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Science is organized
knowledge. Wisdom is
organized life.

Immanuel Kant
Philosopher (1724-1804)
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Science

SCIENCE EXPRESS

WRWL . SCIENCEXDIEss.0rg

GEMETICS

Genome Transplantation in Bacteria; Changing One Species to Another

C. Lartigue et al,

The intact DNA genome was isolated from ane Mycoplasma species and translerred

to another, replacing the recipient’s genome and conferring its own phenotype.
10.1126/cience. 1144622

STRUCTURAL BIOLOGY

Crystal Structure of Inhibitor-Bound Human 5-Lipoxygenase—Activating

Protein

A D. Ferguson et al.

The structure of a human membrane protein involved in biosynthesis of the

inflammation-related leukotrienes may help guide the development of therapeutics.
10.112&/science. 1144346

CONTENTS I

EVOLUTION

The Near Eastern Origin of Cat Domestication

C. A Driscoll et al,

The domestic cat and several of its closely related wild relatives oniginated in the

Fertile Crescent over 100,000 years ago, earlier than had been thought.
10.1126/5cience, 1139518

PHYSICS
Quantum Hall Effect in a Gate-Controlled p-n Junction of Graphene
J. & Willigms, L. DiCarlo, C M. Marcus
Graphene sheets can be prepared to contain different regions with electron or hole
carriers, at the junctions of which conductance is quantized.
10.1126/5cience, 1144657

PHYSICS

Quantized Transport in Graphene p-n Junctions in a Magnetic Field

D. A Abanin and L. 5. Levitov

The mixing of quantum Hall edge states at the interface between different carrier

regions in a graphene sheet accounts for the quantized transport through the gates.
10.1126/5cience. 1144672

TECHNICAL COMMENT ABSTRACTS

CLIMATE CHANGE
Comment on "The Spatial Extent of 20th-Century
Warmth in the Context of the Past 1200 Years”
G. Burger

1844

Response to Comment on “The Spatial Extent of
20th-Century Warmth in the Context of the Past 1200 Years”
T. 1. Osbom and K. R. Briffa

f

REVIEWS

PLANT SCIENCE

Genome Plasticity a Key Factor in the Success of
Polyploid Wheat Under Domestication

J. Dubcovsky and J. Dvorak

vOWT FIOMY O 1830

1862

ECOLOGY

Domesticated Nature: Shaping Landscapes and
Ecosystems for Human Welfare

P Kareiva, 5. Watts, R. McDonald, T Boucher

1866

1852 & 1877

BREVIA

BIODCHEMISTRY

Nitrite, an Electron Donor for Anaxygenic
Photosynthesis

B. M. Griffin, ]. 5chott, B. Schink

A purple sulfur bacterium that grows in the absence of oxygen
uses nitrite as an electron donor for photosynthesis, forming a
nitrate producl.

REPORTS

PHYSICS

Non=Fermi Liquid Metal Without Quantum Criticality
C. Pfleiderer, P. Boni, T. Keller, U. K. RdBler, A. Rosch
Changes in the thermodynamic properties of MnSi at low temperature
and high pressure indicate a new metallic phase rather than procamity
to a quantum critical point.

1870

1871

ASTROPHYSICS

Rapid Formation of Supermassive Black Hole
Binaries in Galaxy Mergers with Gas

L. Mayer et al.

Simulations demanstrate that drag by the surrounding gas,
rather than by nearby stars, slows galactic black hole pairs
enough for them to coalesce within 1 million years.,

1874

ASTRONOMY

Locating the Two Black Holes in NGC 6240
C. E. Max, G. Caonalizo, W, H. de Vries
Adaptive optics are used to pinpoint the positions of two black holes
in the collision zone between two merging galaxies.

1877

GEOPHYSICS
Body-Centered Cubic Iron-Nickel Alloy in
Earth's Core
L. Dubrovinsky et al,
Experiments simulating conditions at the Earth's core show that iron
nickel alloy adopts a body-centered cubic, rather than close-packed,
structure above 225 gigapascals and 3400 kelvin.
CONTENTS continued =
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THE

DR. PAUL JANSSEN AWARD
FOR BIOMEDICAL RESEARCH

THE SELECTION COMMITTEE

OF
THE DR. PAUL JANSSEN AWARD

FOR BIOMEDICAL RESEARCH

INVITES NOMINATIONS FOR
THE 2008 AWARD

2006 WINNER:

DR. CRAIG MELLO
FOR HIS ROLE IN THE DISCOVERY OF RNA INTERFERENCE (RNA7)
AND THE ELUCIDATION OF ITS BIOLOGICAL FUNCTIONS

Please go to www.pauljanssenaward.com for more information
Deadline for nominations is December 1, 2007

2008 Selection Committee

Dr. Solomon Snyder Dr. Craig Mello

Chairman

_ Dr. Hartmut Michel
Dr. Linda Buck

Dr. Edward Scolnick

: 2o on & Johnson Pharmaceurnical Services, LLC 2007
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Science

REPORTS CONTINUED...

CHEMISTRY

Reversible Control of Hydrogenation of a 1883
Single Molecule

5 Katano, Y. Kim, M. Hor, M. Trenary, M. Kawei

Aseanning tunneling microscope is used to dehydrogenate

the N-H bonds, but not the C-H bonds, of an organic molecule
adsorbed on a metal surface.

CHEMISTRY

Engineering Complex Dynamical Structures: 18856
Sequential Patterns and Desynchronization

I. Z Kiss, C. G. Rusin, H. Kori, ]. L. Hudson

Weak, nonlinear delayed feedback among up to 64 simple
electrochemical oscillators can switch them between unstable

states or desynchronize all of them.

== Peripective p. 1857

ARCHAEQLOGY

Preceramic Adoption of Peanut, Squash, and Cotton 18%0
in Northern Peru

I. D. Dillehay, J. Rossen, T. C. Andres, D. E. Williams

Inthe Peruwian Andes, agriculture began at high altitudes by about
10,000 years ago, and subsequently peanuts, squash, and cotton
were farmed near large seftlements.

== News story p. 16830; Reviews pp. 1862 and 1866

EVOLUTION

Sponge Paleogenomics Reveals an Ancient Role for 1893
Carbonic Anhydrase in Skeletogenesis

D. ]. Jackson, L Macis, ]. Reitner, B. M. Degnan, G. Worheide
Analysis of an extant but evolutionarily ancient reef-building sponge
shows how, through duplication, one early gene gave rise to later
genes for calcification.

== Perspective p. 1854

EVOLUTIOMN

Natural Selection Favors a Newly Derived timeless 1895
Allele in Drosophila melanogaster

E. Tauwber et al.

A Molecular Basis for Natural Selection at the 1898
timeless Locus in Drosophila melanogaster

F. Sandrelli et al,

A recent variant of a circadian clock gene may alter diapause

timing in wild European Orosophila, and selection may explain

its north-south distribution.

== Perspective p. 1851

MEUROSCIENCE

Dopamine-Mushroom Body Circuit Regulates 1901
Saliency-Based Decision-Making in Drosophila

K. Zhang, lianZeng Guo, Y. Peng, W. Xi, A. Guo

Drosophila require dopamine neurons within a memory-related

area of the brain to make nuanced choices between similar stimuli.

AVAAAS

of Scierace. The Hike YO0 NCE b regh

CONTENTS I

BEHAVIOR
Via Freedom to Coercion: The Emergence of Costly 1905
Punishment

C. Hauert, A. Traulsen, H. Brand!, M. A. Nowak, K. Sigmund
Paradoxically, a stable model of a cooperative society in which
noncooperators are punished emerges if individuals have the
freedom to abstain from participation. =

> Perspective p. 1858

CELL BIOLOGY

Parallels Between Cytokinesis and Retroviral 1908
Budding: A Role for the ESCRT Machinery

I G. Carlton and J. Martin-5errano

Cytokinesis, the process by which daughter cells are physically
separated during cell division, uses the same machinery as viruses
such as HIV use to bud from infected cells.

