
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(2). During plastic deformation, dislocations are

continuously generated and multiplied by means

of the operation of Frank-Read sources (3).

Dislocations in metals with the face-centered

cubic (fcc) crystal structure commonly dissociate

into Shockley partials and adopt glissile planar

cores. The efficient multiplication of dislocations

in fcc metals in conjunction with their high

mobility ensures that any stress concentrators

can be quickly relaxed. As a rule, such plasticity

leads to failure by ductile tearing rather than

brittle cleavage even at very low temperatures.

The refractory fcc metal iridium (melting

point 2443-C) is a notable exception because

it deforms plastically in a manner crystal-

lographically consistent with other fcc metals

but then undergoes brittle transgranular cleav-

age at temperatures up to 500-C under tension

(4–6). This behavior is well established as

being an intrinsic failure mode (6–9). The

usual octahedral slip system is responsible for

plastic deformation (10) and dislocations disso-

ciate into Shockley partials (11). The feature

that sets iridium apart from other fcc metals is

its exceptionally high rate of work hardening

during neck-free plastic deformation and the

accumulation of dislocation densities so high

that they can only be compared with other

fcc metals after severe radiation damage (6).

These features suggest that dislocation multi-

plication takes place in iridium at a rate far

beyond that possible in other fcc metals.

We present a model for the very high rate

of dislocation multiplication in iridium that

leads ultimately to brittle cleavage. We dem-

onstrate through atomistic simulations that (i)

the screw dislocation in iridium can adopt a

metastable nonplanar core in addition to a pla-

nar core that corresponds to dissociation into

Shockley partials. (ii) Transformation from the

planar core to the nonplanar core occurs under

applied stresses that reduce the width of

splitting between partials. It neither requires

thermal activation nor full constriction of the

partials. (iii) Once the nonplanar core is

formed, it transforms back into Shockley

partials on the cross-slip plane, again without

the need for thermal activation. These three

steps, all unique to iridium because of the

strong angular character of its interatomic

bonding, describe a mechanism through which

cross slip may occur at a very high rate and

without thermal activation. This athermal cross-

slip mechanism leads to a precipitous increase

in the number density of Frank-Read sources

and to an exponentially increasing dislocation

density. On reaching a certain level, high dis-

location densities naturally lead to brittle cleav-

age because stress concentrations cannot be

relaxed through further dislocation glide.

The development of an interatomic poten-

tial for fcc iridium requires that the angular

character of bonding arising from the valence

d electrons is captured accurately. We adopted

the bond-order potential formalism, a real-

space, O(N), orthogonal tight-binding scheme

(12–14), which has been shown to be emi-

nently suitable for the atomistic simulation of

extended defects in transition metals (15, 16).

Extensive testing of the bond-order poten-

tial developed for fcc iridium showed that it

is an accurate and transferable description of

bonding (17).

High-resolution transmission electron mi-

croscopy studies of screw dislocations in

iridium showed that they dissociate into

Shockley partials with a width of splitting

of only 8 ), corresponding to an intrinsic

stacking fault energy of 420 mJ/m2 (11). The

bond-order potential yields an intrinsic stack-

ing fault energy of 408 mJ/m2. Our atomistic

simulations of the screw dislocation in iridium

were performed at zero temperature. Atomistic

relaxation using the bond-order potential for

iridium in conjunction with flexible lattice

Green_s function boundary conditions (14, 18)

found two core structures. The first is planar

and corresponds to dissociation into Shockley

partials on the (111) plane. It is presented as a

differential displacement map in Fig. 1, A and

B. The second structure (Fig. 1C) is nonplanar

with the core spread into two intersecting

A111Z planes in the E110^ zone. Such a core

structure has not been found in atomistic sim-

ulations of any other fcc metal. However, the

ordinary screw dislocation in TiAl (tetragonal

fcc-based structure) exhibits only this core

structure because of the very high stacking

fault energy (19).

In Fig. 2, we plot the energies of the

dislocations with the planar and nonplanar

cores calculated atomistically in concentric

cylinders of radius R about their elastic center

versus ln(R/b) Eas per elasticity theory (1)^,

where b is the magnitude of the total Burgers

vector. This shows that the dislocation with the

nonplanar core is metastable and is higher in

energy by 0.33 eV/b than the dislocation that is

dissociated into Shockley partials.

The Burgers vectors of Shockley partials

possess both screw and edge components, i.e.,

components parallel and perpendicular to the

dislocation line respectively. Only shear stresses

parallel to the total Burgers vector of the

dislocation can drive its glide (glide stresses).

Stresses perpendicular to the total Burgers

vector, referred to as Escaig stresses, change

only the separation of the partials (20, 21). The

dislocation with the nonplanar core is not af-

fected by Escaig stresses because in this core

structure, the edge components are negligible.

Atomistic simulation of the application of

glide stresses to the dislocation with the planar

core showed that the minimum stress at which

it glides (the Peierls stress) is 2 � 10j4 C
44
,

where C
44

is a shear modulus for iridium. The

low value of the Peierls stress verified that this

dislocation is highly glissile.
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Fig. 1. Differential dis-
placement maps of
screw dislocation cores
in fcc iridium. The
circles depict atoms in
the projection onto the
plane perpendicular to
the dislocation line,
(110), and the colors
distinguish two planes
of atoms within one
period. The arrows rep-
resent relative displace-
ment between two
neighboring atoms.
The length of the
arrows is proportional
to the magnitude of
the displacement nor-
malized by a=2

ffiffiffi

2
p

,
where a is the fcc lat-
tice parameter. (A) Pla-
nar core with arrows
representing displacements parallel to the dislocation line. (B) Planar core with arrows representing
displacements perpendicular to the dislocation line. The dislocation is dissociated into Shockley
partials and the region of arrows with constant length in (B) is the intrinsic stacking fault and its
extent shows that the width of splitting is about 8 Å. (C) Nonplanar configuration with the dislocation
core spreading into the intersecting (111) and (111) planes. Arrows represent displacements parallel
to the dislocation line.
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We performed atomistic simulations of the

change in energy of the dislocation with the

planar core when the partials are constricted by

the application of an Escaig stress.We found that

at an Escaig stress of 0.0250 C
44
the dislocations

with the planar and nonplanar cores are energet-

ically equivalent (Fig. 2). Elasticity calculations

(14) estimated that the splitting between partials

is reduced to 3.41 ) at this stress (figs. S2).

The calculated value of the Peierls stress of

the dislocation with the planar core allowed us

to estimate the likelihood of providing sufficient

stress concentration to form the nonplanar core

configuration. Considering a dislocation pile-up

where the glide stress acting on each dislocation

is equal to the Peierls stress, we estimated with

the use of the standard elasticity treatment (1)

that a maximum of 125 dislocations are

required for the dislocation at the head of the

pile-up to be sufficiently constricted. Because

of the hardening effect of other crystal defects,

the stress at which dislocation glide begins

will be far higher than the Peierls stress, thus

much smaller numbers of dislocations are

needed in a pile-up for the transformation to

the nonplanar core to occur.

Atomistic simulation of the application of

glide stresses to the dislocation with the non-

planar core showed that it transforms into

the dislocation with the planar core on the

maximum resolved shear stress plane at a

stress in excess of 8 � 10j5 C
44
. This indi-

cates that this core does not render the dislo-

cation sessile, in contrast with other materials,

in which dislocations with nonplanar cores are

sessile and lead to high-yield stresses (22).

However, we found that if this glide stress is

applied together with an Escaig stress in excess

of 5 � 10j5 C
44

then the transformation al-

ways takes place onto the cross-slip plane

(the intersecting A111Z plane onto which the

nonplanar core is spread). The Escaig stress

affects the transformation by means of the

edge components of the Burgers vectors of

the Shockley partials as they evolve (20). If the

partials are more constricted on the maximum

resolved shear stress plane than on the cross-

slip plane, it is energetically favorable for the

nonplanar core to transform into the planar

core on the cross-slip plane. However, to form

the nonplanar core initially, substantial con-

striction of partials in the maximum resolved

shear stress plane is necessary. We therefore

conclude that once this core is formed, it im-

mediately transforms onto the cross-slip plane

(Fig. 3).

The small magnitude of the glide stress

needed to transform the nonplanar core to the

planar one suggests that the former is asso-

ciated with a shallow energy minimum. This is

a good indication that the activation barrier for

the forward transformation from the con-

stricted partials to the nonplanar core is small

and thus occurs readily.

Our simulations show that in iridium, dis-

location core structure transformations lead

to cross slip without the need for thermal

activation or constricting the partials fully in

the primary plane. The consequences of such

athermal cross slip, illustrated schematically in

Fig. 3, for mechanical properties are consider-

able. This mechanism allows cross slip to

occur over long segments of the screw dis-

location line with great frequency, resulting in

a high number density of Frank-Read sources

generated by double cross slip (23). These

sources are responsible for further generation

of glissile dislocations that in turn cross slip to

form new sources. Owing to this feedback

mechanism, the rate of change of dislocation

density, r, with plastic strain, e, is at least

linearly proportional to the dislocation density;

i.e., dr/de 0 Cr and thus r 0 r
0
exp(Ce),

where r
0
is an initial dislocation density and

C a constant. Plastic strain can be written

e 0 rbx where x is the dislocation mean free

path (24). It is evident that a rapidly increasing

dislocation density during plastic deformation

leads to small values of x. If x , b then stress

concentrations cannot be relaxed by disloca-

tion glide and any cracks that pre-exist or form

will propagate rather than blunt. Assuming that

the strain at cleavage is around 10%, we esti-

mate that the dislocation density is in excess of

1018 m–2. This density is consistent with that

found in Panfilov et al. (6). Our model for the

origin of transgranular cleavage in the refrac-

tory fcc metal iridium is further reinforced by

the experimental observation that thin iridium

foils fail by plastic tearing (25). Thin foils are

unable to accumulate such high dislocation

densities as in the bulk because dislocations

generated by means of the mechanism we

describe escape through free surfaces.

The mechanism of athermal cross slip

proposed here is likely to be unique to iridium

because of its mixed metallic and covalent

interatomic bonding, which is either absent or

much weaker in other fcc metals. The non-

planar configuration for the screw dislocation

core is unstable in other fcc metals but

metastable in iridium because of the angular

character of bonding arising from the valence

d band. Similarly, the very high intrinsic stack-

ing fault energy in iridium, which leads to a

narrow splitting between partials and promotes

the transformation from the planar core into

the nonplanar one, is also directly related to

the strong angular bonding.
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Photochemical Mass-Independent

Sulfur Isotopes in

Achondritic Meteorites
Vinai K. Rai,* Teresa L. Jackson, Mark H. Thiemens

Sulfides from four achondrite meteorite groups are enriched in 33S (up to 0.040
per mil) as compared with primitive chondrites and terrestrial standards. Stellar
nucleosynthesis and cosmic ray spallation are ruled out as causes of the anom-
aly, but photochemical reactions in the early solar nebula could produce the
isotopic composition. The large 33S excess present in oldhamite from the Norton
County aubrite (0.161 per mil) suggests that refractory sulfide minerals con-
densed from a nebular gas with an enhanced carbon-oxygen ratio, but otherwise
solar composition is the carrier. The presence of a mass-independent sulfur ef-
fect in meteorites argues for a similar process that could account for oxygen
isotopic anomalies observed in refractory inclusions in primitive chondrites.

In 1973, an oxygen isotopic anomaly was re-

ported in the refractory calcium-aluminum-

rich inclusions from the primitive chondrite

Allende. It was suggested that this isotopic

signature arose from the admixture of 16O-rich

exotic dust with isotopically normal oxygen

in the solar nebula (1). Despite searches for

similar anomalies (2) in other elements, as ex-

pected for a nucleosynthetic source, none has

been observed (3), implying that the observed

oxygen anomaly in meteorites is produced by

chemical rather than nuclear processes, per-

haps by isotopic self-shielding of CO in the

solar nebula (4) or chemically produced

mass-independent (MI) isotopic anomalies

arising from quantum-based symmetry effects

(5–8).

Other than oxygen, sulfur is the only multi-

isotopic system that can potentially record MI

processes in the early solar nebula, because it

possesses both a multi-isotopic composition as

well as a relevant gas phase chemical speci-

ation. From laboratory experiments, it has

been shown that ultraviolet (UV) photolysis

of a variety of sulfur-containing compounds of

potential importance in either the solar nebula

or early planetary atmospheres is capable of

producing MI isotopic compositions (9). De-

spite observation of MI sulfur in a variety of

natural (10, 11) and laboratory photolysis ex-

periments (9), sulfur in primitive chondrites

showed a narrow range of mass-dependent

isotopic variation (12, 13). In this paper, we

report sulfur isotopes in achondrites that could

have importance in delineation of physico-

chemical conditions in the early solar nebula

and the origin of sulfur and potentially oxygen

isotopic compositions.

We measured the sulfur isotopic compo-

sition of sulfide phases (14) in four groups

of achondrites: howardite-eucrite-diogenite

(HEDs), acapulcoite-lodranites, aubrites, ure-

ilites (Fig. 1), and two ungrouped meteorites

(Bencubbin and Weatherford), which carry

heavy nitrogen. The d34S of achondrites fall

within the ranges of previously analyzed

carbonaceous chondrites, ordinary chondrites,

and enstatite chondrites (12, 13). Of the four

classes, three of them have a significant

enrichment of 33S as indicated by positive

D33S values (15). The average value of D33S

for HEDs is 0.036 T 0.016 per mil (°)

(standard error of six analyses); for acapulcoite-

lodranite, 0.026 T 0.008° (seven analyses); and

for aubrites, 0.015 T 0.006° (six analyses)

(Table 1). After addition of two more ureilite

samples to the data set of (16), the mean of D33S

is 0.040 T 0.006° (standard error of 23

measurements). The sulfur phases in HEDs,

acapulcoite-lodranites, and ureilites have clear,

resolvable excesses of 33S over analytical

uncertainty as compared with measurements

of a troilite from Canyon Diablo (CDT), which

fall close to zero (average value of D33S is

0.001 T 0.002°, 11 measurements) (22). The

oldhamite separate from the Norton County

aubrite possesses a significantly greater 33S

excess, with an average D33S value of 0.161 T

0.012°; the mean value of aubrites D33S

(0.015 T 0.006°) is closer to the mass-

dependent fractionation line compared with

other achondrites, though is significantly re-

solved. The average D33S of all achondrite data

together (0.040 T 0.006°) is different from the

average of sulfides from chondrites (0.002 T

0.004°) (Fig. 1), whereas the corresponding

averages of D36S are –0.013 T 0.056° and

0.036 T 0.028°, the same within analytical

uncertainty.

The enrichment of 33S in achondrites is

small compared with the observed oxygen iso-

topic anomaly of primitive chondrites. This

may be because oxygen is carried in highly re-

fractory and acid-resistant oxides, which may

allow its production and preservation in nebular

and parent body processes. Sulfur is carried by

relatively volatile phases and therefore prone to

isotopic homogenization. In addition, oxygen

has multiple mechanisms by which MI isotopic

compositions may be generated, both photo-

chemical and thermal-chemical (5, 17). The 33S

enrichment is roughly anticorrelated with the

amount of sulfur, indicating that anomalous

sulfur is contained by a relatively minor phase

whereas most of the total sulfur is isotopically

normal. This can be seen in the Norton County

aubrite that has a normal bulk isotopic com-

position, whereas an oldhamite separate pos-

sesses a large excess of 33S. Anomalous sulfur

might also be present in primitive chondrites as

well; however, the presence of large amounts
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of normal sulfur and similar, if not identical,

chemical behavior during extraction mask the

more primitive anomalous component. A 33S

anomaly has been reported in an acid residue

from Allende but a subsequent attempt to du-

plicate it failed (18), also suggesting that the

carrier is a small, heterogeneous component.

Several processes could explain the origin

of MI sulfur observed in achondrites: (i) cosmic

ray spallation, (ii) stellar nucleosynthesis, and

(iii) gas phase chemical reactions in the solar

nebula, both chemical and photochemical. Spall-

ation is ruled out because it produces a nearly

constant ratio of 36S/33SÈ 6 (or D36S/D33S È 8)

in the metallic phase of iron meteorites (19).

Furthermore, unlike iron meteorites, which have

both higher concentrations of the target element

(Fe in the case of S) as well as the requisite

higher cosmic ray exposure ages (CREAs), the

achondrites have insufficient iron and most of

them have too low CREAs (e.g., acapulcoite-

lodranites have CREAs G 10 Ma). Spallation

on Ca as a target also produces more 36S than
33S enrichment. Production by thermal neutron

capture on 32S requires irradiation in a large par-

ent body and high CREAs. The Norton County

aubrite has both a large preatmospheric size as

well as higher CREA, and thermal neutron

capture of 32S is possible in this meteorite. If

this occurred, this would have produced uni-

form enrichments of 33S in oldhamite as well

as other sulfur phases. The lower D33S in bulk

Norton County as compared with that of old-

hamite argues against this mode of origin.

Sulfur isotopes are synthesized in different

stellar environments: 32S and 34S are made

from hydrostatic and explosive oxygen burn-

ing, whereas 33S is produced from explosive

oxygen and neon burning (20–22). On the

other hand, 36S is produced in the convective

shell in C-burning massive stars under hydro-

static conditions before the supernova (SN) II

explosion (23). 36S is also the least abundant

sulfur isotope, and therefore any inhomo-

geneity due to incomplete mixing of different

nucleosynthetic components of sulfur would be

more apparent in d36S variations. Within the

analytical uncertainty, the 36S/32S of all the me-

teorites is quite constant. Therefore, we rule out

the possibility that the 33S enrichment is of nu-

cleosynthetic origin.

The only alternative remaining is that the

MI sulfur in achondrites is produced by gas-

phase MI chemistry or photochemistry in the

solar nebula. The source of the fractionation

derives from symmetry-dependent factors dur-

ing chemical reactions (5). In the symmetry-

driven model, one expects a similar effect in
36S. The reaction CS þ S might be considered,

although it is unlikely because the presumed

steady-state concentration of the reactants was

likely low and the enrichments in 34S and 36S

should track 33S, which they do not. Within

the error of the measurements, it is not possible

to determine if such an isotopic correlation

exists; however, the lack of a relevant chemical

reaction places the largest constraint on sulfur.

An MI isotopic composition for sulfur and

oxygen isotopes can be generated in the Earth

and Martian atmospheres (11, 24, 25) and

subsequently transferred to surface rocks. MI

sulfur has also been observed in sulfonic

acid extracts from the Murchison meteorite

(26) and in photopolymerization of CS and

CS
2
(27) and photolysis of SO

2
and H

2
S in

laboratory experiments (9, 11). The HED,

acapulcoite-lodranite, and ureilite data points

plot close to the SO
2
photolysis fractionation

pattern observed with a high-pressure Xe lamp

(spectral region 9 220 nm) (Fig. 2), but SO
2
is

an unlikely species in early solar nebula. For

Fig. 1. The D33S values from sul-
fide phases of individual samples
of achondrites. Most of the data
of ureilites (except two with error
bars) are from (16). To demon-
strate the precision of our mea-
surements, we also show D33S of
CDT for reference. Most of the
data points have positive D33S. The
shaded box is the average of all
the D33S of sulfide phases from
achondrites. Average D33S of all
the chondrites data are also shown
at the top of the plot (12, 13). Er-
ror bars indicate SE.

Table 1. Isotopic composition of acid-volatile sulfur from achondrites (this work) and chondrites (12, 13). All
the d values are relative to CDT. Mean percentage weight of sulfur present as sulfide phases. The error
reported here is 1 s. Second numbers in parentheses are standard errors of the mean; n is number of
analyses. Blank entries are not calculated.

Mean wt%
Mean

d34S (SEM)
d34S

range (°)

Mean
D33S(n)

(°) (SEM)

Mean
D36S(n)

(°) (SEM)

Achondrites (this work)
Acapulcoite-

lodranite
0.95 0.015 T 0.147

(0.056)
–0.144–0.237 0.026 T 0.020(7)

(0.008)
–0.002 T 0.334(7)

(0.126)
HED 0.10 0.373 T 0.170

(0.069)
0.242–0.691 0.036 T 0.039(6)

(0.016)
–0.259 T 0.622(6)

(0.254)
Aubrite 0.41 0.319 T 0.747

(0.305)
–0.577–1.710 0.015 T 0.039(6)

(0.006)
0.182 T 0.106(6)

(0.043)
Mean oldhamite

(Norton County)
20 0.216 T 0.012 0.063–0.119 0.161 T 0.012 –0.020 T 0.264

Ureilite 0.09 0.457 T 0.293
(0.061)

–0.020–1.050 0.040 T 0.031(23)
(0.006)

–0.031 T 0.338(23)
(0.072)

Chondrites
Carbonaceous

chondrites
–7.32–6.05 0.012 T 0.027(15)

(0.007)
–0.027T.148(8)

(0.053)
Ordinary

chondrites
–0.12–0.59 0.005 T 0.028(14)

(0.007)
0.278 T 0.131(4)

(0.066)
Enstatite

chondrites
–0.39– –0.16 –0.007 T 0.014(8)

(0.005)
–0.049 T 0.067(5)

(0.030)
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photolysis experiments with H
2
S, a 33S deple-

tion rather than enrichment is observed in the

products, suggesting that the residual H
2
S is

responsible for meteoritic observations. In all

photolysis experiments except H
2
S, MI effects

in 33S are accompanied by larger effects in 36S.

In H
2
S photolysis, effects in 33S are significantly

larger than analytical uncertainty, whereas the

effect on 36S is normal, within measurement

precision (11). At temperatures above 900 K,

SiS replaces H
2
S as primary S-bearing species

in reducing condition in the nebula (29), but

no photochemical fractionation data is availa-

ble to assess the role of this in 33S enrichment.

For other gases that have been studied, such as

H
2
S, CS

2
, and OCS, further laboratory exper-

iments at extended wavelengths will be im-

portant in the future.

Oldhamite from the Norton County aubrite

appears to be a potential carrier phase. Old-

hamite is condensed from a gas more reduced

than solar gases (C/O Q 0.95) but otherwise is

of solar composition (30) and carries nearly all

the rare earth elements in enstatite chondrites

or aubrites (31). Such a high C/O ratio in the

solar nebula can be achieved locally either

by removal of H
2
O or evaporation of carbon-

rich materials of presolar origin (32, 33).

Oldhamite and other minerals condensed in a

reducing environment have been identified

in ureilites (34). Some of the sulfur phases in

other meteorites might derive their MI sul-

fur from other refractory sulfide condensates

formed in a nebular region with enhanced

C/O ratio.

The presence of MI sulfur in four major

achondrite groups that formed in distinct neb-

ular regions either requires a widespread

mechanism by which MI sulfur is produced

or generated in restricted locales and subse-

quently transported to the nebular regions

where these meteorite groups accreted. Con-

sidering the optical opacity of the accretionary

disk, necessity of high-energy UV photons for

production of MI sulfur, and high condensa-

tion temperature of oldhamite, a highly en-

ergetic environment near the protosun is a

probable place. In the x-wind model (35, 36)

for protostellar evolution, precursor gases

of sulfur-rich minerals experience UV light

along the edges of the disk near the protosun

and the x-region by high-energy photons from

the embedded and revealed stages of the

protosun (Fig. 3). Reduced conditions occur in

these regions either by evaporation of presolar

carbonaceous matter or by diffusive water

vapor redistribution (29). In this region, the gas

and dust condense and accrete to form fluffy

grains, which are then moved into the x-region.

Later on, these grains are carried by the x-wind

to various nebular regions where they are incor-

porated into meteorite parent bodies. Although

the observations are consistent with the x-wind

model, a similar nebular scenario might account

for the production of the sulfur anomalies, but

the same parameters are required.

Because these phases are unstable under

oxidizing conditions (solar C/O ratio), many of

them undergo secondary reactions and lose their

original MI signature. Other sulfide minerals

also appear in the condensation sequence at

lower temperatures (G700 K) from a gas of solar

C/O ratio (e0.45) (37), which might not have

experienced sufficient UV light exposure and

hence do not have a MI signature. Mixing of

these sulfides with refractory, and likely minor

amounts of, sulfides produced in reducing con-

ditions is themost likely reasonwhyMI sulfur is

not apparent in chondrites. Once they are inside

the parent body of achondrites, oldhamite and

accompanied sulfides behave like refractory

minerals and survived preferentially during the

parent body melting and recrystallization.

Sulfur is the only multi-isotopic system

other than oxygen where MI fractionation has

been observed in both natural environments

and laboratory experiments. In a gas of solar

composition, the first condensates in the early

solar nebula are refractory oxides, whereas un-

der reducing conditions with enhanced C/O

ratios the refractory oxides are replaced by re-

fractory sulfides in the condensation sequence,

i.e., they are contemporary and might have

experienced similar physicochemical condi-

tions. The presence of MI compositions in

these two refractory oxides and sulfides and

the chemical origin of MI sulfur in meteor-

ites suggest a similar origin for oxygen iso-

tope fractionation in meteorites.
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Khipu Accounting in Ancient Peru
Gary Urton and Carrie J. Brezine

Khipu are knotted-string devices that were used for bureaucratic recording and
communication in the Inka Empire. We recently undertook a computer analysis
of 21 khipu from the Inka administrative center of Puruchuco, on the central
coast of Peru. Results indicate that this khipu archive exemplifies the way in
which census and tribute data were synthesized, manipulated, and transferred
between different accounting levels in the Inka administrative system.

Tribute in the Inka state was levied in the form

of a labor tax. Each Btaxpayer[ (state laborer)

was required towork a specified number of days

each year on state projects. Using data recorded

in khipu (knotted-string devices used for

bureaucratic recording and communication),

Inka accountants assessed tribute levels and

assigned tasks to different numbers of local

workers. At the lowest, local level of the ad-

ministrative hierarchy, tributaries were grouped

into five accounting units of 10 members each.

One member of each of these groups of 10

would have served as Chunka Kamayoq

(Borganizer of 10[). Five such groupings would

make a unit of 50 tribute payers, under the

authority of a Pichqa-Chunka Kuraka (Blord of

50[). Two groups of 50would be combined into

a unit of 100 tributaries led by a PachakaKuraka

(Blord of 100[) and so on up the hierarchy.

Near the top of the decimal administrative

hierarchy were the heads of the approximately

80 provinces, the officials of which were called

T_oqrikoq. Each provincial official was under

the direction of the appropriate Lord of the

Four Quarters; these four lords served directly

under the Inka king in Cusco. The governor of

each province was required to keep a copy of

khipu accounts so that Bno deception could be

practiced by either the Indian tribute payers or

the official collectors[ (1).

A primary question is how did informa-

tion move between adjacent levels of this

hierarchical administration? The instructions

of higher-level officials for lower-level ones

would have moved, via khipu, from the top of

the hierarchy down. This information would

be partitive in nature; for instance, assign-

ments made to 1000 tribute payers would be

broken down into two groups of 500, each of

which would be decomposed into five groups

of 100, and so on. In the reverse direction,

local accountants would pass data regarding

accomplished tasks upward through the hier-

archy. In that direction, information at each

level would represent the summation of

accounts from the level immediately below.

These accumulating data would eventually

arrive in the hands of the Cusco accountants,

where the highest level of accounting went on.

Here we present an analysis of a set of khipu

from Puruchuco that are linked hierarchically in

such a relationship of summation and partition.

The archaeological site of Puruchuco is

located on the south bank of the Rimac River,

about 11.5 km northeast of the center of Lima,

within the present-day district of Ate. Puru-

chuco is a roughly rectangular compound with

high surrounding walls made of tapia (pounded

adobe) construction. Around and in some cases

abutted to the palace of Puruchuco were several

smaller constructions. The cache of khipu was

found under the floor of one of the smaller

attached buildings. From its location, Mackey

surmised that this building was the house of a

khipu-keeper (khipukamayuq) who served the

lord of the palace (2). Field notes from the day

on which the khipu were discovered state that

they were found inside a semi-ovoid urn

covered by a small gourd. There were 21

khipu and several loose pendant strings (3).

What we term the Puruchuco Baccounting

hierarchy[ pertains to 7 of the 21 khipu samples

found together in the urn. Though not included

in this analysis, several other khipumay provide

supporting documentation to these seven. The

seven khipu are related in a hierarchical ar-

rangement of three interconnected levels, des-

ignated levels I, II, and III, as shown in Fig. 1.

Two of the seven khipu (UR63 and UR73) were

on level I, the base; three khipu were on the

second level EUR64, UR68, and 9 (4)^; and two

(UR67 and UR66) were on level III.

The two samples at the top of the hierarchy,

UR66 and UR67, were rolled up together into a

single bundle. These two khipu bear identical

numerical values and string colors that seem to

be a subtle transformation from one to the other.

There are two principal aspects of the

Puruchuco accounting hierarchy. First, khipu

on the same level match or closely match:

They display identical or similar numerical

sequences and color patterning. This, we

argue, was the checks-and-balances aspect of

the accounting hierarchy. Second, values on

khipu sum upward and are subdivided down-

ward: The numerical values of certain group-

ings of strings (to be defined below) on the two

khipu on level I sum to values tied onto certain

groupings of strings on the three khipu on level

II, and the numerical values of certain group-

ings of strings on the three khipu on level II

sum to the values on the two khipu on level III.

Or, moving down the hierarchy, values on

strings at higher levels are partitioned among

groupings of strings on the next lowest level.

Through cord color and spacing, each of

the seven khipu is organized into different
Department of Anthropology, Harvard University,
Cambridge, MA 02138, USA.
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numbers of subunits. Khipu on level I de-

compose into six subunits; those on level II

contain three subunits (plus what we call

Bintroductory segments[); and the two khipu

on level III have only one unit (plus intro-

ductory segments). Inside these subunits, the

strings are further subdivided by a combina-

tion of spacing between strings and/or by

the repetition of color patterning in groups of

strings. The general color pattern is a four-

string seriation or sequence of colors (such

as dark brown, medium brown, light brown,

and white) repeated multiple times (5, 6). The

numerical values of the cords vary in magni-

tude in accordance with the color, with the

four strings of each color-seriated set generally

increasing in size through the sequence.

An example of summation upward, be-

tween UR68 on level I and UR63 on level II, is

given in Fig. 2. UR63 is organized by spacing

and color seriation into six pendant string

groupings, labeled a to f. The number of

strings in each group is shown in brackets at

the bottom of the columns. The six columns

comprise (i) three sets of (5 � 4 0) 20 strings

organized into five groups of four color-

seriated strings; (ii) two sets of (3 � 4 þ 2 �

3 0) 18 color-seriated strings; and (iii) one

set of (3 � 4 þ 3 0) 15 color-seriated strings.

The meandering dotted lines at the tops and

bottoms of the columns of UR63 in Fig. 2

show how this sample is to be reassembled

into its proper linear arrangement. The nu-

merical values of string groupings in UR63

sum to values recorded on the middle of the

three subunits of UR68. The color-seriated

strings of UR63 are aligned across the six

segments, and these groupings are aligned

with the similarly color-seriated grouping of

(5 � 4 0) 20 strings in the central subdivision

(strings 34 to 53) of khipu UR68. Summing

across the aligned strings of UR63 results in

totals equal or close to those recorded on the

depicted section of UR068. The values knotted

into the cords of UR68 are reported on the right;

any number between parentheses immediately

to the left of these is the actual sum of values on

the strings of UR63 at that position. The paren-

thetical numbers represent values that should

have been recorded if the relationship between

UR63 and UR68 was a matter of strict addition.

The presence of several close, rather than exact,

matches suggests that there was some degree of

flexibility allowable in the accounting relation-

ship between these two levels.

Continuing the summing upward, we next

consider khipu UR68 (level II) and UR67

(level III). Their relationship is illustrated in

Fig. 3. UR68 is disassembled into its three

color-seriated subdivisions (labeled A to C),

which are shown aligned with the similarly

color-seriated string groupings of UR67. Figure

3 shows 20 strings in all subunits.

The summations between UR68 and UR67

are more exact than those between UR63 and

UR68. Setting aside the broken string in UR67,

the values diverge in only two instances, and in

each case the discrepancies are small: 2904

instead of 2908 and 161 instead of 162. The

variance present in the connection between

levels I and II has been considerably reduced

between levels II and III.

Pendants between dotted lines in Fig. 1 are

implicated in the summation/partition relation-

ship. The pendants on level III outside of the

dotted lines, and those to the left of the dotted

lines that protrude from the tops of the khipu

on level II, form introductory segments. The

dotted lines in Fig. 1 encompass all the pen-

dants on level I khipu but only the middle

subunit of level II khipu. That is, complete

summation of level I khipu accounts for only a

portion of the values recorded on khipu on

level II. The other values on level II khipu are

not accounted for by the currently known level

I khipu UR63 and UR73. There may have

been four additional level I khipu, with the

information for these two additional subunits

on level II. One pair would have summed to

the leftmost subunits on level II, whereas the

other would have produced sums recorded on

Fig. 1. The accounting hierarchy from the archive of Puruchuco.

Fig. 2. Numerical and color correlations between khipu UR63 and the central section of UR68.
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the right subunits. Except for the introductory

segments, all strings on level III are involved

in the summation relationship.

It appears that the original structure of the

Puruchuco accounting hierarchy contained six

paired khipu on level I, whose values were

summed to produce those on the three subunits

of the three khipu on level II, whose subunits

in turn were summed and recorded on the two

khipu on level III. Information was either being

funneled and synthesized upward or subdivided

and distributed downward among the three

levels of khipu.

We assume that the Puruchuco account-

ing hierarchy was a set of records for use both

within and outside the administrative center.

Khipu on level III could represent either a set

of instructions issued to the lord of Puruchuco

from the provincial governor or reports on lo-

cal Puruchuco resources to be sent to the pro-

vincial governor. In either of these scenarios,

one of the requirements would have been that

the khipu bear an indication of their desti-

nation or origination. If numerous khipu were

coming into a central archive for storage or

were being dispersed from that archive to dis-

parate places, it would have been helpful, if

not essential, to have place identifiers encoded

within each khipu. We suggest that the intro-

ductory segments on level II and III khipu rep-

resented just such identity labels.

The numerical values knotted onto strings

within the introductory segments on level II

and III khipu all contain arrangements of

just three figure-eight knots tied onto three

separate strings. Figure-eight knots on khipu

normally signify the numerical value one.

We hypothesize that the arrangement of three

figure-eight knots at the start of these khipu

represented the place identifier, or toponym,

BPuruchuco.[We suggest that any khipu moving

within the state administrative system bearing an

initial arrangement of three figure-eight knots

would have been immediately recognizable

to Inka administrators as an account pertain-

ing to the palace of Puruchuco.

Why don_t level I khipu bear introductory

segments? Perhaps UR63 and UR73 were not

intended to travel away from Puruchuco; in-

stead, they may have been local accounts,

drawn up by the resident khipukamayuq for

accounting purposes within the palace. If the

seven khipu in Fig. 1 register demands for ser-

vice received from outside Puruchuco, mean-

ing that if the relation among them is one of

partition, then the level I khipu would have

represented the reorganization of the mandate

from outside in relation to the availability of

resources at the local level. In this scheme,

level I khipu would have pertained only to lo-

cal accounting matters, and it would have been

unnecessary to attach the place identifier. How-

ever, if the overall relationship is one of sum-

mation, and these khipu were prepared as a

report on local conditions for dispatch outside

Puruchuco, then level I khipu would represent

the raw tables of local information that served

as the foundation for constructing level II and

III khipu. Level III khipu, the summary reports,

would have been sent to a distant administra-

tive center.

We suggest that khipu may have contrast-

ing number qualities depending on whether

they represented instructions coming from the

state administration to a local accounting cen-

ter or were records produced within a local

accounting center with regard to existing com-

munity resources. In the first circumstance, we

suspect that khipu values would have tended

to be even decimal values or calculations of

values in standard proportional shares. If a

khipu account was compiled from within some

local administrative center to be sent upward to

higher level officials, counts of resources could

be expected to have reflected the vagaries of

the natural distribution of items in society.

Such numbers are less likely to be whole and

rounded or perfectly proportional.

We believe that the Puruchuco archive is

the first known example indicating how in-

formation moved both up and down the Inka

administrative hierarchy. There is insufficient

evidence to determine whether the khipu are

related through data partition or summation;

however, careful study of the Puruchuco and

other khipu archives may provide the foothold

needed for addressing the most difficult ques-

tion facing students of the Inka khipu: How

did the khipu-keepers of the Inka administra-

tive system record the identities of objects—

people, animals, produce, manufactured goods,

etc.—in the three-dimensional forms of their

knotted-string records (7)?
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Nature of Phosphorus Limitation

in the Ultraoligotrophic

Eastern Mediterranean
T. F. Thingstad,1* M. D. Krom,2 R. F. C. Mantoura,3,4

G. A. F. Flaten,1 S. Groom,3 B. Herut,5 N. Kress,5 C. S. Law,3,6

A. Pasternak,7 P. Pitta,8 S. Psarra,8 F. Rassoulzadegan,9 T. Tanaka,1,9

A. Tselepides,8 P. Wassmann,7 E. M. S. Woodward,3

C. Wexels Riser,7 G. Zodiatis,10 T. Zohary11

Phosphate addition to surface waters of the ultraoligotrophic, phosphorus-
starved eastern Mediterranean in a Lagrangian experiment caused unexpected
ecosystem responses. The system exhibited a decline in chlorophyll and an
increase in bacterial production and copepod egg abundance. Although nitrogen
and phosphorus colimitation hindered phytoplankton growth, phosphorous may
have been transferred through the microbial food web to copepods via two, not
mutually exclusive, pathways: (i) bypass of the phytoplankton compartment by
phosphorus uptake in heterotrophic bacteria and (ii) tunnelling, whereby
phosphate luxury consumption rapidly shifts the stoichiometric composition of
copepod prey. Copepods may thus be coupled to lower trophic levels through
interactions not usually considered.

The eastern Mediterranean Sea is a large body

of ultraoligotrophic (1) water where both nu-

trient stoichiometry (2), bioassays (3–6), and

P-cycle studies (7) have suggested P limita-

tion of biological production. We performed

the Cycling of Phosphorus in the Eastern

Mediterranean (CYCLOPS) experiment in the

eastern Mediterranean near the center (33.3-N,

32.3-E) of the quasi-stable, warm-core Cyprus

Eddy (Fig. 1). The area was studied for 4 days

before the release of phosphate on 17 May

2002. Diluted phosphoric acid was added

to an È16-km2 patch to a concentration of

È110 nM (8). Vertical spreading was re-

stricted by the seasonal pycnocline at 16 m.

The patch, defined by the simultaneous ad-

dition of an SF
6
inert tracer, was monitored

for 9 days with biological and chemical in-

vestigations at stations located in the center

of the patch (IN stations). On every other

day, the ship moved to a minimum distance

of 15 km from the patch center for vertical

profiling at an OUT station.

Pre-experiment investigations confirmed

the ultraoligotrophic status of the surface

waters, which had chlorophyll concentrations

of 18 T 1 mg of chl m–3 (Fig. 2A) and a daily

primary productivity of 29 mmol of C mj3

dayj1. Pigment analysis of size-fractionated

material indicated that most (È65%) of the

chlorophyll a (chl-a) was in the picoplankton

(G2 mm) fraction with a large (È40% of total

chl-a) cyanobacterial component.

After deep mixing in the winter months,

dissolved phosphate in the surface waters

remained below our detection limits, whereas

there is typically a small residual (300 to 500

nM) of nitrate (2, 9). This nitrate was iso-

topically heavy, which is characteristic of a

phytoplankton bloom that has ceased because

of P limitation (10).

By May, both phosphate and nitrate concen-

trations were below the detection limit (È2 nM)

of the nanomolar technique used (8). Using a

titrimetric bioassay method based on alkaline

phosphatase activity, we estimated the system

to contain È230 T 60 nM residual N (5), which

suggests that a large fraction of the residual N

had been retained in the system in a form

available to at least some components of the

biota. Ammonium, determined to 60 to 80 nM

N, may have accounted for about one-third of

this excess N; the form of the remaining is

unknown. The surface waters also contained

65 to 100 mMdissolved organic carbon (DOC),

3 to 11 mM dissolved organic nitrogen (DON),

and È50 nM ultraviolet-oxidizable dissolved

organic phosphorus (DOP).All physiological and

biogeochemical indicators examined pointed

to a P-starved system: The DON/DOP molar

ratio was 60:1 to 200:1, the PON/POP ratio

was 30:1, and there was alkaline phosphatase

activity in surface waters outside the patch (5).

Despite the low biomass (7 to 10 nM POP)

(Fig. 2B), turnover time for orthophosphate

was low for a marine system (2 to 4 hours)

(Fig. 3). Combining biomass and turnover time

gave us a conservative estimate of the af-

finity constant for orthophosphate uptake of

È0.08 liter nM-Pj1 hj1 (supporting online text),

consistent with what would be expected for

orthophosphate uptake limited by molecular

diffusion in water (11). Maximum potential

for orthophosphate uptake was determined as

1.6 T 0.2 mmol P mj3 hj1, which is about one

order of magnitude above the P demand that

can be calculated from a stoichiometric con-

version of bacterial and primary carbon pro-

duction (supporting online text).

From the SF
6
tracer (Fig. 3), we estimated

a lateral diffusion coefficient for the patch of
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Fig. 1. SeaWiFS satel-
lite chl-a image of the
eastern Mediterranean
on 25May 2002, show-
ing the experimental
area (inset) in the cen-
ter of the oligotrophic
Cyprus Gyre (the cruise
track is in white). The
color scale is in mg of
chl-a mj3. The black
patch to the west of
the experimental area
is a cloud.
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21 T 2 mj2 sj1, corresponding to an initial

dilution rate of the P-fertilized patch of È1.0

to 1.2 dayj1, decreasing rapidly to È0.1

dayj1 after day 6. This corresponds to a theo-

retical dilution of the added P to a nominal

level of È15 nM after È7 to 8 days. Given a

Redfield N:P ratio of 16:1 (molar), the es-

timated excess N of 230 nM N would cor-

respond to a requirement of È14 nM P for its

consumption. One would thus expect the

system, through N import by physical mixing,

to return to its original P-limited state after

È1 week. This scenario is confirmed by the

measured orthophosphate turnover time,

which increased more than 20-fold after P

addition. By 1 week after addition, turnover

time had returned to G10 hours (Fig. 3), and

orthophosphate concentration had returned to

values below our detection limit (È2 nM).

If all of the assayed 230 nM excess N (5)

was assimilated by Synechococcus sp., and

assuming a N:chl-a ratio of 0.31 nmol N per

ng of chl-a for P-replete Synechococcus sp.

(12, 13), this would, in the absence of dilution

and grazing, correspond to a potential for an

È40-fold increase in chlorophyll (from 18 to

741 mg of chl-a mj3). Instead, the system

responded to the addition of phosphate with a

decrease of chl-a in the patch of È40% (Fig.

2A) Eone-way analysis of variance (ANOVA)

comparing samples inside the patch with

samples taken outside the patch and before

the experiment, P G 0.05^, reaching a mini-

mum of 11 mg of chl-a mj3 after 5 days.

Chlorophyll levels returned to background

levels after È1 week. There were also de-

creasing trends in primary production and in

phytoplankton growth rates, while picophyto-

plankton and smaller nanophytoplankton were

reduced in numbers (by 49 and 65%, re-

spectively) within the first 4 days of the ex-

periment. With the precision obtainable in this

type of experiment, precise estimates cannot

be given for the contributions of growth (m)

and loss rate (g) to the net change in chlo-

rophyll. When corrected for dilution, a rough

estimate suggests a post-addition net loss of

m – g , –0.6 dayj1, equally partitioned be-

tween a decrease in m and an increase in g

(supporting online text).

In an on-deck microcosm experiment,

ammonium was added or not to water col-

lected inside or outside the P-fertilized patch.

Ammonium addition induced a phytoplankton

bloom in water collected inside the patch but

not in water collected outside the patch (fig.

S1) (supporting online text). The in situ find-

ing that adding P alone leads to increased

particulate P and bacterial production but not

phytoplankton production was replicated in

the microcosms. This demonstrated the N-

limited state of phytoplankton after P addition

and indicates that the assayed excess N was

not available to phytoplankton over this time

scale. The natural system, despite clear in-

dications of P starvation and excess N, could

thus be described as colimited by N and P for

phytoplankton.

N
2
fixation has been proposed as an im-

portant mechanism driving the Mediterranean

toward P limitation (14). If N
2
fixation played

a role in our experiment, however, either it

was insufficient to produce a positive net

response in phytoplankton or it occurred in

heterotrophs. In contrast to the negative trend

in phytoplankton response, particulate P (Fig.

2B) had almost doubled already at the first

Fig. 2. Biological responses in the top layer: (A) High-pressure liquid chromatography–measured chl-a
(circles), (B) particulate P (squares), (C) maximum uptake potential for orthophosphate (triangles,
V
max

), and (D) bacterial production (diamonds), all averaged over depths G20 m. Error bars show the
SE of samples (generally four) taken within the 0- to 16-m layer and thus contain both experimental
error and natural variations within the top layer. (E) Ciliate biomass integrated over 0 to 20 m
(circles) and (F) abundance of copepod eggs integrated over 0 to 150 m (hexagons). Open symbols
indicate samples taken before or outside the patch; solid symbols, samples taken inside the patch.
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sampling after addition, concurrent with a

drop in the maximum potential for ortho-

phosphate uptake (Fig. 2C). This is the pattern

that would be expected for phytoplankton (15)

and heterotrophic bacteria (16) rapidly replen-

ishing their internal cell quota for P and re-

ducing their maximum uptake capacity to the

level required for growth.

There was an increase in bacterial produc-

tion (ANOVA, comparing measurements be-

fore and inside the patch, P G 0.001) (Fig. 2D).

Bacterial abundance ranged from 0.6 to 1.4 �

1011 cells mj3, with no clear trend between

samples taken inside and outside the patch.

We suggest that the nitrogen and organic C

required to support this increased bacterial

production may be from the DON and DOC

pools, respectively.

Copepod egg abundance in the water

column increased by more than one order of

magnitude, a response visible after 2 days and

peaking after 5 days (Fig. 2F). There may also

have been a positive response in ciliate abun-

dance peaking on the first day after addition

(Fig. 2E) (day 1 was significantly different

from days –3 and –1, and from days 5, 6, and

8, P G 0.01), then disappearing rapidly.

We propose two, not mutually exclusive,

trophic pathways for transfer of the added P to

copepods. One is a Btrophic bypass[ whereby

added P bypasses the phytoplankton compart-

ment through a predatory food chain from

heterotrophic bacteria (Fig. 4), producing a

concomitant increase in predation loss (g) of

small-celled phytoplankton. Support for such

a mechanism can be found in our stimulated

bacterial production (Fig. 2D). Another possible

route for P transfer is by Btrophic tunnelling,[

in which phosphate Bdisappears[ through rapid

luxury consumption into phytoplankton and

bacteria, thus changing the stoichiometry but

not the abundance of prey organisms. If there

are predator processes such as ciliate DNA

synthesis or copepod egg production that are

P-limited, the added P would Breappear[ as

responses at the predator level much more rap-

idly than could be expected from models that

transport P through nutrient-prey-predator suc-

cessions in a food chain of organisms with

fixed biomass stoichiometry.

The bypass mechanism would be in agree-

ment with previous observations indicating P

limitation of heterotrophic bacteria in the eastern

Mediterranean (4), implying that there are com-

ponents in the large DOC and DON pools

accessible to bacteria. The relative importance

of this bypass route would be enhanced if

heterotrophic bacteria have better access than

phytoplankton to the system_s pool of excess N.

A likely candidate would be dissolved combined

amino acids, usually believed to be primarily

accessible by heterotrophic bacteria. This would

imply that there are mechanisms in the system

converting any nitrate remaining after the winter

phytoplankton bloom to DON in the summer,

thus converting an apparently conventionally

defined P-limited system to one where phyto-

plankton are colimited by P and N. Extreme

situations with pure N limitation of autotrophs

while bacteria are P-limited have recently been

described in coastal wetlands (17).

However, the sequence where ciliate (Fig.

2E) and copepod (Fig. 2F) responses occur

before any detectable increase in bacterial

production (Fig. 2D) is difficult to reconcile

with bypass as the only trophic transport of P.

Because P acquired by luxury consumption

cannot be translated into biomass production in

the absence of available N, lack of access to

the excess N pool would leave the phyto-

plankton with a high P cell quota. Estimating

osmotroph C biomass to È50% of total mi-

crobial C, the approximate doubling in total

particulate P may have represented an È4

times increase in the osmotroph cell quotas.

The amount of P transported per prey into the

predator food chain must have increased ac-

cordingly. It is thus reasonable to adapt the

limnologist_s hypothesis of P-starved meso-

zooplankton (18). A change in food quality (P

content), rather than in food quantity (abun-

dance), is thus suggested as the main signal

initiating egg production in copepods and pos-

sibly also cell division in ciliates, shortly after

the orthophosphate addition. If, in addition to

the traditional luxury consumption, there was

a surface adsorption of added phosphate to

phytoplankton (19), this would add to the pro-

posed tunnelling transport.

Implicit in this scenario is that heterotrophs

use the time between nutrient pulses to store

carbon (energy) and nitrogen, bacteria possibly

in extracellular forms (such as DOC and DON)

and zooplankton probably as somatic storage

material. Both groups would then be able to

respond once P becomes available, as ortho-

phosphate or as P-enriched prey, respectively.

Fig. 4. Idealized model of the P flow (solid arrows) through the lower part of the pelagic food web.
We suggest that the added P can be transported to the level of phagotroph predators either through
bypass, in which heterotrophic bacteria can produce biomass because of access to parts of the DON
pool, or by tunnelling, in which luxury consumption increases the cell quota of P in osmotrophs, thus
changing the quality but not the quantity of prey for P-limited predators. Other potentially limiting
nutrients are indicated by broken arrows. The remineralization process is omitted for clarity.

Fig. 3. SF
6
concentrations ()) and orthophosphate turnover time (T

t
) before (h), inside (&), outside

(4), and below (r) the patch. Vertical dotted lines indicate the experimental release and the estimated
time of return of the system from N to P limitation. Error bars indicate SE of four samples taken inside
the 0- to 16-m layer.
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With a summer situation characterized by P-

limited bacteria and grazers, whereas phyto-

plankton are closer to an N and P colimitation,

nature of the P limitation in the eastern Med-

iterranean becomes both seasonally variable and

organism-dependent.Although our interpretation

requires a much more elaborate conceptual

model of the pelagic food web than is needed

to explain the more conspicuous response of a

phytoplankton bloom observed when iron has

been added in high nutrient, low chlorophyll

(HNLC) areas, the interpretation introduces no

fundamentally new biological mechanisms.

Within our proposed interpretation, the

counterintuitive combination of a negative

chlorophyll response with a positive zoo-

plankton response is a function of the oligo-

trophy, the P limitation, and the form in which

excess N is stored and is thus linked to

particular biogeochemical features of the

post-bloom eastern Mediterranean ecosystem.

Flexible stoichiometry, alternative microbial

food chains, and differential access to pools of

the next limiting element may be sophistica-

tions that can be disregarded in some biogeo-

chemical models. In the eastern Mediterranean

with its pulsed atmospheric nutrient inputs

from Saharan dust storms, such trophic

Bsophistications[ may however be the key to

central aspects of ecosystem functioning.

Copepods are believed to have a central role

not only in bridging production in the microbial

part of the food web to commercially interesting

fish resources but also as producers of vertical

export of C, N, and P to the ocean_s interior.

With a low nutrient, low chlorophyll state being

the dominant mode in the world_s surface

oceans, an increasing awareness of P-limited

oceanic regions (20–24), and an increasing

trend toward a high N:P in atmospheric inputs

(25), these results are likely to be relevant not

only to the eastern Mediterranean but also to

large areas of today_s oceans and their response

to global change.
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Direct Control of Germline Stem

Cell Division and Cyst Growth by

Neural Insulin in Drosophila
Leesa LaFever and Daniela Drummond-Barbosa*

Stem cells reside in specialized niches that provide signals required for their
maintenance and division. Tissue-extrinsic signals can also modify stem cell
activity, although this is poorly understood. Here, we report that neural-derived
Drosophila insulin-like peptides (DILPs) directly regulate germline stem cell
division rate, demonstrating that signals mediating the ovarian response to
nutritional input can modify stem cell activity in a niche-independent manner.
We also reveal a crucial direct role of DILPs in controlling germline cyst growth
and vitellogenesis.

Germline and somatic stem cells support

oogenesis throughout adult life in Drosophila

(1) (fig. S1). Germline stem cells (GSCs) re-

side within a specialized niche where they are

exposed to a unique combination of signals

required for stem cell function (2, 3). However,

GSCs are also controlled by tissue-extrinsic

signals, such as Drosophila insulin-like pep-

tides (DILPs), which mediate the ovarian

response to nutrition (4). On a protein-rich

diet, germline and somatic stem cells have

high division rates, and their progeny exhibit

high division and development rates. On a

protein-poor diet or under reduced insulin

signaling, rates of division and development

are reduced, and progression through vitello-

genesis is blocked (4). It remains unclear,

however, how DILPs control the response of

GSCs in coordination with their differentiating

progeny and with follicle cells.

In adult females, DILPs are produced in

two clusters of medial neurosecretory cells in

the brain (5), and stage 10 follicle cells express

dilp5 mRNA (6). Ablation of brain DILP-

producing cells results in reduced egg produc-

tion rates and a partial block in vitellogenesis

(6). To examine the role of the brain DILP-

producing cells in previtellogenic stages, we

ablated them and measured follicle cell prolif-

eration rates (7) (fig. S2). Females missing

brain DILP-producing cells (ablated) have a

severely impaired ability to up-regulate follicle

cell proliferation in response to a protein-rich

diet (Fig. 1). The rate of germline development

is reduced in coordination with follicle cell di-

visions because no abnormalities are observed

in previtellogenic egg chambers (8). Abla-

tion of DILP-producing cells reduces the size

of eclosed adults and delays development (9).

Ablated females in which these developmental

defects are rescued by an hs-dilp2 transgene

expressed during larval stages show a reduced

follicle cell proliferation rate, comparable to

that of nonrescued, ablated females (Table 1).

Thus, the impaired response to a protein-rich

diet is not a secondary consequence of the

developmental defects. Moreover, the 2.3-fold

delay caused by ablation of brain DILP-

producing cells (7) is very similar to that

caused by blocking reception of DILP signals

by the germ line (below). This indicates that
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the brain is the major source of DILPs that

determine the rate of egg chamber develop-

ment with little, if any, contribution from dilp5-

expressing follicle cells.

To examine whether DILPs control the rate

of germline development directly or indirectly,

we created germline cysts unable to respond to

DILPs, by inducing Drosophila insulin recep-

tor (dinr) mutant clones using the flipase

(FLP)/FLP-recognition target (FRT) technique

(Fig. 2A). Germline cysts homozygous for

dinr339, a genetic null allele (10), had normal

morphology and correct cell number (8); how-

ever, 83% of these cysts were developmentally

delayed, showing markedly decreased size

relative to neighboring wild-type egg chambers

(7) (Fig. 2B and Table 2). Further quantification

of these data showed a 2.4-fold delay in the

development of dinr339 cysts (7) (table S1).

Similar results were obtained for germline cysts

homozygous for dinrE19 and dinr353, which are

viable hypomorphic alleles (10); 78% and 64%

of dinrE19 and dinr353 cysts, respectively, were

developmentally delayed (Fig. 2, C and D, and

Table 2). These results reveal that dinr function

is required cell autonomously for a normal

rate of germline cyst development. Thus, the

rate of cyst development is regulated by a

DILP signal that is received directly.

Progression through vitellogenesis requires

DILP signaling (4, 11); however, it has been

unclear whether this role is direct. Reduced

juvenile hormone levels are present in homo-

zygous viable dinr mutants, and the block in

yolk uptake in these mutants can be partially

bypassed by treatment with methoprene, a

juvenile hormone analog (12), suggesting an

indirect role for DILPs in promoting vitello-

genesis. To specifically address whether direct

activation of germline cysts by DILPs is re-

quired for vitellogenesis, we analyzed mosaic

ovarioles in which the entire germ line was

homozygous dinr mutant for the ability of their

egg chambers to undergo vitellogenesis. All

egg chambers containing dinr339 (n 0 11 egg

chambers) or dinrE19 (n 0 18 egg chambers)

homozygous mutant cysts failed to progress

through vitellogenesis and degenerated (Fig.

2E). In the case of dinr353, the allele with the

higher level of dinr activity, only one out of

six egg chambers containing homozygous

mutant cysts failed to undergo vitellogenesis

(8). These results suggest that the level of

insulin signaling within the germ line controls

vitellogenesis, revealing a direct role for

DILPs in this process. Moreover, complete

loss of dinr function in the germ line results in

a complete block in vitellogenesis, whereas

this block is partial upon ablation of brain

DILP-producing cells (6). Thus, DILP5 ex-

pressed in stage 10 follicle cells likely signals

in combination with brain DILPs to regulate

vitellogenesis.

We next asked whether DILPs control GSC

division rate directly by binding to recep-

tors on their surface (a cell-autonomous re-

quirement for dinr in GSCs) or indirectly by

regulating signals produced by niche cells (a

non–cell-autonomous requirement). We ana-

lyzed dinr mosaic ovarioles containing one

wild-type and one mutant GSC (Fig. 2F) and

counted the number of wild-type versus mutant

cystoblasts and cysts present in their germaria.

EThe relative numbers of labeled versus un-

labeled cysts was not affected by early germ-

line cyst death (table S2).^ Because each

cystoblast or cyst corresponds to one GSC

division (fig. S1C), the ratio of mutant to wild-

type cystoblasts and cysts is a measure of their

relative division rates (7). For dinr339 homozy-

gous mutant GSCs, we found a relative division

rate of 0.31, whereas, for wild-type GSCs, it

was 0.90 (Table 2). Similarly, the relative divi-

sion rates of dinr353 and dinrE19 GSCs were 0.55

and 0.65, respectively (Table 2). Thus, dinr

homozygous mutant GSCs divide more slowly

than wild-type GSCs, and GSC division rate

appears sensitive to the level of dinr activity.

These results demonstrate that GSCs directly re-

ceive the DILP signal to regulate their division

rate without mediation by the stem cell niche.

Germline and somatic cells respond to nu-

tritional status in a coordinated manner; how-

ever, it is unclear whether somatic cells receive

the DILP signal directly (a cell-autonomous

role of dinr in follicle cell proliferation) as does

the germ line, or indirectly through secondary

signals (a non–cell-autonomous role). We mea-

sured the percentages of dinr mutant and con-

trol follicle cells in mosaic ovarioles carrying

one wild-type and one dinr mutant somatic

stem cell. If follicle cells receive the DILP

signal directly, the reduced level of insulin

signaling in dinr mutant follicle cells should

result in lower rates of proliferation (i.e., fewer

mutant than control follicle cells should be

observed), whereas if they receive the signal

Fig. 1. Brain DILP-
producing cells are re-
quired for the ovarian
response to nutrition. At
different times after
heat shock, ovaries were
dissected and immu-
nostained for visualiza-
tion of b-galactosidase
(b-gal, green) and cell
membranes (1B1, red).
(A and B) Examples of
egg chambers contain-
ing follicle cell clones
(arrowheads) at 2 days
after heat shock in (A)
control or (B) ablated
females on a rich food
source are shown at the
same magnification. (C)
The number of follicle
cells per clone was
counted, and the aver-
age clone sizes in con-
trol or ablated females
on rich or poor food
sources were plotted.
Bars show standard de-
viation. The responses
of control and ablated
females to a rich source
are significantly differ-
ent from each other
(P G 0.001). Doubling
times are shown next
to corresponding curves. Scale bar, 10 mm.
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Table 1. The impaired ovarian response to nutrition in females lacking brain DILP-producing cells is not
due to developmental defects.

Strain (7) Status of DILP-producing cells Mitotic index

Control Present 2.05% (9,080)*
Ablated Absent 0.89% (11,631)y
Ablated, developmentally rescued Absent 0.84% (12,962)

*The total number of follicle cells analyzed is shown in parentheses. .The mitotic indices for ‘‘ablated’’ versus
‘‘ablated, rescued development’’ females were not significantly different from each other, whereas these numbers were
significantly different from the mitotic index for control females (P G 0.001).
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indirectly, the proliferation rates should be

similar. In dinrE19 mosaic ovarioles, 51% of

follicle cells were wild-type and 49% were

mutant (n 0 7113 follicle cells), indicating

similar proliferation rates (Fig. 2G). dinr mutant

follicle cells appeared to enter the endoreplica-

tive cycle normally, but pycnotic (degenerating)

nuclei and cell death were observed within

dinrE19 and dinr339 mutant follicle cell clones

starting at stage 8 (8). These results reveal that

although a reduction in dinr activity delays

germline cyst development cell autonomously,

it does not cause a cell-autonomous reduction in

follicle cell proliferation rate. Furthermore, in

ovarioles carrying a fully dinr mutant germ line

(Fig. 2E), excess follicle cells were not ob-

served, showing that proliferation of surround-

ing wild-type follicle cells remains coordinated

with germline growth. These results suggest

that follicle cells respond indirectly to increased

DILP levels through a secondary signal from the

germ line. Similar degrees of coordination be-

tween germ line and soma have been observed in

the presence of developmentally delayed dMyc

mutant germline clones (13).

These data demonstrate that tissue-extrinsic

DILP signals can directly modify GSC prolif-

erative activity, acting in parallel to signals

from their niche.We also provide evidence that,

in addition to its previously reported indirect

roles inDrosophila and mammals through sec-

ondary hormonal signals (12, 14), insulin signal-

ing plays a crucial direct role during Drosophila

oogenesis in regulating not only GSC division

rate but also germline cyst development rate

and progression through vitellogenesis. Insulin

may, therefore, have important direct roles in

mammalian oogenesis. Finally, our data suggest

that the coordinated response of germline and

somatic cells to nutrition involves communica-

tion between these tissues. These results have

broad significance, in light of the long-known

effects of nutrition on human fertility (15) and

of the high degree of conservation of insulin

signaling functions (16, 17).
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Fig. 2. dinr is cell-autonomously required in the germ line for normal rates of GSC division, cyst
development, and progression through vitellogenesis. (A) The FLP/FRT technique (18) was used to
generate mosaic ovarioles containing dinr homozygous mutant cells in the context of nearby
heterozygous tissue. Flies carrying a wild-type dinr allele (þ) in trans to a mutant or control dinr allele
(dinr*) were heat-shocked (hs) to induce FLP-mediated recombination between the FRT sites. Stem cell–
derived dinr homozygous mutant clones were recognized by the absence of b-gal or green fluorescent
protein (GFP) markers. (B to D) Homozygous (B) dinr339, (C) dinrE19, and (D) dinr353 germline cysts
(arrowheads) are developmentally delayed relative to heterozygous control cysts. (B), (C), and (D) are
shown at the samemagnification. (E) Ovariole containing a germ line that is a fully dinrE19 homozygous
mutant (and surrounded by wild-type follicle cells), showing a degenerating egg chamber (asterisk) that
has failed to undergo vitellogenesis. (F) Example of mosaic germaria used to determine the relative
division rate of dinrE19 homozygous mutant (mut) and control (wt) GSCs (Table 2). (G) Mosaic ovariole
showing similar numbers of homozygous dinrE19 mutant (GFP-negative) and control (GFP-positive)
follicle cells. 1B1 antibodies (blue) highlight cell membranes, whereas antibodies to b-gal (red) or GFP
(green) mark control cysts. (E) and (G) are shown at the same magnification. Scale bars, 10 mm.

Table 2. DILPs directly regulate the rates of germline cyst development and of GSC division.

Strain
Percentage of marker-negative cysts
showing delayed development (7)

Relative GSC division ratez

Control 0% (96)* 0.90 (419)`
dinr339 83% (118)y 0.31 (693)¬
dinrE19 77% (92) 0.65 (321)
dinr353 64% (123) 0.55 (461)

*The total number of marker-negative germline cysts analyzed is shown in parentheses. .The percentage of
delayed cysts for each of the dinr mutants was statistically different from that of the control (P G 0.001 for each
case). -Number of marker-negative cystoblasts and cysts divided by number of marker-positive cystoblasts and
cysts (7). `The total number of cystoblasts and cysts counted is shown in parentheses. ¬The relative division
rate for each of the dinr mutants was significantly different from that of controls (P G 0.001 for dinr353 and dinr339, and
P G 0.04 for dinrE19).
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TAZ, a Transcriptional

Modulator of Mesenchymal Stem

Cell Differentiation
Jeong-Ho Hong,1 Eun Sook Hwang,3 Michael T. McManus,1

Adam Amsterdam,1 Yu Tian,4 Ralitsa Kalmukova,1

Elisabetta Mueller,5 Thomas Benjamin,4 Bruce M. Spiegelman,5

Phillip A. Sharp,1 Nancy Hopkins,1 Michael B. Yaffe1,2*

Mesenchymal stem cells (MSCs) are a pluripotent cell type that can differentiate
into several distinct lineages. Two key transcription factors, Runx2 and
peroxisome proliferator–activated receptor g (PPARg), drive MSCs to differentiate
into either osteoblasts or adipocytes, respectively. How these two transcription
factors are regulated in order to specify these alternate cell fates remains a
pivotal question. Here we report that a 14-3-3–binding protein, TAZ (transcrip-
tional coactivator with PDZ-binding motif), coactivates Runx2-dependent gene
transcription while repressing PPARg-dependent gene transcription. By modulat-
ing TAZ expression in model cell lines, mouse embryonic fibroblasts, and primary
MSCs in culture and in zebrafish in vivo, we observed alterations in osteogenic
versus adipogenic potential. These results indicate that TAZ functions as a
molecular rheostat that modulates MSC differentiation.

Pluripotent MSCs can differentiate into several

distinct cell types, including osteoblasts and

adipocytes (1, 2). Two key transcription fac-

tors, Runx2 (also called Cbfa1 or Pebp2aA)

and PPARg, drive MSCs to differentiate into

either osteoblasts or adipocytes, respectively

(3–7), and the differentiation of each lineage

appears to be mutually exclusive and tran-

scriptionally controlled (8, 9). How these two

transcription factors are regulated in order to

specify these alternate cell fates is unknown.

The balance between MSC osteoblast and

adipocyte differentiation is disrupted in various

human diseases. For example, decreased bone

formation accompanied by an increase in bone

marrow adipogenesis occurs with aging and im-

mobility or following corticosteroid use (10–14),

whereas increased bone formation is observed in

patients with progressive osseous hyperplasia

who form heterotopic bone within their adipose

tissue (15). In addition, MSCs are currently

being explored as vehicles for cell-based skeletal

therapies (16, 17). Therefore, investigating the
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Fig. 1. TAZ is a Runx2 transcriptional coactivator
for osteocalcin expression. (A) Down-regulation
of TAZ by siRNA. Murine (m) and human (h) TAZ
siRNA duplex oligonucleotides were transfected
into murine C2C12 cells, and lysates were
analyzed by immunoblotting (18). (B) Decreased
octeocalcin expression after down-regulation of
endogenous TAZ. Total RNA was prepared and
osteocalcin gene expression at the indicated
times after BMP-2 treatment was quantified
by using real-time polymerase chain reaction
(PCR) and normalized to b-actin expression. (C)
TAZ expression in response to BMP-2. RNA and
cell lysates from (B) were analyzed for TAZ
mRNA expression by real-time PCR (upper panel)
and for protein expression by Western blot
analysis (lower panel). (D) Direct interaction
between TAZ and Runx2. 293T cells were trans-
fected with Flag-tagged TAZ, HA-tagged Runx2,
or both, and total cell lysates (TCL) were
analyzed by coimmunoprecipitation. (E) Stimula-
tion of Runx2-driven gene expression by TAZ.
Luciferase reporter activity from a construct
containing six copies of the Runx2-binding site
in the osteocalcin promoter was measured in cell
lysates 24 hours after transfection and normal-
ized to b-galactosidase activity. Below is a
Western blot analysis of TAZ (wild-type or
S89A) and YAP levels in the lysates. (F) 14-3-3
binding and nuclear localization of TAZ S89A
mutant protein. (Left) Green fluorescent protein
(GFP)–tagged TAZ wild-type and S89A localiza-
tion in transfected C2C12 cells. (Right) C2C12

cells were transfected with Flag-tagged wt or S89A mutant TAZ. Protein from total lysates was
immunoprecipitated with antibody to Flag, and TAZ or 14-3-3 was detected by immunoblotting. (G)
Chromatin immunoprecipitation of TAZ with the endogenous osteocalcin promoter in response to
BMP-2 stimulation. Stable Flag-tagged TAZ-expressing C2C12 cells were treated for 3 days with or
without BMP-2, and Flag immunoprecipitates were analyzed for osteocalcin (OC) promoter occupancy
by PCR.
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mechanisms that fine-tune the balance between

MSC osteoblast and adipocyte differentiation

is likely to be of medical importance.

TAZ is a paralog (related molecule arising

in a single species through gene duplication) of

Yes-associated protein (YAP) that we identi-

fied in a proteomic screen for 14-3-3–binding

proteins (18). The function of TAZ is unknown,

although it can act as a transcriptional co-

activator when overexpressed (18, 19). TAZ

and YAP contain a WW domain that binds to

Pro-Pro-X-Tyr motifs (where X is any amino

acid) and a coiled-coil C-terminal domain that

recruits core components of the transcriptional

machinery (18, 20). A number of transcription

factors including Runx2 and PPARg contain

Pro-Pro-X-Tyr motifs within their activation

domains. Thus, interaction of TAZ with these

and other transcription factors might be in-

volved in mediating their transcriptional effects.

To investigate the function of TAZ, we

designed small interfering RNAs (siRNAs)

against the murine (m) or human (h) TAZ iso-

forms (fig. S1). These siRNAs differ at two base

pairs and function as specific and nonspecific

control siRNAs in mouse and human cell

culture, respectively. The murine-specific TAZ

siRNA, but not the human-specific siRNA,

decreased the abundance of TAZ protein

within 24 hours when transfected into mu-

rine myoblast C2C12 cells (Fig. 1A). Neither

siRNA had any effect on YAP expression.

Treatment of C2C12 cells with bone morpho-

genic protein–2 (BMP-2) induces osteoblast

differentiation as evidenced by an È400-fold

increase in Runx2-dependent expression of the

osteocalcin gene, a late marker of osteoblast

development (21, 22). Transfection of C2C12

cells with murine TAZ siRNA for 24 hours

before exposure to BMP-2 inhibited osteocal-

cin gene expression relative to the effect of the

human TAZ siRNA (Fig. 1B). BMP-2 treat-

ment itself caused a 10- to 20-fold increase in

the expression of both TAZ mRNA and pro-

tein over the ensuing 2 days in these cells, an

effect that was blunted, but not eliminated, by

siRNA treatment (Fig. 1C).

Thus, BMP-2 appears to stimulate a tran-

scriptional program in which increased ex-

pression of TAZ, as well as subsequent

TAZ-stimulated expression of the osteocalcin

gene by Runx2, may be important for the osteo-

blast differentiation program. To test this idea,

we performed immunoprecipitation experiments

and verified a direct interaction of TAZ and

Runx2 in transfected cells (Fig. 1D). TAZ ex-

pression caused a dose-dependent increase in

Runx2-driven expression of an osteocalcin

gene promoter fragment construct monitored

in a luciferase reporter assay (Fig. 1E and fig.

S2). 14-3-3 binds to TAZ through a site

involving Ser89, sequestering TAZ in the cy-

toplasm and limiting its ability to influence

gene expression (18). Replacement of Ser89

with Ala (S89A mutation) disrupted 14-3-3

binding and relocalized TAZ preferentially

within the nucleus, often in punctate foci

(Fig. 1F) (18). When we used an S89A mutant

of TAZ, the TAZ-dependent transcriptional

coactivation of Runx2-driven gene expression

was enhanced 2 to 3 times (Fig. 1E). Similar

results for Runx2 transcriptional coactivation

were obtained in C3H10T1/2 mouse embryon-

ic fibroblasts (fig. S3). Both the interaction of

TAZ with Runx2 and the stimulatory effect of

TAZ on osteocalcin gene promoter activity

were dependent on the TAZ WW domain (fig.

S7). We also generated stable C2C12 cell lines

expressing Flag-tagged TAZ and observed a

BMP-2–dependent targeting of TAZ to the

endogenous osteocalcin promoter by chroma-

tin immunoprecipitation. (Fig. 1G). Taken

together, these data indicate that TAZ is a

14-3-3–regulated transcriptional coactivator for

Fig. 2. TAZ binds to PPARg and
inhibits transcription from the aP2
promoter. (A) Binding of TAZ to
glutathione S-transferase (GST)
fused with PPARg. Immobilized
GST-PPARg was incubated with in
vitro translated, 35S-labeled YAP or
TAZ, or with the ligand-dependent
PPARg-binding protein SRC-1, in
the presence or absence of 1 mM
Rosiglitazone, and analyzed by
autoradiography. (B) Binding of
PPARg to GST-TAZ. Immobilized
GST-mTAZ was incubated with in
vitro translated 35S-labeled PPARg.
The PPARg doublet represents
sites of alternative translational
initiation. (C) Interaction of TAZ
with PPARg in cells. 293T cells
were transfected with Flag-tagged
TAZ or Myc-tagged PPARg and
analyzed by coimmunoprecipi-
tation. (D) Inhibition of PPARg-
driven gene expression by TAZ.
U2OS cells were transfected with
an aP2 promoter–containing firefly
luciferase reporter construct (aP2-
Luc), a PPARg expression vector
[SV-sport–PPARg2, (6)] and vari-
ous amounts of plasmids encod-
ing either wt-TAZ or the S89A
TAZ mutant (EF-mTAZ-NFLAG or
EF-mTAZ(S89A)-NFLAG, respec-
tively). Total DNA in each sample
was equalized by addition of empty pEF-Bos vector DNA. Luciferase activity
was measured after 24 hours in the presence or absence of 1 mM Rosiglitazone
and normalized to the activity of a cotransfected Renilla luciferase reporter
construct used as an internal control. (E) Inhibition of adipocyte differentiation
by stable expression of TAZ. 3T3-L1 cells were infected with a control pBabe-
puro retroviral vector (–) or a retroviral vector containing TAZ S89A.
Puromycin-resistant cells were treated with Rosiglitazone and stained with

Oil Red O and photographed at 8 days (6). (F) Expression of fatty acid–
binding protein aP2. Total RNA was isolated from cells in (E), and probed
with an adipocyte-specific cDNA to aP2. Ethidium bromide staining
(bottom) verifies equal loading of RNA in each lane. (G) Inhibition of
PPARg-dependent gene expression by TAZ S89A. Retrovirally infected cells
were lysed at the indicated times after treatment with 5 mM Rosiglitazone,
and PPARg and C/EBPa protein levels were analyzed by Western blotting.
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Runx2-stimulated osteocalcin gene expression

and an important endogenous regulator of

osteoblast differentiation.

PPARg, a member of the nuclear hor-

mone receptor superfamily, is a ligand-activated

transcription factor that is critical for adipo-

cyte differentiation (6, 7, 9, 23–25). Like

Runx2, PPARg also contains a Pro-Pro-X-Tyr

WW domain–binding motif within its ligand-

independent activation domain. We therefore

investigated the functional interaction between

TAZ and PPARg. PPARg bound in a ligand-

independent manner to TAZ, but not to YAP,

in experiments with tagged proteins in vitro

and in transfected cells (Fig. 2A through C). In

contrast to the stimulatory effect of TAZ on

Runx2-driven gene expression, TAZ directly

inhibited the ability of PPARg to stimulate

gene expression for the endogenous fatty acid–

binding protein aP2, in both the presence

and absence of the PPARg-activating ligand

Rosiglitazone, as assayed with a luciferase re-

porter construct (Fig. 2D). The inhibitory effect

of TAZ on PPARg-driven gene expression was

even more pronounced when the constitutive-

ly nuclear S89A form of TAZ was used (Fig.

2D). Similar to what we observed with Runx2,

the interaction of TAZ with PPARg and the

inhibitory effect of TAZ on aP2 gene expres-

sion required the TAZ WW domain (fig. S8).

To investigate the cellular role of TAZ on

PPARg-regulated genes, we generated stable

3T3-L1 cell lines expressing TAZ-S89A or a

vector control, and we monitored adipocyte

differentiation in response to Rosiglitazone. En-

hanced expression of TAZ-S89A resulted in in-

hibition of adipocyte differentiation as revealed

by suppression of Rosiglitazone-induced ex-

pression of aP2 and reduction in Oil Red O

staining of the cells (Fig. 2, E and F). PPARg

participates in a positive feedback loop by

driving transcription of its own gene, as well as

that of other target genes such as the one for

C/EBPa, as part of the normal adipocyte

differentiation program (26). Overexpression

of TAZ-S89A also inhibited these PPARg-

driven processes (Fig. 2G). Similar results were

also observed with wild-type TAZ, although

its effect was smaller. TAZ did not affect

binding of PPARg to its site on the aP2 pro-

moter as seen from an oligonucleotide-binding

assay (fig. S9). Instead, chromatin immuno-

precipitation experiments localized TAZ to the

endogenous aP2 promoter during these adipo-

cyte differentiation experiments (Fig. 3D).

Thus, TAZ may suppress adipocyte differenti-

ation by transcriptionally repressing PPARg-

driven gene expression.

To further examine this possibility, we used

siRNA to inhibit the production of endoge-

nous TAZ in this same cell type (Fig. 3). After

TAZ was depleted, the 3T3-L1 cells were

placed in adipocyte differentiation medium con-

taining various concentrations of Rosiglitazone.

Cells were assayed 8 days later, by which

time TAZ expression was no longer inhibited.

However, the transient reduction of expression

of endogenous TAZ was sufficient to enhance

ligand-induced adipocyte differentiation at each

concentration of Rosiglitazone tested (Fig. 3, A

through C). We conclude that TAZ is a tran-

scriptional repressor of PPARg-induced gene

expression and an endogenous inhibitor of the

adipocyte differentiation program.

Osteoblasts and adipocytes originate from

the same MSCs through alternative activation

of reciprocal transcriptional programs (8, 9).

Our findings suggested that TAZ may influence

cell fate during the MSC differentiation process,

because Runx2, PPARg, and TAZ are present in

these cells (Fig. 4, A and B; fig. S4). To test this,

we isolated primary MSCs from murine bone

marrow, allowed them to proliferate in culture, and

infected them with control retroviruses or with

retroviruses encoding short hairpin RNAs

(shRNAs) against TAZ. Retrovirus-infected cells

were selected after 7 days of culture in medium

containing puromycin, and the entire surviving

population of cells was assayed. Using this ap-

proach, we observed anÈ75% reduction in TAZ

protein expression (Fig. 4B). When these cells

were subsequently cultured under conditions

favoring osteoblast differentiation, the cells in-

fected with the control retrovirus showed calci-

um deposition by 5 days (Fig. 4, C and D). In

contrast, cells infected with the retroviruses

encoding shRNAs against TAZ demonstrated

almost no calcium deposition at this time, which

revealed impairment of the osteoblast differenti-

ation program. Conversely, when retrovirus-

infected primary MSCs were cultured under

conditions favoring adipocyte differentiation, the

cells containing shRNA against TAZ demon-

strated enhanced Oil Red O staining (Fig. 4E).

We wondered whether the increased adipo-

genic phenotype observed in cells lacking TAZ

was blunted by the waning effectiveness and

limited suppression of TAZ resulting from ex-

pression of siRNA or shRNA, respectively. We

Fig. 3. Increased adipocyte differentiation from cells depleted of endogenous TAZ. (A) 3T3-L1 cells
were transfected with control siRNA against GFP (C) or mTAZ-specific siRNA (T) for 36 hours and
transferred to adipocyte differentiation medium. Cell lysates were examined for TAZ and YAP
expression by Western blotting. (B) Adipogenesis in cells after inhibition of endogenous TAZ
expression. As in (A), 3T3-L1 cells were treated with the indicated concentrations of Rosiglitazone
for 8 days, stained with Oil Red O, and photographed. (C) Total RNA was isolated from cells shown
in (B) and probed with an adipocyte-specific cDNA to aP2. (D) Stable 3T3-L1 cells expressing
pBabe-puro retroviral vector control (–) or Flag-tagged wild-type TAZ were differentiated into
adipocytes and analyzed by chromatin immunoprecipitation with the use of PCR primers for the
endogenous aP2 promoter.
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therefore addressed adipocyte differentiation in

wild-type mouse embryo fibroblasts (MEFs) and

TAZj/j MEFsgenerated byhomologous recom-

bination (27) (Fig. 4F). MEFs were immortal-

ized, infected with a retrovirus expressing

PPARg2, and cultured in medium containing

Rosiglitazone to induce adipogenesis. Adipogen-

esis was more pronounced in TAZj/j MEFs

than in wild-type cells (Fig. 4G and fig. S5),

consistent with a negative role of endogenous

TAZ in the adipocyte differentiation process.

To investigate the in vivo role of TAZ on

bone development, we used a zebrafish ver-

tebrate model system. We cloned the zebrafish

TAZ ortholog (fig. S6) and used antisense

morpholino oligomers injected at the one- to

two-cell stage to decrease expression of TAZ

(Fig. 5A). The TAZ-depleted embryos sur-

vived for up to 8 days after fertilization (dpf),

and had developmental abnormalities including

a ventral axis curvature and pericardial edema

Fig. 4. Bonemarrow-derivedMSCs depleted of TAZ show
decreased osteogenesis and increased adipogenesis. (A)
Concurrent expression of Runx2 and PPARg in primary
bone marrow–derived MSCs. Nuclear extracts from MSCs
were analyzed by Western blotting with the indicated
antibodies. (B) Depletion of TAZ with shRNA. MSCs were
infected with a pSRP retrovirus control (V) or pSRP
encoding TAZ short hairpin RNA (TAZsh). After puromycin
selection for 7 days, the MSC population was analyzed for
depletion of endogenous TAZ by Western blotting. (C and
D) Impaired osteoblast differentiation TAZ-depleted MSCs.
After 7 days of selection in puromycin, amplified cells were
transferred to medium containing 0.1 mM dexamethasone,
50 mg/ml ascorbic acid, and 10 mM b-glycerophosphate
for 5 days to induce osteoblast differentiation. Plates were
stained with Alizarin Red S to visualize intracellular calcium
deposition and photographed. (E) Enhanced adipocyte
differentiation in TAZ-depleted MSCs. MSCs were induced
to differentiate into adipocytes by culture in medium
containing 1 mM dexamethasone, 5 mg/ml insulin, and 1
mM Rosiglitazone for 8 days, stained with Oil Red O, and
photographed. (F) TAZ expression in knockout MEFs. TAZ
expression was analyzed in whole-cell lysates from wild-
type and TAZj/j MEFs by using an antibody that
recognizes both TAZ and YAP. (G) Enhanced adipocyte
differentiation of TAZ knockout MEFs. Wild-type and
TAZj/j MEFs were infected with a PPARg2-expressing
retrovirus or a retrovirus vector control, and the infected
cells were selected by using puromycin. Cells were induced
with differentiation medium in the presence or absence of
1 mM Rosiglitazone as above, stained with Oil Red O, and
photographed.

Fig. 5. Lack of skeletal
ossification in TAZ-
depleted zebrafish. (A)
TAZ depletion in zebrafish
embryos. Embryos were
injected with a control
morpholino oligomer (MO)
or a TAZ-specific oligomer
at theone- to two-cell stage
and analyzed 1 to 2 days
later by immmunoblot-
ting. (B) Morphology of
TAZ-depleted zebrafish

embryos at 2 dpf showing ventral curvature and pericardial
edema. (C) Alizarin Red S staining of whole zebrafish embryos
reveals absent skeletal ossification in TAZ-depleted embryos.
Lateral and dorsal views of control- and TAZ-specific MO-
injected embryos at 8 dpf. op: opercle; ch/bsr: ceratohyal and
branchiostegal rays; cb5: ceratobranchial. (D) Hematoxylin-
and-eosin staining of zebrafish sections reveals impaired
bone development. Red arrows indicate normal bone mor-
phology in control embryos, which is absent in TAZ-depleted
animals. (E) A model for TAZ modulation of mesenchymal
stem cell differentiation.
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(28) (Fig. 5B). Bone development was visual-

ized in whole embryos by Alizarin Red S

staining (Fig. 5C), along with hematoxylin-

and-eosin staining of thin sections (Fig. 5D). In

control animals, extensive skeletal development

was evident in the cranial and pharyngeal region

at 8 dpf. No bone formation was observed in any

of the TAZ-depleted embryos at 8 dpf, the latest

time point we could observe before embryonic

death. These findings confirm a critical role for

TAZ in osteoblast differentiation in vivo.We are

unable to comment on the role of TAZ in

adipogenesis in these embryos, because adipo-

cytes have not been described in teleosts

(although they presumably exist), and in other

vertebrate species, fat deposition does not occur

until the postnatal period (23).

One function of TAZ is as a transcriptional

modifier of mesenchymal stem cell differenti-

ation by promoting osteoblast differentiation

while simultaneously impairing adipocyte dif-

ferentiation, as we have shown (Fig. 5E).

Differentiation of MSCs into osteoblasts is crit-

ically dependent on Runx2 (4, 5). Our findings

implicate TAZ in this process: (i) TAZ functions

as an endogenous coactivator of Runx2 in cells;

(ii) stimuli that promote bone formation tran-

scriptionally up-regulate TAZ concurrently with

Runx2; and (iii) TAZ-deficient zebrafish

embryos are defective in bone formation. In

contrast, stem cell differentiation into adipocytes

requires PPARg-dependent transcriptional

events that are directly inhibited by endogenous

TAZ. Thus, TAZmay act as amolecular rheostat

to fine-tune the balance between osteoblast and

adipocyte development.
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Formation of Regulatory Patterns
During Signal Propagation in a
Mammalian Cellular Network

Avi Ma’ayan,1 Sherry L. Jenkins,1 Susana Neves,1

Anthony Hasseldine,1 Elizabeth Grace,1 Benjamin Dubin-Thaler,3

Narat J. Eungdamrong,1 Gehzi Weng,1* Prahlad T. Ram,1.

J. Jeremy Rice,4 Aaron Kershenbaum,4 Gustavo A. Stolovitzky,4

Robert D. Blitzer,1,2 Ravi Iyengar1-

We developed a model of 545 components (nodes) and 1259 interactions
representing signaling pathways and cellular machines in the hippocampal
CA1 neuron. Using graph theory methods, we analyzed ligand-induced signal
flow through the system. Specification of input and output nodes allowed us
to identify functional modules. Networking resulted in the emergence of
regulatory motifs, such as positive and negative feedback and feedforward
loops, that process information. Key regulators of plasticity were highly
connected nodes required for the formation of regulatory motifs, indicating
the potential importance of such motifs in determining cellular choices
between homeostasis and plasticity.

A mammalian cell may be considered as a

central signaling network connected to various

cellular machines that are responsible for

phenotypic functions (1). Cellular machines

such as transcriptional, translational, motility,

and secretory machinery can be represented as

sets of interacting components that form func-

tional local networks. The central signaling

network that connects the various machine

networks also receives and processes signals

from extracellular entities such as hormones or

neurotransmitters and ions. Experimental work

has defined how different pathways interact to

form networks and small-scale regulatory con-

figurations such as switches (2, 3), gates (4, 5),

feedback loops (6, 7), and feedforward motifs

(8, 9) that decode signal duration and strength

and process information. Identifying and charac-

terizing regulatory motifs can move us from

thinking about individual components to consid-

ering the functions of groups of components that

act in a coordinated manner. Understanding how

the functional organization of cellular systems

changes in response to information flow is an

important goal in systems biology. For systems

containing many components, obtaining an

overview of the patterns of regulatory motifs

and defining their interrelationships can provide

a format for in-depth analysis of individual units

using quantitative biochemical representations.