AIDS

HIV-1 Proviral DNA Excision Using an Evolved 1912
Recombinase

I, Sarkar, I. Hauber, . Houber, F. Buchholz

Test-tube protein evolution was used to design a recombinase enzyme
that can excise HIV sequences after they have been integrated into
the DNA of the host cell. == Perspective p. 1855

CELL BIOLOGY

Restriction of DNA Replication to the Reductive 1916
Phase of the Metabolic Cycle Protects Genome Integrity

Z. Chen, E. A Odstreil, B. P. Tu, 5. L McKnight

Yeast cells in alternating respiratory and glycolytic phases synthesize
new DNA and divide only during glycolysis, avoiding high mutation
rates that characterize respiration.
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RMNAI libraries
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Visit sigma.com/ionchannelsolutions for more information.
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INNOVATION @ WORK
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SCIENCENOW
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No More Black Holes?
A new hypothesis suggests the weirdest objects in the
universe don't exist.

Chimps Not So Selfish After All
Contrary to previous findings, a new study finds the apes
willing to help one another.

Long-Lost Wolf Bares Its Teeth
Supercarnivore was too specialized to survive lce Age
extinction,

Promating vesicle release.

SCIENCE'S STKE

www.stke.org

PERSPECTIVE: Foxp3 Is Required Throughout the Life

of a Regulatory T Cell

J. E. Lopes, D. M. Soper, 5. F. Ziegler

The transcription factor Foxp3 is needed for both the generation
and maintenance of regulatory T cells.

PERSPECTIVE: The Surprising Catch of a Voltage-Gated
Potassium Channel in a Neuronal SNARE

D. B Mohapatra, H. Vacher, |. 8. Trimmer
Phosphorylation of the Kv2.1 potassium channel may allow it
to affect vesicle release in different ways.

ONLIN

WWW.sCiencemag.org

Preferring carrots over sticks.

SCIENCE CAREERS

Wi sCiencecareers.ong

EUROPE: Mastering Your Ph.D.—Strength in Numbers

P Gosling and B. Noordam

Take advantage of the experience and creativity of others with an
experiment in parallel thinking.

MISCINET: Educated Woman, Postdoc Edition—

Carrots and Sticks

M. P. DeWhyse

Recent events have helped Micella discaver that she much prefers
carrots (incentives) over sticks {punishments),

GLOBAL: Mind Matters—Working Space

l. 5 Levine

Don't overlook the effect that physical space can have on your
productivity.

GLOBAL: Science Careers Blog

Science Careers Editors

This new blog, updated daily, offers career development news and
highlights,

SCIENCEPODCAST

TT———
Tune in to the 29 June Science
Podcast to hear about the
impacts of domesticating plants

\ and ecosystems, the evolution

LB of cooperative punishment,

' l"- and more.

www.sciend emag.org/about/podcast.dil

Separate individual or institutional subscriptions to these products may be required for full-text access.
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Introducing gScript™, from Quanta BioSciences, the new

standard for reproducibility, specificity, speed, and sensitivity

in cDNA synthesis for gPCR. No other product delivers

better sample representation, faster, and easier. qScript™

is available in several formats:

s qScript™ cDMA Supermix: The first and only optimized
one-tube 1st strand cDNA synthesis for 2-step RT-PCR.

= qScript™ cDNA Synthesis Kit: Broad reproducibility
for 2-step RT-PCR.

~ 'cDNA Syﬁfﬁesis
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for qPCR

g material every time.

* gScript™ Flex cDNAKit: Priming flexibility and
sensitivity for 1st strand cDNA synthesis.

* Script™One-Step gRT-PCR Kit: Maximum RT-PCR
efficiency, sensitivity, and specificity.

The founders of Quanta Bicsciences have a legacy of leading the

development of pioneering reagents including SuperScript®

1-5tep RT-PCR kits, Platinum®Tag, iSaript™, and iQ™ Supermix,

gScript™is their latest industry-defining product.

To learn more about gScript™ visit quantabio.com
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CREDITS (TOP TO BOTTOM) ©GERT WORHEIDE: MAYER ET AL

Core Structure

The high pressures and temperatures of Earth's
core changes the structure of the iron-nickel
malterial and affects the physical properties that
can be probed by seismic observations.
Dubrovinsky et al. (p. 1880) used x-ray diffrac-
lion to observe a transition in a 90% iran-10%
nickel alloy in an internally heated diamond
anvil cell which suggests that it adopts a body-
centered cubic structure, rather than a close-
packed structure, at pressures above 225 giga
pascals and temperatures above 3400 kelvin,
Such a change affects the density and rheology
of the core as well as the partitioning of light
elements between differently structured regions.

When Galaxies Collide

Large galaxies grow through collisions of many
smaller ones (see the Perspective by Coppil.
When two galaxies collide, the giant supermas-
sive black holes that sit in their centers evenlu
ally meet and spin around one another as a
binary system. In the absence of any braking
forces, the black holes would continue to orbit
one another for at least billions of years. How
ever, large galaxy cores host single black holes,
so other astrophysical processes must help the
black hole pairs coalesce more rapidly. Mayer et
al. (p. 1874, published online 7 June) per-
formed hydrodynamical simulations which show
that gas within merging galaxies slows their
black holes enough so that they can bind
together within just 1 million years. In simulat
ing the decay of a binary black hole system
within a gas-rich galasy that has recently formed
from the merger of two smaller spirals, the authors
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tracked the black holes before their coalescence
to within a few light years from each other. Max
etal. (p. 1877, published online 17 May) have
obtained very-high-resolution infrared images of
a nearby pair of spiral galaxies called NGC 6240
that have already col-
lided—their slars
and gas wrapping
are around one
another. Using
adaptive oplics
techniques on the
Keck telescope in
Hawaii, they pin-
point the positions

of two black holes
that once dotted the
centers of the origi-
nal galaxies, Around
the black holes,
cones of gas and

new slars are seen
that may have
formed in the wake
of the black holes as
they spiraled in toward one another. This separa
lion indicates the effects of dynamical friction
stirring the gas as it mixes together.

Selective Dehydrogenation
at Surfaces

Voltage pulses from the tip of a scanning tunnel-
ing microscope have been used to induce chem
ical reactions of adsorbed species on conducting
surfaces. Katano et al. (p. 1883) now report

EDITED BY STELLA HURTLEY AND PHIL SZUROMI
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Early Reef Builders

The diversity of ways in which living cells secrete mineral-
ized structures is being revealed through the integration
of molecular, chemical, and physical analyses. Using the
coralline demosponge Astrosclera willeyana, a reef-
building organism that has survived since the Mesozoic,
Jackson et al. (p. 1893, published online 31 May; see the
Perspective by Taylor ef al.) studied the evolution of bio-
calcification mechanisms. They isolated an w-carbonic
anhydrase (c-CA) that is involved in biocalcification and
identify a subclass of this protein that is the sister group
to other known w-CAs, The last common metazoan ances-
tor may have possessed a single copy of this gene, which
was subsequently duplicated in sponges and other ani-
mals to provide the genetic foundation of the diversity of
physiological processes in which it is involved today.

the reversible cycling of selective dehydrogena-
tion and rehydrogenation reactions of methyl
aminocarbyne '[CI"-.IHEHj} adsorbed on the
Pt(111) surface at 4.7 kelvin. Pulses of ~3 volts
removed a hydrogen atom Lo form methyl iso
cyanide but did not affect the C-H bonds of the
adjacent methyl group. Exposure lo hydrogen
al room temperature regenerated CNHCH,,
Higher voltage pulses caused irreversible
bond cleavages.

Ancient Farm Transitions

The early development of agriculture in the
New World must have involved early farming in
settlements at high elevations in the Andes, but
the records have been sparse. Dillehay et al.
(p. 1890; see the news story by Balter) now
document the transition to intensive farming of
several crops beginning about 10,000 years
ago in this region based on a large number of
agricultural sites in central Peru. New radiocar-
bon dates show that cultivation of squash
began around 10,000 years ago, followed by
peanuts about 8500 years ago, and cotton by
6000 years ago.

Domestication Past
and Present

The original wild ancestors of wheat would have
been tough to farm and tough to eal. However,
domestication of wheat as a crop some 10,000
years ago captured advantageous changes in
grain size, threshability, and retention of grains
Continued on page 1811

1809



American Assoctation
for Cancer Research

1507 - 2007

%, CENTENNIAL

Join the world’s leading cancer researchers
at these AACR major conferences and meetings

September 17-20, 2007
2nd Annual International Conference
on Molecular Diagnostics in Cancer
Therapeutic Development: Maximizing
Opportunities for Personalized Treatment
Atlanta, Georgia
Chairperson, Program Committee: David Sidransky
Co-chairpersons: David P. Carbone,

MNicholas C. Dracopoli, Patricia M. Price
Abstract Deadline: July 10

October 22-26, 2007
AACR-NCI-EORTC International
Conference on Molecular Targets
and Cancer Therapeutics
5an Francisco, California

Chairpersons, Scentific Committee:

Sara A. Courtneidge, James H. Doroshow,

Alexander M. M. Eggermont
Abstract Deadline: August 20

November 4-8, 2007
AACR Centennial Conference:
Translational Cancer Medicine:
From Technology to Treatment
Singapore

Chairpersons: Edison T. Liu, William N. Hait
Abstract Deadline: September 4

Pre-Conference Workshops,
November 2-3, 2007

Pathobiology of Cancer: Pathology for
Early-Career Scientists

Clinical Trial Design in Clinical and
Translational Research
Application Deadline for both
Workshops: July 30

November 27-30, 2007

The Science of Cancer Health Disparities

in Racial/Ethnic Minorities and the

Medically Underserved

AnAACR Conference in Cancer Research in conjunction with

The Minorities in Cancer Research of the AACR
Chairpersons, Program Committee: John D. Carpten,
Timothy R. Rebbeck, Olufunmilayo I. Olopade

Abstract Deadline: September 17

December 5-8, 2007
6th Annual International Conference on
Frontiers in Cancer Prevention Research

Philadelphia, Pennsylvania
Chairperson, Program Committee: Andrew ). Dannenberg
Abstract Deadline: October5

For more conference information, to register,
or to submit an abstract, visit

www.aacr.org/meetingcalendar




CREDITS(TOR TO BOTTOME CARLTON ET AL

This Week in Science

Contfnued from page 1809

on the plant spike. Dubcovsky and Dvorak (p. 1862) review recent insights from molecular genetics What d Ges
and genomics to understand how gene mutations and genome ploidy paved the way for successful a ﬁ rst_ C l a SS
domestication of our modern cullivated wheat varieties. Kareiva et al. {p. 1866) review human influ
ences on the global ecosystem and suggest humans are in the process of domesticating the world, H
On balance, human modifications of the environment have historically provided net benefits, but the n ews er ter
point may have been reached such that harmful impacts outweigh the benefits. n e e d '?

-

Timeless Changes

Diapause, a developmental suspension in insects often occurring in the winter, is induced by

temperature and light conditions, which for the fruit fly Drosophila vary significantly over its Richard Kerr
European range (see the Perspective by Bradshaw and Holzapfel). In Drosophila, the circadian 2006 Geological Saciety of
rhythm gene timeless alfects diapause, and Tauber et al. (p. 1895) identily an allelic variant of America: Public Service Award

timeless that can generate only one of the two known alternative forms of this protein. The coding
variant, which affects the time when insecls enter diapause, is found at higher frequencies at its
putative origin and decreases in frequency in all directions along a latitudinal cline throughout
Europe, which suggests the influence of environmental selection. Sandrelli et al. (p. 1898} show
that this variant results in more stable prolein-protein interactions belween TIMELESS protein and
its partners, which may explain the selective difference in the timing of diapause among individu-
als of different genotypes.

Pooling Assets

Collective endeavors among individuals are often accompanied by risk. Defectors (those who do not
invest but who share in the return) fare better than cooperators (who do invest), but a third type of
participant, the punisher, who acts against the defectors, can stabilize a cooperative group of individ
uals. Hauert et al. (p. 1905; see the Perspective by Boyd and Mathew) now provide a theoretical
basis for the emergence of such punishers, who incur costs that mere cooperators do not and would
thus be expected to suffer in evolutionary terms. Allowing for a fourth type of individual—the
abstainer—leads to population dynamics where punishers flourish. In essence, it appears that volun-
tary submission to social norms is a prosocial act.

_ _ _ ! A first-class journal.
ESCRTed from Cytokinesis to Viral Budding Award-winning journalists
write for Science—with 12
top awards in the last four
years. That's why we have
the most compelling stories,
and the biggest readership
of any general scientific pub-
lication. To see the complete
list of awards go to:
sciencemag.org/ newsawards

Midbody abscission physically separates daughter cells during cell division. Retroviral budding
requires a membrane fission event that is topologically identical and differs from the fusion events
involved in processes like endocylosis
or exocytosis, Carlton and Martin-
Serrano (p. 1908, published anline 7
June) establish a functional analogy
between abscission and retroviral
budding that is key to interpret the
defects in cytokinesis observed upon
disruption of two proteins of the so-
called ESCRT machinery (endosomal
sorting complex required for trans
port) known to be involved in viral
budding. Thus, the ESCRT machinery is recruited to the midbody where it may promote membrane
fission events required for the completion of cell division.

Precision Excision

After infecting a cell, HIV integrates as a provirus into the DNA of the host. Some Lherapeulic
approaches have been aimed al preventing this step, but most have focused on blocking cell entry
by the virus, Sarkar et al. (p. 1912, see the Perspective by Engelman} describe the lab-based
evolution of a specific recombinase protein that can recognize retroviral target sequences and 1
efficiently excise integrated HIV provirus from the genome of infected cells. Although such an ‘ AAAS
approach is still a long way from practical application in treating HIV, this study offers a proof of )
principle that excision of integrated virus is possible on a genome-wide scale, and may also be
useful in other applications.
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executive director of
TWAS, The Academy of
Sciences for the Develop-
ing World, and president
of the African Academy
of Sciences.

A New Dawn for Science in Africa

WHEN AFRICA'S HEADS OF STATE MET IN JANUARY FOR THE 8TH AFRICAN UNION SUMMIT,
seience, technology, and sustainable development were the main topics of discussion, This week
they meet again, this time to explore the prospects for creating a “union government.” A United
States of Africa remains a far-off dream. But growing cross-national integration 1s not, and
science and technology are poised to play a fundamental role in such efforts.

Several African nations have already increased their investment in science and technology.
Rwanda has boosted expenditures on science to 1.6% of its gross domeste product (GDP),
striving tor 3% within the next 5 years. Research and development funding in South Africa
15 scheduled to zrow wo 1% of its GDP by 2009, Nigeria plans to invest
%3 billion to create a national science foundation. Uganda, with a 330 million
loan from the World Bank, will establish a fund for research initiatives to be
selected through a nationwide merit-based competitive process, Zambia,
with a 530 million loan from the African Development Bank, will offer
postgraduate fellowships to train some 300 science and engineering students
in its country. Increasing scientific and technological capabilities across the
developing world, most notably in Brazil, China, and India, have opened
unprecedented opportunities for South-South cooperation, particularly
tor the science-poor countries of sub-Saharan Africa. China'’s 53 hillion
Development Fund for Africa is designed to help African nations meet
the United Nations Millennium Development Goals through cooperative
projects with China. Brazil's Pro-Adfrica Program supports scientific and
technological capacity building in sub-Saharan Africa. especially in Angola
and Mozambique. A team of Brazilian and Indian experts 1s now in Senegal
to help forge a biofuels industry there. And India, Brazil, and South Africa
have launched a tripartite imitiative to finance joint problem-solving projects in which science
and technology will play a key role.