From data in the experimental literature, we

constructed a system of interacting cellular com-

ponents involved in phenotypic behavior and

used graph theory methods (10–12) to analyze

qualitative relationships between nodes (com-

ponents) in a network. In signaling networks,

activation is achieved as a response to a stim-

ulus. Information propagates through the system

by a series of coupled biochemical reactions to

regulate components responsible for cellular

phenotypic functions. Here, we identify the reg-

ulatory features that emerge during such infor-

mation flow in a simplified representation of a

mammalian hippocampal CA1 neuron. Such

neurons are capable of plasticity as defined by

their ability to undergo long-term potentiation of

synaptic responses (13, 14).

We represented the CA1 neuron as a set of

interacting components that make up a network

of signaling pathways that connects to various
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cellular machines (Fig. 1A and fig. S1) (15). A

fully connected network was constructed from

direct interactions with functional effects docu-

mented in the experimental literature (fig. S2).

We identified various regulatory motifs in the

network. Some motifs were statistically en-

riched (Z test) compared with motifs found in

shuffled networks with similar connectivity

distribution (fig. S3 and table S1). We studied

signal propagation resulting from ligand occu-

pancy of receptors by building and analyzing a

series of subnetworks that originate from

nodes representing ligands. This is termed

pseudodyamics because it represents propaga-

tion of reactions in chemical space rather than

time series. Direct interaction between any

two components, termed a link, consists of

one or more underlying chemical reactions.

Signal propagation from node to node is

organized within the chemical space in units

of steps. For any given node at step n, all im-

mediate upstream nodes are at step n–1 and all

nodes positioned one link downstream are at

step nþ1.

We counted the number of links per step as

signals propagate from ligand-receptor interac-

tions to their downstream effectors. The analysis

of the emergent subnetworks for the different

ligands showed a discernible pattern. For ligands

that cause rapid, transient changes, such as

glutamate and glycine, which regulate the Ca2þ-

permeable N-methyl-D-aspartate (NMDA)–type

glutamate receptor, early signal branching was
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 Motifs counts 
Motif # CN* SN** Z-score 
FBL3 22 8.6 ± 8.1 4.34 
SCAF 25 9.0 ± 3.4 4.72 
BIFAN 1009 180.3 ± 28.0 29.60
FFL4 301 103.4 ± 17.2 11.51

Fig. 1. Assembly of a function-based cellular network. (A) Block
diagram of information flow from ligands to cellular machines.
Nodes are associated with functional compartments. The
counts of nodes are in parentheses. (B) Total links in subnet-
works created in steps from ligands. The total number of links
accumulated as a signal moves through the steps, downstream
from various ligands, is compared. (C) Total number of three-
and four-component feedback loops (positive and negative) in
subnetworks with two to eight steps from Glu, NE, and BDNF.
(D) Counts of positive and negative feedback loops in subnet-
works from Glu (I), NE (II), and BDNF (III). The counts in the
biological subnetworks (solid lines) are compared with the expected counts
(dashed lines) developed using combinatorial probabilities for positive or
negative feedback loops based on the number of total positive and
negative links. **, P G .05; *, P G .08; binomial test. (E) Counts of three- and
four-component feedforward motifs in subnetworks with two to eight

steps from Glu, NE, and BDNF. (F) An abbreviated list of the motifs found
in the fully connected network using the MFinder program (19). CN,
cellular network; SN, shuffled networks; SNs were used as controls. Under
SN, the mean and SD are given for motifs in 100 shuffled networks. See
(15) for details.
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extensive (that is, many links were formed in

relatively few steps) (Fig. 1B). For ligands that

cause permanent changes, such as FasL, which

induces apoptosis, or ephrin, which alters neu-

ronal morphology, there were fewer branches as

the signal moved through the network. Between

these extremes were many growth factors and

ligands that bind G protein–coupled receptors

(Fig. 1B). When the signal originating from any

ligand had progressed through 15 steps, most of

the network (nearly 1000 links) was engaged.

This is a common property of large, highly

connected directed graphs and in our case

represents a very extensive propagation of the

signal from the ligand analogous to prolonged

receptor activation. For any individual ligand,

the whole network was never fully affected, with

a few nodes (usually other ligands) with single

directed outgoing interactions not engaged. We

characterized the network that emerged as

signals were traced through each step from

three ligands that are key regulators of plastic-

ity in hippocampal neurons: glutamate (16),

norepinephrine (NE) (17), and brain-derived

neurotrophic factor (BDNF) (18). Glutamate in-

fluenced more links and nodes in early stages

than did NE or BDNF, which showed similar

profiles (fig. S4, A and B). The subnetwork

characteristics were similar (fig. S4, C to E).

We analyzed the types of regulatory motifs

formed as signals propagate from the ligands. A

motif is a group of interacting components

capable of signal processing. Motifs such as

positive feedback loops promote the persistence

of signals and serve as information storage

devices (2), whereas negative loops limit signal

propagation through the network. In counting

these motifs, we used all possible configura-

tions of loops with three and four components

(Fig. 1C). In our model, glutamate activates 25

feedback loops within five steps, whereas NE

and BDNF require six steps to recruit 20

feedback loops (Fig. 1C). We determined the

relative abundances of negative and positive

feedback loops as signal propagated from

glutamate, NE, or BDNF (Fig. 1D). Using a

bionomial test and the combinatorial pos-

sibilities arising from the ratios of positive to

negative links, it appeared that there were more

than the expected number of negative feedback

loops compared with positive feedback loops

for glutamate at early steps (P G 0.05). This

indicates that the early steps may have built-in

controls to limit signal propagation. As the sig-

nal progressed to later steps, positive feedback

loops tended to be more abundant than ex-

pected for all three ligands (P G 0.08). These

profiles suggest that weak or short-lived signals

may not penetrate into the network because of

the early barrier posed by the abundance of neg-

ative feedback loops. However, as the number of

steps increases and positive feedback loops ap-

pear to be more abundant, signals should persist

and be able to evoke a biological response.

We also counted feedforwardmotifs (Fig. 1E

and fig. S5), scaffolds (fig. S6A-I), and bifans

(fig. S7B-I). Scaffold motifs are sets of three

nodes connected through three neutral links.

Their presence may indicate a mechanism for

local clustering and may represent the basis for

spatial specification of information flow. Feed-

forward loops are three- or four-component mo-

tifs in which the signal splits at a source node

and consolidates at a target node. Feedforward

loops can be either positive or negative (15).

Positive feedforward loops provide two potential

functions: a redundant set of pathways for

information flow and an ability to extend the

duration of activation or inhibition of the affected

downstream component. When feedforward

loops contain inhibitory links, they may function

as gates (2). Bifans are four-component motifs

in which two upstream components coregulate

two downstream components (Fig. 1F) (19).

For each of these motifs, glutamate required

fewer steps than did NE or BDNF to engage

more motifs, although by step 8, when maximal

connectivity is obtained, signals from the three

ligands had spread to the same number of motifs

(Fig. 1E and figs. S5 and S6). There was an in-

creasing preponderance of positive over negative

feedforward motifs for glutamate, NE, and

BDNF as the signal propagated through eight

steps (fig. S5). The overall profile for any feed-

forward loops (positive or negative) was similar

for all three ligands, although glutamate reached

more feedforward loops in fewer steps. The bifan

motifs were as abundant as feedforward loops

and showed a similar pattern (fig. S6C).

In the CA1 neuron, signals from receptors

affect major effectors such as the AMPA recep-

tor channel (AMPAR), which regulates excit-

atory postsynaptic potentials, and the transcription

factor cyclic adenosine monophosphate (cAMP)

response element–binding protein (CREB),

which regulates transcription. We analyzed a se-

ries of subnetworks that extend from glutamate,

NE, and BDNF to these two effectors (figs. S7A

and S8A) by varying the number of steps needed

to reach the effectors from the ligand. The num-

ber of nodes engaged per step was nearly linear

for all three ligands (Fig. 2, A to C). In contrast,

when such pathways were tracked in subnet-

works with randomly shuffled connectivity (15),

the increase in links per step was best fit by

either an exponential or a power-law function,

suggesting that the binary interactions within

the cellular system may be specified to provide

preferential routes to key effectors that define

the phenotype of the cell. Analysis of these

subnetworks (15) indicated that even the

most highly connected nodes only used some

of their links to function within the preferred

paths. Looking for the shortest paths from an

input node (a ligand such as NE) to an output

node (an effector such as CREB) allowed us

to identify functional modules defined here

as a set of interactions that may carry out a

specific function and act semi-independently

from other functional modules. Further re-

finement by inclusion of spatial specification

and temporal dynamics is needed to define

such modules rigorously.

The counts of regulatory motifs formed

within the subnetworks, as signal propagates

were nearly linear for both the positive and

negative motifs. For glutamate and BDNF in

the subnetworks leading to CREB, the positive
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and negative motifs were evenly balanced

through nine steps (fig. S8, A and B). Such

balance of regulatory loops might explain how

homeostasis is achieved evenwhen a perturbing

signal propagates through the system. Positive

feedback and feedforward loops were more

abundant than negative loops in the subnet-

works from NE to CREB (Fig. 2D). This may

allow the subnetworks to persistently hold

and transfer information causing long-term

changes. Such configurations of motifs may

provide a systems-level explanation of why

the cAMP pathway is associated with the late

phase of long-term potentiation (LTP) in the

CA1 neuron (20–22). Similar patterns of

positive to negative motifs were observed for

signal propagation from NE to AMPAR (fig.

S9F). Patterns from glutamate and BDNF to

AMPAR were also similar to that seen in

subnetworks to CREB (fig. S9, E and G).

To analyze the subnetworks upstream of the

two key effectors CREB and AMPAR, we used

these effectors as source nodes and expanded the

network in a stepwisemanner, tracing the signals

that feed into CREB and AMPAR. The number

of positive and negative feedback loops con-

verging onCREB andAMPARwere equal up to

four steps upstream of the effector (Fig. 3, A and

B). However, we found distinct patterns of clus-

tering. Two steps above CREB, a high (0.53)

clustering coefficient was observed. Clustering

coefficients measure the abundance of three

component motifs and thus indicate local con-

nectivity density. By three or four steps upstream,

for both CREB and AMPAR, the clustering co-

efficients were both above the average observed

clustering for the entire network (0.2 versus 0.11)

(Fig. 3C). The grid coefficients Eextensions of

the clustering coefficient that also consider

rectangles (23)^ for the subnetworks two to four

steps upstream of CREB and AMPARwere also

higher than that observed for the network as a

whole (0.053 to 0.031 versus 0.026) (Fig. 3D).

Extensive local communication between nodes

upstream of key effectors may provide homeo-

static regulation of these effectors.

To evaluate the role of the highly connected

nodes, we analyzed a series of subnetworks

generated by the progressive inclusion of nodes

with higher connectivities. We started with a

sparse network in which we included only nodes

with four or fewer links. We measured the

number of islands (isolated clusters of nodes that

lack paths between them), clustering, character-

istic path length, and number of motifs as we

gradually added nodes with higher connectivity

(fig. S10, A and B). The system was initially

highly fragmented (63 islands). When all of the

nodes with up to 21 connections were included,

the network became a single island (one net-

work) (Fig. 4A). At this point, the most highly

connected nodes, many of which are crucial

components for LTP in hippocampal neurons,

were not included. The nodes with more than

21 links per node included the four major pro-

tein kinases: mitogen-activated protein kinase

(MAPK), calcium-calmodulin dependent protein

Fig. 3. Comparison of
motifs and clustering in
subnetworks upstream
fromtwoeffectors, CREB
and AMPAR. (A and B)
Positive and negative
feedback loops (FBL)
and feedforward loops
(FFL) in subnetworks
as the network is ex-
tended by including
more steps upstream of the effectors CREB or AMPAR. (C and D) Changes in clustering coefficient and grid coefficient in these subnetworks.
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kinase II (CaMKII), protein kinase A (PKA), and

protein kinase C (PKC) (Fig. 4A). Such highly

connected nodes might contribute to regulatory

motifs. Hence, we identified motifs that were

formed if the highly connected nodes were in-

cluded. The contributions of specific nodes to

the formation of different motifs were readily

discernable. Scaffolding motifs were largely de-

pendent on the cytoskeletal proteins actin and

tubulin, the synaptic scaffolding protein PSD-

95, and NMDA receptors (Fig. 4B). Nearly

65% of the scaffolding motifs were formed

without including enough nodes for the system

to coalesce into a single island. In contrast,

just 35% of the feedback and feedforward

motifs and 20% of the bifan motifs were

formed only in a network that included nodes

with connectivity up to 21 links per node (Fig.

4, C to F). PKA and PKC appear to contribute

to nearly 60% of the five-component feedback

loops. Highly connected nodes, such as PKC,

favored the emergence of positive motifs (Fig.

4D). These observations suggest that a func-

tion of these highly connected nodes may be

to promote the formation of regulatory motifs

that can allow for persistence of information

and thus facilitate state change when appro-

priate external signals are received.

We developed maps to represent the pseu-

dodynamic regulatory topology that our analyses

had identified. We plotted the density of motifs

at each step for the three ligands glutamate, NE,

and BDNF by defining a Bdensity of information

processing[ (DIP), which is the ratio of the

additional new motifs (feedback loops, feedfor-

ward loops, and bifans) formed in each step to

the increase in new links in each step (15)

multiplied by the grid coefficient. This measure

allowed us to identify the intensity and position

in chemical space of information-processing

activities. The DIP profile (Fig. 5A) at each

step is plotted for the three different ligands

through eight steps as signal propagates from

receptors to cellular machines. Each DIP profile

is distinctive, indicating that these represent

differential stimulation of partially overlapping

regions of the cellular network. Each ligand

showed a Bhot zone,[ where extensive informa-

tion processing may occur. We also developed

detailed maps to determine the position of the

regulatory motifs in the chemical space of the

network. For this, we specified the location of

the nodes that participate in a motif between

extracellular ligands and cellular machines on

the basis of the shortest path lengths from the

node within the motif to all extracellular ligands

and to all components in the specified cellular

machine. For each node, this yielded a Bnode

location index[ that measures the functional

distance to each of the five cellular machines and

to the ligands. We then identified the participa-

tion of these nodes in the various motifs. A

parameter termed Bmotif location index[ (MLI)

was defined as the average of the location indices

for the various nodes that comprise the motif in

relation to the distance from the specified

machine (15). Five maps corresponding to the

different cellular machines were generated (Fig.

5B). These maps indicate the location of the

various regulatory motifs between extracellular

ligands and cellular machines. Both common

and distinctive features are observed. When

pathways from ligands to each of the cellular

machines were considered, a higher density of

regulatory motifs was found at the middle of the

maps (note the red band in each map), indicating

that a major portion of the information pro-

cessing occurs at the Bcenter[ of the network.

Distinct patterns of motifs were observed

upstream of the different cellular machines.

Directly upstream of the transcriptional machin-

ery, feedforward motifs were abundant. In con-

trast, for the translational machinery, the

regulation was more distal. For the secretory

machinery, feedforward and feedback loops and

scaffolds were found to be closer to the machine.

For both the motility machinery and ion chan-

nels, regulation was largely concentrated in the

center of the network (aroundMLIþ 0.5). Some

regulatorymotifs aremade of componentswithin

the cellular machines themselves.

This study provides an initial view of the

regulatory capabilities that are formed as infor-

mation flows through a cellular network. The

overall profile of emergent motifs can be an

indicator of the cell_s information-processing

capability. Here, organization is defined solely

in terms of chemical space. It will be necessary

to integrate this description with the physical
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Fig. 5. Maps of the regulatory profiles within the cellular
network. (A) Density of Information Processing (DIP), rep-
resenting the concentration of all motifs (shown in pseudo-
color, with red indicating high density) and their local
interconnectedness relative to the network size, was com-
puted for subnetworks activated by glutamate, NE, and BDNF

using the equation DIPi 0 ( Mi j Mij1

Li j Lij1 ) I GCi , where Mi 0

FBL3i þ FBL4i þ FFL3i þ FFL4i þ BIFANi . Mi
is the total number of feedback

loops, feedforward loops, and bifan motifs; L
i
is the total number of links; and i

is the step. FBL3 and FBL4 are feedback loops of size 3 and 4, FFL3 and FFL4 are
feedforward loops of size 3 and 4, and BIFAN are bifan motifs of size 4. GC is
the grid coefficient representing interconnectedness for the motifs, computed
for the subnetwork at step i. DIP is plotted as a signal propagates vectorially
through the network, as indicated by the downward arrow. The width of the
bar represents the number of links engaged. (B) Relative distribution of
regulatory motifs between ligands and cellular machines. Motifs were placed
between extracellular ligands and cellular machines using the equation

MLI 0

Pn

i01
( CPLMi
CPLMi þ CPLLi)
n

where n is the size of the motif, CPLM is the characteristic

path length from a node within the motif to all other nodes in the cellular
machine, and CPLL is the characteristic path length from a node to all
extracellular ligands. If a node is an extracellular ligand, CPLL 0 0 for that
node; if the node is in the plasma membrane, CPLL 0 1. If a node belongs to
a cellular machine, CPLM 0 0 for that node. The counts of motifs were
placed in 100 bins based on the computed MLI and normalized to the
fraction of total motifs for each class of motifs. An MLI value of 0 represents
location at the cellular machines where all the nodes that make up the
motif are within the cellular machine; a value of 1.0 represents location at
the ligand level. PFBL and NFBL, three- and four-node positive and negative
feedback loops, respectively; PFFL and NFFL, three- and four-node positive
and negative feedforward loops; SCAF, three-node scaffold motifs; BIFAN,
four-node bifan motifs. See (15) for details.
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compartmentalization of components within the

cell, and with temporal profiles of activation, to

obtain a more comprehensive picture of the

functional organization of a cell. Still, distance in

chemical space (i.e., number of links between

two distal nodes) is likely to be a major deter-

minant of information processing that regulates

phenotypic behavior.

The maps for individual ligands or cellular

machines show distinct patterns of motifs. Com-

binations of ligands will likely produce many

more patterns of connectivity. Thus, a cellular

system may not be a single network but rather an

ensemble of network configurations that are

evoked by the stimuli-induced activation of var-

ious parts of the system. Identifying these network

configurations and the functions they evoke is

likely to provide more complete descriptions of

how molecular interactions lead to cellular

choices between homeostasis and plasticity.
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Containing Pandemic Influenza

at the Source
Ira M. Longini Jr.,1* Azhar Nizam,1 Shufu Xu,1

Kumnuan Ungchusak,2 Wanna Hanshaoworakul,2

Derek A. T. Cummings,3 M. Elizabeth Halloran1

Highly pathogenic avian influenza A (subtype H5N1) is threatening to cause a
human pandemic of potentially devastating proportions. We used a stochastic
influenza simulation model for rural Southeast Asia to investigate the ef-
fectiveness of targeted antiviral prophylaxis, quarantine, and pre-vaccination
in containing an emerging influenza strain at the source. If the basic
reproductive number (R

0
) was below 1.60, our simulations showed that a

prepared response with targeted antivirals would have a high probability of
containing the disease. In that case, an antiviral agent stockpile on the order
of 100,000 to 1 million courses for treatment and prophylaxis would be
sufficient. If pre-vaccination occurred, then targeted antiviral prophylaxis
could be effective for containing strains with an R0 as high as 2.1.
Combinations of targeted antiviral prophylaxis, pre-vaccination, and quaran-
tine could contain strains with an R0 as high as 2.4.

The world may be on the brink of an influenza

pandemic (1–4). Avian influenza A (subtype

H5N1) is causing widespread outbreaks among

poultry in Southeast (SE) Asia, with sporadic

transmission from birds to humans (5) and

limited probable human-to-human transmission

(6). Should an avian virus reassort with a

human virus, such as influenza A subtype

H3N2, within a dually infected human host or

reassort in a nonhuman mammalian species, or

if mutation of the virus occurs, the resulting new

variant could be capable of sustained human-to-

human transmission. The outbreak among

humans would then spread worldwide via the

global transportation network more rapidly than

adequate supplies of vaccine matched to the

new variant could be manufactured and distrib-

uted (1, 7). The pressing public health questions

are whether and how we can contain the spread

of an emerging strain at the source or at least

slow the initial spread to give time for vaccine

development. We used a discrete-time sto-

chastic simulation model of influenza spread

within a structured geographically distributed

population of 500,000 people in SE Asia to

compare the effectiveness of various interven-

tion strategies against a new strain of influenza.

Here we examine the effectiveness of the tar-

geted use of influenza antiviral agents (8–12),

quarantine, and pre-vaccination with a poorly

matched, low-efficacy vaccine in containing the

spread of the disease at the source.

We used information about rural SE Asia

(13, 14) to construct the model population. Our

goal was to represent the contact connectivity

of a typical rural SE Asian population. The

model population of 500,000 people was

distributed across a space of 5625 km2, yielding

a density of 89/km2, which is approximately

the population density of rural SE Asia (13).

The 500,000 people were partitioned into 36

geographic localities. This model is an ex-

tension of a model used to simulate inter-

ventions against pandemic influenza in the

United States (12).

The model Esee the supporting online ma-

terial (SOM) for details^ represents the number

of close and casual contacts that a typical person

makes in the course of a day. The age and

household size distributions of the population

are based on the Thai 2000 census (13). Many of

the mixing group sizes and distributions are

based on a social network study of the Nang

Rong District in rural Thailand (14). We con-

structed the social network for contacts sufficient

to transmit influenza as a large set of connected

mixing groups. The close contact groups consist

of households, household clusters, preschool

groups, schools, and workplaces; and the casual

contact groups consist of other social settings

(such as markets, shops, and temples) and a

single regional 40-bed hospital. All people can
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mix in their households and within clusters of

households, whereas children mix in preschool

groups or schools according to their age and the

probability that they are still in school. Children

are assigned to schools across the geographic

space according to the Nang Rong study. Adults

mix in workplaces according to a distance func-

tion that distributes them across the geographic

space informed by the Nang Rong study and

national migration statistics (15, 16). One con-

cern for containment is that infected people

might leave the modeled 500,000-person rural

area. We estimate that the daily probability

that a person will leave (escape) the area is on

the order of 10j3 (15). The population struc-

ture and the resulting social network graphs

and statistics are given in the SOM.

The natural history of influenza (Fig. 1A)

has been relatively invariant over the past two

pandemics and during the interpandemic pe-

riod since 1968 (12, 17–20). Calibration of the

model requires information about both the

relative and absolute magnitudes of the age-

specific illness attack rates. Because of un-

certainty about the relative age-specific illness

attack rates for a future influenza pandemic

in SE Asia, we calibrated the epidemic to a

pattern that falls between two extremes. At

one extreme, children would have a much

higher illness attack rate than adults, the pat-

tern observed during the 1957–1958 A (sub-

type H2N2) Asian influenza pandemic in the

United States (17, 21, 22). At the other ex-

treme, all age groups would have roughly

the same illness attack rates, the pattern ob-

served during the 1968–1969 A (H3N2) Hong

Kong influenza pandemic in the United States

(17, 22–24). The pattern for interpandemic in-

fluenza in SE Asia appears to be more like the

A (H2N2) pattern (25). We used the pattern

shown in Fig. 1B.

The magnitude of the illness attack rates will

depend on the unknown transmissibility of the

new strain. The overall illness attack rate for the

past Asian andHongKong pandemics was about

33% in the first wave. We calibrated the model

with a target overall illness attack rate of 33%,

corresponding to a basic reproductive number

(R
0
) (the average number of secondary infec-

tions caused by a single typical infectious

individual in a completely susceptible popula-

tion) of 1.4 (see the SOM). By varying the per-

contact probability of infection in the model, we

alter the R
0
. Figure 1B shows the age-specific

attack rates at R
0
values ranging from 1.1 to 2.4.

For calibration to historical attack rates, influ-

enza was introduced by randomly assigning 12

initial infectives. We simulated the emergence

of a new influenza strain by introducing a single

randomly assigned infective.

Intervention is triggered by the first case (that

is, symptomatic infection), with a delay of 7, 14,

or 21 days to implementation. This delay can be

interpreted as a delay in recognition of illness, a

delay in implementation of intervention, initia-

tion of transmission by more than one initial in-

fection, or a combination of these three factors. A

sensitivity analysis considers delays up to 56

days (fig. S14). Once intervention begins, inter-

vention in additional localities is implemented

1 day after the first case in the affected locality.

Targeted antiviral prophylaxis (TAP) is

carried out by treating identified index cases

(the first symptomatic illness in amixing group)

and offering prophylaxis only to the contacts

of these index cases in predefined close con-

tact groups (12); namely, households, neighbor-

hood clusters, preschool groups, schools, and

workplaces. Index cases are therapeutically

treated the day after the onset of illness, and

prophylaxis of contacts begins at the same

time, both being given a single course of

oseltamivir. A susceptible individual may re-

ceive subsequent courses if exposed to further

index cases. We assume that a certain percent,

varied in a sensitivity analysis, of household

(preschool) index cases could be ascertained

and that all their other household (preschool)

members would receive prophylaxis (fig. S11).

For index cases in a school or workplace, only

Fig. 1. Basic model parameter distributions. (A) Modeled
natural history of influenza. Newly infected people pass
through the latent state (mean, 1.2 days) and infectious state
(mean, 4.1 days), after which they recover with immunity or
die. We model the incubation period as slightly longer than
the latent period, so that people who are infected develop
influenza symptoms on average 1.9 days after infection if they
develop symptoms at all (17, 18). The probability distributions
of the latent, incubation, and infectious periods are shown.
We assume that 67% of infected people develop influenza
symptoms and 33% will be asymptomatic. We further assume
that asymptomatic people are half as infectious as those with
influenza symptoms. Additionally, this model allows for
people to withdraw from all of their mixing groups except
the family unit if they become ill. (B) Illness attack rates (the
final proportion that become ill) by age group and R

0
. (C) For

epidemics with no interventions, the probabilities of no cases,
a small epidemic with at least one secondary infected person
(e1 case per 1000), and a large epidemic (91 case per 1000),
as a function of R

0
. Also, the average number of cases per

1000 people for the latter two types of epidemics.
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a certain percent of the people in that mixing

group would receive prophylaxis. We used cur-

rent estimates of the antiviral efficacy (AVE)

of oseltamivir (26–29) (see the SOM).

The primary difficulty in TAP would be the

identification of index cases. Because TAP is

aimed at predefined close contact groups, the

identification of potential TAP recipients would

be less difficult than in classical contact tracing.

An alternative and less resource-intensive strat-

egy would be geographically targeted anti-

viral prophylaxis (GTAP), also known as ring

prophylaxis. In this strategy, once an influenza

case is identified in a locality, then a percent-

age, varied in a sensitivity analysis (fig. S12),

of people in an entire locality are given one

course of oseltamivir.

Household quarantine, like GTAP, is im-

plemented within localities. The first case in

a locality triggers a quarantine policy. Every

case and a certain percentage of susceptible

people restrict their movement to within their

household and their neighborhood cluster. Be-

cause quarantined people would have more

contact with their household and neighbor-

hood contacts, the contact probabilities within

households and household clusters are doubled

for quarantined people.

A human influenza A (H5N1) vaccine is

currently being tested (7) and may be available,

but could be poorly matched to the emerging

strain and thus be of low efficacy. For the model

scenarios that use vaccination, we assume that

pre-vaccination takes place long enough be-

fore the pandemic that vaccinated people can

develop immunity. We assume a low vaccine

efficacy for susceptibility (VE
S
) (30) of 0.30

and a vaccine efficacy for infectiousness (VE
I
)

of 0.50. We carried out a sensitivity analysis

on VE
I
(fig. S19).

We consider an epidemic to be contained if

there are fewer than 500 cases in the 500,000-

person community (e1 per 1000). The contain-

ment proportion is the proportion of simulations

in which the attack rate is e1 per 1000. Another

measure of how well we have contained the

epidemic is the number of infected people who

travel out of the 500,000-person community

over the course of the epidemic. If this number

is very low or even zero, we have effectively

contained spread at the source. The number of

cases per 1000 people in the population is

another measure of success of the intervention.

Given an initial person infected with the

newly emergent influenza strain, there are three

possible outcomes: (i) no further people are

infected; (ii) there is a small epidemic, between

1 and 500 total cases (e1 per 1000); or (iii) there

is a large epidemic (91 case per 1000 people).

The relative probabilities of these three out-

comes as well as the average size of a large

epidemic vary with R
0
(Fig. 1C).

Figure 2A shows a typical realization of a

large epidemic due to a single initial infective

at R
0
0 1.4, with no intervention, as well as the

average times for intervention initiation. On

average, the first symptomatic case appeared 4

days after the initial infection, with interven-

tion initiation times on average 11, 18, or 25

days after the initial infection. Figure 2B

shows a typical realization of an epidemic

contained with 90% GTAP. Movies 1 to 3 in

the SOM show the geographic spread of the

epidemic with and without intervention.

Figure 3 gives bar plots of the results for

the different intervention strategies and values

of R
0
. Table 1 gives numbers for the results for

R
0
values of 1.4 and 1.7. The measures of

containment did not vary much if intervention

was initiated 7, 14, or 21 days after the first

case, so we give results just for the 14-day

delay, followed by a sensitivity analysis of the

effect of further delay (fig. S14). When R
0
0

1.1, just above threshold, all of the interven-

tions work well. Both 80% TAP and 90%

GTAP would be effective in containing pan-

demic influenza at the source if R
0
e 1.4. If

R
0
Q 1.7, then neither 80% TAP nor 90%

GTAP is consistently effective in containing

the epidemic, and 300,000 to 350,000 courses

of oseltamivir would be needed. Thus, for these

interventions singly, a containment threshold

exists somewhere between R
0
0 1.4 and 1.7.

Further sensitivity analysis shows that the

containment threshold is roughly at R
0
0 1.6.
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Fig. 2. Model stochastic realizations. (A) A typical stochastically simulated large influenza epidemic
with no intervention and R0 0 1.4. Also shown are the main intervention initiation times considered
and the number of cases at those intervention times. (B) A typical stochastically simulated influenza
epidemic that is contained using 90% GTAP initiated 14 days after the first case, when R

0
0 1.4.
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Pre-vaccination of the population with a low-

efficacy vaccine greatly enhances the effec-

tiveness of TAP and GTAP, even with just

50% coverage. With pre-vaccination, both 80%

TAP and 90% GTAP are effective at con-

taining the epidemic when R
0
0 1.7, but not

at higher levels of R
0
. Pre-vaccination es-

sentially lowers the reproductive number (31).

Local household quarantine is effective at

containing the epidemic if R
0
e 2.1 but is not

as effective at R
0
0 2.4. However, a com-

bination of 80% TAP plus quarantine is ef-

fective at an R
0
as high as 2.4, and adding

pre-vaccination makes TAP plus quarantine

even more effective.

We conducted a number of sensitivity

analyses of the effectiveness of the different

interventions at different levels of implementa-

tion and delay (figs. S11 to S18). We found that

at R
0
e 1.4, either TAP or GTAP alone is

effective only at the 70% level or higher. At

higher values of R
0
, household quarantine must

reach the 70% level to be effective. In terms of

timing of the intervention (fig. S14), 90%

GTAP and 80% TAP become less effective

when the intervention starts 28 days or more

after the detection of the first symptomatic

case, when there is an average of 85 cases

already. Quarantine at the 70% level becomes

less effective 42 days (average, 313 cases)
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Fig. 3. The effectiveness of the different interventions as compared to no
intervention started 14 days after the first case at different values of R

0
. The

interventions considered are 90% GTAP, 80% TAP, 80% TAP plus 50% pre-
vaccination of the population (80% TAP 50% Pre-Vac), 80% TAP plus 70%
pre-vaccination of the population (80% TAP 70% Pre-Vac), 70% household
and household cluster quarantine (70% Quar), 80% TAP with 70%
household and household cluster quarantine (80% TAP 70% Quar), and
80% TAP plus 50% pre-vaccination of the population with 70% household
and household cluster quarantine (80% TAP 50% Pre-Vac 70% Quar). (A)
Average number of cases per 1000 people with no intervention and with

different interventions. (B) Average containment proportion defined as
the proportion of epidemics with one or more secondary cases that had
500 or fewer cases in the population of 500,000 (or e1 case per 1000).
The ‘‘no intervention’’ entry gives the proportion of these epidemics that
had 500 or fewer cases with no intervention in the population of 500,000
(or e1 case per 1000). (C) Average number of infected people leaving the
500,000-person population. Each day, the number of infected people who
have not withdrawn to the home or are quarantined is multiplied by 10j3,
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(D) Average number of courses of oseltamivir used for the intervention.
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after detection of the first case, even with the

addition of TAP. All other interventions in

combination with pre-vaccination would be

fairly effective even 56 days (average, 894

cases) after the detection of the first case.

It may not be practical to get antiviral agents

to exposed peoplewithin 1 day of the index case

developing symptoms. We carried out a sensi-

tivity analysis for delays in initiation of TAP in

the close contact mixing groups ranging from 2

to 5 days after detection of an index case, with

80% TAP. With a delay of up to 2 days, sub-

stantial reduction in the number of cases is still

achieved, but with delays of 3 to 5 days, there is

less benefit (fig. S15). Sensitivity analysis on

antiviral efficacy (figs. S16 to S18) shows that

the effectiveness of TAP and GTAP is moder-

ately sensitive to variation in AVE
S
but not as

much to variation in antiviral efficacy in

preventing symptomatic disease if infected,

AVE
D
. Both AVE

S
and AVE

I
need to be 0.5

or higher for either TAP or GTAP to be

effective. Sensitivity analysis on VE
I
shows

that the effectiveness of 80% TAP with 70%

pre-vaccination is sensitive to variation in VE
I

(fig. S19). However, even at a level of VE
I
as

low as 0.1 (fig. S19), the epidemic is still well

contained.

We have shown that the targeted use of

antiviral agents, if implemented within 21 days

of the first case and if R
0
e 1.4, would have a

high probability of success for containing an

emergent influenza strain at the source in a

rural SE Asian population. Such interventions

would be effective for R
0
values as high as 1.7

in the presence of pre-vaccination with a low-

efficacy vaccine. For higher values of R
0
,

localized household quarantine would have to

be implemented, possibly in combination with

targeted antiviral prophylaxis to contain the

pandemic at the source. Although the R
0
of a

future newly emergent influenza strain is un-

known, previous estimates are 1.89 from the

first epidemic of pandemic A (H3N2) in Hong

Kong (19) and 2 to 3 for 1918 pandemic A

(H1N1) in the United States (32). However, a

newly emergent influenza strain may not yet

be well adapted to humans and could have an

R
0
G 2, and possibly just above 1. As the virus

adapts to human-to-human transmission, there

would probably be an incremental increase in

R
0
with each transmission event (33). This

makes early intervention especially important.

Based on the results here, the current World

Health Organization stockpile of 120,000 treat-

ment courses could possibly be sufficient to

contain a pandemic if the stockpile were de-

ployed at the source of the emerging strain

within 2 to 3weeks of detection. Given that early

containment at the original sourcemay fail or the

emergent strain may appear simultaneously in

several locations, up to 1 million courses could

be needed to deal with the multiple outbreak

foci. In addition, pre-vaccination of populations

at risk for a newly emergent influenza strain

would be prudent, even if the vaccine provided

only moderate protection. Although the effec-

tiveness of most interventions was fairly in-

variant to the timing of intervention initiation up

to 21 days after the first case, delay much

beyond that could allow the pandemic to spread

unless pre-vaccination takes place.

These results are probabilistic and demon-

strate considerable variability in the potential

size of the epidemic in the absence of and in

response to intervention (34). Public health

officials need to keep this probabilistic char-

acteristic of success in mind when planning

and evaluating their response. We have de-

veloped a flexible mathematical model that

can help determine the best intervention strat-

egies for containing pandemic influenza at

the source. Should a newly emergent influ-

enza strain appear, the model could be quickly

calibrated to data and intervention options

at the source of the epidemic. Data should be

provided from the field to estimate the value

of R
0
; the serial interval between cases; the

distributions of the latent, incubation, and in-

fectious periods; pathogenicity; case fatality

ratios; and secondary spread within important

mixing groups.
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Table 1. Simulated mean cases, escapes, courses, and containment proportion for various interventions
and no intervention in a typical rural population of 500,000 people in SE Asia.

Intervention
Cases per 1000 Escapes Courses

Containment
proportion

R0 0 1.4 R0 0 1.7 R0 0 1.4 R0 0 1.7 R0 0 1.4 R0 0 1.7 R0 0 1.4 R0 0 1.7

No intervention 211 384 686 1254 – – – –
80% TAP 0.13 149 0.43 525 1,042 381,273 0.98 0.33
90% GTAP 0.28 54 1 187 54,834 325,431 0.95 0.59
80% TAP þ 50%

pre-vaccination
0.02 0.16 0.06 0.67 87 1,338 1.00 0.98

80% TAP þ 70%
pre-vaccination

0.01 0.04 0.08 0.12 67 269 1.00 1.00

70% quarantine 0.17 1 0.72 3 - - 0.98 0.57
80% TAP þ

70% quarantine
0.06 0.14 0.18 0.36 484 1,349 1.00 1.00

80% TAP þ 70%
quarantine þ 50%
pre-vaccination

0.02 0.03 0.06 0.17 91 275 1.00 1.00
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In Situ Stable Isotope Probing

of Methanogenic Archaea

in the Rice Rhizosphere
Yahai Lu1,2 and Ralf Conrad2*

Microorganisms living in anoxic rice soils contribute 10 to 25% of global meth-
ane emissions. The most important carbon source for CH4 production is plant-
derived carbon that enters soil as root exudates and debris. Pulse labeling of rice
plants with 13CO2 resulted in incorporation of 13C into the ribosomal RNA of
Rice Cluster I Archaea in the soil, indicating that this archaeal group plays a
key role in CH4 production from plant-derived carbon. This group of micro-
organisms has not yet been isolated but appears to be of global environmental
importance.

The translocation of plant photosynthates

below ground and their subsequent decom-

position by rhizospheric microorganisms are

key to the terrestrial ecosystem carbon budget

(1). It has been shown that 30 to 60% of net

photosynthesized carbon is allocated to roots,

and as much as 40 to 90% of this fraction enters

soil in the forms of root exudates, sloughed-off

cells, and decaying roots (2). In wetland soils

and rice paddies, the below-ground carbon

flow provides a major carbon source for meth-

ane production (3, 4). However, little is known

about the microbiota that are involved in the

rhizosphere carbon cycle, and the soil micro-

biota is considered a Bblack box[ in studies of

soil carbon dynamics (5).

A combination of stable isotope probing

(SIP) and biomarker-based fingerprinting can

be a powerful approach to investigate micro-

bial species and in situ activity (6, 7). Bio-

markers that have been used with SIP include

nucleic acids (7–11) and phospholipid fatty

acids (6, 12–14). Nucleic acids are particularly

useful because they provide specific taxonomic

information (15). Here we report on the appli-

cation of RNA SIP in an intact rice-soil system

to identify the active methane producers in the

rhizosphere.

Rice fields represent one of the most im-

portant individual sources of the greenhouse

gas CH
4
(16, 17). Below-ground carbon flow

is a key determinant in seasonal patterns of

CH
4
emissions from rice fields (3). It has

previously been shown that pulse labeling of

rice plants with 14CO
2
or 13CO

2
results in the

production and emission of labeled CH
4
from

soil (3). Furthermore, excised roots can sup-

port immediate production of CH
4
if incu-

bated anaerobically (18), indicating an active

methanogenic microbial community on rice

roots and in the rhizosphere (11, 19). These

methanogens are differentially activated under

various incubation conditions (11); however,

it is not known how individual phyla contrib-

ute to CH
4
production in an intact soil-plant

system.

We established duplicatemicrocosms for 13C

labeling experiments (20). The microcosms

were divided into two chambers to isolate the

aerial parts of the plants from the soil and roots.

The rice plants grown in each microcosm were

repeatedly (49 times over 7 days) pulse-labeled

in daylight with 13CO
2
(99% enrichment) (fig.

S1A). The added CO
2
was taken up by the

leaves within 1 hour, with the concentration of

CO
2
decreasing from 3000 to 100 parts per

million by volume during this time. Rice

plants were only briefly exposed to higher

than ambient CO
2

concentrations, because

chronic exposure might eventually have stimu-

lated root exudation and CH
4
production (21).

CH
4
and CO

2
in soil pore water and CH

4
in

the top chamber incorporated 13C rapidly after

the assimilation of 13CO
2
by the plants, with

the 13C atom% of CH
4
and CO

2
increasing

linearly during the 7-day labeling period (fig.

S1B). The value of 13C atom% of CH
4
in the

top chamber was less than that of the pore

water, because some of the CH
4
produced was

presumably oxidized in the rhizosphere (22).

The rapid 13C labeling of CH
4
in the soil pore

water and the top chamber verified that

methanogenesis in the rice rhizosphere was

highly active and tightly coupled to plant

photosynthesis. The 13C atom% of CH
4
in

the soil pore water indicated that at least 15%

of total CH
4
produced in the rhizosphere

originated from plant-derived carbon over the

7-day labeling period (fig. S1B). Because SIP

might have resulted in minimal labeling of the

rhizosphere microbial community and been

barely detectable above the background of

natural 13C abundance (23, 24), we established

parallel microcosms without 13C labeling as

controls (20). Nucleic acids from both labeled

and nonlabeled microcosms were subjected to

the same density-gradient fractionation proce-

dures (20). The RNA isolated from labeled

rhizospheric soil exhibited, on average, greater

buoyant density (BD) (1.796 g ml–1) than that

from the nonlabeled rhizospheric soil (BD,

1.788 g ml–1) (fig. S2A). The archaeal tem-

plates, as determined by real time polymerase

chain reaction using the archaeal-domain specif-

ic primers, showed a similar trend (fig. S2B).

Archaeal terminal restriction fragment

length polymorphism (T-RFLP) fingerprints

(20) from RNA taken from different density-

gradient fractions after pulse labeling showed a

strong shift with increasing BD (Fig. 1A).

Specifically, a 394–base pair (bp) fragment

markedly increased in frequency in fractions

with BD Q 1.808 g ml–1 (Fig. 1, A and B). By

contrast, the archaeal fingerprints of non–

pulse-labeled soil remained unchanged over

all fractions of the density gradient (Fig. 1C).

The fingerprints from the Blight[ RNA frac-

tions of the pulse-labeled soil and those from

nonlabeled control soil were almost identical,

indicating that the exposure of plants to CO
2

fluctuation caused no bias.We replicated the SIP

experiments three times with virtually the same

results. Hence, within the archaeal community,

the populations with the characteristic 394-bp

T-RF had taken up the 13C derived from the

pulse labeling and incorporated it into their

RNA. The most plausible explanation for this ob-

servation is that these archaea were the popula-

tions most actively assimilating the carbon

provided by the pulse labeling of the rice plants.

To phylogenetically characterize the archaea

present in the rhizosphere, we constructed

two 16S RNA clone libraries, LrhA (65 clones)

and HrhA (62 clones), representing the archaeal

light (BD, 1.793 g ml–1) and Bheavy[ (BD,

1.816 g ml–1) RNA, respectively (20). The

clone libraries showed that the archaeal popu-

lations in the rice rhizosphere consisted of

seven dominant lineages (fig. S3), confirming

earlier studies on rice roots and rice field soil

(11, 19, 25). Methanosarcina-like sequences

were predominant, accounting for 55% and

45% of total sequences analyzed for LrhA and

HrhA, respectively (Fig. 2). The most obvious

difference between the two clone libraries was

a much higher abundance of Rice Cluster I

(RC-I) in HrhA (26%) than in LrhA (8%). The

analysis of the sequence data allowed the

assignment of the 394-bp fragment to RC-I

and a 187-bp fragment to Methanosarcinaceae

(fig. S3). Thus, the observation that the 394-bp

T-RF increased in the heavy RNA fractions

(Fig. 1A) was corroborated with the higher

abundance of the RC-I sequences in the HrhA

clone library (Fig. 2).