There is also increasing interest among developed countries to support scientific and
technological capacity building in low-income countries, especially in Africa, The challenge lies
in turning this heartfelt interest mto sustainable iitiatives and real progress. In 2005, GS heads

of state pledged 535 billion to rebuild Africas universities and $3 billion to establish centers of

scientific excellence in Afnca. Cnly a small fraction of the commitment has been fulfilled.
Angela Merkel, current head of the GE, has made African development a major 1ssue of her
tenure, but the focus thus far has been on climate change and missile defense systems,

This weeks African Union summit offers another opportunity for progress. but only if

attention 15 placed on one of the most entical elements for success: homegrown science. Every
Adrican nation must educate and suppont a new generation of problem-solving scientists, This
means reforming educational systems and building world-class rescarch universities and
centers of excellence. Scientific expertise alone. however, cannot solve the challenges of poverty
and development, which are as much social and political as they are scientific and technical.
Broad channels of communication must be created between these two communities, enabling
them to work weether, exchange wdeas, and leam from one another,

Lasting success will ultimately be determined not only by aid from abroad, but by strong
and enduring partnerships in science and technology between Africa and the rest ol the world.
Jomt mitiatives with developing countries, based on shared expeniences and challenges,
could spur programs and policies leading to rapid progress in science-based development.
Sub-Saharan Africa welcomes the desire of developed countries to assist. But commitments
made by Africa’s friends must be tailored to Africa’s overall plans for economic growth and
fulfilled in a reasonable time.

It"s been a long time coming, but Africa could be approaching a new dawn for building
effective policies for science-based development, While not likely to attract the same public
notice as calls for a United States of Africa, these efforts may nevertheless help bring the

continent closer together, More importantly, they could make a real difference in the lives of

Afnica’s most impoverished citizens.
—Mohamed H. A. Hassan

10,1126 science, 1146049
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| Think, You Behave
Atrendy consumer good, such as the iPhone on

sale today, undoubtedly enjoys a boost in sales due to
the desire of some purchasers to fit in. Pronin et al. show

that undergraduates, when queried afterward about their support

for or opposition to a panel’s recommendations concerning lvy League
institutional procedures, judged their own pattern of votes to be based upon the

content of the issues, yet explained the votes of a fictitious other—actually merely the

subject’s own choices shuffled—as being influenced by the panel (for more on social conform- /
ity, see Hauert ef al., this issue, p. 1905), It may seem obvious that we know more about our own
beliefs than those of others, and therefore that we regard our own choices as the product of
rational deliberation while regarding the choices of others as a response to social pressure.
Nevertheless, in a different design but similar scenario—voting on political issues in accordance
with or contrary to one’s party affiliation—the issue of asymmetric access to introspective informa-

They're following,
but | know where
I'm going.

Detour to Allylic Amines

Catalytic olefin and alkyne hydrogenations often
proceed through potentially nucleophilic organo-
metallic intermediates, and chemists have
recently taken to intercepting such intermediates
with a variety of electrophiles. This strategy of car-
bon-carbon bond formation is appealing from an
efficiency standpoint because it eliminates the
need lo prepare the (often air- and water-sensi-
tive) organometallic nucleophiles stoichiometri-
cally. Barchuk et al. show that an iridium (1) cata
lyst effectively couples alkyl-substituted alkynes to
imine electrophiles during hydrogenation to yield
allylic amine products. The reaction proceeds with
high selectivity for the E olefin isomer, and also
regioselectively places larger alkyl groups closer
to nitrogen. This catalyst complements a rhodium
analog that proved effective in a range of similar
couplings (as summarized recently by MNgai et al.)
but led to exclusive hydrogenation of the alkyne
in the present system. — JSY

I Am. Chem. Soc. 129, 10.1021/ja073018 J. Org.

Chem. 72, 1063 {2007).

Retrograde Tracing
Synapses, the essential plug-socket assemblies

for animal nervous systems, are intricate
molecular structures. Large complexes of pro-
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They're following,
bait | know where

I'm going.

Follow mel

tion was addressed by asking each person (the actor) in one half of the subject group to record his
or her thoughts during the decision-making period, and by then providing these thoughts, along
with the corresponding votes, to a subject (the observer) in the other half of the group. Thus, even
when the same information and behavior were being assessed, the value placed upon the informa-
tion (relative to behavior) was greater for the actor than the observer. — G)C

I Pers. Soc. Psychol. 92, 585 (2007).

leins in both the pre- and postsynaptic neurons
manage the transfer of information, membrane
vesicles come and go, and molecular signals
light up the wires. How did this chemical con-
nector evolve?

Sakarya et al. have analyzed molecular
components of sponges, which represent a
primitive branch of the evolutionary tree of ani-
mals. Sponges do not have a nervous system or
synapses. In animals that do have nervous sys-
tems and synapses, the postsynaptic densily is
composed of probably nearly a
thousand proteins. The
authors performed a
comparalive analysis
of genomes and

. b
cataloged synaptic- 2 =
like proteins in the b i <.
sponge A.rngmmedt_)n =) = d_-“ 55 ”
gueenslandica, which
lacks neurons, and the
enidarian Nematostella Amphimedon
vectensis, which has acom-  queenslandica.

paratively simple nerve
net. Identification of many genes in the sponge
similar to the postsynaptic density genes of
more complex nervous systems suggests thal
similar macromolecular structures are assem:
bled even in the sponge. Such structures may
have been co-opted during evolution for use in
nascent nervous systems. — PJH

PloS ONE 2, e506 (2007).

Faster than Light
Faster-than-light motions can be seen as pro-
jected visual effects, even if actual movement at
or above light speed is prohibited by relativity
theory. In astrophysics, such superluminal
motion is common in jets of very fast subatomic
particles that emanate from massive black holes
in the centers of galaxies. These jels reach out
far beyond the galaxy itself, and individual blobs
of relativistic plasma trapped by magnetic fields
can be tracked by radio lelescopes. When
the jets are pointed toward an observer
on Earth, the projected motions of the
blobs on the sky make the jet appear
: to be expanding faster than light.
3 This illusion of superluminal
maotion normally appears toward the
jet's base near the galaxy's central black
hole, where the accelerations are greatest.
However, Cheung et al. have now seen superlu-
minal motion quite far (120 parsecs) from the
central engine in the jets emerging from one of
the most well-known nearby radio sources, the
galaxy M87. From very high resolution radio
observations, the authors attribute the phenom-
enon to a peripheral knot breaking apart and
inducing apparent superluminal motion of its
components. The same knot had been previously
associated with a flaring x-ray source, suggesting
a physical connection between the in situ accel-
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eration of fast particles and high-energy emis-
sion flares that may operate in gamma-ray
sources. — B

Astraphys. ]., astro-ph/0705.2448v2 (2007).

Caught in Traffic

A number of inherited human disorders are
thought to be caused by functional alterations in
the primary cilium, a hairlike extension of the cell
membrane whose critical role in cellular signaling
has been receiving increasing attention. Bardet-
Biedl syndrome (BBS) is one such disorder thal
has been linked to cilia through studies of animal
models, BBS affects many different organ systems
and its characteristic features include obesity,
relinal degeneration, and kidney abnormalities.
Because mutations in at least a dozen distinct
genes can cause BBS, and many of these genes
are functionally undefined, the description of a
simple molecular model for disease pathogenesis
has been an elusive goal. Important progress
toward that goal is reported by Nachury et al,,
who show that 7 of the 12 known BBS gene prod-
ucts form a stable 450-kD protein complex,
dubbed the "BBSome, " that localizes to the
ciliary membrane and physically associates with
Rabin®, a nucleotide exchange factor specific for
the Raba small guanosine triphosphatase, The
authors propose that the BBSome promotes traf-
ficking of specific transmembrane proteins {such
as rhodopsin in the case of retinal photoreceptor
cells) from the cell to the primary cilium, where
they perform critical signaling functions. Con-
ceivably, each organ-specific symptom of BBS
could arise through the mistargeting of specific
cilium-localized signaling receptors critical to
that organ. — PAK.

Cell 129, 1201 (2007).

EDITORS'CHOICE

Powerful Twister

A solenoid consists of a conducting metal coil
that can surround a metal core in which a mag-
netic field is induced when electrical current
passes through the wire, One option to build a
solenoid on the molecular scale would be to use a
highly twisted conducting polymer such as poly-
acetylene to form the coil. Two problems arise,
namely, making the polymer chain sufficiently
coiled, and preventing the individual fibrils from
forming bundles. Goh et al. investigated the syn
thesis of polyacetylene in nematic solvents doped
with a series of substituted binaphthyl derivatives
possessing different twisting powers. The besl
dopant gave a helical pitch to the solvent approx-

imately one-fourth the size of that induced by the
other dopants; for a range of concentrations, this
pitch was smaller than the typical radius of a
bundle of polyacetylene fibers (about 1 jmp.
Thus, when this dopant was used, the authors
obtained single fibrils rather than bundles, a
result they anticipate should lead to exceptional
electromagnetic properties. — MSL

J. Am. Chem. Soc. 129, 10,102V jaD70701x

(2007).

<< Plugging Up Connexins

Gap junction hemichannels are membrane-embedded proteins that,

AYAAAS
www.stke.org

when joined at their extracellular faces, enable small molecules (such
as ions, peptides, or second messengers) to pass directly between
adjacent cells. The permeability of the hemichannel can be modulated
by conformational changes, and mutations in connexin2é are associ-

ated with human diseases. Oshima et al. have determined the electron crystallographic struc-
ture, at a resolution of 10 to 14 A, of a mutant connexin26 protein related to the one linked to
hereditary deafness. The electron density map revealed that the purified hemichannels had
apparently reassociated lo form a complete channel. Both the mutated connexin used and the
conditions for crystallization would have favored a closed conformation, and a prominent den-
sity right in the center of the pore was observed. The authors propose that this plug is likely
formed from the 20-residue N-terminal tail of connexin. Such a plug would allow the conduc-
tance of each hemichannel to be modulated independently; the plugs on both sides would need
to be ejected in order to create a fully open channel. — LBR

Proc. Natl Acod. S, U.5.A 104, 10034 (2007).

AYAAAS

EDITOR-IN-CHIEF

The American Association for
the Advancement of Science
(AAAS), publisher of Science,
is initiating a search for Editor-
in-Chief. The journal is pub-
lished weekly with worldwide
circulation to members of the
AAAS and institutional sub-
scribers, including libraries.
Seience serves as a forum for
the presentation and discussion
of important issues relating to
the advancement of science.
with particular emphasis on
the interactions among science,
technology, government, and
society. It includes reviews and
reports of research having inter-
disciplinary impact.

In selecting an editor-in-chief.
the Board of Directors will
attach special weight to evi-
dence of significant achieve-
ment in scientific research, edi-
torial experience and creativity,
awareness of leading trends in
the scientific disciplines, and
managerial abilities.

Applications or nominations
should be accompanied by com-
plete curnculum vitae, mclud-
ing refereed publications, and
should be sent to:

Gretchen Seiler
Executive Secretary
Search Committee
12000 New York Avenue, NW
Washington, DC 20005

Salary is negotiable based on
qualifications and experience.
Application materials should
be sent by August 15, 2007.

The AAAS is an
Equal Opportunity Employer:
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Avoid a Sticky
Situation

Biologists deploy antibodies to
track wandering proteins, to fish
enzymes out of molecular mixtures, and to per
form a slew of other lab tasks. But to scientists’
frustration, commercially available antibodies
don’t work in every situation. Find out which
antibodies researchers have become attached lo
by visiting this Web site created by postdoc
Guobin He of the University of California, San
Diego. Opened last fall, the site collects experts’
ratings of some 250 antibodies, including ones
that target the androgen receplor and the
cancer-fighting protein p53. So far, He and his
colleagues have provided most of the evalua-
tions, but users can also record their praise
for—or gripes about—particular products, ==
biorating.com

The Mammoth and the
Modern Mind

This 3.7-cm-long mammoth (below), carved
from mammaoth ivory, was unearthed last sum-
mer in Germany. At a press conference last
week, University of Tibingen archaeologist
Nicholas Conard said it is the first complete
carving discovered in the Swabian Jura, a cave-
riddled limestone plateau in southwestern
Germany that has been
a hotbed of research
on Europe’s earli-
est anatomically
modern humans,
In the re-
excavated backfill
of a 1931 dig, Conard's
team also found fragments of four
other sculptures and shards of two flutes.
Although direct radiocarbon dating would have
damaged the objects, tests on nearby objects put
them at between 29,000 and 36,000 years old.
Conard, whose report was published last
week in Archdolegische Ausgrabungen Baden
Wiirttemberg, says the finds bolster his belief
that southwestern Germany offers the earliest
evidence for a shift in human behavior in
Europe about 30,000 years ago. "These peo
ple dealt with figurative representation in
ordinary life and routinely created music. ..,
From my point of view, it's overwhelming evi-
dence” of mental sophistication far surpassing
that evidenced by artifacts such as shell
beads, Conard says.
Others demur, Archaeologist Francesco
d'Errico of the University of Bordeaux in France
says there are many examples of sophisticated

www.sciencemag.org

art and decoration from tens of thousands of
years earlier in Africa. “The variability of human
culture is so big that it's difficult to say one
society is more behaviorally modern
than another just because it's cary
ing objects,” he says.

The Pollinating
Game

New species of orchids discovered
in Western Australia have evolved a
potent trick for gelting insects Lo
spread their pollen: seduction.

female wasps and emit a pheromonelike chemi-
cal that entices males to try to mate with them.

‘ RANDOIVISAV -
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Artist's rendition
of Mars outpost.

V()

S IVAR

“WANTED: VOLUNTEERS FOR 520 DAYS IN CRAMPED RUSSIAN CONTAINER. Monotony, bad food,
low pay, little contact with outside world.”

Of course, the European Space Agency (ESA) phrased things differently in its 19 June call
for candidates for a simulated flight to Mars. Working with the Institute for Biomedical
Problems in Moscow, ESA wants to gel a real-life idea of physical and mental issues that may
arise when four adults spend months in an oversized soda can, getling on one another's
nerves, and suffering 40-minute communication delays with Earth,

Eight ordinary men and women will be paid €120 a day to endure two 100-day trial runs next
year. Four others will undergo a full 17-month simulation in the 200-square-meter space—with
no private rooms—starting in early 2008. Volunteers will be screened like real astronauts, with
emphasis on stability and ability to get along with others. They'll have to solve all their own prob-
lems in various psychological and medical experiments.

ESA scientist Marc Heppener says the simulation will be almost as demanding as a real 17-month
round trip to the Red Planet. "I wouldn’t want to go mysell,” he says. Nonetheless, ESA received
more than 300 applications within a day of the announcement. No actual flight to Mars would occur
before 2025.

When a suitor tries to fly away, a hinge mecha
nism jams it against the pollen-covered anther
and stigma. The insect then moves on
and gets fooled by another
orchid, where some of the
pollen rubs off it,

Stephen Hopper, direc
tor of the Royal Botanic
Gardens, Kew, in London,
and Andrew Brown of the
Western Australia Depart-

ment of Environment and
Conservation report the finds
in the 22 June edition of the
journal Australion Systematic Botany,
Other plants mimic food sources, Hopper says,
but “it's the epitome of evolution when you get
into sexual deception.”

The orchids, of the genus Drakaea, resemble
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AWARDS

A BETTER PLANET. A pioneer of environmental
law and a leading energy-conservation expert
have won this year’s Blue Planet prizes,
awarded by Japan's Asahi Glass Foundation.
Joseph L. 5ax, a law professar at the University
of California, Berkeley, receives the honor for
helping to establish the idea of citizens' envi-
ronmental rights, which became the basis of
the first environmental act to be passed in the
United States. And Amory Lovins, a physicist
and co-founder of the Rocky Mountain Institute
(RMI), wins the prize for his advocacy of renew-
able energy, including his invention of an ultra-

Money Matters >>

SHORED UP. One of the world’s best-known marine
sciences labs—the Harbor Branch Oceanographic
Institution (HBOI)—has traded its independence for a
welcome infusion of cash. In the next few months, the
35-year-old lab in Fort Pierce, Florida, will hand over its
management to Florida Atlantic University (FAU) in Boca
Raton and in return get an extra $8.5 million a year.