These data demonstrate that, of the archaea

detectable in the rice rhizosphere, the RC-I

methanogens became specifically labeled.

RC-I methanogens have so far not yet been iso-

lated into pure culture; however, an enrich-
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ment culture exists (25, 26) that grows using

H
2
/CO

2
as energy and carbon sources. Hence,

it appears that in rice microcosms, photo-

synthates were excreted from the rice roots

and degraded by the anaerobic microbial com-

munity. The resulting H
2
allowed the RC-I

methanogens to assimilate 13C into ribosomal

RNA. The 13C could originate from 13CO
2
gen-

erated by root and microbial heterotrophic

respiration or other 13C-phothosynthates that

could be assimilated by RC-I methanogens.

Our results are consistent with earlier studies

on excised rice roots showing that, in this

habitat, CH
4
is mainly produced by RC-I meth-

anogens from H
2
/CO

2
(11, 27, 28). Consider-

ing the fact that rice fields are an important

source for the greenhouse gas methane (16, 17)

and that plant-photosynthesized carbon con-

stitutes a major source for CH
4
production in

rice soil (3, 29), our study reveals the central

importance of the RC-I methanogens in global

methane production.

DNA and RNA SIP has frequently been

used to link the active microorganisms with

the biogeochemical processes operating in

various environmental systems (7–11). The

usual disadvantage of the SIP technique is the

necessity of adding a 13C-labeled substrate into

the environmental sample, which may cause

bias by physical disturbance and a change of in

situ substrate concentrations. In our experi-

ments, we avoided bias by application of the
13C substrate through pulse labeling of the

plant phyllosphere. As rhizosphere carbon flow

plays a key role in the interactions between

above-ground and below-ground biota (30), we

believe that RNA SIP has the potential for

wide application in rhizosphere microbial

ecology, in particular for tracking carbon flow

through different compartments of the rhizo-

sphere microbiota and for assessing the effect

of environmental conditions on this flow.
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Complete Genome Sequence and

Lytic Phase Transcription Profile

of a Coccolithovirus
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The genus Coccolithovirus is a recently discovered group of viruses that infect
the globally important marine calcifying microalga Emiliania huxleyi. Among
the 472 predicted genes of the 407,339–base pair genome are a variety of
unexpected genes, most notably those involved in biosynthesis of ceramide, a
sphingolipid known to induce apoptosis. Uniquely for algal viruses, it also
contains six RNA polymerase subunits and a novel promoter, suggesting this
virus encodes its own transcription machinery. Microarray transcriptomic anal-
ysis reveals that 65% of the predicted virus-encoded genes are expressed
during lytic infection of E. huxleyi.

Large icosahedral viruses from the family

Phycodnaviridae infect marine or freshwater

eukaryotic algae, and all contain dsDNA

genomes ranging from 180 to 560 kbase pair

(kbp) (1, 2). Phycodnaviruses belong to a

group of viruses that replicate, completely or

partly, in the cytoplasm of eukaryotic cells and

are termed nucleocytoplasmic large DNA

viruses (NCLDVs) (3). Two other members

of the Phycodnaviridae have been sequenced

before this study: the 335,593–base pair (bp)

genome of a virus that infects a marine

filamentous brown alga, Ectocarpus siliculo-

sus (EsV-1) (4), and the 330,744-bp genome

of a virus that infects a unicellular chlorella-

like green algal symbiont of the freshwater

protozoa Paramecium bursaria (PBCV-1).

These two viruses, which are from the same

family, only have 33 genes in common (1).

EhV-86, a lytic virus about 170 to 175 nm in

diameter, was originally isolated by plaque

assay from a seawater sample collected from a

dying Emiliania huxleyi bloom in the English

Channel (5). Phylogenetic analysis of its DNA

polymerase gene places it in a new genus

(Coccolithovirus) within the family Phycod-

naviridae (6). The EhV-86 host, Emiliania

huxleyi (Haptophyta), is a unicellular alga

known for its elegant calcium carbonate

scales, which it produces intracellularly and

sequesters over its cell surface (7). It is per-

haps best known for its immense coastal and

open ocean blooms at temperate latitudes and

is a key species for current studies on global

biogeochemical cycles and climate modelling

(8–10).

Sequence analysis (11) of EhV-86 revealed

a circular genome with a length of 407,339 bp

(Fig. 1) (12), making this the largest Phycod-

naviridae genome sequenced to date. Other

larger algal virus genomes are known to exist,

such as the virus that infects Pyramimonas

orientalis, a marine microalga, which has a

genome of about 560 kbp (13). Recently,

Mimivirus, the largest NCLDV Epreviously

isolated from amoeba growing in the water of

a cooling tower (14)^ was sequenced, revealing

a 1,181,404-bp genome (15). General features

of the EhV-86 genome sequence include a

nucleotide composition of 40.2% GþC, a total

of 472 predicted genes (coding sequences,

CDSs) (Fig. 1) with an average gene length

of 786 bp, a coding density of 91%, five tRNA

genes Eencoding amino acids Leu (containing

an intron), Ile, Gln, Asn, and Arg^ and two

further introns (ehv064 and ehv459). In ad-

dition, we identified the location and ori-

entation of three distinct families of repeats

(designated A, B, and C) throughout the

genome (Fig. 1 and fig. S1). Family A repeats

are noncoding but are found immediately

upstream of 86 predicted CDSs and are pos-

sible promoter elements essential for transcrip-

tion of associated CDSs. Family B repeats are

characterized by GC-rich regions found in

CDSs, which encode proline-rich domains.

Family C repeats are AT-rich, noncoding, and

characteristic of virus genome origins of rep-

lication (16).

Of the 472 CDSs, only 66 (14%) have been

annotated with functional product predictions

on the basis of sequence similarity or protein

domain matches (Table 1). A large proportion

of CDSs exhibited no similarity to proteins in

the public databases; only 21% of the CDSs

contain protein-protein basic local alignment

search tool (BLASTP) results that matched

with an E value lower than 0.01 (for details of

sequence similarity and protein domain data-

base matches, see table S2). Future analysis of

marginal similarities may increase this pro-

portion further. Most of the genes with func-

tional predictions are at the Bends[ of the

genome; surprisingly, there are only 8 such

genes within 230 CDSs in the 176-kbp central

region between 156 kbp and 332 kbp. The

role of this central region is unclear.

Microarray analysis was used to obtain a

transcriptome profile during lytic infection

and to confirm whether putative CDSs were

transcriptionally active. The microarray was

constructed from 75-mer oligonucleotides

corresponding to the sense strand of each

putative CDS on the EhV-86 genome. EhV-

86 gene expression (RNA transcription) was

determined by hybridization to the microarray

with fluorescently labeled cDNAs prepared

from an infected E. huxleyi culture 33 hours

postinfection. This time was chosen because

the majority of cells in the culture were in-

fected at a wide range of infection stages (fig.

S3); the majority of kinetic classes of tran-

scripts should be expressed at this point, and

we detected expression of 308 EhV-86 CDSs
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(65%) (Fig. 1 and database S5) (17). Analysis

of the expression data allowed us to confirm

annotation of some overlapping CDSs. Analy-

ses of the transcriptome revealed that many

of the unknown CDSs were expressed and

are therefore likely to be functional. Up to

35% of EhV-86 CDSs were either not ex-

pressed or were beyond the limit of detection

at 33 hours postinfection. Interestingly, expres-

sion was not observed in a putative phos-

phate permease (ehv117), a protein predicted

to be involved in high affinity phosphate trans-

port (18, 19). Because this study was con-

ducted in nutrient excess, it is possible the

permease is only expressed during phosphate-

limiting conditions.

Analysis of EhV-86 homologs of known

genes revealed several that have never been

identified in a virus before. There are at least

four genes involved in sphingolipid biosyn-

thesis, encoding sterol desaturase (ehv031),

serine palmitoyltransferase (ehv050), transmem-

brane fatty acid elongation protein (ehv077),

lipid phosphate phosphatase (ehv079), and a

further two genes encoding desaturases (ehv061

and ehv415). Transcriptomic analysis revealed

that all these genes except ehv415 are ex-

pressed during infection (Fig. 1). Sphingolipids

are membrane lipids present in all eukary-

otes and some prokaryotes and also play a

key role in several processes, particularly

signal transduction (20). A sphingolipid bio-

synthesis pathway has not previously been

discovered on a virus genome. Sphingolipid

biosynthesis leads to the formation of cer-

amide (21), which is known to suppress cell

growth and is an intracellular signal for apo-

ptosis (22, 23). Several viruses are known to

induce apoptosis (24). Uniquely, EhV-86 ap-

pears to encode key components of the cer-

amide pathway in its genome; furthermore, it

is known that there is a connection between

protease activation and ceramide-induced

apoptosis (25), and intriguingly EhV-86 con-

tains eight proteases (including five serine

proteases) throughout the genome (ehv021,

ehv109, ehv133, ehv151, ehv160, ehv349,

ehv361, and ehv447). All proteases except

ehv361 are expressed during infection (Fig. 1).

One theory is that this algal virus encodes a

mechanism for inducing apoptosis as a strat-

egy for killing the host cell and disseminating

progeny virions during the infection cycle.

Apoptosis, or programmed cell death, has

been observed previously in marine phyto-

plankton (26), although usually as a response

to nutrient or other physiological stressors

(27, 28) rather than virus infection.

Further analysis of the genome reveals that

EhV-86 contains 25 of the core set of 40 to 50

conserved virus genes for NCLDVs (3) that

encode some of the principal features of vi-

rion structure and genome replication and

expression (Table 1 and table S2). Uniquely

for the Phycodnaviridae, EhV-86 contains six

RNA polymerase subunits (ehv064, ehv105,

ehv108, ehv167, ehv399, and ehv434), all of

which are expressed. The presence of a pu-

tative virus RNA polymerase holoenzyme

together with the family A repeats, which we

suggest are previously unknown promoters

(Fig. 1), would indicate that EhV-86 encodes

its own transcription machinery. Hence, ex-

pression of some EhV-86 transcripts may

occur in the cytoplasm rather than the nucleus

(29). Phycodnaviridae lack RNA polymer-

ases; thus, further phylogenetic analysis may

point to coccolithoviruses being reclassified

into a distinct subfamily.

EhV-86 is the largest algal virus genome se-

quenced to date, and it expresses a range of

virus genes, revealing functions more com-

monly observed in animal and plant cells. Viral

ceramide production raises questions about cell

death in phytoplankton and may have implica-

tions for new sources of lipids in the marine

food chain. Ongoing definition of the EhV-86

genome, coupled with transcriptomic analysis,

will reveal the function of expressed genes that

have no homologs in current databases. As more

giant viruses are discovered and their genomes

sequenced, there is sure to be an explosion of

exciting gene discoveries and novel functions.

EhV-86
407,339 bp 
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Fig. 1. Circular representation of the 407,339-bp EhV-86 genome. The outside scale is numbered
clockwise in kbp. Circles 1 and 2 (from outside in) are CDSs (forward and reverse strands,
respectively), starting with CDS ehv001 at position 276 bp (color-coded gray and just below the 0-kb
marker on the reverse strand). CDSs are color-coded by putative function: light green, no known
function; dark green, no known function but contains transmembrane helices; gray, miscellaneous;
sky blue, degradation of large molecules; red, information transfer; yellow, central or intermediary
metabolism; pink, virus specific; and light blue, kinases. Circles 3 and 4 are microarray expression
results (forward and reverse strands, respectively) color-coded as follows: orange, expression
observed; blue, no expression observed; and gray, not determined because oligonucleotides were not
designed for that particular CDS. Circles 5 to 7 are the positions of the three families of repeats:
green, putative promoter family A; blue, proline-rich family B; and orange, putative origin of
replication. Circle 8, GþC content. Initial sequence analysis of EhV-86 suggested a linear genome,
because the ends in the sequence alignment always stopped at the same bases. However, polymerase
chain reaction amplification across the termini generated a product indicating the genome had a
circular stage during virus replication (30). Sequence analysis of this product revealed either an A or
T (at equal ratio) single base pair overhang at each of the termini, indicating a potential method for
circularization of the genome. Consequently, bases T and A were annotated to the ‘‘start’’ of the
genome (bases 1 and 2).
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Table 1. Genes with functional predictions identified in EhV-86. CDS, systematic gene identifier; CG,
CDSs that are known NCLDV core genes (3) (3); Ex, CDSs that are expressed (3) or not expressed (x) at
33 hours postinfection as determined by microarray transcriptomic analysis.

CDS
Position

Putative function/features CG Ex

Start End

ehv014 8433 9299 Longevity-assurance (LAG1) family protein 3

ehv018 12303 13379 Endonuclease 3

ehv020 15170 15949 Putative proliferating cell nuclear antigen 3 3

ehv021 15998 17212 Serine protease 3

ehv022 17197 18486 Phosphoglycerate mutase family protein 3

ehv023 18732 19253 Deoxycytidylate deaminase 3

ehv026 22027 23004 Ribonucleoside-diphosphate reductase small chain 3 3

ehv028 24121 24912 Lipase 3

ehv030 25675 28713 DNA polymerase delta catalytic subunit 3 3

ehv031 28718 29704 Sterol desaturase 3

ehv041 38172 39305 Endonuclease 3

ehv050 45226 47838 Serine palmitoyltransferase 3

ehv060 55942 61926 Lectin protein x
ehv061 61979 62941 Fatty acid desaturase 3

ehv064 64018 68501 DNA-dependent RNA polymerase II largest subunit 3 3

ehv072 74904 75785 DNA-binding protein 3 3

ehv077 78289 79257 Transmembrane fatty acid elongation protein 3

ehv079 80165 80896 Lipid Phosphate phosphatase 3

ehv085 86013 87614 Major capsid protein 3 3

ehv093 93036 93416 HNH endonuclease family protein x
ehv101 99368 100174 Hydrolase x
ehv103 100800 101153 Vesicle-associated membrane protein 3

ehv104 101158 102741 Putative helicase 3 3

ehv105 102837 103331 Transcription factor S-II (TFIIS) family protein 3 3

ehv108 106901 107545 DNA-directed RNA polymerase subunit 3

ehv109 107546 108073 OTU-like cysteine protease 3

ehv110 108106 108942 RING finger protein 3

ehv113 110604 112046 Bifunctional dihydrofolate reductase–thymidylate synthase 3 3

ehv117 113956 115560 Phosphate permease x
ehv128 121517 122026 ERV1/ALR family protein 3 x
ehv133 125567 126283 ATP-dependent protease proteolytic subunit 3

ehv136 126964 127572 Nucleic acid–binding protein 3

ehv141 131083 132345 Hypothetical protein 3 3

ehv151 139720 140628 Serine protease 3

ehv152 140747 141610 DNA binding protein 3

ehv158 145226 147094 DNA ligase 3 3

ehv160 147460 148464 Serine protease 3

ehv166 154991 155719 RING finger protein 3 x
ehv167 155756 156016 DNA-directed RNA polymerase subunit 3 3

ehv179 167551 169176 Major facilitator superfamily protein 3

ehv184 171775 173091 DNA binding protein 3

ehv230 219949 220335 Endonuclease 3

ehv346 228542 229306 Lectin protein 3

ehv349 289563 290267 Protease 3

ehv358 300433 300909 Thioredoxin x
ehv361 302158 303507 Serine protease x
ehv363 303778 304569 Esterase x
ehv393 333013 334023 DnaJ domain-containing protein x
ehv397 335877 336323 Deoxyuridine 5¶-triphosphate nucleotidohydrolase 3 3

ehv399 337274 337963 DNA-directed RNA polymerase subunit 3

ehv401 338688 339317 Ribonuclease 3 3

ehv402 339307 340335 Protein kinase x
ehv403 340415 341551 Hypothetical protein 3 3

ehv415 348487 349263 Putative fatty acid desaturase x
ehv428 362962 365202 Ribonucleoside-diphosphate reductase protein 3 3

ehv430 365923 368631 Helicase 3

ehv431 368760 369743 Thymidylate kinase 3 3

ehv434 370859 374329 DNA-directed RNA polymerase II subunit 3 3

ehv440 378178 379044 Proliferating cell nuclear antigen protein 3

ehv444 384374 387685 DNA topoisomerase 3 3

ehv447 388779 389684 Serine protease 3

ehv451 391491 392306 Protein kinase 3 3

ehv453 393351 394478 MRNA capping enzyme 3 3

ehv455 396954 398075 Sialidase 3

ehv459 398903 401004 Nucleic acid–independent nucleoside triphosphatase 3 3

ehv465 404611 405201 Putative thioredoxin protein 3 x
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Structural Basis for the

Activation of Cholera Toxin

by Human ARF6-GTP
Claire J. O’Neal,1* Michael G. Jobling,4* Randall K. Holmes,4

Wim G. J. Hol2,3.

The Vibrio cholerae bacterium causes devastating diarrhea when it infects the
human intestine. The key event is adenosine diphosphate (ADP)–ribosylation of
the human signaling protein GSa

, catalyzed by the cholera toxin A1 subunit
(CTA1). This reaction is allosterically activated by human ADP-ribosylation
factors (ARFs), a family of essential and ubiquitous G proteins. Crystal structures
of a CTA1:ARF6-GTP (guanosine triphosphate) complex reveal that binding of the
human activator elicits dramatic changes in CTA1 loop regions that allow nico-
tinamide adenine dinucleotide (NADþ) to bind to the active site. The extensive
toxin:ARF-GTP interface surface mimics ARF-GTP recognition of normal cellular
protein partners, which suggests that the toxin has evolved to exploit pro-
miscuous binding properties of ARFs.

The Vibrio cholerae bacterium causes cholera,

a serious diarrheal disease that claims thou-

sands of victims in third-world, war-torn, and

disaster-stricken nations each year (1). V.

cholerae secretes its major virulence factor,

cholera toxin (CT), when colonizing the mu-

cosa of the human small intestine. CT is com-

posed of a globular A subunit and a pentamer

of B subunits (2, 3). Heat-labile enterotoxin

(LT) produced by enterotoxigenic Escherichia

coli, which is responsible for hundreds of thou-

sands of children_s deaths from diarrheal dis-

eases annually (4), shares more than 80%

sequence identity with CT. In both toxins, pro-

teolytic cleavage of the A subunit and re-

duction of the Cys187-Cys199 disulfide bond

covalently separate the A1 and A2 domains,

formed by residues 1 to 192 and 193 to 240,

respectively (5). A1 is solely responsible for

the toxin_s enzymatic activity; however, in

vivo delivery of the A1 enzyme to its target

requires the nonenzymatic B pentamer and A2

peptide, which testifies to an extensive co-

evolution of the diarrheal pathogens with their

human hosts (6, 7).

A1 is an ADP-ribosyltransferase, catalyzing

the covalent transfer of an ADP-ribose moiety

from NADþ to Arg201 of the signaling protein

G
Sa
. This modification triggers a series of

events that culminates in massive efflux of

salts and water from the epithelial cells into the

intestinal lumen, creating the watery diarrhea

characteristic of cholera. ADP-ribosylating

toxins (ADPRTs) produced by other bacterial

pathogens, as well as human regulatory pro-

teins termed poly(ADP-ribose) polymerases,

catalyze similar chemistry with different accep-

tor residues in different protein targets. Com-

pared with other ADPRTs, A1 by itself has

relatively low activity in vitro, but the affinity

and enzymatic efficiency of CTA1 toward its

substrates is increased by interaction with an

ADP-ribosylation factor (ARF) protein from

the human host (8–10). Numerous in vitro

studies have demonstrated a tight interaction

between A1 and ARFs, and recent work ad-

ditionally indicated that the A1 fragment of

LT interacts with ARF in vivo (11), although

the essential nature of this interaction is still to

be established. ARFs are È20-kD guanine

nucleotide-binding proteins that act as molec-

ular switches essential in membrane trafficking

and actin cytoskeleton remodeling in eukary-

otic cells (12). They have the characteristic G

protein fold and bind effector proteins using

structural elements, termed switch I, inter-

switch, and switch II, that differ in conforma-

tion between guanosine diphosphate (GDP)–

bound and GTP-bound states (13–16). Only

ARF-GTP, not ARF-GDP, can bind human

effector proteins and, likewise, only ARF-GTP

activates A1 (8). Despite extensive study, how-

ever, the manner in which ARFs activate A1

has remained a mystery.

To investigate how the toxin recognizes

ARF and to understand A1 activation in the

presence of ARF, we determined the 1.8 )

crystal structure of a CTA1 variant in complex

with human ARF6-GTP. Production of a

CTA1:ARF complex was challenging, as

CTA1 alone is insoluble and expresses as

inclusion bodies (17). A plasmid encoding both

wild-type CTA1 and ARF6 could not be

established because expression of the complex

was lethal to cells. However, inactivating CTA1

through mutations of catalytic residues Glu110

and Glu112 to Asp resulted in a CTA1 variant

that could be coexpressed readily with wild-

type ARF6 to form a stable, soluble complex

that gave well-diffracting crystals (18).

The CTA1:ARF6-GTP heterodimer buries

an extensive solvent-accessible surface of

È1900 )2 between the two proteins (Fig. 1).

The interface is predominantly hydrophobic,

explaining the low solubility of CTA1 in the

absence of a binding partner. Polar atoms at

the periphery of the interface trap six water

molecules, which mediate 8 out of the 11 total

hydrogen bonds present in the interface (table

S2). ARF6-GTP binds CTA1 using 20 resi-

dues, mainly from switches I and II and the

interswitch region, that are completely con-

served or conservatively substituted among

human ARFs (Fig. 1 and fig. S1). Conversely,

CTA1 binds ARF6-GTP È15 ) away from

the floor of the active site where many dif-

ferent structural elements meet (Fig. 1). All 23

CTA1 residues that form the ARF-binding

surface are completely conserved in LTA1 (2),

but interface residues in LT-IIa and LT-IIb

toxins, which share only È60% overall

sequence identity with A1 but are also ac-

tivated by ARFs, are not as well conserved

(10, 19). Superposing A1 subunits from the

CTA1:ARF6-GTP and LT-IIb (19) structures

shows that, except for N152G, all substituted

side chains could maintain similar interactions

with partner ARF residues. Together, these

results suggest that all A1 orthologs interact

with all ARF isoforms in a similar manner.

Our structure shows why ARF6-GDP

cannot bind CTA1. The conformations of

switch I and switch II in ARF6-GDP would

cause steric clashes of the CTA1 a7-a8 loop

and a8 helix with switch I, and of CTA1 b4-b5

and b6-b7 loops and the b7 strand with switch

II. Additionally, hydrophobic side chains of

switch I and interswitch residues Phe47, Val49,

Asn60, and Trp62, which contact CTA1, are

buried in ARF6-GDP (20).

Comparison of the CTA1:ARF6-GTP com-

plex with three structures of ARF-family

proteins in complex with human protein ef-

fectors, GGA1-GAT:ARF1-GTP (14), GRIP

domain:ARL1-GTP (15), and PDEd:ARL2-

GTP (16), reveals three major structural simi-

larities shared among all four complexes.

First, all effectors require ARF or ARF-like

protein (ARL) to be GTP-bound. In all cases

with known structures (Fig. 2), the vast

majority of interactions with the ARF compo-

nent are made to the switch and interswitch

regions, which radically change conformation

between GDP- and GTP-bound forms (12).

Second, the ARF- or ARL-GTP component

maintains a rigid structure independent of bind-

ing partner. ARF6-GTP bound to CTA1 is

nearly identical to that of isolated ARF6-GTP,

with a root mean square deviation (RMSD) of

0.6 ) over all Ca atoms. The structure of

ARF6-GTP in complex with CTA1 is similar
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to the other effector-bound ARF- and ARLs-

GTP, with RMSDs over all Ca atoms between

0.6 and 1.1 ) (14–16).

Third, the interfaces formed between all

four effector:ARF-GTP complexes are quite

similar. All four effector proteins bind a com-

mon È450 )2 area on the surface of ARF- or

ARL-GTP that is hydrophobic and relatively

flat (fig. S2). Each effector:ARF- or ARL-GTP

complex structure also recruits three to eight

water molecules to the interface periphery to

mediate hydrogen bonds between the com-

ponent proteins (14–16). Despite the com-

mon features, the human complexes vary

considerably in buried surface area, from

È1200 to È1600 )2, and in shape comple-

mentarity, with S
C
values ranging from 0.655

to 0.710 (table S3). Interestingly, CTA1

buries more surface area and, with an S
C

value of 0.720, has a greater shape comple-

mentarity with ARF-GTP than any human

effector counterparts.

The similarities between the effector:ARF-

or ARL-GTP complexes and CTA1:ARF6-GTP

are striking considering that (i) the interaction

between human ARF and bacterial CTA1 is an

interspecies event and (ii) the different effectors

have entirely different structures (Fig. 2). CTA1

has thus evolved to mimic human effector

binding to ARF-GTP, which suggests that the

multispecific binding strategy of ARF (21)

apparently leaves it vulnerable to interaction

with unintentional partners.

The structure of CTA1 was previously

determined in the context of the cholera holo-

toxin (holo-CT), where it binds CTA2 (3, 22).

The structures of CTA2 and ARF6-GTP are

completely different (Fig. 1B), yet È70% of

the ARF6-GTP-binding surface of CTA1 also

binds CTA2, and conversely, È50% of the

CTA2-binding surface interacts with ARF6-

GTP (fig. S3). This is consistent with bio-

chemical results that CTA1 must separate from

the holotoxin to interact with ARF-GTP (23).

The CTA1 activation loop (residues 25 to

40), earlier suggested to be important in CT and

LT activation (24), interacts with both partners

but in different ways. The loop forms an

ordered coil when bound by CTA2 in wild-

type holo-CT structures, but residues 25 to 33

rearrange to form an amphipathic helix upon

binding ARF6-GTP (Figs. 1 and 3). The helix

orients aromatic residues Tyr30 and Phe31

toward ARF6-GTP switch I, pointing charged

side chains Arg25, Asp29, and Arg33 to solvent.

Mutation of Phe31 abolishes interaction be-

tween LTA1 and ARF3-GTP (23). Interesting-

ly, disorder of activation-loop residues 26 to

36 in a CTA1:Y30S mutant results in a holo-

toxin variant with intrinsic activity (3). Here,

activation of CTA1 by ARF6-GTP leads to a

well-structured activation loop.

In structures of latent (inactive/uncleaved

and unreduced) holo-CT and holo-LT, the

active-site loop (residues 47 to 56) occludes

Fig. 1. The complex between bacterial CTA1 and human ARF6-GTP. (A) The CTA1:ARF6-GTP
heterodimer. Secondary structural elements of CTA1 are labeled according to (2). CTA1 is gray, with
important loop regions delineated in gold (activation loop) and red (active-site loop). The mutated
active-site residues, Asp110 and Asp112, are green sticks. ARF6 is yellow, with the bound GTP molecule
as sticks. (B) CTA1 in complex with CTA2 (blue) from holo-CT. Conformational changes are limited to
loop regions, colored as in (A). Active-site loop residue Thr50 was disordered in the latent holo-CT
structure (3); the analogous residue in other inactive holo-CT and LT structures displays increased B
factors relative to surrounding residues (2, 3). (C) CTA1 and ARF6-GTP interface residues in a
‘‘butterfly’’ representation. Most interactions of CTA1 with ARF6-GTP occur within switch 1 (pink),
interswitch (purple), and switch 2 (blue) regions, but hydrogen bonds are also made to N-terminal
residues Glu13 and Arg15 (gray). Each interacting residue is marked with a sphere at the Ca position,
and CTA1 residues are colored according to the ARF6-GTP region contacted. Abbreviations of amino
acid residues as in (41).

Fig. 2. Comparison of effector
binding by ARF- and ARL-GTP.
The ARF-family member of each
complex is in identical orientation
relative to ARF6-GTP from the
CTA1:ARF6-GTP structure. De-
spite greatly varied structures, all
effector proteins, including bacte-
rial CTA1, bind a common area on
ARF- and ARL-GTP.
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the active site and must move to allow sub-

strate binding (3, 24). When CTA1 is bound to

ARF6-GTP, this loop swings out of the active

site, with a maximal displacement of 11 ) at

Gly51 (Figs. 1 and 3). ARF6-GTP binding

enables CTA1 active-site loop release through

subtle structural shifts near the activation loop

(18). The open conformation of the active-site

loop exposes active-site residues Arg7, Ser61,

Glu110, and Glu112, all implicated in substrate

binding and catalysis (25, 26). The Glu110 and

Glu112 to Asp mutations in our construct, al-

though inactivating, do not impair the en-

zyme_s ability to bind NADþ (26). Soaking

CTA1:ARF6-GTP crystals with NADþ yielded

a 2.0 ) crystal structure of the quaternary

complex, revealing how this substrate binds to

the CTA1 active site (Fig. 4).

Coordination of the ADP moiety of NADþ

by CTA1 is mostly accomplished by a cluster

of arginines (Fig. 4C). The Arg7 guanido group

coordinates both phosphates, supporting evi-

dence that this residue is essential for NADþ

binding but is not directly involved in catalysis

(25). The Arg11 guanido group makes van der

Waal_s interactions with the adenine ribose

and p stacks with the adenine base. The Arg25

guanido group, pointed away from the active

site in the apoprotein complex structure, swings

over the bound dinucleotide to hydrogen-

bond to the ribose O
A
4¶ and the adenine

phosphate and forms van derWaals interactions

with the adenine base. Mutations of Arg11 or

Arg25 deleteriously affect toxin activity and

toxicity (27).

The nicotinamide mononucleotide (NMN)

moiety is bound in a compact, energetically un-

favorable conformation similar to that seen in

other ADPRT-NADþ complexes (Fig. 4 and

fig. S3) (28–33). In CTA1, the nicotinamide

ring packs between Val72 from the a3 helix on

one face and backbone atoms from Ser61,

Thr62, and Ser63 of the conserved BSTS (Ser

Thr Ser) motif[ (34) on the other face. Most

other ADPRTs stack the ring against a Tyr or

Phe residue instead of Val, which may

contribute to their greater affinity for NADþ

relative to CT (35). The carboxamide group on

the nicotinamide is coordinated in a bidentate

fashion by the carbonyl and amide backbone

groups of one residue, Ala8, a feature con-

served among all ADPRT:NADþ complexes.

The nicotinamide ribose ring itself interacts

with the mutated residues Asp110 and Asp112.

Glu112 has been implicated by numerous bio-

chemical studies as the catalytic residue ab-

solutely required for activity (25, 26). Here, the

Asp112 carboxylate is within hydrogen-bonding

distance (3.2 )) of the O
N
2¶ of the nicotin-

amide ribose ring. The Asp110 carboxylate is

oriented out into the active site over the ribose

ring hydroxyls, within Coulombic-interaction

distance of the reaction center. The exposed

position of Asp110, together with the essential

nature of this residue, suggests that Glu110

coordinates and possibly deprotonates the in-

coming Arg201 from G
Sa
, improving its nu-

cleophilicity for attack at the C
N
1¶ of NADþ

(26, 36–38).

Certain ADPRTs share two crucial features

near the active site despite limited sequence

and structural homology: the active-site loop

and the ADP-ribosylating turn-turn (ARTT)

motif (39). In diphtheria toxin and Pseudomo-

nas aeruginosa ExoS and ExoT, the active-site

loop is required to recognize host-protein sub-

strates and changes conformation to allow

NADþ access to the active site (28, 39). In

CTA1:ARF6-GTP, the open active-site loop

creates a new Bknob[ near the active site from

loop residues Thr48 to Phe52 (Fig. 4B). This

Fig. 3. Changes in loop regions of CTA1 between holo-CT (left) and CTA1:ARF6-GTP (right) lead to
opening of the active site (green). Loops are colored as in Fig. 1.

Fig. 4. ARF6-GTP-bound CTA1 in complex with its substrate, NADþ. (A) A sA-weighted omit map
contoured at 2.5 s, showing density surrounding the NADþ molecule in the CTA1 active site. (B)
Surface representation of the NADþ-occupied CTA1 active site (green), viewed from the top. The
large active-site cleft is open to solvent from the top and from both ends. ARF6-GTP, in yellow,
binds to CTA1 (gray) far from the active site (green). The knob (red), formed by active-site loop
residues 48 to 52 when CTA1 is ARF-bound, and the ARTT motif (brown) (40) form a surface for
potential GSa

recruitment. (C) Stereoview of contacts between NADþ and active site residues (green
sticks). Hydrogen bonds are indicated as black dashes. A detailed listing of contacts between NADþ

and CTA1 atoms is presented in table S4. NADþ makes extensive direct interactions with protein
atoms but also recruits three waters and a glycerol molecule to mediate hydrogen bonds with the
active site. Abbreviations of amino acid residues as in (41).
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knob forms atop CTA1 near the ARTT motif

(residues 104 to 110), which is positionally

conserved amongADPRTs and has been shown

to play a role in target protein recognition (40).

Although interaction between the CTA1 active-

site loop and G
sa

has not been studied, these

results suggest that the activating human G

protein, ARF, alters the bacterial CTA1 struc-

ture such that the toxin adopts an enhanced

conformation for attacking its human G-protein

substrate, G
Sa
.
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Pre-Unfolding Resonant

Oscillations of Single Green

Fluorescent Protein Molecules
Giancarlo Baldini,* Fabio Cannone, Giuseppe Chirico

Fluorescence spectroscopy of a green fluorescent protein mutant at single-
molecule resolution has revealed a remarkable oscillatory behavior that can
also be driven by applied fields. We show that immediately before unfolding,
several periodic oscillations among the chemical substates of the protein
chromophore occur. We also show that applied alternating electric or acoustic
fields, when tuned to the protein characteristic frequencies, give rise to strong
resonance effects.

Proteins exhibit a large number of conforma-

tional substates that are associated with a

complex energy landscape. At physiological

temperature, internal specific motions enable a

protein to sample its energy landscape by

frequent jumps among the different states. This

conformational flexibility appears to be inti-

mately connected to protein reactivity; exam-

ples include heme proteins during the kinetics

of ligand binding (1, 2), enzyme-substrate

dynamics (3), and folding of RNA metastable

intermediates (4). In the past decade, attention

has been extended to the internal dynamics of

various biomolecules by fluorescence reso-

nance energy transfer of engineered proteins

(5, 6) and by atomic force microscopy (7).

Classical investigations on biosystems have

been performed mainly on ensembles that

contain extremely large numbers of molecules;

consequently, conformational distributions

have only been indirectly inferred through

models, as experiments have yielded data aver-

aged over all the states simultaneously.

It is thus expected that the nature, the

dynamics, and the role of the conformational

substates can be successfully unraveled by

single-molecule experiments, provided that suf-

ficiently high space and time resolution is

available. Improved experimental techniques

have recently shown great promise in revealing

single-molecule dynamics (8–11). Fluorescence

spectral fluctuations, for example, could be at-

tributed to specific enzyme-substrate dynamics

(4, 12). Another study revealed the protein

conformational kinetics underlying fluorescence

fluctuations in staphylococcal nuclease mole-

cules (13). Single-molecule techniques have

also been used to investigate protein folding

and unfolding (5, 6, 14). In addition, theoret-

ical predictions of fluorescence fluctuations

associated with oscillations among different

chemical states of a single molecule have been

published (15).

Transitions among the conformations of

green fluorescent protein (GFP), a biolumines-

cent protein from the jellyfishAequorea victoria,

have been widely investigated both experimen-

tally (16) and theoretically (17). The intrinsic

fluorescence emission of GFP has received con-

siderable attention for its applications to mo-

lecular biology and biotechnology (18, 19).

The GFP chromophore can adopt four dis-

tinct chemical substates: anionic A (deproton-

ated), neutral N (protonated), intermediate I

(chemically similar to A), and zwitterionic Z

(nonfluorescent) (20–22). Several photoconver-

sion (fig. S1) pathways among the A, N, and I

substates have been established (21, 23, 24).

Under laser illumination, the GFP fluorescence

displays random switching between A and

N substates in the microsecond to millisecond

range (24–27).

When dealing with single proteins, the

contributions of each conformational substate

Laboratory for Advanced BioSpectroscopy, Physics
Department, and Centro Nazionale delle Ricerche
(CNR)–Istituto Nazionale per la Fisica della Materia
(INFM), University of Milano–Bicocca, Milano
I-20126, Italy.

*To whom correspondence should be addressed.
E-mail: baldini@mib.infn.it

R E P O R T S

12 AUGUST 2005 VOL 309 SCIENCE www.sciencemag.org1096

http://sciencemag.org/cgi/content/full/309/5737/1093/DC1
http://sciencemag.org/cgi/content/full/309/5737/1093/DC1
mailto:baldini@mib.infn.it
http://www.sciencemag.org


may be difficult to resolve because inter-

conversion kinetics could be much too fast,

the excitation probability could be much too

low, and/or the signals coming from the various

substates could be too close in frequency to

allow the spectral discrimination. GFP, howev-

er, appears an ideal candidate for investigating

the transitions among conformations because it

is easy to discern the different fluorescence

emissions from its well-characterized states

(23). In particular, the A state fluoresces in

the green and the N state in the blue. More-

over, in the proximity of unfolding, the role of

some conformational transitions may be ampli-

fied as a result of structure relaxation.

These aspects have led us to study a protein

mutant, GFPmut2 (28, 29), as a suitable system

for investigating the dynamics of conformation

interconversion close to unfolding induced by

guanidium hydrochloride (GuHCl) and other

denaturants (30). To check consistency be-

tween single-molecule and ensemble measure-

ments, we compared the unfolding rate and the

native-denatured equilibrium in the two con-

ditions. Single GFPmut2 molecules trapped in

silica gels, monitored by fluorescence, have

given data in excellent agreement with fluo-

rescence and circular dichroism from bulk

solutions (31, 32). Encapsulation of proteins

in silica gels (33, 34) is a very effective meth-

od of enhancing their stability (35, 36) so as to

isolate and characterize individual conforma-

tions (37) and to single out internal protein

dynamics (38). Water-rich matrices such as

the gels used here offer a good simulation of

the ambient cell, and (unlike solutions) they

allow observation of the molecule for several

hours, as required when recording repeated con-

versions. The long-term stability of the protein

has been demonstrated by fluorescence mea-

surements that show the unfolding-refolding

process of GFPmut2 to be fully reversible over

several repeated cycles. The data have also

been reproduced in other matrices and with

urea as a denaturant (fig. S6).

In Fig. 1 we report typical two-photon

fluorescence images of a gel that hosts isolated

GFP molecules (29) recorded with the micro-

scope apparatus described in (30). Each spot

corresponds to a single GFP either in the

anionic state A (green spots) or in the neutral

state N (blue spots). After each of the several

induced unfolding-refolding cycles (fig. S2),

the molecules are found in either the A or the

N state independent of the state displayed in

the previous unfolding. Fluorescence, recorded

simultaneously in both channels (Fig. 1),

shows signals that can last hours, depending

on denaturant concentration (31), followed by

a sudden signal loss that corresponds to

unfolding. The recorded fluorescence kinetics

of single GFP proteins indicate the following

photodynamic processes: unfolding from either

state, A/N Y unfolded state (Fig. 1C);

blinking, A 6 Z (Fig. 1E); and switching,

A 6 N (Fig. 1G). The unfolding events occur

with an average delay time of 64 T 5 min after

the addition of 4.45 M GuHCl (Fig. 1D), and

they are monitored by a sudden loss of

fluorescence that can be recovered only by

removing the denaturant. Fluorescence fluctu-

ations can be described by on- and off-times

Fig. 1. (A and B) Two-photon fluorescence images of eight single GFPs in
the 8 mm by 8 mm field of view (magnification, �100; residence time per
pixel, 1 ms). Blue spots are molecules in the neutral state N; green spots
are molecules in the anionic state A. (C) GFP fluorescence time evolution
of the single GFP circled in the images after the addition of 4.45 M
GuHCl 1 hour earlier. Data were simultaneously acquired in the neutral
(blue) and anionic (green) channels at sampling time 0 100 ms. The data
for the first 3593 s are not shown here. (D) Number of fluorescent GFPs
versus time; the solid line is an exponential fit to the data with average
unfolding time , 64 min. Three time windows in (C) are expanded in the

following panels. (E) Blinking in the 1.0- to 2.1-s window [same color
code as in (C)]. (F) Blinking Dtoff distribution of 10 molecules; the solid
line is an exponential fit to the data (bDt

off
À
B
0 860 T 80 ms). (G)

Fluorescence trace in the 4.000- to 4.008-s window [same color code as
in (C); sampling time 0 10 ms]. (H) Anionic fluorescence Dt

off
distribution

of 10 molecules; the solid line is an exponential fit to the data (bDt
off
À
S
0

140 T 20 ms). (I) N-A switching observed in the 5.955- to 6.010-s time
window (i.e., just before the unfolding event). (J) Anionic fluorescence
Dtoff distribution of 10 molecules; the solid line is a Gaussian fit to the
data (bDt

off
À
O
0 0.64 T 0.24 ms standard deviation).
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(26, 39). Blinking corresponds to a temporary

EbDt
off
À
B
0 1.0 T 0.2 s (Fig. 1F)^ (26, 29) and

reversible loss of fluorescence from the A

channel only. Switching or photoconversion,

unlike unfolding, is a random and fast

fluctuation between the N and A states with

bDt
off
À
S
0 130 T 20 ms (Fig. 1H) (23, 27).

Surprisingly, when the data close to the

unfolding event are displayed at higher time

resolution, several regular A6 N transitions

appear (Fig. 1I). Because data are acquired

simultaneously in both the A and N channels,

and fluorescence is found in either channel but

never in both at the same time, it appears that

each molecule, before unfolding, oscillates

several times between the two states. This

pre-unfolding oscillatory regime, displayed by

all 300 of the investigated single GFP mol-

ecules, has a duration Dt
0
, 42 T 1.9 ms at

4.45 M GuHCl (fig. S3), after which the fluo-

rescence signal vanishes abruptly. The value

of Dt
0
decreases slightly as GuHCl concentra-

tion increases (Dt
0
0 46.8 T 2.4 ms at 0.45 M,

Dt
0
0 39 T 1.6 ms at 6.0 M GuHCl). The

features of the pre-unfolding kinetics do not

depend on whether the cycle begins in the A

state or in the N state.

Closer inspection of the fluorescence signal

shows that the switching events in the initial

part of the pre-unfolding trace are much more

regular than those in the final section (in the first

part, the spread of the distribution of the

switching period DP is less than 10%; fig.

S4G). The increased regularity of the switch-

ing is supported by the Dt
off

distribution,

which is well described by a Gaussian (Fig.

1J), contrary to the trend of all other photo-

dynamic events (Fig. 1, F and H), which are

well represented by exponential distributions.

Also, DP (39) exhibits a Gaussian distribution

(Fig. 2), suggesting the appearance of a new

periodic process. The transition from random

to periodic behavior is preceded by a rapid

increasing in the switching frequency, and

finally it occurs only in the 20- to 40-ms time

span before unfolding (Fig. 2D). A DP

distribution analysis of the first part of the

pre-unfolding fluorescence trace (Fig. 2, A to

C) of nearly 300 GFPmut2 molecules yields

bDPÀ 0 2.25 ms (corresponding to frequency

n
1
0 443 Hz) at low denaturant concentration

(0.45 M). At higher GuHCl concentrations,

other peaks, bDPÀ 0 1.38 ms (corresponding to

n
2
0 755 Hz) and bDPÀ 0 1.03 ms (corre-

sponding to n
3
0 971 Hz), appear as well. The

observed DP distributions were fitted to three

Gaussians that were found to bear similar

standard deviations (s
0
, 0.16 ms) independent

of GuHCl concentration.

Each unfolding molecule displays one

single oscillation frequency, independent of

the laser excitation intensity (table S1), and no

memory of the frequency assumed in the

previous unfolding seems to remain (fig. S5).