The new funds should come as a relief to HBOI Director
Shirley Pomponi (right), who took the reins of the institu-
tion in 2004, just as the founding benefactor ). Seward
Johnson was withdrawing support. That prompted con-
cerns about how the lab would fare on its own in meeting
its $30-million-a-year budget (Science, 9 July 2004, p. 167). Now, as part of a deal brokered by
local State Senator Ken Pruitt, FAU will run the lab and the state government will provide annual
operating costs, as well as $44.5 million to shore up and improve the 200-hectare facility, which
includes two submersibles, a research ship, and an extensive collection of marine organisms.

HBOI and the university have worked together for the past decade, with research collaborations
and some teaching programs. Now, HBOI will be expanding its undergraduate class offerings and
graduate student programs. “We're going to work with Harbor Branch to develop a world-class
marine program,” says Gary Perry, FAU dean of science. And as per state protocol, HBOI will change

EDITED BY YUDHI]IT BHATTACHAR]EE

MAKING CROPS LAST. Philip Nelson was only 15 when he was dubbed
“Tomato King” at the Indiana State Fair. He turned the crown into a
successtul career: Last week. Nelson, 72, won the $250,000 World
Food Prize for developing technology that has revolutiomized food pro-
cessing, especially with tomatoes.

As a food scientist at Purdue University in West Lafavette, Indiana,
Nelson helped reduce the waste at tomato-canning factories like those
owned by his father by scaling up a process for sterilizing and packag-
ing juice into small boxes. Todayv. some 90% of the world’s tomaio
crop is heat-sterilized in thin pipes. then cooled and pumped into ster-
ile 300-gallon (1135-liter) bags for storage or transport at room tem-

| _NEWSMAKERS

perature. Nelson’s work also allows Brazilian tankers to ferry millions of

gallons of orange Juice in their holds and developing countries o export
more fruit and vegetable products, The difference between him and other
carly innovators in the field. says Nelson, “is that [ thought big.”

Melson still works half time at Purdue, studying new ways o use
chlorine dioxide gas to kill pathogens on fresh fruit and vegetables.
And he still grows his own tomatoes, although he doesn’t can any.

light, fuel-efficient car and the design of an
energy-efficient building as RMI's office head-
quarters in Boulder, Colorado. Each winner
receives 400,000,

SHAW PRIZES. Physicist Peter Goldreich, bio-
chemist Robert Lefkowitz, and mathematicians
Robert Langlands and Richard Taylor have won
the 2007 Shaw Prizes from the Hong Kong—
based Shaw Foundation. Goldreich, a professor
at the Institute for Advanced Study (IAS) in
Princeton, New Jersey, is being honored for his
contributions to understanding the formation
of interstellar masers and other astronomical

phenomena. Lefkowitz, a professor at Duke
University Medical Center in Durham, North
Carolina, receives the prize for elucidating the
rale of G-coupled protein receptors in inter-
cellular communication. Langlands, another

1AS professor, and Taylor, a professor at Harvard
University, win for their contributions to number
theory. Goldreich and Lefkowitz win $1 million
each; Langlands and Taylor will share $1 million.

MOVERS

NEW MAN AT SLOAN. Massachusetts Institute
of Technology (MIT) economist Paul Joskow
has received grants from the Alfred P. Sloan

=

its name to the Harbor Branch Oceanographic Institute,

Foundation for his studies on nuclear power
and the future of coal. Now the longtime
academic and director of MIT's Center for
Energy and Environmental Policy Research
will have the chance to help others when he
takes over in January as president of the
$1.8 billion foundation.

Joskow says he's -
“frustrated” that sci- ' ‘ |
entific literacy remains ]
low despite the foun- \
dation’s ongoing cam-
paign to foster public
understanding of sci-
ence, “The media [are]
responsible for a large
part of the oversimpli-
fication of science that
i5 provided to the pub-
lic,” he says, also cit-
ing the “deficiencies
in science education” across the education
spectrum. Joskow, 59, will succeed Ralph
Gomory, who's stepping down after 18 years
at the helm.
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NUCLEAR FROLIFERATION

Genome
transplant

Along With Hope, North Korean
Opening Brings Hard Choices

A moment of truth is at hand in the long slog
to denuclearize the Korean peminsula. As
Science went o press, a team from the Inter-
national Atomic Energy Agency (IAEA) had
arrived in Pvongyang to discuss the shut-
down of North Korea's plutonium-generating
reactor at Yongbyon. If a game
plan is agreed o, the next round
of six-party talks, expected to
convene in Beijing next month,
will tackle thornier issues: a
MNorth Korean declaration of its
nuclear facilities and maternals,
and the step-by-step dismantle-
ment of its weapons program.

No one anticipates smooth
satling in the upcoming talks
among the two Koreas. China,
Japan, Russia, and the United
States. For starters, analysts
doubt whether North Korea will
come clean about all its nuclear
activities. And the Bush Admin-
istration 1s resisting a key North
kKorean demand: the provision of
light-water nuclear reactors
(LWRs) for electricity genera-
tion. U.S. officials are debating
alternatives as part of a compen-
sation package for dismantle-
ment. “This could be a make-or-
break 1ssue.” says former ULS, State official
Joel Wit a visiting fellow at Johns Hopkins
University's School of Advanced Inter-
national Studies in Washington, D.C.

Hopes are buoved. however, by the sur-
prisingly good outlook for the possible
normalization of LS -North Korea ties,
U.S. and South Korean officials told
Science. Liaison offices could open in
Pyongyang and Washington, D.C., within
months after dismantlement begins, they
although publicly, US. officials have
insisted that denuclearization must be com-
pleted betore normabzation. And the Bush
Administration has assented to North
Korea's retaining nuclear capacity to pro-
duce medical radioisotopes, for example,

say
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At six-party talks last February, North
Korea agreed to shut and seal the Yongbvon
complex within 60 days—including the clo-
sure of a reprocessing facility in which pluto-
nium presumably was extracted from spent
fuel rods. But North Korea refused o pro-

One giant leap? Returning from Pyongyang, lead U.5. nuclear
negaotiator Christopher Hill said North Korea reaffirmed its
commitment to denuclearization,

ceed until 325 million frozen in a Macau
account was released: a North Korean official
confirmed on 25 June that the cash had arnived
and would be used for “humanitarian pur-
poses,” With thar glitch overcome, Assistant
Secretary of State Christopher Hill, lead
U.5. envoy to the talks. flew secretly to
Pyongyang late last week—the highest level
LS. visit since ULS, officials in 2002 accused
North Korea of pursuing a clandestine pro-
gram to enrich uranium for bomhbs. North
Korea subsequently expelled IAEA inspectors
and pulled out of'the Nuclear Non-Proliferation
Treaty: it later tested a nuclear device (Science,
13 October 2006, p. 233).

In Pyongyang this week. the four-person
IAEA deleganion led by Ollie Heinonen, deputy

U.S. budget
takes shape

director-general for safeguards, was slated 1o
discuss verification procedures for Yongbyon's
shutdown, a process that could stretch into
August, After completion, North Korea will
receive 30,000 tons of heavy fuel oil.

Future milestones may prove more elusive,
Nextup: North Korea must 1ssue a declaration
of nuclear assets. US. officials insist on a full
accounting. “When the members of the six-
party talks say [their entire] nuelear program,
we mean all, all aspects of it.” State Depart-
ment spokesperson Sean MeCormack told
reporters last week. That would iclude a dis-
closure of equipment and facilities intended
for uranium enrichment—a program whose
existence North Korea has denied. The decla-
ration will top the agenda of six-party talks
next month, Sdvs a4 senior State Dl.‘rﬂlﬂl'llﬂl'l'l
official. “T hope we'll see a complete declara-
tion by the end of this year.” he says.

Dismantlement would follow, but the
parties have yet to agree on precisely what
that entails
process, as the LS. sees it. or one that could
be undone if talks collapse. North Korea
would receive another 930,000 tons of heavy
fuel oil for dismantlement. But North
Korean diplomats have consistently stated
that they will settle tor nothing less than
LWRs as a long-term energy solution.
“Obtaining at least one LWR is critical to
[leader] Kim Jong Il in terms of domestic
legitimacy.” Peter Hayes and David Von
Hippel of the Nautilus Institute in San Fran-
cisco, California, argue in a new analysis.”
Under the now-scuttled 1994 Agreed Frame-
work, North Korea was to receive a pair of
LWRs for Yongbyon's dismantlement. Reae-
tor construction was frozen in 2003, and 1t'’s
unclear whether the Bush Administration
will countenance an LWR revival at the six-
party talks. “No breakthrough on that vet.”
says the State Department official.

But other elements of acivilian nuclear pro-
gram are on the table. The State Department
official says the United States has “no prob-
lem™ with North Korea's maintaining a capac-
ity to produce medical radioisotopes. A
cyclotron at the Institute of Atomie Enerzy in
Pyongyang produces primarily gallium-66 for
treating breast and liver cancers. and a rescarch
reactor at Yonghyon has generated 1odine
radioisotopes for diagnosis and treatment e

a “complete and irreversible™

* www.nautilus.org/fora/security 07043 Hayes\onHippel.

pat
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of thyroid cancer. The Soviet-made reactor
would have 1o be converted from running on
highly enriched uranium-—the stufl of
bombs—to low-enriched uranium. Sucha con-
version was carried out recently on a Libyan
research reactor at a modest cost of less than
510 mallion., David Albright, president of the
Institute for Science and International Security
in Washington, D.C.. noted in a report last
March. He and Wit discussed options with offi-

EMERYOMIC STEM CELLS

Stem Cell Science Advances as Politics

Even as President George W, Bush last week
again barred the door against changes in his
stem cell policy, members of Congress
vowed to continue to try 1o loosen restric-
tions on research, while a stream of striking
new developments promised to alter the
research landsecape.

The latest news comes in two reports in this
week s issue of Natwre on the cultivation of a
new type of embryonic stem (ES) cell. Called
EpiSCs, the cells are isolated from post-
implantation mouse and rat embrvos, This
miakes them more like human ES cells thanare
existing mouse ES cells, and they may offer a
better tool for understanding how human cells
wrow and differentiate, the researchers sav,

The papers come on the heels of several
announcements last week at the annual meet-
ing of the International Society for Stem Cell
Research in Cairns, Australia. Researchers at
Oregon Health and Science University in
Beaverton said they have achieved the long-
sought goal of generating ES cells from cloned
monkey embryos—a “remarkable break-
through,” according to cloning researcher Jose
Cibelli of Michigan State University in East
Lansing. Oregon embryologist Shoukhrat
Mitalipov attributes his group’s success o a
gentler techmque, using polarized light and
direct injection. for inserting the nucleus of a
bady cell into an enucleated egg.

Also inCairns, Paul de Sousa of Edinburgh
University s Roslin Institute announced that
his group had generated a human ES cell line
parthenogenetically—using an unfertilized
egy that otherwise would have been discarded
at a fertility clinic. And Robert Lanza of
Advanced Cell Technology in Worcester,
Massachusetts, announced that he has devel-

Agriculture: The
slow revolution

cials in Pyvongyang earlier this year, when they
were apparently the first Americans allowed to
visit North Korea’s Institute of Atomic Energy.

Sustaining peaceful nuclear activity
would help ensure that a fraction of North
Korea’s estimated 2000 nuclear weapons
researchers could put therr skills 1o use after
dismantlement, Wit says. A major initiative to
engage Korean weaponeers, perhaps mod-
eled after one launched in Russia after the

oped a human ES cell line from an eight-cell
embryo without destroying the embryo.

The only one of these developments pub-
lished so far is the mouse and rat ES cell work,
done by two reams: one led by Ronald MeKay
of the LS. National Institute of Meurological
Disorders and Stroke with colleagues at the
University of Oxford, UK., and the
other headed by Roger Pedersen
and Ludovic Vallier at the Univer-
sity of Cambridge, UK.

As Mckay explains it tradi-
tional mouse ES cells cannot
reveal a great deal about human
ones because they are from a
“more primitive” stage. For exam-
ple. mouse cells. unlike other stem
cell types, need the growth factor
LIF {leukemia inhibitory factor).
But “now we ve found a mouse
stem cell which tollows the rule for
the human cell,” McKay says, It
comes from the epiblast of a mouse
embryo 3.5 days afier implantation
in the uterus, These so-called EpiSCs are
pluripotent and share other charactenistics of
human ES cells, says McKay, who thinks they
represent a “missing link™ between mouse
ES cells and cells that are begmning to differ-
entiate. The rat EpiSCs have similar properties
to the mouse cells, says Pedersen, who predicts
that “similar experimental conditions could be
used to generate epiblast stem cells from most
or all mammals.”

Until now, says McKay, “most people
thought you couldn’t make cell lines after
implantation.” In addition o helping elucidate

human ES cells, says Renee Reljo Pera of

Stanford University in Palo Alio, California,

Particle physics
onthe cheap

Soviet breakup, “is entirely feasible,” he says,

However, the denuclearization pledge,
which Hill says North Korean officials reaf-
firmed last week in Pyongyvang, may yet
prove illusory. “The political-symbolic value
of nuclear weapons to Kim Jong [l may now
surpass any affordable price.” Haves and Von
Hippel assert. Building trust will be essential
to convincing Kim that he can live without
the bomb. -RICHARD STONE

Stall

the new work sugeests that scientists may be
able to derive new types of ES cell lines
ineluding from humans—that “may ultimately
be more suitable tor specialized purposes.”
Mew developments have been seized upon
by both sides of the debate. as the clamor to
relax restrictions on human ES cell research

No go. Bush defends
this year’s
cell veto.

continues, Advocates were outraged by Bush’s
second veto and were not mollified by an
accompanying Executive Order encouraging
the Mational Institutes of Health to continue to
hunt for plunpotent cells that do not ental the
destruction ofembryos. Lawmakers promised
to confront the president again, On 21 June.
the day after the veto. the Senate Appropria-
tions Committee amended a health budget bill
to allow for federal funding of research using
human ES cell lines derived before 15 June
2007—thus pushing Bush's deadline back
by almost 6 years. House members aim o add
the provision to as-vet-unspecified “must-
pass” legislation, ~CONSTANCE HOLDEN

www.sciencemag.org SCIEMCE YOL 316 29 JUNE 2007

1825



NEWS OF THE WEEK

1826

WOMENMN'S HEALTH

Seeking Clarity in Hormones’ Effects on the Heart

Women hitting menopause these days can be

forgiven for feeling haftled about the risks of

hormone replacement therapy (HRT ). Several
vears ago, researchers announced that the
Women’s Health Imitative (WHI), two massive
trials of more than 27,000 women, had shown
HRT to be surprisingly unhelpful. even
unsafe—in particular, a combination of estro-
gen and progestin appeared to
cause heart attacks rather than
prevent them. as expected.
Hormone use plummeted,

But now new studies that
break down WHI participants
along age lines are suggesting
that women in their 30s,
those most likely to suffer
menopause symptoms that
can be helped by hormones,
may not experience cardiac
risks from the drugs after
all—and might even benefit, depending on
whether they received the combination or
estrogen alone. Even among researchers who
collaborate in the field. the findings remain
both nuanced and contentious, with some
disagreeing over how to interpret the data
they collect. Researchers and the reporters
who cover their work are struggling. too. in

meno

assessing the overall nsk-benefit balance of

HRT amid a stream of papers that examine
individual nsk factors inisolaton.