We have also found that inhomogeneities of the

denaturant concentrations in the trappingmatrix

do not seem to have a role in the observed

behavior. Even when the protein is trapped in

other environments Esuch as polyelectrolyte

films (fig. S6), agarose gel, and nanocapsules

(40)^, or when different denaturant agents such

as urea are used, the oscillation frequencies do

not change; they appear to be a specific

property of the GFP. DP analysis of the whole

fluorescence trace that includes all the oscil-

lations, instead of the early part only (as

above), shows that the DP distribution flattens

out as expected from the irregular ending of

the switching (fig. S4).

We next attempted to drive oscillations with

the use of external ac electric and acoustic fields.

Electric fields at frequency n
a
, E(n

a
), applied

with platinum electrodes placed in the silica gel

containing the molecules, gave marked effects

only when the molecular frequencies n
i
fell

within the bandwidth Dn of the field. Modulated

acoustic fields, S(n
a
), coming from earphones

placed close to the gel surface, yielded similar

results. Neither of the applied fields caused any

observable (less than 50 nm) shift of the

molecules from their unperturbed location.

Figure 3 shows examples of repeated

unfolding-refolding cycles for two GFPs ran-

domly chosen from 102 investigated mole-

cules. The number of observed fluorescence

oscillations became substantially larger as the

applied frequency n
a
approached one of the

characteristic frequencies n
i
(Fig. 3, A, C, D,

and F), whereas no such effect resulted if the

field frequency was more than one bandwidth,

s
0
, away from n

i
(Fig. 3, B and G). Moreover,

no driving was observed when the protein

oscillated at one particular frequency n
i
and

was stimulated at n
j
m n

i
(Fig. 3H). At

resonance under either field (i.e., n
a
, n

i
), the

duration of fluorescence oscillation doubled,

È2Dt
0
(Fig. 3, A, C, D, and F), and regu-

larity improved considerably. DP distribution

analysis of the first part of the oscillating flu-

orescence trace yielded less noisy and sharper

DP distributions with widths of È0.5s
0
(Fig.

4, dashed line) for the GFPs oscillating at

resonance with an acoustic or electric field,

n
a
0 n

i
, whereas the distributions remained

unchanged when off-resonance (Fig. 4, solid

line).

The parameters of the resonant events

were faithfully reproduced at each unfolding-

refolding cycle, and resonance was also found

when using harmonics of n
i
(Fig. 3, E and J).

Unfolding and refolding cycles performed on

the same protein, with or without external

field, always exhibited one and only one of

the characteristic oscillation frequencies n
i
,

independent of the frequency in the previous

cycle and of the nature of the applied electric

or acoustic fields (Fig. 3, C and D). Further-

more, the applied fields did not change the

GFP spectroscopic properties (lifetime, bright-

ness, and emission wavelength) (29), nor its

denaturation kinetics parameters (31).

As expected, the resonant effects depended

on both the applied frequency n
a
and the field

strength, whereas the application of an off-

resonance field (e.g., at n
a
0 250 T 100 Hz)

did not produce measurable effects (Fig. 3G)

unless the field frequency bandwidth was

broadened (n
a
0 250 T 180 Hz). In this case,

the first part of the oscillation interval became

more regular, with Dt
0
increasing from 42 ms

to 53 ms (Fig. 3I). The duration of the oscil-

lation under ac electric and acoustic fields

reached its top value at resonance, 80 T 4 ms,

only when n
i
fell within the applied field fre-

quency range. When n
a
moved away from

resonance, Dt
0
dropped from the resonant to

the unperturbed value (fig. S7A) with a

Lorentzian trend around the resonant frequen-

cy. Dt
0
is also a function of the field strength

and can be described by a sigmoid function

(fig. S7B). In particular, at an electric field

Fig. 2. (A to C) Distributions of the pre-unfolding N-A
switching period DP at (A) 0.45 M, (B) 4.45 M, and (C) 6.0
M GuHCl. The solid lines are Gaussian fits to the data.
Best fit parameters are reported in the text. (D) Plot of

number of switching events (computed on intervals of 5 min each) versus switching time t
S
(time

at which the events are recorded) and unfolding time t
D
. Data are from 30 molecules at 0.45 M

GuHCl. After t
D
the fluorescence vanishes because of molecule unfolding.
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strength of È0.9 V/cm, Dt
0
was found to lie

halfway between the unperturbed and the sharp-

er resonance value. The same relation pertains

to Dt
0
versus acoustic field strength.

We note that the later part of the oscillating

pre-unfolding fluorescence trace does not

seem considerably perturbed by the applied

fields. The data with and without applied fields

are statistically equivalent in this regime.

The switching events among different

conformational states of the folded GFP, as

revealed by single-molecule fluorescence sig-

nals, were found to be randomly distributed in

time, which suggests that thermal noise is the

main cause of fluctuations (Fig. 1, E and G)

(3, 14). Previous observations of fluctuations

in proteins and RNAs have been ascribed to the

coupling between chemical kinetics and con-

formational transitions (41, 42). This assump-

tion has been the basis of some theoretical

work (15, 17) that implicates fast (picosecond)

intramolecular fluctuations (43), coupled to

chemical transitions, as indirect sources of slow

(millisecond to second) fluctuations. Our own

results show that (i) the random fluorescence

fluctuations, recorded much earlier than the

unfolding event, become nearly regular oscil-

lations at one of the discovered GFP low

frequencies, tens of milliseconds before the

event; and (ii) marked resonant effects are

induced by applied oscillating fields.

The regular fluorescence oscillations (È0.4

to 1 kHz) occur only in a narrow time window

close to the instant of unfolding (Fig. 2D), with

a transition to more chaotic behavior in the last

milliseconds. In these late stages of the fluo-

rescence emission, the barriers of the energy

landscape are expected to become shallower

than the energy separation of the vibrational

levels, and therefore the electronic states can

more strongly couple with some vibrational

normal modes. At present, the complex nature

of proteins_ energy states obscures the details

of the electronic and vibrational levels; conse-

quently, a quantitative estimate of the vibronic

coupling does not seem possible.

The involvement of a few characteristic flu-

orescence oscillation frequencies indicates that

different chemical/conformational substates play

a relevant role in the proximity of protein un-

folding. In particular, the first part of the oscil-

lation pattern, which displays regular alternations

between the protein substates, suggests that a

structured molecule with the A and N potential

energy wells separated by a barrier (although

in the process of collapsing because of the

action of the denaturant) still exists, and hence

periodic oscillations resonating with the ap-

plied fields can be expected. On the other

hand, the irregular oscillations/fluctuations in

the second part of the pattern appear related to

the disappearance of the barrier structure under

the final action of the denaturant. This view ap-

pears to be consistent with the observation that

the final segment of the oscillations is unaf-

fected by the applied fields.

New experiments should accompany addi-

tional theoretical efforts in the direction of a

deeper understanding of the coupling between

chemical kinetics and conformational transi-

tions in single molecules. Recent efforts to

understand biological noise in cells, in which

molecular species are modeled as discrete

Fig. 3. Fluorescence
pre-unfolding traces
of two GFPs out of
102 proteins at 4.45
M GuHCl when elec-
tric or acoustic fields
are applied during five
consecutive unfolding-
refolding cycles. The
nature of the modu-
lated perturbation (elec-
tric, E, or acoustic, S)
and its frequency are
indicated at the right
of each plot. The green
trace refers to the A
channel and the blue to
the N channel. (A to E)
The first GFP. Cycles
(A), (C), (D), and (E)
show resonance either
at n1 or n2. Cycle (B)
does not show reso-
nance behavior. (F to
J) The second GFP.
Cycles (F) and (J) show
resonance at n2. Cycles
(G) to (I) show no clear
evidence of resonance
behavior.

Fig. 4. DP distribution of the first part of the
pre-unfolding fluorescence trace of 102 single
GFPmut2 proteins at 4.45 M GuHCl under
alternating electric, E, or acoustic field, S. (A) E
and S field frequencies at 400 T 100 Hz; (B) E
and S fields at 600 T 100 Hz; (C) E and S fields
at 700 T 100 Hz. The solid and dotted lines are
Gaussian fits to the frequency distributions.
Dotted lines correspond to resonant response
of the proteins. The standard deviation of the
distribution at resonance is approximately one-
half of that off-resonance.
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entities through the use of master equations

(44), might be adapted to the specific problems

raised by the experiments presented here.
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Protein Expression System
TripleExpress is a rapid, flexible, and nonlytic insect-based protein
expression system that avoids the manipulations and technical
constraints of baculovirus systems. The patented triple combina-
tion of a powerful expression cassette (engineered from the silk
moth cytoplasmic actin A3 gene, one of the strongest constitutive
cellular promoters), an enhancer element, and a transcriptional
activator enhances the production of recombinant proteins up to
5000-fold.With Triple Express, the quality of expressed proteins is
enhanced through both reduced protein degradation and consis-
tent posttranslational modifications. The system is amenable to
both transient and stable production, and can be used for both
small-scale and large-scale expression of membrane, cytoplasmic,
and nuclear proteins.
CytoStore For information 888-863-2254 www.cytostore.com

Automated Image Analyzers 
A new range of GeneGnome automated image analyzers is
designed to make imaging chemiluminescent samples quick and
simple. The GeneGnome comes complete with a 16-bit cooled
camera inside a compact, light-tight cabinet and a new white
light source for the added flexibility of imaging colored markers.
The camera is fully integrated to a processor and flat screen mon-
itor for easy sample viewing and utilizes the multiplexing capa-
bilities of the system for fast and accurate molecular weight
analysis. The GeneGnome is available in several versions, capable
of imaging samples up to a maximum of 17 cm × 15 cm, making
it simpler for users to analyze larger blots. The system is quick to
set up. Its large fixed aperture lens means there is no need to
spend time adjusting the camera so samples can be loaded into
the system’s automatic slide-out drawer; their images can be
instantly captured with just one click.
Syngene For information 800-686-4407 www.syngene.com

High-Throughput Electrophoresis
The HTS Next Gel Kit is suitable
for high-throughput electro-
phoresis of proteins.The kit con-
tains a unique blend of agarose
and Next Gel Running Buffer
and can provide extended reso-
lution of sodium dodecyl sulfate
denatured proteins using stan-
dard horizontal gel apparatus.
Various configurations of the
horizontal system allow for the
analysis of 20 to 200 samples in
1 to 2 hours.
Amresco For information 

800-448-4442 www.amresco-inc.com

Tracking Software
Inventory of valuable biological samples and specimens is critical
for basic research laboratories and biotechnology businesses. Cryo-
track offers the ability to track large numbers and types of samples
(DNA, RNA, plasmids, clones, proteins, peptides, probes, antibodies,
enzymes, tissues, cell lines, and more). Users benefit from numer-
ous features, including snapshots, graphical view, import and
export of data, edit history, creation of replicates, frequently used
fields selection, spreadsheets, extensive search options, barcode

compatibility, ability to track and associate notes, and printing
labels. The software is customizable to fit users’ needs. This per-
sonal computer-based system is a robust client/server application
that allows multiple users to access the same data while protecting
the integrity of data by password security.
CryoTrack For information 650-941-6774 www.cryotrack.com

Maze Tracking System
ANY-maze is an advanced behavioral video tracking system that
makes it possible for researchers to automate and track animals 
in virtually any maze or cage system using a USB digital camera
and conventional notebook computer. Researchers can also 
choose to create more advanced systems with multiple appara-
tuses and sophisticated cameras. ANY-maze is capable of tracking
animals in 16 different
pieces of apparatus simul-
taneously. It includes
more than 100 standard
measures covering such
things as distance, speed,
and zone entries, and pro-
vides graphic and statisti-
cal analyses of results
immediately after testing.
Stoelting For information 630-860-9700 www.stoeltingco.com/physio

cDNA Normalization
Complementary DNA (cDNA) normalization results in equaliza-
tion of the abundance of different transcripts and an increase in
the number of previously undetected genes in the cDNA library.
This increases the efficiency of transcriptome analysis and func-
tional screening of cDNA libraries. The Trimmer-Direct kit is a
novel, effective way to normalize cDNA enriched with full-length
sequences. The kit is based on technology that makes use of the
unique properties of Kamchatka crab duplex-specific nuclease.

Evrogen For information +7 (095) 336 63 88

www.evrogen.com

Kit for Difficult Proteins
The PAGEprep Advance Kit improves sodium
dodecyl sulfate analysis of difficult-to-
analyze proteins samples by eliminating
band distortion. The kit makes use of a
unique spin-cup format and an optimized
procedure that can achieve 75% to 85%
protein recovery for most protein samples
(1 to 70 μg) in less than 20 min. The kit is
especially useful for inclusion bodies solubi-
lized in guanidine-HCl; samples containing
low-pH buffers, thiocynate, or urea; proteins

precipitated in ammonium sulfate; and protein separation from
chaotropic agents, detergents, DNA, RNA, lipids, and salts.
Pierce For information 800-874-3723 www.piercenet.com

NEW PRODUCTS
http://science.labvelocity.com
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Newly offered instrumentation, apparatus, and laboratory materials of interest to
researchers in all disciplines in academic, industrial, and government organizations are
featured in this space. Emphasis is given to purpose, chief characteristics, and availabil-
ity of products and materials.Endorsement by Science or AAAS of any products or mate-
rials mentioned is not implied.Additional information may be obtained from the manu-
facturer or supplier by visiting www.science.labvelocity.com on the Web, where you can
request that the information be sent to you by e-mail, fax, mail, or telephone.
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For more information visit GetInfo,
Science's new online product index at

http://science.labvelocity.com

From the pages of GetInfo, you can:
• Quickly find and request free information 

on products and services found in the pages 
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• Ask vendors to contact you with more 
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• Link directly to vendors' Web sites.
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POSITIONS OPEN

Oregon Health & Science University. Two
POSTDOCTORAL POSITIONS are available:
(1) Nanoparticles: Available areas of study include
the reactivity, transport, and pharmacokinetics of
surface-modified nanoparticles in biological systems.
Experience with the synthesis, derivatization, and
characterization of nanoparticles is desirable. Famil-
iarity with numerical modeling or applications of
nanoparticles for medical diagnosis, therapy, and
MRI also desirable. Laboratory of Dr. Paul G.
Tratnyek, e-mail: tratnyek@ebs.ogi.edu.

(2) Metallobiochemistry: NIH-funded position to
work on the structure and mechanism of copper-
containing proteins and enzymes. Fast kinetic,
electron paramagnetic resonance and X-ray spectro-
scopic investigation of proteins involved in metal
trafficking in cells. The applicant should have
experience in metalloprotein biochemistry, and
either experience in, or aptitude for, biophysical
methods for protein characterization. Laboratory of
Dr. Ninian J. Blackburn, e-mail: ninian@ebs.
ogi.edu.

Send curriculum vitae and contact information for
three references to the faculty member listed above
and mail to: Department of Environmental and
Biomolecular Systems, Oregon Health & Science
University, 20000 N.W. Walker Road, Beaverton,
OR 97006-8921, U.S.A. OHSU is an Equal Oppor-
tunity/Affirmative Action Employer.

POSTDOCTORAL POSITIONS
University of California, San Francisco (UCSF)

Cell Signaling, Matrix/Cytoskeleton and
Neuroscience

Two Postdoctoral positions are available to study
focal adhesion kinase (FAK)/PYK2/ILK regulation of
cell migration, morphology/process extension, and
matrix organization during eye development using
conditional knockout mouse models (Cre/loxP).

One candidate will use innovative imaging tech-
nology to study the dynamic interactions between
cell-matrix adhesions and the cytoskeleton in the
developing mouse retina and lens.

A second candidate will investigate FAK-family
signaling in the retinal projection including: axonal
pathfinding, topographic mapping, dendritic arbori-
zation and response to guidance cues both in vivo
and in vitro. Successful applicants will have a strong
background in cell/developmental biology and/or
neuroscience with outstanding communication skills
and motivation. Significant experience with confocal
microscopy is required.

To apply send curriculum vitae, a cover letter de-
scribing research accomplishments and interests,
along with a list of three references to: Hilary Beggs,
Ph.D., e-mail: beggsh@vision.ucsf.edu. Website:
http://www.ucsf.edu/beggs/.

POSTDOCTORAL/RESEARCHASSOCIATE/
RESEARCH SPECIALIST are available in the
Lung Biology and Toxicology Laboratory at Okla-
homa State University (OSU) to study exocytosis,
cell differentiation, and fluid transport from molec-
ular level to whole animal using various modern
techniques including DNA microarray and RNA
interference. Highly motivated candidates are en-
couraged to apply. A background in molecular and
cellular biology, electrophysiology, lung biology,
and/or animal physiology is a plus. Send curriculum
vitae to: Dr. Lin Liu, Department of Physiological
Sciences, Oklahoma State University, Stillwater,
OK 74078. E-mail: liulin@okstate.edu. Applica-
tions will be accepted through August 31, 2005, or
until suitable candidates are identified. OSU is an Af-
firmative Action/Equal Opportunity Employer.

POSITIONS OPEN

POSTDOCTORAL FELLOWSHIP
PROGRAM

Institut Pasteur, Paris, France

Founded in 1887 by Louis Pasteur in the heart of
Paris, the Institut Pasteur is one of the world_s lead-
ing private research organizations devoted to in-
fectious disease research. The Pasteur Foundation
of New York seeks outstanding Fellowship Appli-
cants open to an international laboratory experience.
Candidates may apply to any laboratory within 12
departments.

Open only to U.S. citizens, fellowships are $60,000
per year for three years ($45,000 stipend plus
$15,000 bench fees). Application deadline: February
3, 2006.

Website: http://www.pasteurfoundation.org.
E-mail: pasteurus@aol.com.

POSTDOCTORAL FELLOWSHIPS
Colorado State University, Fort Collins

We are seeking person(s) with research experience
in the areas of virology/molecular biology/stem cell
biology/immunology to participate in NIH and
Pediatric Dengue Vaccine Initiative (PDVI) funded
projects on HIV/AIDS gene therapy and Dengue
viral pathogenesis. Work involves contemporary and
emerging technologies in human embryonic stem
cells, hematopoietic stem cells, viral vectors, ribo-
zymes, short interfering RNAs (RNAi) and SCID-hu
mouse animal model. (Representative work: Banerjea
et al, Mol. Therapy 8:62–71, 2003; Anderson et al,
AIDS Research and Therapy 2:1–12, 2005). Capacity
for independent work and ability to interact produc-
tively with colleagues are important.

Applications will be accepted until August 19,
2005, or until suitable candidates are identified; po-
sitions are available immediately. Please send a letter of
application together with a list of three references to:

Ramesh Akkina, D.V.M., Ph.D., Department
of Microbiology, Immunology, and Pathology,
1619, Campus Delivery, Colorado State Univer-
sity, Fort Collins, CO 80523-1619. Telephone:
970-491-1009; e-mail: akkina@colostate.edu.

Colorado State University is an Equal Opportunity Employer.

MONTEREY BAY AQUARIUM

POSTDOCTORAL RESEARCH SCIENTIST.
The Monterey Bay Aquarium is seeking a Post-
doctoral Researcher to conduct electronic tagging
studies on white sharks along the California coast.
Applicants must have a Ph.D. and demonstrated ex-
pertise in marine science. Visit website: http://
www.montereybayaquarium.org/aa/aa_jobs/
jobs_staf_opening.asp for a detailed job descrip-
tion. Initial appointment is one year, renewable for
a second year. To apply, send curriculum vitae, de-
scription of research experience, and names, ad-
dresses, telephone numbers, and e-mails of three
references to:

Monterey Bay Aquarium
Attn: Human Resources

886 Cannery Row
Monterey, CA 93940

E-mail: jobs@mbayaq.org (no attachments)

Equal Opportunity Employer/Committed to Diversity.

POSTDOCTORAL POSITION available to
investigate molecular mechanisms that regulate
early B lymphocyte development and V(D)J re-
combination. (Recent publications: J. Exp. Med.
199(4):483, 2004; J. Exp. Med. 199(4):491,
2004; J. Exp. Med. 200(4):411, 2004.) Ph.D.
required. Applicants, send curriculum vitae and
contact information for three references by e-mail
to: Dr. Rachel Gerstein. E-mail: rachel.gerstein@
umassmed.edu. UMass Medical School, Worcester,
Massachusetts, is an Equal Opportunity Employer.
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In a special survey that made its debut last year, Science

Careers asked postdoctoral fellows to outline the factors

that produce a successful postdoctoral experience – fac-

tors that turned out to focus mainly on the attentiveness

and other attributes of their supervisors. This year, the

second annual survey turned the tables. It sought the

opinions of principal investigators (PIs) and other super-

visors responsible for overseeing postdoctoral fellows

about the capabilities – their own and their students’ –

that help to produce the most effective postdoctoral

work, in terms of both well-trained fellows and significant contributions to human knowledge.

Participants agreed almost unanimously on the main attribute that they seek when recruiting

postdoctoral fellows: 88 percent of respondents cited strong research experience. Other key factors

that make a good impression on would-be supervisors include carrying out the Ph.D. projects for a

supervisor with a good reputation (cited by 57 percent of respondents); having an interest in study-

ing new fields of science (46 percent); and coming from a good research institution (38 percent).

What are the most important contributions that supervisors can make to ensure successful post-

doctoral experiences? Of a dozen characteristics that the survey provided, 96 percent of respondents

regarded good mentoring – including availability when postdocs need advice, the provision of career

guidance, and help in resolving problems – as the most critical factor. Other key characteristics of super-

visors rated highly by survey participants include communication within the supervisor’s group (ranked

important or very important by 93 percent of the sample), clear direction and vision for the work of

the group (91 percent), and encouragement of fellows’ ability to network, by sending them to scien-

tific meetings, for example, and introducing them to prominent researchers in their field (90 percent).

Respondents’ rankings of supervisors’ key characteristics largely mirrored those of postdocs in last

year’s survey. However, two critical differences emerged. Whereas supervisors rated communication

as the second most important characteristic of postdocs’ PIs, postdoctoral fellows who completed

last year’s survey ranked it only 11th. And while supervisors this year put training their fellows in the

nature of research projects and the tools necessary for them in 5th place, postdocs last year ranked

it only 10th.

In this year’s survey sponsored

by Science Careers, principal

investigators pinpoint the

characteristics of postdocs and

their supervisors that make

for fertile fellowships.

B Y P E T E R G W Y N N E

Children’s National

Medical Center

http://www.cnmcresearch.org

Genentech

http://www.gene.com

Harvard School of

Dental Medicine

http://www.hsdm.harvard.edu

National Postdoctoral

Association

http://www.nationalpostdoc.org

National Institute of Dental

and Craniofacial Research

http://www.nidcr.nih.gov

Northwestern University

http://www.northwestern.edu

Roche Palo Alto

http://www.roche.com

Rutgers University

http://www.rutgers.edu

University of Alabama at

Birmingham

http://www.uab.edu

University of California,

Santa Barbara

http://www.ucsb.edu
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Invitation to the Survey

Science Careers launched the survey in mid May

with an e-mail invitation to roughly 22,000 indi-

viduals. The titles of about 70 percent of the recip-

ients indicated that they might have supervisory

responsibilities, while the remaining 30 percent

were postdoctoral students who were asked to for-

ward the survey to their supervisors. All 803 sci-

entists who completed their surveys were located

in the United States. The majority worked in the

life sciences, with molecular biology, cell biology,

neuroscience, and biochemistry the best-repre-

sented fields. Slightly more than 71 percent of the

participants worked for academic institutions.

Analysis showed that 77 percent of respon-

dents had current responsibility for postdoctoral

fellows, while the remaining 23 percent had done

so in previous years. Slightly more than three-

quarters of respondents had at least four years of

supervisory experience, while seven out of eight

oversaw between one and three postdocs. Just

over two-thirds of the participants reported that

they devoted no more than 20 percent of their

professional time to their supervisory responsibil-

ities; 70 percent of the sample asserted that they

spent the appropriate amount of time supervising

their fellows. Two-thirds of the respondents

reported that postdoctoral fellowships in their

laboratories averaged between one and three

years, while just over a quarter put the average

length of fellowships at four to five years.

No two supervisors deal with their postdocs in

exactly the same way. But respondents’ com-

ments, under the curtain of anonymity, indicate

the range of responsibilities. “I discuss research plans, review experi-

mental designs, discuss data, discuss manuscript preparation, and edit

manuscripts,” says one. “I help with adjustment to the new lab and

research area, define strategy of research, comment on experimental

plans, discuss major results and problems, compose and/or edit meet-

ing presentations and research papers, career advise, and help in

searching for the postdoc’s next employment,” says another. 

What have participants gleaned from their association with post-

doctoral fellows? They generally agree that three main attributes char-

acterize a successful postdoctoral experience. First, 96 percent of

respondents pinpointed the ability of the postdoc to conduct high-

quality research. Just two percent fewer supervisors highlighted learn-

ing to work independently as a key characteristic. And 93 percent of

participants pegged the opportunity to publish work as essential to

successful fellowships.

Three Other Attributes

Three other attributes scored relatively high. Eighty-three percent of

respondents saw the development of research skills as critical for fruit-

ful fellowships. And two issues – gaining knowledge of a specific sci-

entific area and learning how to write grants and obtain funding fea-

tured in almost three-quarters of responses. Perhaps surprisingly, just

59 percent of respondents regarded learning to manage and supervise

others as an important factor in the postdoctoral experience, while only

27 percent saw developing teaching methods as significant.

While the individual postdocs bear the ultimate responsibility for

the success of their fellowships, they rely heavily on their supervisors for

advice and support. The survey asked participants to rate the impor-

tance to successful fellowships of a list of 12 factors for which PIs have

some or all responsibility. The answers divided neatly into three tiers

(see table above). C O N T I N U E D »
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Direction & Vision

Networking

Funding / Grants
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Work Culture / Environment
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Advancement Opportunities

Quality of Life

Compensation

Spouses / Partners
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Postdocs
2004 SURVEY

83%

55%

81%

75%

79%

61%

64%
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66%

63%

63%

34%

RANKING

1

11

2

5

3

10

7

4

6

8 (tie)

8 (tie)

12

IMPORTANCE

Supervisors
2005 SURVEYAttribute Group

IMPORTANCE RANKING

Mentoring

Attributes That Make for Successful Fellowships Supervisors of
postdoctoral fellows and working postdocs have somewhat different atti-
tudes to the attributes that contribute to successful fellowships. This
table ranks the attributes judged for their importance by supervisors in
this year’s survey and by postdocs in last year’s. The rankings, based on
the percentages of respondents who mentioned them, fall into three tiers
indicated by different shades of blue. The two groups have markedly 
different views about the importance of communication and training.
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The first tier contains items that many young scientists

would expect from their supervisors: mentoring; commu-

nication; setting a direction and vision for the research

group; providing opportunities to network with other sci-

entists; providing funding for postdocs’ research or giving

them significant help in obtaining their own grants; train-

ing; creating a work culture and environment that encour-

ages individuals to treat everybody with respect and

encourages collaboration; creating an ambience that

keeps group members satisfied and attracts talented sci-

entists to the group; and offering postdocs opportunities

to explore options for their careers once their fellowships

have ended. At least 83 percent of respondents men-

tioned those attributes.

The second tier of characteristics contains just two

items. Quality of life, pinpointed by 73 percent of respon-

dents, involves providing reasonable time off for family

needs and giving researchers the ability to balance their

professional and personal needs. And compensation and

benefits, featured by 67 percent of participants, deals with

the supervisor’s provision of a fair salary and compensation

along with job security. Finally, the third tier consists of a

single attribute: the importance of helping postdocs’

spouses or partners to find a job. A mere 60 percent of PIs

in the survey regarded that factor as important to the suc-

cess of a postdoctoral fellowship. Intriguingly, though, an

even smaller 34 percent of postdocs had the same opinion

in last year’s survey.

The Need for Passion

Even before they embark on their search for a postdoctor-

al fellowship, young scientists should examine their moti-

vations. “To be successful over the long term, one needs to be gen-

uinely interested in science, both at the desk and at the bench,” one PI

asserts. “Do this if you love it and can’t imagine anything else that

would make you happier; don’t choose research science if you are look-

ing for a steady, solid career with reliable, regular compensation and

rewards,” says another. The research life also demands other, less obvi-

ous attributes. “Patience and persistence are necessary qualities to suc-

ceed,” one survey participant says. “Be willing to work very hard,” adds

a colleague.

Once they decide that they possess the necessary passion and

patience for science, would-be postdocs need to prepare themselves for

the life of a fellow. In doing so, they should note the factors mentioned

by the majority of supervisors in the survey. As far as possible, they

should gain as much research experience as they can as early as possi-

ble. They should also aim to work with well-regarded Ph.D. supervisors

in prestigious research institutions. And they should develop an inter-

est in fields beyond those in which they performed their doctoral

research. The ability to participate in interdisciplinary collaborations is

a major calling card for present day emerging scientists.

How should early career scientists determine the best labs in which

to do their postdoctoral work? Supervisors have probably the best take

on that issue. “Go to the best lab you can find that will advance your

professional career,” one advises. “Choose a lab that has at least a

national reputation in the area of choice,” adds another. However,

trainee scientists should not let reputations dominate their choice.

“Don’t choose solely on the prestige of the institution or the lab,” a

respondent warns. “I’ve seen many unhappy people in the best labs

and many happy postdocs in mediocre labs.”

Find out about jobs before you get your issue, by

signing up for customized e-mail notification of jobs

atwww.sciencecareers.org, click on Job Alerts.
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Manage Others
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There are three positions available for Postdoctoral Researchers in our facility in Radnor, PA. For each position the individual will work independently and in
collaboration with other team members and is expected to present data at scientific meetings and publish in peer-reviewed scientific journals. The positions are in
the areas of:

Protein Engineering (Req. #0506714)

This position in the Protein Engineering Group will
involve the detection, characterization, and specificity
of human antibody responses to human immuno-
globulins and therapeutic antibodies.

Ph.D. in a scientific discipline required. Previous
academic and/or industry Post Doctoral experience is
preferred but not required. The successful candidate
will be familiar with a variety of basic scientific tech-
niques and literature and have experience working
in a laboratory environment, particularly in the area
of immunology or vascular biology. It is essential that
candidate be self-motivated and productive; have
excellent computer and strong verbal and written
communication skills; and is able to provide
demonstration of scientific problem-solving skills.

Chemical Synthesis of Proteins (Req. #0506514)

Ph.D. in chemistry or a related scientific discipline is
required. 1-3 years of previous academic and/or
industry Post Doctoral experience is preferred. The
successful candidate will have significant experience
in the chemical synthesis, purification, and character-
ization of peptides using both solid phase and solu-
tion methodologies along with strong skills in
organic synthesis. It is essential that candidate be
self-motivated and productive and have a record of
successful scientific achievements.

Molecular Biology (Req. #0507385)

The Postdoctoral Fellow that fills this position will
join a group researching novel approaches to
enhance functionality of antibody-like molecules.
The successful candidate will have a strong back-
ground in recombinant DNA methods and have

experience with both cell-based functional assays
and protein binding assays. Experience with either
antibody engineering, computational design, molec-
ular modeling, or in-vivo models would be consid-
ered a plus. Applicants should be able to work
independently in a team environment while main-
taining close interactions with their supervisor.

Applicants should have a Ph.D. and 0-3 years of
experience. Previous academic and/or industrial post-
doctoral experience is preferred but not required.
The successful candidate will be familiar with a vari-
ety of basic scientific techniques, particularly with
recombinant DNA, and have extensive experience
working in a laboratory environment. It is essential
that candidate be self-motivated, productive and
have excellent computer, communication, and
creative problem-solving skills.

As a biopharmaceutical leader we are currently looking for Laboratory Scientists in all of the Biological disciplines at all levels (BS, MS, and PhD) for our Discovery
Research Center in Radnor, PA. If interested, please apply at the URL below. Search for vacancies in the Radnor, Pennsylvania, facility. As a valued team member,
you’ll receive a competitive salary and great benefits.

http://www.jnj.com/careers
http://www.jnj.com/careers


broaden your knowledge base, and to publish in quality journals,” he

says. “But now that I’ve been a postdoc for a year, my goal is to pub-

lish as much as possible in the highest quality journals.”

Ensuring that postdoctoral projects become publishable demands

plenty of thought by supervisors and fellows at the start of the process.

“If your research is very risky and you haven’t balanced it with other

projects, your publication record can be at risk,” warns Klaus Hoeflich,

a postdoctoral fellow in the department of oncology at Genentech.

“The PI or the lab has to have a backup strategy in case the project

does not go through as planned,” adds Ramesh Chittajallu, postdoc in

the Center for Neuroscience Research at the Children’s National

Medical Center.

Choosing the right project demands good communication between

supervisor and postdoc. “You’ve got three years in your first project and

you have a lot to prove,” Chittajallu continues. “If it proves not to be

really doable, you and your PI have to communicate.” Postdoc and PI

should ensure that they are on the same wavelength as early as possi-

ble. “Especially at the beginning, communication is essential to figure

out what the PI wants,” Charych says. “There might also be a danger of

postdocs drifting from their PIs if the communication lines aren’t kept

open. As a postdoc you need to be on a very loose leash, but the PI

should avoid your drifting away too far.” Michelle Kim, a postdoctoral

fellow in central nervous system research at Roche Palo Alto, augments

that point. “I really don’t want to work under conditions of a leadership

vacuum, nor do I want to be completely tethered to preconceived proj-

ect goals,” she says.
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Finding the Right Lab

Tracking down the right lab and supervisor for one’s needs

demands plenty of exploration. “Interview at a variety of

laboratories,” advises one PI. “Choose a lab where past

postdocs have done well after they have left,” another

adds. “Talk to experienced postdocs who are happy,” a

third says. Would-be fellows should also find out as much

as possible about working conditions in the labs of their

choice. “Ask to talk to current trainees in the labs under

consideration,” one respondent recommends. 

Having chosen a lab, soon-to-be Ph.D.s must convince

the supervisor to hire them as fellows. Respondents pro-

vided advice on preparing for interviews with their poten-

tial supervisors. “Become more familiar with the research

being conducted in the lab you are applying to,” one indi-

vidual advises. “Also, think of some interesting research

questions that you would be interested in addressing if you

took a position in the lab.” Another strikes a similar theme.

“Come prepared to ask questions about the lab and the

research,” the supervisor recommends. “Have specific goals

for what you want out of your postdoc experience. Be pre-

pared to say what your strengths are and why you should

be hired. Think about what you will bring to the postdoc-

toral lab and what you will learn from the lab.”

Do the PIs’ attitudes reflected in the survey results mirror the reality

seen by working postdocs? To answer that question Science Careers

interviewed a group of fellows whose supervisors had recommended

them as the cream of their postdoctoral crop.

Keith Micoli, postdoctoral scholar at the University of Alabama at

Birmingham and chair of the National Postdoctoral Association (NPA),

sees some disconnectedness between ambition and reality, particularly

in terms of mentoring. “These supervisors are saying the right things,

but we’re getting an almost universal complaint from our members that

a lack of mentoring is the problem,” he says.

Postdocs in general have one other major complaint that does not

score highly in the survey. “It’s a quality-of-life issue – poor benefits,

low salaries, and lack of access to other things that staff and even other

students get,” Micoli explains. “We receive complaints from some insti-

tutions in which postdocs have to go through conflict of interest hoops

without having such benefits as the ability to obtain access to employ-

er-matched retirement programs.”

Postdocs Have Their Say

Like many postdocs, Micoli takes a pragmatic view of the essence of the

postdoctoral experience. “It has to be publishing papers,” he says.

“Ultimately publishing affects your ability to get a job.” Erik Charych, a

postdoc in Rutgers University’s department of cell biology and neuro-

science, agrees. “When I started looking for a postdoctoral position, it

was clear that the goal was to broaden your expertise in your field, to

Characteristics Considered

When Recruiting for Postdoc

Strong Research

Experience

Supervisor with

Good Reputation

Interest in

New Fields

Good Research

Institution

Other

0% 20% 40% 60% 80% 100%

88%
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46%

38%

28%
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The mission of the NIA is to conduct research on the processes of aging and age-related diseases. The NIA Intramural Research Program provides a stim-
ulating, academic setting for a comprehensive effort to understand aging through multidisciplinary investigator-initiated research.  The program offers many excel-
lent training opportunities in both laboratory based and clinical research with a wealth of valuable resources. Find further information about the NIA IRP at
http://www.grc.nia.nih.gov/branches/osd/factbook2004.pdf The NIA is committed to the development of scientists and provides advanced biomedical research
training at all career stages. Salaries for all positions posted are commensurate with research experience, according to the NIH intramural pay scale. 
All positions are located at the Gerontology Research Center in Baltimore, MD, a city with a stimulating scientific and cultural environment. 

Postdoctoral positions are available for those with less than 5 years postdoctoral training.

To apply for a postdoctoral position listed below, submit a curriculum vitae with bibliography, three letters of reference, and a short statement of research goals to
the correspondent.  If you are unable to contact the correspondent using e-mail, mail your application to:

National Institute on Aging, Gerontology Research Center
Attn: (Name of Correspondent)

5600 Nathan Shock Drive, Baltimore, MD  21224-6825

Laboratory of Cellular and Molecular Biology
A postdoctoral position is available in Molecular Immunology Unit.  Projects are focused on the mechanisms/regulation of DNA recombination and repair in
lymphocytes, in particular V(D)J recombination and immunoglobulin gene conversion. Experimental approaches include cell-line based in vivo systems and bio-
chemical in vitro assays using purified (recombinant) proteins. Candidates must have a Ph.D. or M.D. degree in molecular biology, biochemistry or a related field.
Correspondent: Sebastian Fugmann, Ph.D. Email: fugmanns@grc.nia.nih.gov

Two postdoctoral positions are available in the Chromatin Structure and Function Unit. Specific areas of interest include the analysis of the role of remodeling
enzymes in lymphocytes, regulation of immunoglobulin and cytokine genes, and the function of purified remodeling enzymes in a cell-free system using model tran-
scription units. Experience with chromatin immunoprecipitation or biochemical assays with purified proteins is desired. Candidates must have a Ph.D. or M.D. degree
with relevant experience in molecular biology/biochemistry. 
Correspondent: Michael Pazin, Ph.D.  Email: pazinm@grc.nia.nih.gov

Laboratory of Personality and Cognition (LPC)
This project is an interface between the personality and neuroimaging programs of LPC. It involves investigating the role of personality factors in relation to data
from volumetric MRI and resting and activated PET studies. The broad goals of the project are to elucidate the neuroimaging bases of general personality dimen-
sions. The fellow would utilize the extensive databases of medical, personality, and neuroimaging data, including longitudinal structural and functional (PET-CBF)
brain imaging studies of participants in the Baltimore Longitudinal Study of Aging. Candidates must have a Ph.D. or M.D. degree in psychology, psychiatry, or
neuroscience. Expertise in the neurobiology of personality, an interest in the neural underpinnings of personality is desired. Familiarity with analysis and interpre-
tation of structural and functional imaging data is preferred.
Correspondent: Paul Costa, Ph.D., Chief, LPC  Email: costap@mail.nih.gov

Laboratory of Cardiovascular Science
The Cardiovascular Gene Therapy Unit is seeking an individual with a broad knowledge of the physiology of the cardiovascular system, to participate in research
of the pathophysiology of chronic heart failure and vascular remodeling and development of novel treatment. The applicant must have an M.D. or Ph.D. degree in
a relevant field. Experience in surgery, and in vivo assessment of cardiac function and hemodynamics in mice is highly desirable.
Correspondent:  Mark Talan, M.D. , Ph.D.  Email: talanm@grc.nia.nih.gov

Research Resources Branch
A postdoctoral training position is currently available in the Gene Expression and Genomics Unit. Current studies involve database development of general and
disease specific databases of multiplex data involved in common genetic disorders including Alzheimer’s disease, autoimmune disorders, autism, Tourette syndrome,
human and mouse aging, among others. Candidates must have a Ph.D. or equivalent degree in computational biology, computer science, molecular biology, or
closely-related field. A background in genetics or molecular biology and experience in database development and computational methods in the context of
genomic data are highly desirable.
Correspondent: Kevin G. Becker, Ph.D. Email: beckerk@grc.nia.nih.gov

Laboratory of Molecular Gerontology
A postdoctoral position is available in an interdisciplinary program focused on gene targeting by triple helix forming oligonucleotides (TFOs).  We have
described TFOs that can deliver DNA reactive compounds to specific sites in living mammalian cells (see Biochemistry 43, 1343, 2004; JBC 278, 11072,
2003).  These have application in basic research on genome stability, and can be used to target gene conversion and homologous recombination, with poten-
tial for gene therapy.  Applicants should have training in synthetic organic chemistry, experience in nucleoside and/or oligonucleotide chemistry preferred.
Applicants must have a Ph.D. degree and an interest in working at the interface of chemistry and biology.  
Correspondent: Michael Seidman, Ph.D.  Email:  seidmanm@grc.nia.nih.gov

A postdoctoral position is available in the Structure and Function in Base Excision Repair Unit. Projects will couple molecular, biochemical, and cellular
approaches and mouse models, to define the mechanisms of base excision and single-strand break repair, with emphasis on interrogating the contribution of
oxidative DNA damage to aging and age-related disease, namely cancer and neurodegeneration. Candidates must have a Ph.D. degree or M.D. in a relevant field.
Experience with molecular biology highly preferred; some experience in protein biochemistry, cell biology, or animal investigations is desirable.  
Correspondent:  David M. Wilson, III, Ph.D.  Email:  wilsonda@grc.nia.nih.gov

A postdoctoral position is available to conduct studies that involve molecular, biochemical, and cellular approaches at the interphase of DNA repair mechanisms and
aging.  Human premature aging diseases are studied at the molecular level with a focus on mitochondrial DNA repair. Candidates must have a Ph.D. degree or M.D.
in a relevant field. Prior experience with molecular biology highly preferred; some experience in protein biochemistry, cell biology, or animal investigations desirable.  
Correspondent:  Vilhelm A. Bohr, M.D., Ph.D. Chief, Email: bohrv@grc.nia.nih.gov

Laboratory of Immunology
The Immunotherapeutics Unit is seeking a highly motivated and ambitious scientist to join a team working on the development of novel immunotherapeutic for-
mulations for cancer and chronic diseases. Projects focus on elucidation of molecular basis for chemo-attractant based antigen cross-presentation and development
of simpler and potent vaccine formulations for the elderly. The successful candidate must have a Ph.D. in immunology or cell biology or an M.D. with training in
clinical immunology and vaccinology.
Correspondent: Arya Biragyn, Ph.D. Email: biragyna@mail.nih.gov

Postdoctoral fellow positions are available in the Lymphocyte Differentiation Unit to conduct research projects in 1) Mechanism of telomerase in regulating
memory T cell replicative lifespan; and 2) Regulation of transcriptional changes during memory T cell formation, maintenance, and aging.  Applicants must have an
M.D. and/or Ph.D. and solid training in immunology and molecular biology.  Experience in cell culture, animal study, and protein purification is preferred.  
Correspondent: Nan-ping Weng, M.D., Ph.D.  Email: wengn@mail.nih.gov

Molecular Dynamics Section
A postdoctoral position is  available to study the oxidative reactions involving hemoglobin and other heme proteins as well as reactions with nitric oxide. Studies
will require extensive use of spectroscopic techniques including electron paramagnetic resonance, ultraviolet, visible and fluorescence spectroscopy and chemilu-
minescence. The successful candidate must have a Ph.D. in chemistry or biochemistry or an M.D. degree with relevant experience.
Correspondent:  Joseph Rifkind, Ph.D.  Email: rifkindj@mail.nih.gov

DHHS and NIH are an Equal Opportunity Employers

Department of Health and Human Services (DHHS)
National Institutes of Health (NIH)
National Institute on Aging (NIA)
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As in mentoring, NPA members’ experiences in communicating with

their PIs suggests a disconnect between reality and expectation. “Good

communication is indispensable,” Micoli says, “but not always done well.”

An Interactive Lab

Communication doesn’t involve only PIs. “An interactive lab is impor-

tant – one that encourages communication not only with the PI but

among its members,” says Alison Criss, a postdoctoral fellow in micro-

biology and immunology at Northwestern University. “As research is

trending toward multidisciplinary approaches, I value the opportunity

to interact with scientists who have different realms of expertise, and

therefore different ways of approaching a problem,” Kim says. “It’s not

just your supervisor,” Hoeflich adds. “The more collaborative your learn-

ing environment, the better your fellowship.” Chittajallu adds a related

criterion. “The lab has to have the physical resources – and the expert-

ise of members who can answer the postdocs’ questions,” he says.

What characteristics make a perfect PI in the view of postdocs?

Mohammed Razzaque, a junior faculty member in the Harvard School of

Dental Medicine, has a pithy response. “The PI should have enough time

and patience,” he says. “PIs should also ensure that postdocs’ grants are

funded by providing enough intellectual inputs. And they have a respon-

sibility to help and guide their fellows to reach their career goals.”

Postdocs must not neglect their own responsibilities in ensuring

successful fellowships. “Publication productivity is essential in today’s

job market,” points out Gretchen Hofmann, an associate professor in

the University of California, Santa Barbara’s Department of Ecology,

Evolution, and Marine Biology. “And as you mature and start to look

for a job, you have to strategize a way that is uniquely yours – the

take-away part of your program.” Micoli recommends that postdocs

prepare their personal career plans as soon as they start their fellow-

ships. “One of the key failings of postdocs going in is not recognizing

that they’re going into temporary positions,” he explains. “They

should go in with a plan to get out, just like a graduate going into

grad school.”

At the same time, PIs should remember that life exists outside the

laboratory. “I don’t think that working 24 hours a day is something that

everybody can do,” Criss says. “Every person has her or his own idea of

balance. It’s important for the PI to set the example. That means not

necessarily taking account of the exact number of hours that postdocs

put in but, rather, seeing good work done while realizing that fellows

have to spend time out of the lab.”

A former science editor of Newsweek, Peter Gwynne writes about sci-

ence and technology from his base on Cape Cod, Massachusetts, U.S.A.

Been There, Done That, Put It into Practice
In addition to the scientific training it provides, says Klaus Hoeflich,

a postdoc in Genentech’s department of oncology, “a postdoctoral

fellowship provides baby steps toward being an independent inves-

tigator.” Unfortunately, postdocs obtain few clues on the directions

in which they should take those steps. “The hidden tasks awaiting

you when you become a principal investigator [PI] are to manage a

lab and deal with people problems,” explains Gretchen Hofmann,

an associate professor in the University of California, Santa

Barbara’s Department of Ecology, Evolution, and Marine Biology.

“You don’t get seminars on it; it’s on-the-job training.”

Not surprisingly, several young scientists who head their own lab-

oratories after that training recall their own experiences as postdocs

when they devise strategies for supervising fellows of their own. “The

PI must know how to make for success in terms of the postdocs’ own

needs,” says Wanjun Chen, a principal investigator in the mucosal

immunology unit at the National Institute of Dental and

Craniofacial Research. “Everything I do,” says Luca Santarelli, direc-

tor of central nervous system research at Roche Palo Alto, “I couldn’t

do without my postdoc experience.” Hofmann makes the point more

tersely. “I wear my postdoc hat when I talk to my postdocs,” she says.

Hofmann makes two key points in those talks. “I tell them they have

to be really creative with their science but to keep their eyes on the bot-

tom line,” she says. “I also tell them that mentorship is part of the deal

for a PI; I have my postdocs mentor an undergraduate or a graduate

student.” In some ways, effective mentorship resembles successful par-

enting, particularly when it involves more than one individual. “Good

mentors have to be fair – not treating their fellows equally, but doing

so according to their performances and working abilities,” Chen says.

Also like parents, PIs must permit their fellows to find their own way

in professional life. “My way of guidance is to provide new postdocs

with a range of options. I’m not forcing projects on them,” Santarelli

says. At the same time, PIs ensure that their fellows don’t run into blind

scientific alleys. “To create success in publications, you need some

exciting material, but you want a guarantee that you’ll get an 85 per-

cent payback from, say, 50 percent of your project,” Hofmann explains.

“I never ask postdocs to put all their eggs in one risky basket. If I did

that, I would be doing a real disservice as a professional mentor.”

Supervisors also encourage postdocs to mix with other members

of the laboratory family. “I have my postdocs work with other people

in my group who can provide technical expertise,” Santarelli adds.

Hofmann takes a similar view. “We do many collaborator based proj-

ects,” she says. “So we need to figure out publication rights.”

Traditionally, fellows seek to join the labs of established scientif-

ic stars, in the hope of emulating their mentors. But PIs must be pre-

pared to find themselves in the shade. “You have to be willing,”

Chen says, “to accept that your fellows will be better than yourself.”

advertising supplement

Success Factors for Postdocs
Ensuring a Fruitful Fellowship
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At Roche Palo Alto, we are creating new drug candidates aimed at viral and inflammatory diseases, and autoimmune, central nervous system and
genitourinary disorders. Through our Postdoctoral Fellowship program, we bring together world-class researchers to collaborate in the discovery and
development of innovative new medicines. We have immediate openings for Postdoctoral Fellowships in the following areas:

HCV Biology
Conducting research in the area of interferon-alpha mediated clearance of hepatitis C virus RNA and the mechanisms used by the virus to evade interferon-alpha
responses, you will aid in the understanding of these mechanisms to allow for the optimization of IFN-alpha-based therapy for HCV and yield new viral
targets for anti-HCV drug development. Multidisciplinary approach will include gene expression profiling, and RNAi knock-down techniques, using the
HCV replicon system. Requires a Ph.D. focusing on Molecular Virology, IFN or related field. Knowledge in Hepatitis C virus biology and in the field of
Interferon preferred. Job Requisition: 100032.

CNS Neurobehavior
You will select, characterize and validate a small number of potential CNS targets identified using genetics and genomics approaches, expression profiling,
histology, RNAi knock-down and viral delivery. Requires a Ph.D. in Neurobiology, Genetics or a related field. Job Requisition: 100208.

CNS Neurobehavior
Establishing and validating novel in vivo procedures for Alzheimer's disease and/or cognition, you will characterize and validate multiple behavioral
procedures in cognition using operant/touch screen technology. Requires a Ph.D. in Experimental Psychology, Cognitive Science, Behavioral Pharmacology,
Neuroscience or a related field. Job Requisition: 100254.

Located in the San Francisco Bay Area, our park-like environment offers leading-edge technologies and a full range of employee amenities. We are pleased
to offer a competitive stipend, relocation assistance and a generous schedule of paid time off, as well as other benefits for Postdoctoral Fellows. Additionally,
Fellows will have the opportunity to be published in high profile, peer-reviewed journals.

For complete details on our Postdoctoral Program and to apply online, please visit our careers website and search by keyword: Postdoctoral.

http://paloalto.roche.com
As an equal opportunity employer, we are committed to workforce diversity

A Meeting of Great Minds

Postdoctoral Fellowships

POSTDOCTORAL POSITIONS
The Research Foundation of Stony Brook University/SUNY

anticipates the following postdoctoral positions being 
available between Fall 2005 and Spring 2006.

• MATH
Mathematics tied to modern interface between 
mathematics and physics. Blaine Lawson, Jr. 
#WC-R-2590-05-07-S

• BIOCHEMISTRY AND CELL BIOLOGY
Breast Cancer Research: Multidrug resistance; 
DNA methylation; testis-antigen; gene expression.
Haopeng Xu Duffy, #WC-R-2587-05-07-S
Role of MESD in folding LRP receptors and 
mouse development. Bernadette Holdener 
#WC-R-2343-05-04-Q2
Role of RNA-protein interactions in bacterial 
pathogenesis. A. Wali Karzai, #WC-R-2338-05-04-Q
Biochemistry of glycoproteins.
William J. Lennarz, #WC-R-2342-05-04-Q
Yeast chromatin modifying enzymes.
Rolf Sternglanz, #WC-R-2339-05-04-Q

• MINERAL PHYSICS
High pressure and synchrotron X-rays studies.
Jiuhua Chen, #WC-R-2591-05-07-S
Elasticity measurement at high pressure and high
temperature. Baosheng Li, #WC-R-2592-05-07-S

• PHYSICS
Accelerator-based experimental particle physics.
(1-4 positions) John Hobbs, Michael Marx, 
Michael Rijssenbeek, #WC-R-2311-05-04-Q
X-ray imaging of biological and materials science
specimens. Chris Jacobsen, #WC-R-2310-05-04-Q
Experimental nucleon decay and neutrino 
particle physics. (2-3 positions)
Clark McGrew, #WC-R-2309-05-04-Q

• MARINE SCIENCE
Environmental mass spectrometry of endocrine 
disrupting contaminants in urban estuaries.
Bruce Brownawell, #WC-R-2588-05-07-S

• NURSING SCIENCE
Improving overall health and physical activity 
in women, especially minority populations.
Mary Nies, #HS-R-2556-05-07-S

• PSYCHIATRY
Methods for the measurement of pain and fatigue
using electronic diary data (EMA) as validation 
standard. Arthur Stone, #HS-S-1904-04-11-Q3

To apply online and for information, see www.postdocs.stonybrook.edu or mail résumés to:
Murray Lamond, Office of the President, Stony Brook University, Stony Brook, NY 11794-0701. AA/EOE

• MATERIAL SCIENCE/ENGINEERING
Science and technology of thermal spray 
processing and related materials.
Sanjay Sampath, #WC-R-2589-05-07-S

• PHARMACOLOGICAL SCIENCE
Cell signaling mediating the atheroprotective
effects of ApoE using KO/transgenic mice.
Craig Malbon, #HS-R-2607-05-07-S

www.otago.ac.nz/jobs

Dunedin, New Zealand

Postdoctoral 
Fellow - Optical 
Microscopy 
(Fixed-term)

Department of Anatomy and Structural Biology
Otago School of Medical Sciences
A Postdoctoral Fellowship position is available to study 
development of optical methods for analysing the contents 
and behaviour of single cells. The position would suit 
a candidate with a strong background in optics and 
software development. The position is funded by the New 
Economy Research Fund (NERF) as part of a four year 
programme focusing on identification of biomarkers for 
Assisted Reproduction Technology (ART) and stem cells. 
The laboratory is well equipped for molecular biology, 
computing, and microscopy. A dedicated Olympus TIRF 
microscope facility has been established for the project 
and two Zeiss confocal microscopes are housed nearby. 

Specific enquiries may be directed to Professor David 
Green, Department of Anatomy and Structural Biology, 
Tel 64 3 479 7439, Email david.green@stonebow.otago.ac.nz

Reference Number: A05/109. 
Closing Date: Friday 16 September 2005.

APPLICATION INFORMATION
With each application you must include an application 
form, an EEO Information Statement, a covering letter, 
contact details for three referees and one copy of your 
full curriculum vitae. For an application form, EEO 
Information Statement and a full job description go to: 
www.otago.ac.nz/jobs  Alternatively, contact the Human
Resources Division, Tel 64 3 479 8269, Fax 64 3 479 8279, 
Email karen.sutherland@stonebow.otago.ac.nz

Equal opportunity in employment is University policy.

http://paloalto.roche.com
http://www.otago.ac.nz/jobs
mailto:david.green@stonebow.otago.ac.nz
http://www.otago.ac.nz/jobs
mailto:karen.sutherland@stonebow.otago.ac.nz
http://www.postdocs.stonybrook.edu


POSITIONS OPEN

POSTDOCTORAL, RESEARCH, AND
CLINICAL FELLOWSHIPS

at the
National Institutes of Health
U.S. Department of Health

and Human Services

Website: http://www.training.nih.gov
NIH is dedicated to building a diverse

community in its training and employment
programs.

POSTDOCTORAL POSITION

An NIH-funded position in mucosal immunology
is currently available to study Yersinia pestis patho-
genesis, DNA vaccine efficacy, and mucosal lympho-
cyte homing. Excellent opportunity to be involved
in basic and translational research. Studies will
involve identification of novel vaccine epitopes for
their subsequent incorporation into mucosal vaccine
formulations. Applicants must have a Ph.D. or M.D.,
some cellular immunology experience, and the ability
to design experiments relevant to testing and analyz-
ing novel vaccines. Veterinary Molecular Biology
resides in a new research building housing state-of-
the-art facilities, including confocal microscopy,
fluorescence activated cell sorting and analysis, gene
microarray support, and DNA sequencing. Salary
commensurate with level of experience. Send or
e-mail a letter of application, curriculum vitae, and
names of three references to: Dr. David W. Pascual,
Center of Zoonotic Diseases, Veterinary Molecu-
lar Biology, Montana State University, Bozeman,
MT 59717-3610. Telephone: 406-994-6244;
fax: 406-994-4303; e-mail: dpascual@montana.
edu. ADA/Affirmative Action/Equal Opportunity Veteran_s
Preference.

SCHOLAR-EDUCATOR POSTDOCTORAL
FELLOWSHIPS in neuroscience and behavior. The
Program of Excellence in Neuroscience and Behavior
(POENB) at Illinois State University (ISU) invites
applications for two, two-year Postdoctoral Fellow-
ships. POENB (website: http://www.lilt.ilstu.
edu\POENB) offers unique research opportunities
in neuroscience, behavior, ecological physiology,
immunology, and analytical chemistry. Responsibil-
ities include independent research with a POENB
sponsor, collaborative research with POENB faculty
and students, and mentored teaching of one course
per year. Salary: approximately $36,000 with ben-
efits. Send curriculum vitae, research interests, and
three letters of recommendation to: Dr. Paul A.
Garris, Department of Biological Sciences, Illi-
nois State University, Normal, IL 61790-4120.
ISU is an Equal Opportunity/Affirmative Action Employer.

OPTICAL MAPPING POSITION AVAILABLE
FOR POSTDOCTORAL/RESEARCH
ASSOCIATE/RESEARCH ASSISTANT

PROFESSOR

In the cardiovascular MERIT research program,
candidate must have extensive expertise in computer-
based biological signal acquisition and analysis. Ideal
candidate would have practical experience in optical
mapping using fluorescent dyes and a background in
biophysics or bioengineering.Candidate must be U.S.
citizen or permanent resident. Please send curriculum
vitae and reference to: Nabil El-Sherif, VA Medical
Center, Brooklyn, NY 11209. Fax: 718-630-
3740; e-mail: nelsherif@aol.com.

POSTDOCTORAL POSITIONS available to
study negative regulation of antigen presentation and
to develop novel immunotherapy and vaccines against
tumors and HIV infection (Nature Biotech. 22:1546;
Nature Medicine 3:1110). Experience in immunolo-
gy, especially dendritic cell biology and mouse models,
and molecular biology is preferred. Send curriculum
vitae and three references to: Dr. Si-Yi Chen (e-mail:
sychen@bcm.tmc.edu), Center for Cell and Gene
Therapy, Baylor College of Medicine, Houston,
TX 77030.

Baylor College of Medicine is an Equal Opportunity
Employer.

POSITIONS OPEN

POSTDOCTORAL POSITION

Applications are invited for Postdoctoral Trainee
positions (three to four) under the NIH-training
program in alcoholic liver and pancreatic diseases
(ALPD), which is designed to promote training in
cellular and molecular research in ALPD under the
mentorship of well-established investigators Drs. Neil
Kaplowitz, Shelly Lu, Laurie DeLeve, and Hide
Tsukamoto at the University of Southern California
and Dr. Steve Pandol at UCLA. Candidates should
have a Ph.D. in biological sciences, good commu-
nication skills, and ability to conduct independent
research, and have no more than six years of
postdoctoral research experience. The training en-
vironment is highly conducive to promote inde-
pendent research and grant writing. The NIH
postdoctoral training grant requirements are that the
individual should have U.S. permanent residency/
citizenship and salary commensurate with experi-
ence. Please e-mail curriculum vitae, a statement of
interests, and names of three references to: Vijay
Kalra, Ph.D., Professor and Co-Director, train-
ing program in ALPD at the University of
Southern California Keck School of Medicine,
Los Angeles (e-mail: vkalra@usc.edu) or to:
Hide Tsukamoto, Ph.D., Professor and Direc-
tor (e-mail: htsukamo@usc.edu).

POSTDOCTORAL POSITION
UT Southwestern Medical Center

A Postdoctoral position is available to study the
molecular mechanisms of daily (circadian) biological
clocks. We use a combination of molecular, biochem-
ical, and physiological approaches to address funda-
mental questions concerning circadian clocks in
eukaryotic organisms (See: Science 297:840, 2002;
Genes Dev. 19:1518, 2005; Genes Dev. 19:234,
2005). See website: http://www.utsouthwestern.
edu/findfac/research/0,2357,42920,00.html for
details. Requirements: Ph.D. degree in biological
sciences with training in molecular biology and bio-
chemistry. Applicants should e-mail curriculum vitae
and names of three references to: Dr. Yi Liu,
Department of Physiology, UT Southwestern Med-
ical Center, 5323 Harry Hines Boulevard, Dallas,
TX 75390-9040. E-mail: yi.liu@utsouthwestern.
edu. UT Southwestern Medical Center is an Affirmative
Action/Equal Opportunity Employer.

POSTDOCTORAL POSITION
IMMUNOLOGY

Applications are invited for a Postdoctoral posi-
tion to investigate the molecular mechanisms
underlying development of neonatal immunity and
T cell memory (for details see website: http://
www.missouri.edu/Èmmiwww/habib/hz.php).
Candidates should possess a Ph.D. and/or M.D.
and a good background in molecular biology. Salary
is competitive and Columbia is a quality living city.
Please send curriculum vitae and the names of three
references to:H. Zaghouani, University of Missouri
School of Medicine, Department of Molecular
Microbiology and Immunology, DC044, Colum-
bia, MO 65212, U.S.A. Or, e-mail: zaghouanih@
health.missouri.edu.

Affirmative Action/Equal Opportunity Employer.

POSTDOCTORAL RESEARCH POSITIONS:
The Department of Molecular Biology at Princeton
University currently has Postdoctoral positions
available in the areas of molecular biology, biochem-
istry, physics, neuroscience, and genetics. Candidates
are required to have a Ph.D. or M.D. in related field.
Interested applicants should send curriculum vitae,
references, and a brief description of research inter-
ests to e-mail: resumes@molbio.princeton.edu or
to contact: Aviva Rosoff Bideaux, Department of
Molecular Biology, Princeton University, Prince-
ton, NJ 08544. No faxes please.

For information about applying to Princeton and
how to self-identify, please visit website: http://
web.princeton.edu/sites/dof/applicantsinfo.htm.

Princeton University is an Equal Opportunity/Affirmative
Action Employer.

POSITIONS OPEN

POSTDOCTORAL FELLOWSHIPS
Cardiopulmonary Genomics Program

University of Maryland
School of Medicine

The newly formed Cardiopulmonary Genomics
Program is seeking Postdoctoral Fellows for research
in the genomics, molecular biology, signaling, and
pharmacology of G-protein coupled receptors. The
ideal candidate (Ph.D., M.D., D.V.M., or equivalent)
will have published experience in DNA manipulation
and related techniques, human polymorphism discov-
ery, receptor signaling, promoter analysis, and produc-
tion of transgenic mice. An interest in heart and lung
disease is helpful but not required. For examples of
research and publications perform National Library
of Medicine search on Liggett SB. The program is
located in new, well-equipped, state-of-the-art labo-
ratory space at the medical campus in Baltimore,
Maryland.

Individuals interested should send their curricu-
lum vitae to: Stephen B. Liggett, M.D., University
of Maryland-Baltimore, via e-mail: sbliggett@
gmail.com.

The University of Maryland-Baltimore encourages women and
members of minority programs to apply and is an Affirmative
Action/Equal Employment Opportunity/ADA Employer.

POSTDOCTORAL FELLOWSHIP
Departments of Medicine and

Cellular and Molecular Pharmacology
Biomedical Sciences Program

University of California, San Francisco

Position available immediately for qualified indi-
vidual with interest in the molecular mechanisms of
kinase signaling pathways in epithelia. Background in
molecular cloning techniques essential, experience
with cell culture and immunocytochemistry highly
desirable. Excellent environment in state-of-the-art
laboratory at University of California, San Francisco_s
new Mission Bay campus. Must be U.S. citizen or
permanent resident. Please send curriculum vitae to:

Dr. David Pearce
Departments of Medicine and Cellular

and Molecular Pharmacology
Genentech Hall-N272C, Box 2140

University of California, San Francisco
San Francisco, CA 94143

E-mail: pearce@medicine.ucsf.edu

POSTDOCTORAL RESEARCH POSITIONS
available for studies regarding FoxO transcription
factors in the regulation of metabolism and gene
expression, focusing in liver and muscle. Areas of
interest include identification of novel genomic/
proteomic targets, protein-protein interactions, and
physiologic effects of FoxO proteins on signaling and
metabolic pathways in cell culture and transgenic/
knockout models. Ph.D. and appropriate experience
required. For full consideration, send curriculum
vitae and three letters of recommendation by August
31, 2005, to: Dr. Terry Unterman, University of
Illinois at Chicago College of Medicine and Jesse
Brown VA, Research Unit (MP 151), 820 South
Damen Avenue, Chicago, IL 60612. E-mail:
unterman@uic.edu.

POSTDOCTORAL POSITION is available
immediately to study the structure of the Bacillus
anthracis protective antigen (website: http://
mrce.wustl.edu/Bann.html). Candidates should
have experience in molecular biology and biochemi-
cal techniques. Interested applicants should send
curriculum vitae and three letters of recommenda-
tion to: Dr. Jim Bann, Department of Chemistry,
Wichita State University, Wichita, KS 67260-
0051. E-mail: jim.bann@wichita.edu. Equal Oppor-
tunity/Affirmative Action Employer.

POSTDOCTORAL, RESEARCH, AND
CLINICAL FELLOWSHIPS

at the
National Institutes of Health
U.S. Department of Health

and Human Services

Website: http://www.training.nih.gov
NIH is dedicated to building a diverse

community in its training and employment
programs.
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The Earth Institute at Columbia University is the world’s leading academic
center for the study, teaching, and implementation of sustainable develop-
ment. It builds on excellence in the core disciplines—earth sciences, biolog-
ical sciences, engineering sciences, social sciences, and health sciences—
and stresses cross-disciplinary approaches to complex problems.

Through research, training, and global partnerships, The Earth Institute mobi-
lizes science and technology to advance sustainable development and
address environmental degradation, placing special emphasis on the needs
of the world’s poor.

The Earth Institute seeks applications from innovative postdoctoral candi-
dates or recent Ph.D. recipients interested in a broad range of issues in sus-
tainable development.  

The Postdoctoral Fellows Program in Sustainable Development provides
scholars who have a foundation in one of the Institute’s core disciplines the
opportunity to acquire the cross-disciplinary expertise and breadth needed to
address critical issues in the field of sustainable development including
reducing poverty, hunger, disease, and environmental degradation. Those
who have developed cross-disciplinary approaches during Ph.D. studies will
find numerous opportunities to engage in leading research programs that
challenge their skills.  

Candidates for the Postdoctoral Fellows Program should submit a proposal for
research that would contribute to the goal of global sustainable development.
This could take the form of participating in and contributing to an existing multi-
disciplinary Earth Institute project, an extension of an existing project, or a new
project that connects existing Institute expertise in novel ways. Candidates
should identify their desired small multidisciplinary mentoring team, i.e., two
or more senior faculty members or research scientists/scholars at Columbia
with whom they would like to work during their fellowship. For information on
The Earth Institute and its programs, visit the Institute’s Postdoctoral Fellows
Web site (http://www.earthinstitute.columbia.edu/postdoc/) for a list of 
research units and relevant Columbia University and Barnard College depart-
ments. Fellowships will ordinarily be granted for a period of 24 months.

More information on the program is available on 
the Postdoctoral Fellows Web site.

Application forms should be completed online at

http://www.earthinstitute.columbia.edu/postdoc/

Applications submitted by December 1, 2005, will be considered for
fellowships starting in the summer or fall of 2006.

For more information, contact:

Hilary Cisneros Dewhurst
Manager, Fellows Program

The Earth Institute at Columbia University
B-16 Hogan Hall, MC 3277

2910 Broadway
New York, NY 10025

E-mail: hd6@columbia.edu

Columbia University is an affirmative action/equal opportunity institution.
Minorities and women are encouraged to apply.

Postdoctoral Fellows Program in Sustainable
Development at The Earth Institute

The GKSS Research Centre is located in Geesthacht
near Hamburg with a further centre in Teltow near
Berlin, and is a member of the Helmholtz Association
of German Research Centres. With its approximately
700 employees it undertakes, in collaboration with
universities and industry, research and development in
the areas of coastal research, materials research,
regenerative medicine, and structure research with
neutrons and synchrotron radiation. 

Grundlagen für morgen

Unternehmen Großforschung

We are looking for a

Postdoctoral Scientist
Code-No.: W 7

for a three year period, commending as soon as possi-
ble.

Topic: Development of lipid based surface modification
of metal implant materials

We are looking for a biochemist, biologist, chemist or
material scientist with experience in the field of surface
modification and functionalisation. A strong back-
ground in biochemistry, molecular biology and histology
is preferred as the management of the cell culture
laboratory is part of the position. Background in mate-
rial science is desired.

The position focuses on the covalent bonding of lipid
layers to biomaterials and defined modifications con-
cerning the thickness and composition of the layers.
Additionally, the incorporation of e.g. RGD-peptides
and/or antimicrobial molecules will be a topic of
research. In methodology, the characterisation of the
layers using e.g. AFM, and the analysis of biochemical
and biomechanical parameters shall be established.
Another topic focuses on the modification of the
material with the aim to introduce porous structures.
In case they are not provided by partners in the
project, suitable techniques have to be evaluated and
implemented into the research at GKSS.

Candidates should be flexible, mobile and able to learn
and adopt new methods.

Working place is in Geesthacht.

We offer an appropriate salary, related to BAT as well
as the usual public sector social benefits.

In order to increase the number of female employees
we ask interested and qualified women to apply for
the job.

Handicapped persons with equal qualifications will be
preferred.

Please send your application (with reference to Code-
No. W 7) including CV and references to the Personnel
Department of the GKSS Research Centre. The closing
date for applications is two weeks after publication of
this advertisement.

GKSS • FORSCHUNGSZENTRUM GEESTHACHT 
MAX-PLANCK-STRASSE 1 • 21502 GEESTHACHT

http://www.earthinstitute.columbia.edu/postdoc/
http://www.earthinstitute.columbia.edu/postdoc/
mailto:hd6@columbia.edu


Medicinal chemistry programme
Call for applications

We have identified several potential lead structures through
our compound evaluation efforts. These compounds are
expected to form the basis of a strong chemistry-driven
drug discovery program for the TDR target diseases. We
are looking for:

> Postdoctoral chemists to synthesize compounds

> Senior investigators interested in providing guidance
and bench space to fellows

One year grants cover postdoctoral fellows, reagents and 
supplies. We are planning a long-term lead identification/
optimization partnership that will leverage funding from
other sources.

Applications from institutions, companies and postdoctoral
chemists in developing countries are strongly encouraged.

August 31, 2005, deadline for receipt of applications.

For complete details and application, visit 
us online at www.who.int/tdr or contact 
Dr Solomon Nwaka at nwakas@who.int

Join WHO/TDR's discovery 
efforts -- innovation with
capacity strengthening

POSTDOCTORAL FELLOWSHIPS

IN CANCER RESEARCH

The University of Texas M. D. Anderson Odyssey Program encourages 
the newest generation of cancer researchers to explore novel areas of clinical 
or basic cancer research in preparation for successful, independent careers in 
this fi eld while taking advantage of the resources offered by The University 
of Texas M. D. Anderson Cancer Center in Houston, Texas. The Odyssey 
Program supports the training and research efforts of dedicated scientists at 
the beginning of their careers by sponsoring outstanding junior and senior 
postdoctoral fellows who wish to pursue innovative cancer research. Odyssey
Scholarships and Fellowships are awarded based on level of experience,
strength of credentials, and potential of proposal. Odyssey Fellows and
Scholars receive up to three years of support for their salaries and a yearly 
research allowance for supplies, small equipment and meeting expenses.

2005-2006 Application Deadlines:

Odyssey Fellowship:
• October 3, 2005 (notice of intent due September 19, 2005)
• March 6, 2006 (notice of intent due February 6, 2006)

Odyssey Scholarship
• No fi xed deadline (notice of intent due 3 weeks prior to submitting

application)

For further information, consult our website: 
http://www.mdanderson.org/odyssey

M. D. Anderson Cancer Center is an Equal Opportunity Employer and does 
not discriminate on the basis of race, color, national origin, gender, sexual 
orientation, age, religion, disability or veteran status, except where such 
distinction is required by law. All positions at M. D. Anderson are considered 
security sensitive; drug screening and thorough background checks will be 
conducted. The University of Texas M. D. Anderson Cancer Center values 
diversity in its broadest sense. Diversity works at M. D. Anderson. Smoke-

free environment.

POSTDOCTORAL FELLOWSHIP PROGRAM

SPIRE Fellows do everything a traditional
research postdoc does and more...

Visit www.unc.edu/spire

Now Recruiting

SPIRE (Seeding Postdoctoral Innovators in Research and
Education) is an innovative postdoctoral fellowship program
at The University of North Carolina at Chapel Hill.

SPIRE’s mission is to provide multi-dimensional
professional development for science researchers and
educators to succeed in academic careers, to bring
engaging teaching methods into the classroom, and
to increase diversity in science professions.

RESEARCH: Pursue original research in
participating laboratories at UNC-Chapel Hill.

TEACHING: Teach courses and mentor
students at one of seven historically minority 
universities (HMUs) in North Carolina.

PROFESSIONAL DEVELOPMENT:
Participate in multiple workshops, covering
topics such as science education,
technology-supported learning and
workplace professional skills.

Research Associateship Programs 
Postdoctoral Research Awards

Senior Research Awards
Davies Teaching Fellowships

offered for research in residence at

US Government Laboratories

��������	 �

������ ���� �� �������	 ����� �����	 � �����
������������������������� �� ������� �������

Questions should be directed to :
National Research Council
TEL:   (202) 334-2760
E-MAIL:  rap@nas.edu

Detailed program information, including instructions on 
how to apply, is available on the NRC Web site at :
www.national-academies.org/rap

• 350 awards for independent research at over 120
participating laboratories

• 12-month awards renewable for up to 3 years

• Annual stipend $36,000 to $65,000 - higher for senior researchers

• Relocation, professional travel, health insurance

• Annual application deadlines Feb. 1, May 1, Aug. 1, Nov. 1 

Opportunities for postdoctoral and senior research 
in all areas of science and engineering
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ST JOHN HOSPITAL AND MEDICAL CENTER/

WAYNE STATE UNIVERSITY

POSTDOCTORAL POSITION IN 

BASIC CARDIOVASCULAR RESEARCH 

The Center for Heart & Vessel Preclinical Studies of St John Hospital & 
Medical Center/Wayne State University, Detroit, Michigan, has 1 position
available for a postdoctoral scientist to investigate cellular mechanisms 
of ischemia/reperfusion injury and heart failure. Research projects will 
involve, though not be limited to, analysis of signal transduction, cell 
death, and metabolic pathways in cell culture, animal models of cardiac 
diseases, and human heart. The successful applicant will have a PhD 
degree and/or MD degree, with a strong background in biochemistry, 
molecular and cellular biology. Outstanding candidates may be eligible 
for a pertinent faculty appointment at Wayne State University. 

Applications including a CV, and a brief letter of intent, should be
emailed to:

Tiziano M. Scarabelli, MD, PhD

Director, Center for Heart & Vessel Preclinical Studies

Director, Basic Cardiovascular Research

Associate Professor of Internal Medicine & Pharmacology

St John Hospital & Medical Center

Wayne State University

Email: Tiziano.Scarabelli@stjohn.org

Phone direct: 313 343-4559

Fax: 313 343-3912

St John Hospital/Wayne State University is an Equal Opportunity 
Employer and encourages women and minorities to apply.

POSTDOCTORAL OPPORTUNITIES

Biomanufacturing Research Institute and
Technology Enterprise (BRITE) Center for
Excellence, a newly established Institute, will pro-
vide training and research for undergraduates and
graduate students in areas critical to biotechnology 
and biomanufacturing. BRITE, located at North Caro-
lina Central University (NCCU), is seeking applicants
for tenure-track positions at Assistant, Associate, or 

Full Professor in:(1) Microbial and Protein Group: Research is desirable in 
the optimization of the scale-up process using recombinant microorganisms 
and the downstream processes of improvement of purifi cation, covalent 
modifications and folding of active macromolecule. (2) Mammalian Cell 
Genomic Group: Research is desirable in the development of novel cell 
lines, proprietary media and viral vectors to improve the large production 
of recombinant proteins under serum-free conditions. (3) Bioanalytical
Chemistry Group: Research is desirable in the development of analytical 
methods for the quantification of target molecules in complex biological 
systems. Analytical methods include HPLC, LC/MS/MS, TOF-MS, and CE.
(4) High throughput Sciences and Biosensor Group: Research is desirable in 
high throughput detection, biosensing technologies in quantitative analysis 
of macromolecular interactions. A Ph.D. in pharmaceutical sciences or a 
related discipline; a record of publication, grantsmanship and independence 
are required. Industrial experience in pharmaceutical sciences, process
development is a plus. Candidates will be expected to develop or maintain 
a strong externally funded research program and contribute to enthusiastic 
teaching. Other non-tenure-track instructor positions with advanced degree 
are also available. 

Applicants should submit curriculum vitae with publications, a statement 
of research interests, and three references. Review of applicants will begin 
immediately and continue until the position is filled. Contact information: 
C/o Ms. C. Harrington, Faculty Search Committee-BRITE, BBRI/

NCCU, 700 George Street, Durham, NC 27707. For more information 
about the positions, BRITE or NCCU, please visit www.nccu.edu.

NCCU is an Affi rmative Action/Equal Opportunity Employer. 
Minorities and women are encouraged to apply.

Postdoctoral Research 

Associate

in Aquatic Conservation

Simon Fraser University

The newly established BC Leadership
Chair in Salmon Conservation is seeking
a Postdoctoral Research Associate to study 
conservation and management of salmon and
their ecosystems in the Pacifi c northwest.
Research will include large-scale experiments
on salmon-ecosystem interactions, with the 
aim of modelling and testing alternative
scenarios for restoring fi sh populations and 
biodiversity in their marine, freshwater and 
terrestrial ecosystems. The Research Fellow 
will also contribute to strategic planning and 
development of new research initiatives in 
the Program. Candidates should have a
PhD, solid analytical abilities, and a proven 
track record of research excellence in fi eld 
studies of aquatic conservation. The position 
will be available for 5 years, and potentially 
renewable.

Please send a CV, a statement of research 
background and interests, and contact
information for three references to:
Professor John D. Reynolds, Department 

of Biological Sciences, Simon Fraser

University, Burnaby, British Columbia,

Canada, V5A 1S6. Reynolds@sfu.ca.
We will begin reviewing applications on
September 15, 2005 and continue until the 
position is fi lled.

POSTDOCTORAL POSITIONS IN

MAMMALIAN MOLECULAR AND

DEVELOPMENTAL GENETICS

McLaughlin Research Institute is a small
non-profi t research organization near the east 
slopes of the Rocky Mountains and provides 
an outstanding environment to train for a career 
in mammalian genetics. Applicants for these 
positions should provide evidence, includ-
ing publication in internationally recognized 
journals, for their potential for an independent 
research career. Refer to www.montana.edu/
wwwmri for additional information about the 
following research programs.

• Genetic Regulation of Myelination (J.

Bermingham)

• Genetics of Susceptibility to Neurodegen-

erative Disease. (G. Carlson) 

• Molecular Motors & Chemical Genetics 

(J. Mercer)

• Development of the Auditory and Renal 

Systems (P. Xu) 

To apply, state clearly the program to which 
you wish to apply, send your curriculum vitae, 
a statement of research interests, and the names
of three individuals whom we may contact for 
references to:

Training Offi ce 

McLaughlin Research Institute

1520 23rd Street South

Great Falls, MT 59405

tg@po.mri.montana.edu

POSTDOCTORAL OPPORTUNITIES

Faculty Positions, Virology
Boston University 
School of Medicine

The Department of Microbiology
(www.bumc.bu.edu/microbiology) is seeking
outstanding scientists for faculty positions in 
all areas of virology and viral pathogenesis. 
Applicants specializing in respiratory viruses 
or viruses that constitute emerging pathogens 
are especially encouraged to apply. Candidates
should have strong research records and a com-
mitment to develop independent, innovative 
research programs, with interests in graduate 
and medical education. All faculty ranks will 
be considered, but preference will be given
to candidates at the Assistant or Associate 
Professor level. 

Interested individuals should submit their
curriculum vitae, summary of research
accomplishments and future research plans
to kfurness@bu.edu no later than October 

1, 2005. Three letters of recommendation
should be sent to: Virology Search Commit-

tee, Department of Microbiology, Boston 

University School of Medicine, 715 Albany 

Street, Boston, MA 02118-2394.

Boston University School of Medicine is 
an Equal Opportunity/Affi rmative Action 

Employer.

mailto:Tiziano.Scarabelli@stjohn.org
http://www.nccu.edu
mailto:Reynolds@sfu.ca
http://www.montana.edu/wwwmri
http://www.montana.edu/wwwmri
mailto:tg@po.mri.montana.edu
http://www.bumc.bu.edu/microbiology
mailto:kfurness@bu.edu


JOB?

Looking
for a

• Job Postings

• Job Alerts

• Resume/CV
Database

• Career Forum

• Career Advice

• Meetings and
Announcements

• Graduate
Programs

All of the features
on ScienceCareers.org
are FREE to job seekers

For great
resources visit
ScienceCareers.org
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CHAIR, DEPARTMENT OF MEDICINAL CHEMISTRY
Medical College of Virginia - School of Pharmacy

Nominations and applications are sought for the position of Chair of the Department of Medicinal
Chemistry, School of Pharmacy Virginia Commonwealth University, Medical College of Virginia
Campus.  The Department of Medicinal Chemistry currently consists of thirteen faculty.  The
School of Pharmacy offers a four year professional program leading to the Doctor of Pharmacy
degree as well as graduate programs leading to the MS and Ph.D. degrees.  

The Chair will provide supervision of the Department. Responsibilities will include enhancing the
teaching, research and service activities of the faculty; faculty development; evaluation of faculty
and program performance and management of the departmental budget. The successful candidate
will be expected to participate in the teaching activities of the department and maintain a productive
research program. 

Candidates should possess a Ph.D. degree in medicinal chemistry or one of the areas related to
medicinal chemistry, including chemistry, biochemistry, pharmacology, structural biology, chemical
biology, computational chemistry, computer-aided drug design, QSAR, drug metabolism, or a
closely related discipline. Candidates with a proven record of excellence in research and
administration, demonstrated ability to motivate and inspire faculty and students, and an eagerness
to promote multidisciplinary scholarly interactions will be given preference.

Screening of applicants will continue until the position is filled. Nominations may be submitted
through email, fax or phone to the Chair of the Search Committee.  Applicants should submit a letter
of intent along with a curriculum vitae and the names, email addresses and phone numbers of three
references to:

Donald J. Abraham, Ph.D., Chair of the Search Committee
Virginia Commonwealth University

School of Pharmacy
P.O. Box 980540

Richmond, Virginia 23298-0540
Tel:  (804) 828-8183  Fax:  (804) 827-3664 

Email:  donald.abraham@vcu.edu

Virginia Commonwealth University is an EEO/AA employer.  Women, minorities and persons with
disabilities are encouraged to apply.

Virginia Commonwealth University

VCU

http://ScienceCareers.org
http://ScienceCareers.org
mailto:donald.abraham@vcu.edu
http://www.sciencecareers.org
mailto:facultyrecruit@qatar-med.cornell.edu


Sensor Research & Development Corporation in 
Orono, ME is recruiting for:

Electrical or Computer Engineer to design and develop signal-processing 
techniques for chemical gas sensors. Involves developing chemometrics meth-
ods to maximize the information extracted from sensor response data. These 
methods include statistical signal processing, pattern recognition, method
optimization, calibration, factor analysis, and neural networks. Developed 
techniques will be used for interpretation and visualization of sensor array 
response data. Duties include all aspects of testing including interpreting trends
in the data and preparing it for presentations. Analysis and interpretation of 
test data to detect any test system problems is important. Must actively con-
tribute to proposal and report writing. Applicant must be a creative thinker, 
self-motivated, and able to generate ideas, solutions, and approaches for a 
given task, and report results to others.

Required:

• M.S. or PhD, electrical or computer engineering with experience or
equivalent discipline, focused on signal processing. 

• Competence in Matlab (i.e. making graphical interfaces and manipulation 
of graphics and integrating algorithms into a suite of tools)

• Excellent verbal, writing, and presentation skills
• Ability to work effectively in small teams and work independently
• Ability to multitask between several projects
• US Citizenship 

Technical Marketing Support: Responsible for providing direct support
to Scientifi c/Engineering staff members in the preparation of informational 
materials in the areas of chemical and biological detection systems. Must 
write and edit technical materials, prepare documents designed to report
ongoing research and produce scientifi cally accurate slides and charts for 
public presentations. Responsible for identifying new funding sources for 
company R&D and new products. Requires an awareness of the grant and 
contract funding mechanisms utilized by government agencies. Will manage 
proposal efforts including the development of nontechnical content and sup-
porting information. Should possess an MS/PhD or equivalent experience in 
physical science: have excellent writing and English language skills, and at 
least four (4) years of specialized, related experience. 

Full benefi t package and salary commensurate with experience. Send resume 
to: cfreeman@srdcorp.com.

w w w . a m g e n . c o m / c a r e e r s

With the industry-leading invest-
ments in R&D that we make each
year, Amgen’s pipeline continues to
grow — a pipeline from which
significant break-through treatments
for anemia and inflammation have
recently emerged. But investment
alone is insufficient, for it’s the
people of Amgen who must deliver
results. Devoted to methodology
and open to new ideas, this diverse,
accomplished team of professionals
gives meaning to our values and
our mission to serve patients
throughout the world.   • To
apply and learn more, visit:
www.amgen.com/careers. As an
EEO/AA employer, Amgen values a
diverse combination of perspectives
and cultures. M/F/D/V.

Dramatically Improving
People’s Lives

Image: Protein crystals of consensus interferon.

©
 2004 Am

gen.All rights reserved.

g r o u n d - b r e a i n g

ASSOCIATE SCIENTIST (Job # amge-00011521)
Use your expertise in 2-deoxyglucose and receptor
occupancy studies to support our Pain and
Neuropsychiatry programs.

ASSOCIATE SCIENTIST (Job # amge-00011522)
Provide neurohistopathology support to our
Neurodegeneration programs. Requires previous
experience measuring amyloid plaque burden in
transgenic mouse models of Alzheimer’s disease.

ASSOCIATE SCIENTIST (Job # amge-00011451)
Use your small animal handling and HPLC expertise
to support neurodegeneration (with focus on
Parkinson’s disease) and neuropsychiatry research.

ASSOCIATE SCIENTIST (Job # amge-00011359)
Individual will serve as a key liaison within
neurodegeneration project teams by maintaining
transgenic mouse colonies, dosing therapeutics,

tracking and distributing harvested tissues/plasma
and developing critical ex vivo assays to measure
drug efficacy.

AMGEN CURRENTLY HAS THE FOLLOWING OPPOR-
TUNITIES IN ITS SOUTH SAN FRANCISCO LOCATION:

MULTIPLE SENIOR SCIENTIST ROLES 
(Job # amge-00011910, amge-00008716)
Help us identify drugs to treat neurodegenerative
disorders. Our focus will be on neuro-inflammatory
mechanisms. Draw on your extensive, hands-on
experience to identify & validate targets, design
screening strategies, evaluate pharmacology of leads
and verify mechanism of action to facilitate clinical
development.

To learn more about these positions, as well as other
opportunities at Amgen locations throughout the
country, please visit our website.

AMGEN CURRENTLY HAS THE FOLLOWING OPPORTUNITIES IN ITS THOUSAND OAKS, CA LOCATION:

GL ADST ONE I NST I T UT E OF CAR DI OVASCUL AR DI SE ASE
UNI VE R SI T Y OF CAL I F OR NI A SAN F R ANCI SCO
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Center Director Positions

The National Institute of Dental and Craniofacial Research (NIDCR), a major research component of the National Institutes of Health (NIH) and the Department of Health 
and Human Services, seeks two outstanding scientists to lead its Center for Infectious Diseases and Immunology (CIDI), and Center for Biotechnology and Innovation (CBI), 
both located at the National Institutes of Health in Bethesda, Maryland. 

THE DIRECTOR, CIDI, will direct and manage research supported by grants, cooperative agreements and contracts in oral microbiology and microbial pathogenesis; 
immunology and immunotherapy; and AIDS and oral manifestations of immunosuppression; oversee plans for support of research to ensure maximum utilization of available 
resources in the attainment of the Institute’s objectives; provide advice on extramural research and science in general to the Institute Director; and establish and maintain 
effective relationships with the extramural research community and with dental and biomedical research institutions, with behavioral, public health and voluntary health 
professional organizations and with other agencies involved in research and research training activities in order to promote programmatic goals and new research initiatives.

Applicants must possess a Ph.D., D.D.S./D.M.D., M.D., or equivalent degree, in a biomedical or related field. Applicants must have a broad knowledge of the oral health 
sciences, and a compelling vision for the future of the field. Applicants must be able to serve as a spokesperson for NIDCR research to science professionals and the general 
public, and have proven experience in directing and managing a comprehensive scientific extramural research program, with the requisite administrative and interpersonal 
skills to meet the demands of program direction.

THE DIRECTOR, CBI, will direct and manage research supported by grants, cooperative and inter-agency agreements and contracts in biomimetics, nanoscience and 
nanotechnology, regenerative dental medicine, salivary diagnostics, technology development and material science for dental applications, and encourage technologies that will 
result in quantum improvements over existing technologies or entirely new approaches, rather than incremental improvements to the state of the art; oversee plans for support 
of research to ensure maximum utilization of available resources in the attainment of the Institute’s objectives; provide advice on extramural research and science in general 
to the Institute Director; and establish and maintain effective relationships with the extramural research community and with dental and biomedical research institutions, with 
behavioral, public health and voluntary health professional organizations and with other agencies involved in research and research training activities in order to promote 
programmatic goals and new research initiatives.

Applicants must possess a Ph.D., D.D.S./D.M.D., M.D., or equivalent degree, in a biomedical or related field. Applicants must have a broad knowledge of the oral health 
sciences, knowledge of dental materials and restorative procedures, and a compelling vision for the future of the field. Applicants must be able to serve as a spokesperson 
for NIDCR research to science professionals and the general public, and have proven experience in directing and managing a comprehensive scientific extramural research 
program, with the requisite administrative and interpersonal skills to meet the demands of program direction.

Interested applicants should send their curriculum vitae and bibliography, and the names and addresses of four references. Please be sure to indicate for which position the 
application is made. Applications should be sent to: Ms. Carol M. Beasley, National Institute of Dental and Craniofacial Research, Building 31, Room 2C39, Bethesda, 

MD 20892-2290; E-mail: carol.Beasley@nih.gov; Fax: 301-402-4088.

The closing date for these positions is: September 9, 2005

mailto:carol.Beasley@nih.gov
http://www.training.nih.gov/jobfair


Director

Coordinating Center for Clinical Trials

The NCI is searching for an M.D. and/or Ph.D. physician/scientist of national stature to serve as the Director of the Coordinating Center for Clinical Trials (CCCT), 
with overall responsibility for implementing, managing, and evaluating all functions of the CCCT. The Director will serve as an authoritative source of scientific 
expertise on the development and administration of a national clinical trials enterprise, to include solutions to a myriad of regulatory issues. The CCCT has been charged 
with implementing the recommendations of the National Cancer Advisory Board’s chartered Clinical Trials Working Group (CTWG) on the development, conduct, 
infrastructure, and support necessary for the optimal coordination and future progress of the entire range of intramural and extramural clinical research trials supported by 
the NCI, including diagnosis, treatment, and prevention studies.

The CCCT will implement four critical initiatives in order to design a restructured national clinical trials enterprise that is not only more efficient and coordinated but 
founded on the best science. The first initiative is to improve coordination and cooperation among the functionally diverse components of the current system, including 
industry and Federal regulatory agencies. The second initiative is to improve prioritization and scientific quality by developing an open and transparent process for the 
design and prioritization of clinical trials that are science-driven and meet the needs of patient care. Additional initiatives that the CCCT will implement include improving 
standardization of tools and procedures for trial design, data capture, data sharing, and administrative functions to minimize duplication of effort, and to facilitate 
development of a shared infrastructure to support an integrated national cancer clinical trials network. Another major initiative includes improving operational efficiency 
by increasing the rate of patient accrual and reducing operational barriers so that trials can be initiated and executed in a timely, cost-effective manner. More information 
regarding these initiatives can be found in the final report of the CTWG at: http://integratedtrials.nci.nih.gov/ict/.

The salary range is from $103,947 to $135,136 per annum. Various incentives may apply for physicians in individual circumstances, based on experience and expertise. To
obtain the application requirements and other necessary information, please visit: http://jobsearch.usajobs.opm.gov/a9nih.asp and search for Vacancy Announcement 
(VA) NCI-05-90949 for the Interdisciplinary, GS-405/601/1320-15 title. Vacancy Announcement, NCI-05-90953 is for the MD/DO, GS-602-15 title. For more information 
regarding application procedures, please contact Ms. Mary Lou Weathers at (301) 402-2812.

Ms. Mary Lou Weathers

Human Resources Specialist

NIH, OHR, CSD, NCI HR Operations Branch

6120 Executive Boulevard, Room 550

Rockville, MD 20892

Responses to the Knowledges, Skills and Abilities (KSA) are encouraged. Application materials may also be faxed to (301) 402-9333 or emailed to 
weatherm@mail.nih.gov.

APPLICATIONS MUST BE RECEIVED BYAUGUST 29, 2005.

Please send, at a minimum, your C.V., Bibliography and Response to the Selective Factor to:

NATIONAL INSTITUTE OF ALLERGY AND INFECTIOUS DISEASES

TENURE/TENURE TRACK POSITION

With nation-wide responsibility for improving the health and well being of all Americans, the Department of Health and Human Services oversees the biomedical 

research programs of the National Institutes of Health (NIH) and those of NIH’s research Institutes.

The National Institute of Allergy and Infectious Diseases (NIAID), a major research component of the NIH and the Department of Health and Human Services, is 

recruiting for a Tenure/Tenure Track position in the Laboratory of Host Defenses (LHD).  The LHD studies immune functions essential for host defense against infec-

tion (inherited immune deficiencies) and those required for immune homeostasis (autoimmunity associated with excessive inflammation).  The LHD seeks an M.D. 

or M.D., Ph.D. physician scientist to develop an independent translational research program related to the genetic basis, pathophysiology, diagnosis and treatment 

of inherited abnormalities of immunity and/or of autoimmune diseases associated with excessive inflammation.  An emphasis on clinical aspects of innate immunity 

including phagocytic cells, natural killer cells, dendritic cells, toll-like receptors or other pattern recognition receptors is desirable, though clinically related studies 

of the interface of innate and acquired immunity is also acceptable.  The applicant should have a strong track record of basic research of the genetic basis of disease 

and alterations in signaling pathways responsible for inherited immune dysfunction.  The applicant must possess expertise and experience in the design and conduct 

of diagnostic and therapeutic clinical trials studying and treating such diseases. Strong clinical credentials in a specialty area relevant to the proposed translational 

research program (relevant specialties include but are not limited to infectious disease, allergy-immunology, rheumatology, pulmonary diseases, or hematology) are 

required.  The program of study proposed by the applicant must include both laboratory components and the conduct of clinical protocols to assess new diagnostic 

and therapeutic modalities to diagnose and treat inherited diseases associated with immune deficiency and/or autoimmunity associated with excessive infl ammation. 

Applicants particularly suitable for this program are those who have knowledge and experience in the development and clinical application of novel cellular therapies 

or gene therapy, cytokines, monoclonal antibodies or other novel biologic agents to correct defects in immunity, to achieve immune tolerance or to reduce abnormal 

infl ammation.

The applicant must provide evidence in the submitted materials that the applicant has a current license to practice medicine in one of the states of the United States or 

must have the all the credentials required by the State of Maryland for licensing to allow the practice of medicine. These credentials must include but are not limited 

to having a Doctor of Medicine or Doctor of Osteopathy degree from an accredited school in the U.S. or Canada, or a Doctor of Medicine or equivalent degree from 

a foreign medical school that provided education and medical knowledge substantially equivalent to accredited schools in the U.S. as demonstrated by permanent 

certification by the Educational Commission for Foreign Medical Graduates (ECFMG).

To be considered for this position, you will need to submit a curriculum vitae, bibliography, 3 letters of reference, a detailed statement of research interests, and a 

hardcopy of selected publications to Thomas A. Fleisher, MD, Chairperson, NIAID Search Committee, c/o Mrs. Lynn Novelli, DIR Committee Coordinator, 

10 Center Drive MSC 1356, Building 10, Rm. 4A-26, Bethesda, Maryland 20892-1356. Completed applications MUST be received by Friday, August 26, 2005. 

For additional information on this position, and for instructions on submitting your application, please see our website at: www.niaid.nih.gov.

http://integratedtrials.nci.nih.gov/ict/
http://jobsearch.usajobs.opm.gov/a9nih.asp
mailto:weatherm@mail.nih.gov
http://www.nih.gov
http://www.niaid.nih.gov


Dean
Ira A. Fulton School of Engineering

Arizona State University
As the only comprehensive engineering school serving Phoenix, 
the nation’s fastest growing major metropolitan region, the Ira A. 
Fulton School of Engineering plays a unique role in building the 
technological capital and shaping the economic future of the busi-
ness community, the region, and the State of Arizona. Balancing its
dedication to serve the larger global society with its commitment 
to the Southwest region, the Ira A. Fulton School fulfi lls an ambi-
tious agenda to deliver the highest quality of research, education, 
and service to society. To carry out its missions, the Ira A. Fulton 
School seeks an innovative and energetic dean who will continue 
its faculty and programs along a steep trajectory of achievement 
and contribute to building Arizona State’s new paradigm for the 
American research university.

Located on the University’s Tempe campus, the Ira A. Fulton
School enrolls 4500 undergraduate students and 2000 graduate
(600 doctoral) students. The School houses eight academic units 
and more than twenty centers, institutes and focused research
programs and participates in a number of University institutes.
The School emphasizes several signature themes that cut across 
traditional academic boundaries; much of the School’s research
is conducted in these interdisciplinary areas. The School has 200 
tenured and tenure-track faculty, nine of whom are members of the 
National Academy of Engineering. Research expenditures totaled 
$40 million in 2004, more than doubling in the last six years. The 
School’s undergraduate program is ranked in the top thirty among 
public university programs by U.S. News & World Report and in 
the top fi fty among graduate engineering programs. The School’s 
programs are accredited by ABET and the American Council for 
Construction Education.

As the chief executive offi cer of the school, the dean provides lead-
ership to the faculty and programs and fosters excellence in research,
teaching, and service to the community. The successful candidate 
must have recognized leadership accomplishments, intellectual
breadth, demonstrated vision for what a strong research-intensive 
multidisciplinary engineering school should be, and the ability to 
articulate and implement this vision. She or he must have demon-
strated excellent communications skills; success in working across 
disciplines to build connections; and management knowledge and 
experience working collaboratively and imaginatively with faculty, 
deans and other senior administrators. The dean must have a track 
record of distinctive contribution to engineering – in academia, 
research, or public service – that demonstrates a drive to build and 
to innovate. The dean must warrant appointment as a full professor 
with tenure through some combination of the following: a doctorate
in engineering, mathematics, applied science or related discipline; 
recognized contributions to the fi eld of engineering; a record of 
achievement in the practice of her or his discipline, industrial activ-
ity or public service; acknowledged excellence in teaching and
research; and successful experience in securing external resources 
through fundraising or other business development. 

Review of candidates will begin immediately. If the position is
not fi lled, review of candidates will continue bi-weekly until the 
search is closed. Nominations and applications (including a cover 
letter, curriculum vitae and the names of fi ve references) must be 
electronically directed in confi dence to:

Kim M. Morrisson, Ph.D., Managing Director 
Diversifi ed Search

One Commerce Square 
2005 Market Street, Suite 3300 

Philadelphia, PA 19103
fultonschool@divsearch.com

For further information about the Ira A. Fulton School of Engineer-
ing, please consult its website at http:/www.fulton.asu.edu.

Arizona State University is an Equal Opportunity, Affi rmative 
Action Employer. Pre-employment screening, including a 

criminal history check, of the fi nalist is required under
Arizona Board of Regents policy.

HAWAI‘I PACIFIC 
UNIVERSITY

DEAN, COLLEGE OF NATURAL SCIENCES

Hawai‘i Pacifi c University is an independent, comprehensive university
with campuses in Honolulu and Windward Oahu. The College of Natural 
Sciences, located on the Windward Campus, has 24 full-time faculty serving 
over 700 undergraduate majors in science, and plans to add graduate degree 
programs in ocean-related sciences in the near future. The Dean will be the 
administrative and academic head of the College, report to the Vice President
of Academic Administration, and exercise with the faculty a responsibility 
for coordination of undergraduate degree programs in biology, environ-
mental science, environmental studies, marine biology, oceanography, and 
pre-medical studies. The position carries responsibilities related to academic
program review and development, enrollment growth, student retention and 
the search for extramural funding to support the College’s programs. The Dean
is responsible for the management of the College’s resources and facilities. 
Responsibilities include working collaboratively with other departments of 
the University and representing the College within the University and to the 
larger community.

The recent affi liation of HPU with the Oceanic Institute, a leading aquacul-
ture research and development organization located on Oahu, provides an 
unprecedented opportunity for growth in the degree offerings and research 
capacity of the College. HPU seeks a Dean to lead the College in its devel-
opment of research and graduate programs while maintaining excellence in 
undergraduate instruction. Successful candidates will hold a doctoral degree in
the marine, environmental, or life sciences; have a track record of excellence
in teaching and research; and experience in the administration of programs 
in the natural sciences.

Applications accepted until October 15, 2005. Salary negotiable. All
inquiries, applications, and nominations should be sent with cover letter, 
curriculum vitae, statement of teaching and administrative philosophy, and 
three letters of reference to: Hawai‘i Pacifi c University, Dean of College of 

Natural Sciences Search, c/o Human Resources, 1166 Fort Street, Suite 

201, Honolulu, HI 96813.

NCU is a comprehensive research university in Taiwan, with seven
colleges: College of Liberal Art, College of Science, College of
Engineering, College of Electrical Engineering & Computer Science,
School of Management, College of Earth Sciences, and College of
Hakka Studies.  It has 43 graduate programs for graduate studies and
19 departments for undergraduate studies.

The outstanding research areas of NCU specialized as follows:
Learning Science, Bioethics, Visual Culture, Mathematics, Plasma
Physics, Genomics, Materials Chemistry and Physics, Materials
Science and Eng ineering, Energy Eng ineering, Biomed ical
Engineering, High-Speed Optoelectronic Devices and Ics for
Communications, New Generation Wireless Mobile Core Network and
Service Enabling Technology, Network Learning Technology, Software
Engineering and Technology, Financial Engineering and Electronic
Finance, Electronic Commerce, Atmospheric Science and Earth
Science, Space Science, Remote Sensing and Hakka Studies.

In celebration of the 90th anniversary of its founding, NCU would
establish up to 10 chair professorships for distinguished scholars
under age 60 with a record of d istinguished research
accomplishments, in any field appropriate for the above listed areas.

The chair professorship offers extra salary up to 1,000,000 NTD /per
year (with start up funding up to NTD 5,000,000) for 5 years.  For
further information on terms and conditions of the appointment, please
contact Professor Gin-Rong Liu, Dean of Research and Development,
by E-mail: grliu@csrsr.ncu.edu.tw

Application, together with curriculum vitae and 3 references should be
sent to Research & Development Office, National Central University
by Dec. 31, 2005, (No. 300, Jhong da Rd., Jhong li City, Tao-Yuan
County 32001, Taiwan).

Website: http://www.ncu.edu.tw/

National Central University
NCU Chair

Professorships

mailto:fultonschool@divsearch.com
http://www.fulton.asu.edu
mailto:grliu@csrsr.ncu.edu.tw
http://www.ncu.edu.tw/


EMBL, an international research organisation based in Heidelberg, Germany, is searching for:

HEAD OF OIPA
Office of Information and Public Affairs

To apply, please send a CV, references and cover letter detailing salary history, by email, quoting ref. no. G/05/87 in
the subject line, to: application@embl.de

Personnel, EMBL, Postfach 10.2209, D-69012 Heidelberg, Germany.
Fax: +49 6221 387555. http://www.embl.org

European Molecular Biology Laboratory
Heidelberg, Germany

EMBL is seeking an experienced communications

manager to oversee all outreach and public relations

activities at EMBL headquarters in Heidelberg and the

outstations. Responsibilities will include:

Developing and implementing a strategic plan for

communication and outreach activities; Managing a

team; Raising EMBL’s visibility and representing

EMBL externally; Monitoring the impact and success

of EMBL public relations and outreach activities;

Developing new ideas and funding sources especially

for outreach activities.

A background in molecular biology and a secondary

degree and experience in one or more of the following

areas is required: media relations, internal

communication, electronic media design, print

publications and outreach activities.

Applicants should also have excellent written and oral

English skills and either German or French is required.

The position will report to a member of the EMBL

Directorate. Candidates should be able to effectively

manage the overall communication team.

EMBL, an international research organisation based in Heidelberg, Germany, is searching for:

COORDINATING MANAGER
EMBL International Center for Advanced Training - EICAT

To apply, please send a CV, references and cover letter detailing salary history, by email, quoting ref. no. G/05/82 in
the subject line, to: application@embl.de

Personnel, EMBL, Postfach 10.2209, D-69012 Heidelberg, Germany.
Fax: +49 6221 387555. http://www.embl.org

European Molecular Biology Laboratory
Heidelberg, Germany

The provision of advanced training represents one of the

core missions of the EMBL. With the opening of EICAT,

EMBL enters a new phase of advanced training activity,

coordinating a broad spectrum of excellence-driven

activities including the widely known EMBL-organized

Courses and Conferences Program and in-house training

(eg. PhD, postdoctoral and visiting scientists

programmes). In coordination with the senior

management of EMBL, the post holder will assume broad

responsibilities, planning the development and managing

EICAT, fundraising and representing EICAT to the

scientific community.

Advanced university degree (PhD with experience in a

scientific environment preferred) and demonstrated

success in scientific administration in a managerial role

are required. The ideal candidate will already have

managerial experience in the field of advanced

scientific education.

Outstanding interpersonal and organizational skills, the

ability to think creatively and familiarity with writing grant

applications complete the profile.

Excellent command of English is essential; knowledge of

German or French is desirable.

EMBL

EMBL

mailto:application@embl.de
http://www.embl.org
mailto:application@embl.de
http://www.embl.org


The Children's Hospital at Scott & White and The Texas A&M University System Health
Science Center College of Medicine are seeking a nationally recognized research scientist as
the first holder of the Josephine Ballard Endowed Chair in pediatric cardiovascular research.
Applicants should be accomplished investigators (Ph.D., M.D. or M.D./Ph.D.) at the associate or
professor level with current federal grants and a proven track record in cardiovascular basic,
clinical, and/or translational research. The successful candidate will join an expanding faculty
within a large academic healthcare system. The chair holder will play a critical role in directing
and expanding research activities in pediatric cardiovascular disease, in close collaboration with
investigators in the Cardiovascular Research Institute and other local, national and international
experts in cell biology, genomics and proteomics.

The Children's Hospital at Scott & White serves a large clinical base throughout Central Texas.
There are outstanding clinical practice and laboratory facilities on campus that perform state of
the art molecular and cellular biology techniques, flow cytometry, proteomics and genomics as
well as biostatistical support services. Animal laboratory facilities include areas to perform
medical and surgical procedures. Laboratory space and an appropriate start-up package for the
chair holder will be provided. The Scott & White Healthcare system is one of the largest multi-
specialty integrated delivery systems in the nation. Scott & White is the primary clinical and
hospital teaching campus for the College of Medicine. Academic appointments at the associate
and professor level through the College of Medicine are commensurate with qualifications and
experience.

Interested candidates should send a copy of their curriculum vitae, letter addressing their
qualifications and a list of 3 individuals who can provide references to: Don P. Wilson, M.D.,
Chair, Search Committee for Josephine Ballard Centennial Chair in Pediatric Cardiovascular
Research; Chairman, Department of Pediatrics, 2401 South 31st Street, Temple, Texas
76508, 254-724-4363, fax 254-724-1938, email: dwilson@swmail.sw.org

Scott & White is an equal opportunity employer. For more information regarding Scott & White
and The Texas A&M University System Health Science Center College of Medicine, please log
onto: www.tamu.edu and www.sw.org.

Endowed Chair
Pediatric Cardiovascular Research

Scott & White Health System
Texas A&M University System Health Science Center

College of Medicine
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Assistant/Associate Professor 
of Plant Pathology

Department of Plant and Soil Sciences
College of Agriculture and Natural Resources
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The UNIVERSITY OF DELAWARE is an Equal Opportunity Employer that
encourages applications from Minority Group Members and Women. 

UNIVERSITY OF
SOUTHERN DENMARK

www.jobs.sdu.dk

S Y D D A N S K U N I V E R S I T E T . D K

Professor position at the Maersk Mc-Kinney Moller Institute, University of Southern Denmark

The Maersk Mc-Kinney Moller Institute, University of Southern Denmark invites applications for a five-year position as 

Professor with special duties, starting December 1, 2005 within one of three research profiles: 

Software Engineering, Robotics, or AdapTronics.

For further information please contact Director Uffe Kock Wiil, phone +45 6550 3565, e-mail: ukwiil@mip.sdu.dk

Applicants should be aware that it is necessary to read the full text for this position before applying. 

Please find the full notice with further information and address on the University`s homepage: 

http://www.jobs.sdu.dk/vis_stilling.php?id=2176&lang=eng

Deadline for applications is September 7, 2005.

mailto:dwilson@swmail.sw.org
http://www.tamu.edu
http://www.sw.org
http://www.jobs.sdu.dk
mailto:ukwiil@mip.sdu.dk
http://www.jobs.sdu.dk/vis_stilling.php?id=2176&lang=eng
http://www.udel.edu


Terry Fox Molecular Oncology Group
Lady Davis Institute 

for Medical Research
McGill University

Faculty Position
Molecular Oncology

The Lady Davis Institute of McGill University is
expanding its program in Molecular Oncology. An
ASSISTANT PROFESSOR tenure-track position
is available for candidates with research interests
in the molecular and cellular basis of cancer with
preference for applicants that use genetic mouse 
models. Applicants should have a Ph.D. and/or 
M.D. with relevant postdoctoral experience.
Candidates will be judged on their potential to 
develop a vigorous independent research program
that can attract extramural support.

Applicants should have an MD and/or PhD or 
the equivalent. Please send a letter outlining your
current and future research interests, a copy of 
your CV and the names and addresses of three 
references to: 
• Send email inquiries and applications to: 

gdipancr@ldi.jgh.mcgill.ca

• Application deadline: December 15, 2005

• More information can be found at: http:

//www.jgh.ca/research/ldi/index.html

In accordance with Canadian Immigration
requirements, priority will be given to Canadians
and permanent residents of Canada. McGill Uni-
versity is committed to equity in employment.

Career Tactics
For The Life Scientist

• Association/Society Meetings
• Campus Visits to Support MS,

PhD and Postdoctoral
Candidates

• One-On-One Coaching “Hot Line”
(voice and e-mail)

• Corporate “Ambassador”
Presence

• Interviewer Skill Development/
Recruitment Campaign Planning

• “Significant Other” Relocation
Support

Your Personal Coach On:
Resumes • Cover Letters 
• References • Interviews 
• Networking • Transitions 

• “Hidden” Job Markets 
• First Impressions

Twelve+Years of Recruiting/
Coaching Experience in the Life

Sciences with AAAS, FASEB, MBC,
Biophysical Society, Leading

Universities and the Biotechnology
Community.

FOR MORE INFORMATION:
EBockoPROTRAN@att.net

or 781-784-7663

BioCareer-PROTRAN Resources™

Premier Leadership Opportunity
Associate Dean for Research and Graduate Programs

The University of Iowa Roy J. and Lucille A. Carver College of Medicine
seeks applications and nominations for the position of Associate Dean for
Research and Graduate Programs, the preeminent leadership role for research and
graduate education in the College. With overall responsibility for the College’s 
research and graduate programs, the successful candidate will be committed 
to achievement of the highest standards of excellence in advancing knowledge 
through research and education. This unique opportunity is an ideal career path 
for a dynamic individual with a strong personal record of biomedical research, 
productive scholarship and mentoring; a successful track record of promoting 
research and research training; and demonstrated leadership in creating and
promoting a strategic vision. 

The University of Iowa is a member of the select Association of American Uni-
versities, an organization of institutions recognized for excellence in research. 
The Carver College of Medicine is one of the nation’s leading research-oriented 
medical schools with impressive extramural funding and outstanding research 
talent that includes four Howard Hughes Medical Institute investigators, three 
members of the National Academy of Sciences and 13 members of the Institute 
of Medicine. 

The Associate Dean for Research and Graduate Programs will work to advance 
and expand the research and graduate education missions, align them with emerg-
ing strategic plans, and advocate support from public and private agencies.
He/she will work in close collaboration with the University’s Vice President for 
Research to ensure that the College is an intrinsic part of—and partner in—the 
University’s, the state’s and the nation’s vision for research. 

Responsibilities include developing a collegiate infrastructure for all types of 
research, including basic, translational, clinical and outcomes; overseeing the 
recruitment and retention of outstanding faculty scientists; managing and plan-
ning research space; and directing a team of professional and support personnel.
The Associate Dean for Research and Graduate Programs will also develop, 
oversee and promote an array of activities including multidisciplinary research 
program and centers, mentoring programs, facilities planning, IT support, 
regulatory compliance in human and animal testing, technology transfer and 
economic development. 

Candidates must have an M.D. and/or Ph.D., outstanding interpersonal and com-
munication skills, demonstrated administrative experience including supervision
of staff and fi nances, and prior experience at a major research institution, as 
well as credentials to merit appointment as a tenured professor in an appropriate 
discipline. Candidates must have demonstrated evidence of a commitment to 
diversity in the educational community.

The University of Iowa is located in Iowa City, a vibrant community in the roll-
ing hills of southeastern Iowa, noted for its public schools, medical and athletic 
facilities, attractive business district, parks, and literary, musical and cultural 
opportunities. A regional airport provides easy access to every major city in the 
United States. 

Letters of application and curriculum vitae may be directed to:
Peter Densen, M.D.

Executive Associate Dean
University of Iowa Carver College of Medicine

206 Medicine Administration Building
Iowa City, IA 52242-1101

The University is an Affi rmative Action/Equal Opportunity Employer and 
strongly encourages applications from women and minority candidates.

CAREER SERVICES

mailto:gdipancr@ldi.jgh.mcgill.ca
http://www.jgh.ca/research/ldi/index.html
mailto:EBockoPROTRAN@att.net
http://www.jgh.ca/research/ldi/index.html


Professor of Neuroscience - 03107
Located in Ithaca, N.Y., Cornell University is a bold, innovative,
inclusive and dynamic teaching and research university where staff,
faculty, and students alike are challenged to make an enduring
contribution to the betterment of humanity.

T h e  D e p a r t m e n t  o f  H u m a n  D e v e l o p m e n t
(http://www.human.cornell.edu/hd/) seeks applicants for an open-
rank, tenure-track position in human behavioral neuroscience to begin
August 2006. The Department is developing a comprehensive training
program in developmental aspects of behavioral neuroscience, and
currently affective and cognitive areas of neuroscience are represented.
Methodological approaches currently represented include fMRI,
pharmacological manipulation of neurotransmitters and neuropeptides,
and electrophysiological recording. Subject populations studied range
from infants and adolescents to young adults of both normal and
disordered status. We now wish to broaden the training program by
adding an additional researcher, with a preference for someone in social
neuroscience, broadly conceived. Although methodological approaches
are not limited, analysis of genetic polymorphisms is of special interest.
Cornell has new facilities that fully support researchers in genotyping.

Responsibilities include teaching three courses per year (one large
undergraduate course, one small undergraduate course, and one graduate
seminar), supervising student research, and maintaining an externally-
funded program of empirical research. Send CV, statement of research
and teaching interests, representative publications, and three letters of
reference to Richard A. Depue, Behavioral Neuroscience Search,
Department of Human Development, MVR Hall, Cornell University,
Ithaca, NY 14853. Review of applications will begin November 15,
2005, and continue until the position is filled.

http://chronicle.com/jobs/profiles/2377.htm

Cornell University is an Affirmative Action/
Equal Opportunity, Employer and Educator

National Oceanic and Atmospheric Administration (NOAA)

Director, Office of
Research and Applications

(A Senior Executive Service Position in the Federal Government) 
Department of Commerce (DOC)

National Oceanic and Atmospheric Administration (NOAA)
National Environmental Satellite, 

Data, and Information Service Camp Springs, MD            
$107,550 - $162,100 annually  

Vacancy Announcement NOAA#05-13
The candidate selected for this position, acting under the general guidance of the Deputy Assistant 
Administrator for Satellite and Information Services, NESDIS, is responsible for the overall policy
direction, administration and management of all satellite related research programs within NES-
DIS. The incumbent must possess the following: 

1. Experience in the management of research and development programs involving 
the physical sci-ences and remote sensing from space.

2. Expert knowledge of satellite remote sensing devises including demonstrated 
ability to conceive and execute remote sensing programs.

3.  Knowledge of and experience in applications of remotely sensed satellite data 
and transfer of theknowledge to the user community.

Please contact Dede Epstein at 301/713-0530, x 106 for an announcement package (Internet: address:
dede.epstein@noaa.gov), including mailing instructions—referring to the announcement number 

-OR- you may access the entire full-text vacancy from NOAA’s Executive Resources 
Homepage (see below). Incomplete applications will be returned.

http://www.rdc.noaa.gov/~hrmo/er-vacn.htm
This vacancy will close on September 7, 2005 

“NOAA Values a Diverse Workforce and is an Equal Opportunity Employer”

The Department of Pharmacology is seeking
applications to fill two tenure-track Assistant
Professor positions.  
The successful applicants will be expected to
develop solid, extramurally funded research
programs and contribute to medical and
graduate teaching.  Although outstanding candi-
dates in all areas of Biomedical Sciences will be
considered, special consideration will be given
to investigators who will complement existing
strengths of the department in Cardiovascular,
Cell Signaling or Cancer research (visit depart-
ment website at www.upstate.edu/pharm/).
Individuals using structural, developmental,
cellular or molecular biology or electrophysio-
logical approaches in their research are
particularly encouraged to apply.
Candidates should have a Ph.D. and/or M.D.
degree and relevant postdoctoral experience.
They must also demonstrate the potential to
establish an independent extramurally funded
research program.  Highly competitive startup
packages including laboratory space will be
provided to successful candidates.  
Please send CV, description of research
interests and three letters of reference to: M.
Saeed Sheikh, M.D., Ph.D., Chair, Search
Committee, Department of Pharmacology,
SUNY Upstate Medical University, 750 E
Adams St. Syracuse, NY 13210. Electronic
applications are preferred and should be
submitted at:  pricek@upstate.edu

ASSISTANT PROFESSOR
Department of Pharmcology

S t a t e  U n i v e r s i t y  o f  N e w  Yo r k
Upstate Medical University
Formerly known as SUNY Health Science Center

An AA/EEO/ADA employer, committed to
excellence through diversity.

DEPARTMENT OF PATHOLOGY AND 

LABORATORY MEDICINE

UNIVERSITY OF OTTAWA

PATHOBIOLOGY - EMERGING PATHOGENS

The Department of Pathology and Laboratory Medicine, University of Ottawa,
invites applications for tenure-track positions to expand a world-class research
group that explores the immunopathogenesis of emerging microorganisms. 
The candidates will be Ph.D., M.D. Ph.D. with expertise in viral pathogenesis
or prion diseases. They will preferably have signifi cant experience or capaci-
ties through appropriate training in developing animal models to evaluate 
morphological changes and explore cellular and molecular physiopathologic
mechanisms involved in diseases generated by emerging pathogens. The 
candidate’s research should have a strong translational potential.

Researchers will occupy a state of the art new research unit at the Medical 
School, which houses the Biohazard and Animal Care facilities. Opportu-
nities for networking with CIHR-funded investigators and synergize with 
current successful research groups are possible throughout the University of 
Ottawa and its affi liated Research Institutes as well as with several federal 
agencies.

The University of Ottawa and its affi liated hospital research institutes
have had, in the last ten years, a tremendous growth in research capacity. 
The medical school is currently expanding its research facilities with the 
construction of 56,000 square foot research wing. This includes expansion of
transgenic and knock-out animal facilities and a BSL-3 laboratory space.

Applicants should submit a curriculum vitae, a statement of their research 
goals and teaching experience and the name of three referees, to: Dr. Jean 

Michaud, Professor and Chairman, Department of Pathology and

Laboratory Medicine, University of Ottawa, 451 Smyth Rd., Ottawa, 

Ontario, K1H 8M5; Email: jmichaud@uottawa.ca. These positions are 
already budgeted. The review of applications will begin on November 15, 

2005 and will continue until a suitable candidate is identifi ed.

All qualifi ed candidates are encouraged to apply. However, preference will 
be given to Canadian citizens and permanent residents. The University of 

Ottawa subscribes to an employment equity policy. 

http://www.human.cornell.edu/hd/
mailto:dede.epstein@noaa.gov
http://www.upstate.edu/pharm/
mailto:pricek@upstate.edu
mailto:jmichaud@uottawa.ca
http://www.rdc.noaa.gov/~hrmo/er-vacn.htm


FACULTY POSITIONS IN

MOLECULAR BIOSCIENCES

The School of Molecular Biosciences (http://molecular.biosciences.wsu.

edu) is fi lling two tenure-track Assistant Professor positions, beginning 
August 2006 or later. Applicants should have research interests in the 
analysis of biological molecules or processes that complement existing 
departmental strengths. Candidates must have a Ph.D. in a discipline
related to molecular biosciences, postdoctoral training, the ability to com-
municate effectively with students and colleagues, and a record indicating
outstanding potential in research and teaching. The successful candidate 
will be expected to develop and maintain a vigorous research program 
supported by extramural funding, train graduate students, and participate 
in graduate and undergraduate teaching. Candidates with expertise in
microbiological research that focuses on integrating molecular informa-
tion with the biology of the organism(s) or in analyzing the structure and 
function of biologically important macromolecules, using biochemical, 
biophysical or computational approaches are especially encouraged to 
apply. Exceptionally qualifi ed applicants may be considered for

appointment at a higher level.

Applicant screening will begin October 1, 2005. Send a letter of appli-
cation, curriculum vitae, a statement of research interests and goals, and 
arrange to have three letters of reference addressing research potential, 
teaching and communication skills sent to: Dr. Michael Kahn, Search 

Committee Chair, School of Molecular Biosciences, Washington State 

University, Pullman, WA 99164-4660.

WSU employs only U.S. citizens and lawfully authorized non-U.S. 
citizens. WSU is an Equal Opportunity/Affi rmative Action Educator 

and Employer. Members of ethnic minorities, women, Vietnam-era or 
disabled veterans, persons of disability, and/or persons age 40 or over 

are encouraged to apply. 

Visit Science’s Careers Forum between
22 and 26 August to get Dave’s insider
advice on industry careers.

Science Careers Forum

Visit ScienceCareers.org
and click on Career Forum

Guest Host David Lathbury
Director of Process Chemistry

AstraZeneca

Careers in the
Pharmaceutical

Industry

22 –26 August
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Vollum Institute
Oregon Health & 
Science University

Faculty Positions

The Vollum Institute has faculty openings
for outstanding scientists. We are particularly
interested in individuals with a research focus 
in the general areas of molecular and cellular
neuroscience, molecular genetics, development 
and/or mechanisms of signal transduction. Appli-
cations will be considered at all levels. We offer 
an attractive start-up package and the opportunity
to work in an outstanding scientifi c environment 
that includes strong ties to related departments at
Oregon Health & Science University.

Applicants should have a strong record of
research and an interest in training graduate
students. The Vollum Institute is committed to 
maintaining diversity in its faculty. Candidates 
with a Ph.D. and/or M.D. and several years of 
postdoctoral experience should apply by sending 
a copy of their curriculum vitae, a description of 
research plans and goals and the names of three 
references by November 1, 2005 to:

Gary L. Westbrook, M.D.

Senior Scientist and Co-Director

Vollum Institute, L474

Oregon Health & Science University

3181 SW Sam Jackson Park Road

Portland, OR 97239-3098

Electronic submissions may be sent to: 
frankru@ohsu.edu

OHSU is an Affi rmative Action, 

Equal Opportunity Institution.

DEPARTMENT OF PATHOLOGY AND 

LABORATORY MEDICINE

UNIVERSITY OF OTTAWA

PATHOLOGY- MOLECULAR ONCOLOGY

The Department of Pathology and Laboratory Medicine, University
of Ottawa, seeks applicants for tenure track positions at the Assistant/
Associate Professor level, in the scientist career path. Applicants have or 
will establish independently funded research programs in basic molecular
oncology with strong transitional potential. Collaborative research is also 
possible with members of the Centre for Cancer Therapeutics of the Ottawa
Health Research Institute. Ongoing research in that center includes the 
exploration of various properties of cancer cells, like surface molecule and
genetically determined cellular damage as potential therapeutic targets. 
There is also a strong team involved in anti-cancer effects of viruses. The 
University of Ottawa research network includes outstanding research teams
in the areas of apoptosis and stem cells. The candidates must hold a Ph.D. 
in a fi eld related to basic science of cancer and possess at least one year of 
postdoctoral experience. The successful applicants will also be expected to
contribute to the education of undergraduate and graduate students. 

The University of Ottawa and its affi liated hospital research institutes 
experienced, in the last ten years, a tremendous growth in research capacity. 
The medical school is currently expanding its research capacity with the 
construction of 56,000 square foot research wing. This includes expansion
of animal facilities. Recently completed or ongoing constructions are also
occurring in two affi liated research institutes. 

Applicants should submit a curriculum vitae, a statement of their research 
goals and teaching experience and the name of three referees, to: Dr. Jean 

Michaud, Professor and Chairman, Department of Pathology and

Laboratory Medicine, University of Ottawa, 451 Smyth Rd., Ottawa, 

Ontario, K1H 8M5; Email: jmichaud@uottawa.ca. These positions are
already budgeted. The review of applications will begin on November 15, 

2005 and will continue until a suitable candidate is identifi ed.

All qualifi ed candidates are encouraged to apply. However, preference 
will be given to Canadian citizens and permanent residents. The 
University of Ottawa subscribes to an employment equity policy.The University is committed to equality of opportunity 

Chair
in Computational
Chemistry
The Universities of St Andrews and Edinburgh have
jointly established a new Research School of Chemistry.
EaStCHEM is the premier Research School for Chemistry
in Scotland and is generously funded by the Scottish
Higher Education Funding Council, The Office of Science
and Technology and the Universities.

As part of a rolling programme of significant new
appointments, EaStCHEM wishes to appoint a world-
class scientist to a Chair of Computational Chemistry,
to be based at the University of St Andrews.
An outstanding individual, you will have an established
international reputation for excellence and
achievement in research.

Informal enquiries to Professor Neville Richardson
(nvr@st-andrews.ac.uk) or Professor Derek Woollins
(jdw3@st-and.ac.uk).

Information about EaStCHEM is available 
at www.eastchem.ac.uk while more details about
the University of St Andrews are available 
at www.st-andrews.ac.uk  

Please quote ref: ML273/05.
Closing date: 30 September 2005.

Applications should include a full CV and details 
of research plans and are available from Human
Resources, University of St Andrews, College Gate,
North Street, St Andrews, Fife KY16 9AJ 
(tel: 01334 462571, by fax: 01334 462570 or by e-mail:
Jobline@st-andrews.ac.uk). The advertisement
and further particulars can be viewed at
http://www.st-andrews.ac.uk/hr/ recruitment/vacancies

www.st-and.ac.uk

School
of Chemistry

mailto:frankru@ohsu.edu
mailto:jmichaud@uottawa.ca
mailto:nvr@st-andrews.ac.uk
mailto:jdw3@st-and.ac.uk
http://www.eastchem.ac.uk
http://www.st-andrews.ac.uk
mailto:Jobline@st-andrews.ac.uk
http://www.st-andrews.ac.uk/hr/recruitment/vacancies
http://www.st-and.ac.uk
mailto:kdebruyne@ukaachen.de


Intellectual Property Rights (IP)
Business Manager

for business development in China
Novozymes China - R&D Center, Beijing

In the R&D Center, Novozymes China, Beijing, which is a wholly
owned part of Novozymes A/S (www.novozymes.com), we have an
opening for a professional with a solid understanding of contract
negotiation, structuring of contracts where patent rights play a
major role, and preparation of patent analyses.

The task will be to support our business development activities in
China from an IPR perspective in close collaboration with
Novozymes personnel worldwide. This includes participation in
evaluation, scoping and formation of formal partnerships with
Chinese Universities and Industries within all Novozymes’ business
areas.

Report to
IP Business Manager reports to IPR Director in Denmark

Challenges
You will be responsible for IP aspects, including the IP governance
structure, of our Chinese partnerships, and you will work closely
with people from many parts of Novozymes - scientists, marketing
managers, business developers, as well as our patent and legal
experts on preparing negotiation strateg ies, drafting and
negotiating agreements and securing internal anchoring of
Novozymes’ commitments and obligations.

Another important part of your work will be to prepare IP analyses
of selected companies and business/technology areas - securing
and timely communicating relevant knowledge of  high value IP
fitting or threatening Novozymes’ business plans.

You will be working in the License and Strategy (L&S) department
including 7 colleagues based in Denmark.

Qualifications
We expect you to hold an academic degree – the preferred
candidate has a degree in Biochemistry, Chemical Engineering
or the like, supplemented with several years of patent and business
experience. You must have a good understanding of IPR and
ideally you are experienced in negotiating agreements. China-
specific knowledge and experience is a plus.

We consider strong communication skills a key competence for
the job. Being familiar with enzyme technology is seen as an
additional asset.

On a personal level you have a strong analytical mind, extensive
business understanding and excellent team working skills. We
expect you to be fluent in Mandarin as well as English.

Working and living in Beijing is a great experience - and we offer
compensation and benefits that reflect our position as the world’s
leading employer in the industrial enzyme business.

Contact
Please send curriculum vitae, summary of research interests and
names of relevant scientif ic references to our People &
Organization department by Email, zhaopin@novozymes.com
Please also do not hesitate to contact Marianne Weile Nonboe
(IPR Senior Manager – mwno@novozymes.com),  or Svend
Petersen (IPR Director – svep@novozymes.com) for further
information on this position.

For more information about careers at Novozymes A/S, please
visit our web site
Novozymes A/S: www.novozymes.com/job
Novozymes China: www.novozymes.com.cn/joinus

Novozymes is the biotech-based world leader in enzymes
and microorganisms. Using nature’s own technologies, we
continuously expand the frontiers of biological solutions to
improve industrial performance everywhere.

Great jobs

don’t just fall

from the sky. Let

ScienceCareers.org

help.

• Save multiple resumes and
cover letters to tailor job search

• Apply online to job postings

• Saved job searches update automatically

• Search by city/state or city/country

• And much more

Faculty Positions

University of Michigan

Division of Molecular Medicine and Genetics

Department of Internal Medicine

The Division of Molecular Medicine and Genetics in the Department of 
Internal Medicine, University of Michigan Medical Center, is seeking 
tenure-track faculty members with expertise in the general fi elds of
molecular medicine and/or genetics to expand and complement existing 
strengths in medical/cancer genetics, gene expression, signal transduction, 
stem cell biology and developmental biology, including the use of model 
organisms that provide insight into disease pathogenesis. 

Individuals recruited will have the following qualifications: MD, PhD or 
MD/PhD, three years postdoctoral experience and evidence of outstanding 
scientific accomplishment and scholarship. Candidates have the opportunity
to participate in clinical and/or teaching activities of the Division, but 
primary emphasis will be placed on developing an independent research 
program. Appointees will be considered for joint appointment in basic 
science departments as well as the University of Michigan Biological 
Sciences Scholars Program and/or Life Sciences Institute, which are
designed to enhance investigational strength in the biomedical sciences. 
Preference will be given to appointments at the Assistant or Associate 
Professor level. Applicants should send their curriculum vitae, a letter of 
interest which includes a summary of their current research program as 
well as future plans, and 3 letters of recommendation to:

Stephen J. Weiss, MD

Chief, Division of Molecular Medicine and Genetics

University of Michigan

5403 Life Sciences Institute, 210 Washtenaw

Ann Arbor, MI 48109-2216

The University of Michigan is an Affi rmative Action/
Equal Opportunity Employer.

http://www.novozymes.com
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POSITIONS OPEN

IMMUNOPHARMACOLOGY
FACULTY POSITION

Department of Pharmaceutical Sciences
College of Pharmacy

Western University of Health Sciences

TheWestern University of Health Sciences College
of Pharmacy (website: http://www.westernu.
edu/pharmacy) invites applications for a full-time,
tenure-track faculty position at the ASSISTANT
PROFESSOR level in immunopharmacology in the
Department of Pharmaceutical Sciences. A Ph.D. in
immunology/pharmacology or a closely related dis-
cipline with postdoctoral training in these areas is
required. Preference is given to applicants who have
teaching experience in a professional medical pro-
gram. The successful candidate is expected to co-teach
introductory immunology and teach immunophar-
macology to professional (Pharm.D.) and graduate
(M.S.) students. In addition, the candidate is ex-
pected to establish and maintain an extramurally
funded research program, preferably in the area of
neuroinflammatory disorders. Research startup funds
are available to the successful candidate. Various
opportunities for collaborative research exist within
the university and surrounding area biotechnology
companies in Southern California. More detailed
information on this job post can be found at the
WesternU Job Post website: http://www.westernu.
edu/employment/current.xml.

The review of applications will begin immediately
and continue until the position is filled. Appointment
and salary are negotiable, commensurate with qual-
ifications and experience. Interested applicants should
submit (1) a letter of intent, (2) a teaching and
research statement including startup needs, (3)
curriculum vitae, and (4) arrange to have three letters
of recommendation sent to the search committee co-
chair. Electronic submissions of all appropriate
materials are preferred and encouraged. Please send
all application materials to: Stephen A. O_Barr,
Ph.D., Co-Chair, Search Committee, Western
University of Health Sciences, College of Phar-
macy, College Plaza, 309 E. Second Street,
Pomona, CA 91766-1854. Telephone: 909-469-
5643. E-mail: sobarr@westernu.edu.

Western University of Health Sciences is an Equal
Opportunity/Affirmative Action Employer and actively seeks
applications from women and minorities.

PROJECT SCIENTIST POSITION available
in the Department of Medicine, Division of Gastroen-
terology, website: http://gastro.ucsd.edu. Candi-
dates must have a Ph.D. in physiology, neuroscience,
or closely related field, and have some experience as
a basic scientist. The laboratory is interested in the
area of sensory and motor function of the gastro-
intestinal tract from a clinical, physiologic, and basic
perspective. Candidates should be able to develop an
independent research program. Demonstrated pro-
ductivity in research is required. Rank and series of
appointment commensurate with candidate_s qual-
ifications and experience. Reply with curriculum
vitae by August 19, 2005, or until position is filled
to: R. K. Mittal, M.D., Professor of Medicine,
University of California San Diego, 3350 La
Jolla Village Drive (111D), San Diego, CA
92161. E-mail: rmittal@ucsd.edu. Affirmative Action/
Equal Employment Opportunity.

RESEARCH INVESTIGATOR: Immediate op-
portunity to join active group of scientists working to
develop vaginal and rectal protects (microbicides) for
preventing AIDS and other sexually transmitted
infections. We seek a creative chemist to increase
safety, stability, and efficacy profiles of microbicide
Carraguard (currently in efficacy trials in South
Africa) and develop new formulations. Additional
responsibilities involve assaying Carraguard batches
for consistency. Requires Ph.D. in biology/science-
related field. Send curriculum vitae with letter of inter-
est referencing Job #41-05 to: Human Resources
Specialist, Population Council, 1230 York Ave-
nue, New York, NY 10021. E-mail: jobs@
popcouncil.org or fax: 212-327-7678. Complete
job details at website: http://www.popcouncil.
org. Equal Opportunity Employer.

POSITIONS OPEN

TEMPORARY FACULTY POSITION
Dartmouth College

Applications are invited for a temporary faculty
position in the Dartmouth College Department of
Chemistry. We seek an experienced teacher for a
spring term (March 28, 2006, through June 6, 2006)
physical chemistry course that centers on quantum
chemistry andmolecular spectroscopy. The course has
an associated laboratory as well and is anticipated to
have fewer than ten students, all of whom will be
highly motivated junior chemistry majors. Preference
will be given to individuals who have an established
record of outstanding teaching in this area. Applicants
should submit curriculum vitae, a statement of their
teaching background, and the names and addresses of
three references who are willing to send letters on
their behalf. All inquiries and applications will be
treated confidentially. Application materials should
be sent to: Chair, Physical Chemistry Teaching
Search Committee, Department of Chemistry,
6128 Burke Laboratory, Dartmouth College,
Hanover, NH 03755-3564. The Committee will
begin to consider completed applications as they are
received and will continue to review applications
until the position is filled. With an even distribution of
male and female students and over a quarter of the under-
graduate student population members of minority groups,
Dartmouth is committed to diversity and encourages applica-
tions from women and minorities. Dartmouth College is an
Equal Opportunity/Affirmative Action Employer.

FULL-TIME ENDOCRINOLOGY ASSISTANT
TENURE-TRACK PROFESSOR

University of Pittsburgh
School of Medicine

The position involves the study of the molecular
control of growth factor-regulated pancreatic beta
cell proliferation, cell death, hypertrophy, and gene
therapy and cell replacement approaches to the
treatment of diabetes. Outstanding expertise and
experience in cell and molecular biology, transgenic
and knockout mouse strategies, gene therapy,
protein chemistry, pharmacology and signaling, and
whole animal physiology relating to diabetes and
glucose homeostasis are required. A strong publica-
tion record and strong extramural funding record
from NIH and other sources are also required.
Please send curriculum vitae to:

c/o Nancy Penney
Endocrinology Division Administrator

University of Pittsburgh
E1140 BST, 200 Lothrop Street

Pittsburgh, PA 15261

The University of Pittsburgh is an Affirmative Action/
Equal Opportunity Employer.

POSTDOCTORAL FELLOW
Biological Energy Group
J. Craig Venter Institute

The Venter Institute, the leading not-for-profit
research institute engaged in the advancement of the
science of genomics seeks a Postdoctoral Fellow in
our Biological Energy Group. Incumbent will be
developing an O2-tolerant cyanobacterial system for
sustained and continuous light-driven H2-production.
Requirements include a Ph.D. with a strong back-
ground in molecular biology. Experience in hydro-
genases, photosynthesis systems, or photosynthetic
microbes a plus. Please reply with curriculum vitae,
names of three references, and salary history to e-mail:
jobs@venterinstitute.org. Reference Code: VI-
2005-021.

A RESEARCH ASSOCIATE position is availa-
ble for a recent Ph.D. in molecular biology and/or
biochemistry to study DNA replication on the
genomic scale. Experience with DNA arrays, RNA
handling or databases is a definite plus. Interested
applicants please send curriculum vitae and names
of references to: Dr. Zhifeng Shao (e-mail: zs9q@
virginia.edu), Department of Molecular Physiol-
ogy and Biological Physics, University of Vir-
ginia Health System, Box 800736, Charlottesville,
VA 22908. University of Virginia is an Equal Opportunity/
Affirmative Action Employer.

POSITIONS OPEN

MRI PHYSICIST POSITIONS
Department of Radiology

Indiana University
School of Medicine

The Indiana University (IU) School of Medicine
(IUSOM) Department of Radiology in Indianapolis,
Indiana, has openings for two MRI Physicists. The
first position is a TENURE-TRACK FACULTY
POSITION (rank based upon experience). The
successful candidate will be expected to sustain an
active research program through extramural fund-
ing, participate in graduate education programs, and
provide technical expertise and support as a key
member of our research imaging center. The second
opening is a SCIENTIST TRACK FACULTY
POSITION for a clinical MRI physicist and respon-
sibilities will include optimization of the imaging
characteristics of MR imaging equipment; provide
technical expertise for purchases of new MRI
equipment; provide MRI physics education to
physicists, physicians, fellows, residents, graduate
students, technologists, and other members of the
hospital staff who work in or closely with radiology.
Successful candidates for both positions will possess
a Ph.D. in medical physics, biomedical engineering,
or a closely related field with a strong technical
background in MR physics and engineering. Indi-
viduals interested in either of these positions should
send curriculum vitae and a statement of interest
to: Gary D. Hutchins, Ph.D., Vice Chairman for
Research, Department of Radiology, 950 W.
Walnut Street, R2 E124, Indianapolis, IN 46202
or e-mail: gdhutchi@iupui.edu. Women and mi-
norities are encouraged to apply. IU is an Equal Employment
Opportunity/Affirmative Action Employer, Minorities/Females/
Persons with Disabilities.

SCHOOL OF ENGINEERING
University of Kansas

The School of Engineering at the University of
Kansas (KU) invites applications for one FACULTY
POSITION (rank open) in the area of bioengineer-
ing. The home department will be mechanical engi-
neering (ME). Applicants should have demonstrated
strong research interests and experience that com-
plement and/or expand our current strengths in
biodynamics, biomaterials, bone mechanics, imaging,
motor control, neuromotor control, and orthopedic
biomechanics.

ASSISTANT PROFESSOR applicants should
have demonstrated high potential for success in en-
gineering education, research, and professional ser-
vice; Associate Professor applicants should have a
strong record in these areas; and Full Professor ap-
plicants should have outstanding records in these
areas and be able to spearhead the development of
strong bio-related research and educational ties
between engineering and the life science disciplines.
A detailed position description and application pro-
cedures can be found at the ME (website: http://
www.engr.ku.edu/me) website. Review of applica-
tions begins December 15, 2005, and will continue
until selections are made. Paid for by KU.

The University of Kansas is an Equal Opportunity/
Affirmative Action Employer.

ASSOCIATE RESEARCH SCIENTIST posi-
tion available immediately in the Department of
Pharmacology at Columbia University. This is an
opportunity to join an interdisciplinary team study-
ing structure and function of ion channels with a
focus on the molecular basis of inherited mutation-
induced rhythm disturbances in the heart. Applicants
must have a doctoral degree and some postdoctoral
training. The successful candidate is expected to
have technical expertise in patch clamp methodology
for the study of ion channel function in cardiac cells
and research experience in molecular biology and/or
biochemistry of membrane and signaling molecule
proteins. Send curriculum vitae to: Dr. Geoffrey S.
Pitt, M.D., Ph.D., Department of Pharmacology,
Columbia University College of Physicians and
Surgeons, 630 West 168th Street, New York, NY
10032. Columbia University is an Equal Opportunity/
Affirmative Action Employer.
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If you want to shine in the 

world of science, don’t leave 

your career to chance. At

ScienceCareers.org we know
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helping you find the right

job, and to delivering

the advice you need. 

So if you want a glowing career,

trust the specialist in science.

Marie Curie
1867–1934

Looking for 
a career that
radiates
success?

Then talk to someone 

who knows science.

Multiple Faculty Positions

As part of our growing multi-disciplinary research programs 
focused on environmental issues of international concern and 
relevance to the Chesapeake Bay watershed, we invite appli-
cations for tenure-track faculty positions to complement our 
strong research and teaching programs and contribute to the 
Center’s strategic directions.

The Appalachian Laboratory (Frostburg, MD) solicits applications for a landscape ecologist using
a combination of GIS, remote sensing, modeling, and fi eld experimentation to understand population,
community, or ecosystem processes at broad spatial scales. We are especially interested in applicants who 
study the effects of land use (history, pattern, or change) on the functioning, sustainability, or restoration 
of forest ecosystems.

The Chesapeake Biological Laboratory (Solomons, MD) solicits applications (rank open) in the fol-
lowing areas:
• Aquatic Environmental Geochemistry – individuals with interests in fundamental geochemical processes,

particularly who apply innovative geochemical tracer methods to study processes in rivers, estuaries, and/or
the coastal ocean, should apply. Expertise and demonstrated leadership in trace element geochemistry 
with focus on large-scale fi eld investigations preferred.

• Quantitative Ecosystem or Community Ecologist – individuals capable of linking higher trophic levels to 
lower food web processes and structures in estuarine and coastal systems should apply. Areas of possible 
research interest include food web or network analysis, ecosystem modeling, community trophic ecol-
ogy and spatial aspects of food web dynamics, as well as ecosystem-level approaches to living resource 
management.

• Quantitative Fisheries Ecologist – individuals with expertise in population dynamics able to work at the 
interface between fi sheries science and management should apply. Areas of possible research interest 
include stock assessment, multi-species interactions, spatial dynamics, application of Bayesian statistics 
approaches, and conservation biology. 

• Aquatic Physiologist – individuals whose research interests focus on the health of aquatic organisms should
apply. Expertise in applying multiple approaches to assess effects of sublethal stressors on organismal and
ecological health, and desire to collaborate with a diverse faculty in toxicology, fi sheries, and ecology 
desired.

Salary and benefi ts are competitive and dependent on qualifi cations. A Ph.D. is required of the successful
candidate at time of appointment. He/she must be able to generate external research funding, and partici-
pate in graduate teaching and training. For best consideration, submit application by September 23, 2005.
Application information can be found at: www.umces.edu/FacultyPositions.htm.

UMCES is an Affi rmative Action/Equal Opportunity Employer. We promote excellence through diversity 
and encourage women and minorities to apply.

The Faculty of Science of the University of Zurich invites applications for the
position of a

Professor of Organic Chemistry
The University of Zurich announces the search for a Professor (rank open) in the
Institute of Organic Chemistry. Candidates at the full or associate level will have a
distinguished and internationally recognized track record of research. Applications
from exceptional persons at the outset of their career will also be considered for
appointment as Assistant Professor. The successful candidate will be expected to
participate in teaching of core components and specialized topics in Organic
Chemistry at all levels. The new professor should complement existing research
strengths in Zurich and be capable of establishing strong research links within
Zurich and beyond.

The Institute of Organic Chemistry is part of the Chemistry Department at the
University of Zurich. It is situated on the Irchel science campus, close to the center
of Zurich where the University Hospital and medical institutes are located. Nearby is
the science department of the ETH Zurich. This concentration of science institutes
provides a stimulating and attractive environment for interdisciplinary research.

The new professor should ideally be appointed by summer 2006, or as soon as
possible thereafter. Applications, including a curriculum vitae, list of publications,
outline of current and future research plans, should be sent by 15th October 2005 to
the Dean of the Faculty of Science at the following address: Professor Peter Truöl,
Dekanat der Mathematisch-naturwissenschaftlichen Fakultät der Universität Zürich,
Winterthurerstrasse 190, CH-8057 Zürich, Switzerland. The CV and list of publica-
tions should also be submitted in a single Word or PDF file to jobs@mnf.unizh.ch.

For additional information see also http://www.oci.unizh.ch/ or please contact Prof.
John Robinson, robinson@oci.unizh.ch, Organic Chemistry Institute, University of
Zurich, Winterthurerstrasse 190, CH-8057 Zurich.
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POSITIONS OPEN

ASSISTANT/ASSOCIATE PROFESSOR

Applications are invited for a 12-month, tenure-
track position in the Division of Pharmaceutics in
The University of Iowa College of Pharmacy. In-
dividuals focused in pharmaceutical research based
at the interface of biology and engineering are
particularly encouraged to apply. Suitable applicants
will be eligible for a joint or secondary appointment
in the Departments of Biomedical Engineering
and/or Chemical and Biochemical Engineering in
the College of Engineering. Applicants should
possess a Ph.D. or equivalent degree with appropri-
ate postdoctoral experience. Candidates will be ex-
pected to establish an extramurally funded research
program, mentor graduate and post-graduate stu-
dents, as well as contribute to the professional and
graduate teaching programs. Competitive salary,
startup funds, and benefits are available for this
position, with the selected candidate expected to
assume the position on or after July 1, 2006. Review
of candidates will begin October 1, 2005, and will
continue until the position is filled. Send curriculum
vitae, summary of research plans, names of three
references, and expected date of availability via e-mail
(PDF format) to: Dr. Craig K. Svensson, Division
of Pharmaceutics, College of Pharmacy, Univer-
sity of Iowa, Iowa City, IA 52242-1112. E-mail:
craig-svensson@uiowa.edu.

The University of Iowa is an Equal Opportunity/Affirmative
Action Employer.

JUNIOR FACULTY POSITION, PROSTATE
CANCER METASTASIS RESEARCH
University of Michigan Medical School

We are seeking a colleague to join us in a tenure-
track position as an ASSISTANT PROFESSOR of
medicine in the Division of Hematology/Oncology.
The successful applicant will join a core group of re-
search investigators from multiple disciplines study-
ing mechanisms underlying prostate cancer metastasis/
bone microenvironment interactions. We are seeking
an investigator with expertise in the area of signal
transduction and prostate cancer metastasis. Appli-
cants are expected to have a Ph.D. (or equivalent)
and at least two years of postdoctoral experience in
the field of prostate cancer metastasis. Applicants
should have a demonstrated ability to communicate
and have a record of publications in the field. A
history of funding at the postdoctoral level is pre-
ferred. To be considered, please submit curriculum
vitae, publication list, and a statement of research
accomplishments. Completed applications must be
received by September 1, 2005. Applications should
be submitted to: Kenneth J. Pienta, M.D., 7308
CCGC, 1500 E. Medical Center Drive, Ann
Arbor, MI 48109. The University of Michigan is an
Equal Opportunity/Affirmative Action Employer.

Applications are invited for faculty positions at
The University of Alabama at Birmingham (UAB).
Investigators/Physician Investigators. M.D. or Ph.D.,
or M.D./Ph.D. investigators with an interest in im-
munology and molecular biology are invited to
apply for ASSOCIATE PROFESSOR of medicine
(tenure-earning and tenured) POSITIONS. Success-
ful applicants will be expected to develop a research
program focused on immunology and autoimmunity
including the analysis of transgenic and knockout
mice, cell surface receptors and their function, and
apoptosis pathways in vitro and in vivo. Applicants
should have extensive knowledge of current prob-
lems in immunology.

Interested applicants should send their curriculum
vitae to: Robert P. Kimberly, M.D., Director,
Division of Clinical Immunology and Rheuma-
tology, University of Alabama at Birmingham,
Tinsley Harrison Tower, Room 429, Birming-
ham, AL 35294-0006.

The University of Alabama at Birmingham is an Af-
firmative Action/Equal Opportunity Employer.

POSITIONS OPEN

TWO TENURE-TRACK FACULTY POSITIONS
Microbiology and Plant Biology

Department of Biology, Grinnell College

Grinnell College invites applications for two
tenure-track faculty positions (microbiology and
plant biology) at the rank of ASSISTANT PRO-
FESSOR in the Department of Biology. The
positions begin in August 2006. The successful
candidates will be expected to teach two courses in
our inquiry-based curriculum (introduction to bio-
logical inquiry EBio 150^ and either molecules, cells,
and organisms EBio 251^ or organisms, evolution,
and ecology EBio 252^) and a third course at the
upper level in the candidate_s area of specialty.
Candidates will be expected to teach in the general
education program (e.g., the first-year tutorial) of
the College as well. Candidates must have a Ph.D.,
postdoctoral experience, and plan an active research
program involving undergraduates. Startup funds,
excellent equipment, new and recently renovated
facilities, support for student-faculty research, and a
biological field station are available. Grinnell is a
highly selective, residential, liberal-arts college with
an enrollment of about 1,500 students from across
the country and around the world. One-third of the
College_s students major in the sciences, including
about 35 biology and 15 biological chemistry
graduates in recent years. The Department has 12
faculty with active research programs and offers an
innovative curriculum centered around research-
based learning; for information see website:
http://www.grinnell.edu/academic/biology/.
In their letters of application, candidates should
discuss their interest in developing as a teacher and
scholar in an undergraduate, liberal-arts environ-
ment that emphasizes close student-faculty interac-
tion and values diversity; they should also address
their ability to teach one of the Department_s
second-year core courses and upper-division courses
in the areas of either microbiology or plant biology.
Send curriculum vitae, three letters of recommen-
dation, copies of all transcripts, and other supporting
materials to: Charles H. Sullivan, (specify Micro-
biology or Plant Biology) Search Committee,
Department of Biology, Grinnell College, 1116
8th Avenue, Grinnell, IA 50112-1690 (tele-
phone: 641-269-3042; fax: 641-269-4285;
e-mail: biologysearch@grinnell.edu). Electronic
applications will not be accepted. To be assured of
full consideration, all materials should be received by
October 3, 2005.

For further information about Grinnell College,
see our website: http://www.grinnell.edu. Grinnell
College is an Equal Opportunity/Affirmative Action Employer
committed to attracting and retaining highly qualified individ-
uals who collectively reflect the diversity of the nation. No
applicant shall be discriminated against on the basis of race,
national or ethnic origin, age, gender, sexual orientation,
marital status, religion, creed, or disability.

SCIENCE PROGRAM MANAGER

The Ocean Biogeographic Information System
(OBIS, website: http://www.iobis.org) Interna-
tional Secretariat at Rutgers University seeks a
Program Manager to oversee day-to-day operations
and planning for a federation of OBIS-affiliated data
systems throughout the world. The Program Man-
ager will have full responsibility for managing
activities related to the OBIS Portal at Rutgers Uni-
versity and its partners, including a number of in-
dependent marine biological databases, Census of
Marine Life Field Projects, and Regional OBIS
Nodes in eight countries. Preference will be given
to applicants with experience managing major scien-
tific programs. A higher degree and/or extensive
experience in one or more of the following areas is
desirable: biology, fisheries, ecology, oceanography,
marine sciences, and computer sciences. Please send
three references, curriculum vitae, and a statement of
interest to: J. Frederick Grassle, Institute of Ma-
rine and Coastal Sciences, Rutgers University, 71
Dudley Road, New Brunswick, NJ 08901-8521.
If possible, please reply by September 15, 2005.
Rutgers is an Affirmative Action/Equal Opportunity Employer.
Employment eligibility verification required.

POSITIONS OPEN

HARVARD UNIVERSITY
Division of Engineering and Applied Sciences

The Division of Engineering and Applied Sciences
at Harvard University invites applications for a fac-
ulty position in environmental microbiology. The
position is part of an initiative at Harvard in en-
vironmental sciences and engineering. In addition,
there are important linking opportunities with a
University initiative in the microbial sciences and in
interdisciplinary connections to the Department of
Earth and Planetary Sciences. We intend to make
this appointment at the ASSISTANT or, in excep-
tional cases, at the ASSOCIATE PROFESSOR
level (untenured).

Several examples of topics of environmental
microbiology are provided below, although excellent
candidates from any area of environmental micro-
biology will be considered: geomicrobiology and
applications to environmental problems; genetic,
proteomic, and molecular microbiology to solve
environmental problems; biofilms and/or microbial
ecology and applications to environmental problems;
transformation and fate of pollutants; microbial pro-
cesses and feedbacks related to human impacts on
climate.

An application, assembled as a single PDF file,
should include curriculum vitae, separate two-page
statements of research and teaching interests, and up
to three scientific papers. Three to five letters of
recommendation should be requested and sent sep-
arately. Applications will be reviewed beginning
October 1, 2005, although applications received
after that date may also be considered.

Applications should be sent via e-mail:
environmental_microbiology@deas.harvard.edu.
Letters of recommendation are also preferred by
e-mail at the same address but may optionally be
mailed to: Chair, Environmental Microbiology
Search Committee, Division of Engineering and
Applied Sciences, Harvard University, Cam-
bridge, MA 02138. Harvard University is an Affirma-
tive Action/Equal Opportunity Employer. We particularly
encourage applications from women and minorities.

ASSISTANT PROFESSOR
Marine Invertebrate Physiology

McDaniel College invites applications for a tenure-
track appointment at the level of Assistant Professor
in marine invertebrate physiology to begin fall 2006.
Responsibilities include courses in animal physiolo-
gy, invertebrate zoology and marine biology, senior
research projects. Ph.D. required. Interested appli-
cants should send a letter of application, curriculum
vitae, three letters of reference, statement of teach-
ing philosophy, and research interests, including
areas for student-faculty research to: Dr. Louise
Paquin, Biology Department, McDaniel College,
2 College Hill, Westminster, MD 21157-4390.
Review of applications will begin September 26,
2005. See website: http://www.mcdaniel.edu/
hr/facultyjoblistings.shtml. McDaniel College, an Af-
firmative Action/Equal Employment Opportunity and award-
winning ADA Employer, welcomes applications from women
and men of diverse racial/ethnic backgrounds.

MOLECULAR NEUROBIOLOGIST

With expertise in regeneration research and stem
cell technology. A background in developmental neu-
robiology is a plus. Research to be conducted in col-
laboration with clinical neuroscientists. Mentoring
residents in neurological surgery in research tech-
niques is expected. Competitive salary and benefits.
Please submit curriculum vitae and letters of interest
to: Setti Rengachary, M.D., Department of Neu-
rological Surgery, Wayne State University, 4160
John R, Suite 930, Detroit, MI 48201. E-mail:
srengachary@med.wayne.edu.
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Post your jobs on
ScienceCareers.org
with Post and Go.

• Jobs are posted within one business day and stay up for 8 weeks.

• Applicable jobs are also searchable on the following websites:
– Biocompare

–

– Stanford University School of Medicine

– Science's Signal Transduction Knowledge Environment (STKE)

– Science's Aging Knowledge Environment (SAGE)

– Science's Next Wave

• ScienceCareers.org averages over 1 million page views and over
75,000 unique visitors each month.1

• All jobs are included in our Job Alerts e-mail system.

For more information,
contact Beth Dwyer
Phone: 202-326-6534

E-mail: bdwyer@aaas.org

All this exposure means you can find the right scientist for your
vacancy quickly and inexpensively.

1 Science Webtrends Reports.

Isaac Newton
1642–1727

Great scientists
don’t just fall
from the sky.

National Postdoctoral Association (NPA)

http://ScienceCareers.org
http://ScienceCareers.org
mailto:bdwyer@aaas.org
http://www.sciencecareers.org


POSITIONS OPEN

FACULTY POSITION
Department of Biological Sciences

Carnegie Mellon University

The Department of Biological Sciences at Carne-
gie Mellon seeks to fill one tenure-track position in
biochemistry/molecular biology. Consideration will
be given to outstanding candidates studying nucleic
acid synthesis, processing, structure, or function in
the context of problems in molecular, cellular, or de-
velopmental biology. Research programs of current
faculty include the areas of cell/developmental biol-
ogy, genetics/molecular biology, and biochemistry/
biophysics, with recent expansion into computation-
al biology and neuroscience and the creation of a
Department of Biomedical Engineering. Carnegie
Mellon has a long history of interdisciplinary re-
search with strengths in computer science, robotics,
light microscopy, magnetic imaging, proteomics,
and computational biology. Candidates must have a
doctoral degree and strong research credentials.
They will be expected to develop a strong and in-
novative research program and to participate in the
undergraduate and graduate educational programs.

Please send curriculum vitae, statements of re-
search and teaching interests, and three letters of
recommendation to: Dr. John Woolford, Depart-
ment of Biological Sciences, Carnegie Mellon
University, 4400 Fifth Avenue, Pittsburgh, PA
15213-2683. Review of applications will begin
October 15, 2005. Website: http://www.cmu.
edu/bio. Carnegie Mellon is an Equal Opportunity/Affirmative
Action Employer.

FACULTY POSITIONS
Institute of Environmental Health Sciences

Wayne State University

The Institute of Environmental Health Sciences
(IEHS) at Wayne State University is accepting
applications for tenure-track faculty positions at the
ASSISTANT, ASSOCIATE, and FULL PRO-
FESSOR levels. The successful candidate will be ex-
pected to maintain a competitively funded research
program focused on cell signaling and gene regula-
tion pathways. A strong preference will be accorded
to research that targets crucial human health issues
and environmental disease mechanisms. The IEHS
has a Training Grant in Molecular and Cellular
Toxicology and serves as the nexus for an EHS
Center of Excellence which offers state-of-the-art
genomic, proteomic, and bioinformatics support.
The successful candidates will be expected to con-
tribute to teaching in the graduate program and to
the work of the EHS Center. Interested individuals
should send their curriculum vitae, statement of
research interests, and future research plans to:
Chair, Faculty Search Committee, c/o M. Hardy
(e-mail: mhardy@wayne.edu), Wayne State Uni-
versity, Institute of Environmental Health Sci-
ences, 2727 Second Avenue, Suite 4000, Detroit,
MI 48201. Review of applications will begin upon
receipt and will continue until the positions are
filled. Wayne State University is an Equal Opportunity
Employer and encourages applications from women and
minorities.

POSTDOCTORAL RESEARCH POSITION
is available in the Basic Science Division of De-
partment of Surgery, at University of Chicago to
study the role of chromatin remodeling enzymes,
calcium-signaling in regulation of muscle gene ex-
pression, apoptosis, and development of cardiac
hypertrophy/heart failure. Example of recent publi-
cation: J. Bio. Chem. 278:20047, 2003; J. Bio. Chem.
278:44935, 2003; Am. J. Physiol. 288:H486, 2005;
Am. J. Physiol. 288:H1477, 2005. Ph.D. and/or
M.D. with basic knowledge of physiology and
cellular/molecular biology is required. Adequate
command of English is required. Prospective ap-
plicant should forward their curriculum vitae and
three names of reference to: Dr. Mahesh P. Gupta.
E-mail: mgupta@surgery.bsd.uchicago.edu. Uni-
versity of Chicago is an Equal Opportunity/Affirmative Action
Employer.

POSITIONS OPEN

DIRECTOR, MOLECULAR IMAGING
Children_s Hospital Boston
Harvard Medical School

The Departments of Radiology and Pathology at
Children_s Hospital are seeking an ASSISTANT or
ASSOCIATE PROFESSOR to serve as Director
for a newly created Center for Advanced Molecular
Imaging Research (CAMIR) at the Boston Chil-
dren_s Hospital, and Harvard Medical School. The
candidate is expected to establish an independent
research program in molecular imaging and maintain
strong extramural research support.

Qualified candidates with an M.D., a Ph.D., or an
M.D./Ph.D. degree and postdoctoral experience in
molecular imaging should send resume, cover letter,
summary of research interests and three reference
letters to: George A. Taylor, M.D., Chair, Depart-
ment of Radiology, Children_s Hospital, 300
Longwood Avenue, Boston, MA 02115.

Children_s Hospital Boston is an Equal Opportunity/
Affirmative Action Employer. Applications from women and
minority candidates are encouraged.

PHYSICAL SCIENTIST
ICE CLIMATOLOGIST

The National Oceanic and Atmospheric Adminis-
tration (NOAA) Great Lakes Environmental Re-
search Laboratory (GLERL) seeks an enthusiastic
research scientist to perform research and develop
forecasting models on Great Lakes ice. Research will
involve both the statistical analysis and forecasting of
Great Lakes ice cover for application to environmen-
tal problems in the Great Lakes, as well as develop-
ment of thermodynamically based and/or statistically
based practical ice forecasting models for, short-term
and seasonal, ice prediction. The incumbent will also
update and maintain the Great Lakes digital ice
climatology database as well as work with the National
Weather Service, National Ice Center, and Canadian
Ice Center on problems involving ice on the Great
Lakes. The incumbent should have experience in
seasonal to inter-annual climate forecasting. The in-
dividual will present results in peer-reviewed publi-
cations and scientific presentations and grow the
program by submitting research proposals.

This is a full-time, permanent federal position
(GS-12). Closing date is September 30, 2005; how-
ever, the position may be filled before that date.
Applications received by August 31, 2005, will be
given full consideration.

This position is posted on the U.S. Department of
Commerce website: http://www.jobs.doc.gov un-
der two vacancy numbers OAR-LABS-2005-0018 and
OAR-LABS-2005-0019 (current federal employees).
Applicants must be U.S. citizens and are required to sub-
mit applications online. Further information can be
obtained from e-mail: peter.landrum@noaa.gov. In
addition to making a formal application online, please
send courtesy curriculum vitae to: Dr. Landrum either
electronically or by mail to: The National Oceanic
and Atmospheric Administration–GLERL, 2205
Commonwealth Boulevard, Ann Arbor, MI 48105.
Further information on NOAA_s GLERL can be
found at website: http://www.glerl.noaa.gov.

The Department of Commerce is an Equal Opportunity
Employer.

The U.S. Geological Survey_s Patuxent Wildlife
Research Center in Laurel, Maryland, (website:
http://pwrc.usgs.gov/) seeks an AVIAN BIOL-
OGIST (GS-404-12/13, Research Physiologist or
Research Zoologist) to concentrate on our captive
flock of whooping and sandhill cranes, and other spe-
cies as time or interest allows. Research may address
aspects of endocrinology, reproduction, growth and
development, behavior, or behavioral ecology. Results
will contribute to improvements in crane husbandry,
captive breeding, restoration, or conservation. Apply
August 15, 2005, to September 2, 2005, at website:
http://www.usgs.gov/ohr/oars/. Details on the
position and application provided on the website.

POSITIONS OPEN

The University of Florida McKnight Brain Insti-
tute (MBI), UF Shands Cancer Center (UFSCC),
the Department of Neurological Surgery, and the
Department of Pharmacology and Therapeutics in
the College of Medicine are expanding the neuro-
oncology program with a focus on molecular
therapeutics. Positions are open for Tenure-Track
Neuro-Oncology Researchers having a Ph.D. and/or
M.D. degree, at the ASSISTANT/ASSOCIATE/
FULL PROFESSOR levels. We are especially in-
terested in the fields of cancer stem cell biology,
immunology, and cell signaling with an eye toward
the development of new cellular and molecular
therapeutic approaches for brain cancer. Substantial
startup packages and endowments will support the
investigators to help build a program dedicated to
the development of new therapeutics for invasive
brain tumors. Additional information about the
research and educational programs in the MBI,
UFSCC, and the Department are available at
websites: http://www.mbi.ufl.edu, http://www.
ufscc.ufl.edu, and http://www.med.ufl.edu/
pharm, respectively. Applications consisting of cur-
riculum vitae and three letters of recommendation
will be accepted until December 31, 2005. Please
contact: Dr. Dennis A. Steindler, Executive Di-
rector, The Evelyn F. and William L. McKnight
Brain Institute of the University of Florida, Col-
lege of Medicine, P.O. Box 100015, Gainesville,
FL 32610. E-mail: steindler@mbi.ufl.edu. This is
an Equal Opportunity Institute.

FACULTY POSITIONS
Human Papillomavirus Investigator

The Department of Dermatology at the University
of Arkansas for Medical Sciences (UAMS) invites ap-
plications from outstanding scientists for positions at
the ASSISTANT, ASSOCIATE, or FULL PRO-
FESSOR rank. These are 12-month, tenure-track or
tenured positions. Successful applicants will be ex-
pected to have a funded research program compatible
with and complementing the existing departmental
strengths in immunologic aspects of human papillo-
mavirus regulation and translational research in immu-
notherapy of warts. The University of Arkansas for
Medical Sciences campus has experienced remarkable
growth over the last decade and offers a modern and
highly collaborative environment. Current extramural
funding exceeds $100 million annually.

Nationally competitive salary and startup packages
along with state-of-the-art research laboratories will be
offered to top candidates.

Candidates should send curriculum vitae, statement
of research interests, and names/addresses of three
references to: Thomas D. Horn, M.D., Department
of Dermatology, University of Arkansas for Med-
ical Sciences, 4301 West Markham Street, #576,
Little Rock, AR 72205. E-mail: hornthomasd@
uams.edu.

UAMS is an Equal Opportunity Employer.

St. Olaf College invites applications for a
TENURE-TRACK POSITION in biology to
begin September 2006. The Biology Department
seeks a Bioinformaticist/Computational Biologist
to participate broadly throughout the biology,
biomolecular, and computational curriculum. Teach-
ing duties will include introductory biology and
bioinformatics with opportunities for other courses
such as genetics. Applicants must demonstrate com-
mitment to the liberal arts, strong teaching skills,
potential to develop an active research program that
involves undergraduates, and a desire to work across
disciplines. Review of completed applications will
begin October 15, 2005. Further information may
be found at website: http://www.stolaf.edu/
offices/doc/jobs/jobpostingbioinformaticist.
html.

A liberal arts college of the Lutheran Church (ELCA), St.
Olaf is an Affirmative Action/Equal Opportunity Employer
and actively seeks diversity in its students, faculty, and staff.
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FACULTY POSITION IN THE 

DEPARTMENT OF 

MOLECULAR AND CELLULAR 

BIOLOGY

UNIVERSITY OF ARIZONA

The Department of Molecular and Cellular Biol-
ogy (www.mcb.arizona.edu) is seeking a tenure-
track faculty member for appointment in 2006. 
Although an appointment at the assistant profes-
sor level is preferred, outstanding candidates at 
senior levels will be considered. Applicants with 
research interests in any area of molecular, cel-
lular, or developmental biology, including those 
pursuing mathematical and statistical approaches 
to biological problems, will be considered. Suc-
cessful candidates will be expected to establish a 
competitive research program and to teach at both 
the undergraduate and graduate levels. 

To apply, submit an on-line faculty application for 
job number 33172 at www.uacareertrack.com.
Applicants should be prepared to attach a curricu-
lum vitae and a 1-2 page statement of research 
and teaching interests at the time of application. 
Separately, have at least three supporting letters 
sent directly to: Denise Slay, Search Coordina-

tor, University of Arizona, Department of

Molecular and Cellular Biology, 1007 E Lowell,

Life Sciences South Bldg, Tucson, AZ 85721, 

USA. To ensure consideration, complete appli-
cations should be received by October 1, 2005,
although applications will be accepted until the 
position is fi lled. 

The University of Arizona is an EEO/AA
Employer/M/W/D/V and is seeking 

individuals who are able to work with diverse 
students or colleagues, and who have 
experience with a variety of teaching 
methods and curricular perspectives.

Max Planck Institute
of Limnology

The Max Planck Society for the Advancement of Science invites applications for a director of a
new department for the Max Planck Institute of Limnology at Plön, Germany (www.mpil-
ploen.mpg.de) in the area of evolutionary biology.

To aid the definition of promising research areas and the identification of suitable candidates, the
institute will organize a symposium on

Frontiers in Evolutionary Ecology
to be held in Plön in November 2005, 22 & 23. We invite applications from, or nominations of, scien-
tists with an internationally outstanding track record. 

The Max Planck Institute of Limnology has recently changed its focus towards evolutionary ecology,
and aims to establish a new center of excellence in this direction. It is now planned to comprise three
complementary departments, two with an empirical and one with a theoretical approach. The direc-
tor to be appointed is expected to build up a strong empirical research program. We solicit applica-
tions especially from researchers working in new areas, such as “experimental evolution” in orga-
nisms with short generation times, molecular approaches to studying “selection in the wild”, and
other approaches to studying the mechanics of evolution in model systems.

Plön is located in northern Germany between Kiel and Lübeck in the center of a lake district with
about 90 lakes. Although this position provides particularly good field opportunities for work with
populations of aquatic organisms, any suitable model system will be appreciated. An opportunity for
teaching and recruitment of students exists at the University of Kiel. The working language is
English.

The Max Planck Society is an independent, non-profit organization that promotes research in its own
institutes. The Max Planck Society invites the pursuit of new challenging directions that require
long-term commitment of substantial resources. A position as Director at a Max Planck Institute
compares favorably with a Howard Hughes Investigator position or similar appointments.

The Max Planck Society is an equal opportunity employer and particularly encourages women to
apply.

Qualified candidates should send a curriculum vitae, a short statement of research interests and
scientific goals and reprints of key publications before October 15th, 2005 to 

Max Planck Institute of Limnology
Prof Manfred Milinski
Postfach 165, 24302 Plön, Germany

Need career insight?
Let the experts put you in the picture.

Visit www.ScienceCareers.org

Your career is too important to leave to chance. So for 

the right job or career advice, turn to the experts. At

ScienceCareers.org we know science. Our knowledge is

founded on the expertise of Science and AAAS. Put yourself 

in the picture. Visit www.ScienceCareers.org.

ALBERT EINSTEIN and related rights ™/© of The Hebrew University of Jerusalem, used under license.
Represented by The Roger Richman Agency, Inc., www.albert-einstein.net.

SYMPOSIA
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MARKETPLACE

MARKETPLACE

Great Oligos
@

Great Prices

Get the Details
www.oligos.com

The Midland Certified Reagent Co, Inc.
3112-A West Cuthbert Avenue

Midland, Texas 79701
800-247-8766

POLYCLONAL ANTIBODIES
…MADE EASY!

Tel: 888-343-5974

FAST     DELIVERY
PEPTIDE TO ANTISERUM IN 70 DAYS

100% SATISFACTION GUARANTEED

Fax: 978-630-0021 www.newenglandpeptide.com

Lets Us Design Your 
Antigen for FREE!

High throughput DNA sequencing
Gene synthesis $2/bp any size
Protein expression & purification
Yeast 2 hybrid/phage displaying

www.mclab.com, 888-625-2288

GetInfo
science.labvelocity.com

• Find /request free information
on products and/or services
found in the pages of Science
magazine

• Ask vendors to contact you
with information

• View detailed product information

• Link directly to vendors’ websites

Science announces
a new online life
science product
information system,
GetInfo, powered
by LabVelocity

STKE gives you essential tools to power

your understanding of cell signaling. It is

also a vibrant virtual community, where

researchers from around the world come

together to exchange information and

ideas. For more information go to

www.stke.org

To sign up today, visit promo.aaas.org/

stkeas

Sitewide access is available for 

institutions. To find out more e-mail 

stkelicense@aaas.org

The definitive 
resource on cellular 

regulation

STKE – Signal Transduction 

Knowledge Environment offers:

• A weekly electronic journal

• Information management tools

• A lab manual to help you organize 

your research

• An interactive database of signaling 

pathways
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The World of Science Online

www.scienceonline.org

SAGE KE
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ScienceCareers.org
Science’s Next Wave

Science NOW
STKE
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SEE CLEARER

DO MORE

LOOK CLOSER

Clear, continuous,

confocal 4D imaging with

improved signal-to-noise

and optical sectioning

make the IX81 with DSU

Spinning Disk Confocal 

the workhorse of your 

lab toolbox.

From 10x to 100x,

the IX81 with DSU offers

five interchangeable disks

to match your objective's

numerical aperture and

specimen type.

An incredibly flexible

and fully automated

setup, the IX81 with DSU

makes live cell imaging

easier than ever.

www.olympusamerica.com/microscopes 800 446 5967

FLEXIBLE, POWERFUL... AND SECOND TO NONE

OYMPUS IX81 with DSU

OLYMPUS IX81
SPINNING
DISK
CONFOCAL

+

SCIENCE THIS ADVANCED ISN’T SUPPOSED TO BE SO EASY.

© 2005 Olympus America Inc.

http://www.olympusamerica.com/microscopes
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