The latest salvo came last week in the New

England Jowrnal of Medicine, There, WHI
researchers descrnibed computed tomography

scans of the heart performed in a subset of

WHI participants: more than 1000 women age
50 to 39 who had had a hysterectomy and, for
an average of about 7 years, received either a
placebo or estrogen alone. (Others in WHI
received estrogen and progestin, 1o protect
against uterine cancer. ) Led by JoAnn Manson
of Harvard University, a principal WHI inves-
tigator, the group found that those in the estro-
gen-only group had about 50% less coronary
artery calcification. Higher levels of caleifica-
tion are thought to increase risk of heart dis-
ease. although it1s not certain that lower levels
equate to lower sk,

The study came after another m April inthe
Jovernal of the American Medical Association,
which found fewer heart attacks in WHI partic-
ipants on estrogen in their 50s compared with
those on placebo. Although the difference was
not siatistically significant, it stll seemed pro-
nounced: 21 cases out of 1637 estrogen takers
versus 34 out of 1673 in the placebo group,
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“Heart risk does not
appear to enter into
the equation for
younger women

seeking relief of
rausal symptoms.”

Hean attacks hit about equally among those in
their 50s taking estrogen and progestin versus
placebo, but again, the numbers were too small
to definitively measure risk, Health hazards
rose with age in both hormone cohons,
“Increasingly. the view is that the effects
of estrogen on heart disease are different in
vounger. recently menopausal women than

= 1

mistake.
JoAnn Manson, Mar

Harvard Unwversit atanfor:

older women.” says Manson.

One theory is that, in WHI, many volun-
teers were in their 60s and 70s and began
receiving hormones when they were well
into menopause and had adjusted to life with
less estrogen. “The artery has developed for
20 wears longer in the absence of any hor-
mone and is now seeing it for the first ime.”
says Michael Mendelsohn, director of the

Pencentage
D H M WS W oD

Age 50-59 Age 70-79

Age 50-59

Age 70-79

Heart hazard? In WHI's roughly 7-year trial of
estrogen alone (fop), heart attack risks seemed
somewhat different than in its estrogen and progestin
trial that ran about 5.6 years.

Molecular Cardiology Research Institute at
Tufts—MNew England Medical Center in
Boston, Massachusetis. Such an abrupt
change could cause unanticipated effects,

“To extrapolate
this subsample of
women to all
women who are
50 to 59 is a huge

AEl ::;:.' '[-:l WE

especially in the presence of atherosclerosis,

It’s possible that in younger, comparatively
healthier hearts, estrogen may have the good
effects seen in animal studies, such as making
arteries more pliable and preventing white
cells from sticking to them. But in older arter-
ies, estrogen might “destabilize existing
plaque.” speculates Jacques Rossouw. chief of
the Women’s Health Initiative
Branch at the National Heart,
Lung. and Blood Institute in
Bethesda, Maryland.

For women weighing HRT,
interpreting studies like this
one may be complicated by
conllicting messages from the
investigators, Manson. for
example. says the new data on
caleification “support the the-
ory that estrogen may slow
plague buildup.” She now
believes that “heart risk does not appear to
enter into the equation for younger women
seeking relief of menopausal sympioms,”

But WHI investigator Marcia Stefanick of
Stanford University in Palo Alto, Califorma.
her cross-country co-author, thinks differently.
“To extrapolate this subsample ol women to all
women who are 5010 39 is a huge mistake.”
she says. noting in particular that a very high
number were obese, and it’s not clear how the
data apply to thinner women, Stefanick and
Manson urge a bright Iine between estrogen
taken alone and the combination of estrogen
and progesun. Manson, however. 15 more con-
vinced than Stefanick that the former regimen
appears a bit safer than the latter, except that
both increase stroke risk equally, But because
estrogen alone can raise the nsk of uterine can-
cer, itis usually aken only by women who have
had a hysterectomy. “We definitely have dis-
agreements”™ about interpreting the cardiac
data, but “we are working together” to dissem-
inate it, Stefanick says,

Meanwhile, the media tend to cover one
study and one disease at a time, leaving the big
picture elusive or seemingly inconsistent.
WHI. Stefanick explains, has so much data on
so many dimensions of health and hor-
mones— breast cancer, bone density, memory.
heart health, and more—that it’s publishing
separate studies on each of these parameters.
“You have a new paper, and everyone says

youve reversed” vour position on the safety of

hommones, she says, “and you have to say, “No,
[before] I was talking about something else.”™
-]JENNIFER COUZIN
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GENETICS

Replacement Genome Gives
Microbe New ldentity

For decades, molecular biologists have geneti-
cally modified microbes and other kinds of
cells by adding short DNA sequences, whole
genes, and even large pieces of chromosomes.
Mow, ina feat reported in a paper published
online by Science this week (www, sciencenug,
org/ cer'content'abstract | 144622), one group
has induced a bacterium to 1ake up an entire
1.08-million-base genome in one gulp. In
doing so, microbiologist John Glass and his
colleagues at the J. Craig Venter Institute in
Rockville, Maryland, have transformed one
bacterial species into another.

“This is a significant and unexpected
advance.” says molecular biologist Robert Holt
ofthe Michael Smith Genome Sciences Centre
in Vancouver. Canada. But the advance
remains somewhat mysterious. Glass says he
doeesn’t fully understand why the genome
transplant succeeded, and 1t's not clear how
applicable their technique will be to other
microbes, Nonetheless, “its a necessary step
toward creating artificial life,” says micro-
biologist Fredenck Blattner of the University
of Wisconsin, Madison,

Glass and his colleagues are among several
groups trying 1o build a microbe with the min-
imal gene set needed for life, with the goal of
then adding other useful genes, such as ones for
making biofuels. In anticipation, Glass and
colleagues wanted to develop a way 10 move a
complete genome into a living cell.

As a prool of principle. they tried trans-
planting the single, circular chromosome of
Myveoplasma mveoides large colony (LC) into
a close relative, M. capricolum. Both of these
innocuous goat pathogens lack the cell walls
typical of many other bacteria, eliminating a
possible impediment to genome transfer,

At the Venter Institute, Carole Lartigue
and her colleagues first added two genes to
M. myeoides LC that would provide proof if
the transfer of its genome worked. One gene
conlerred antibiotic resistance, and the other
caused bacteria expressing it to turn blue,
Lartigue removed the modified chromosome
from M. myveoides LC, checked to make sure
she had stripped offall proteins from the DNA,
and then added the naked genome to a tube of
M. capricolum. Within 4 days, blue colonies
appeared, indicating that M. capricofwm had
taken up the foreign DNA. When they ana-
Ivzed these blue bacteria for sequences specific
to either mycoplasma. the researchers found
no evidence of the host bacterium’s DNA,
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Microbial geneticist Antoine Danchin of the
Pasteur Institute in Pans calls the experiment
“an exceptional wechnical feat.” Yet, he laments,
“many controls are missing.” And that has pre-
vented Glass's team, as well as independent sci-
entists, from truly understanding how the intro-
duced DNA takes over the host cell.,

Cilass suspects that at Tirst, both genomes
are present in M. capricolun. But when one
of those double-genomed microbes divides,
one genome somehow goes to one daughter
cell and the other o the second. By exposing
the growing colony to an antibiotic, the
researchers selected for cells that contain only
the M. myveoides LC genome.

Species makeover. Blue signals successful genome
transfer in these bacterial colomies.

Other rescarchers are not sure the strategy
will work on bacteria with cell walls. And
Danchin expects it will be difficult to swap
genomes among bacteria that aren't as closely
related. Regardless, George Church of Harvard
University questions the need for genome
transplantation; instead of staning with a mini-
mal genome, he’s making useful chemicals by
simply adding customized genes to existing
species’ genomes,

Nonetheless, Markus Schmidt of the
Organisation for International Dialogue and
Conflict Management in Vienna, Austria, pre-
dicts that the mycoplasma genome swap will
force more discussions about the societal and
security issues related to synthetic biology,
“We are one step closer to synthetic organ-
isms.” he says. -ELIZABETH PENNISI

Dealing With Mesopotamia

When U.5. troops invaded Irag in 2003, they
received a deck of playing cards showing the
faces of Saddam Hussein and other top

Baathists as a guide
lo capturing Irag's
most wanted crimi-
nals, Mow, the Pen-
tagon intends to use
the same approach
to educate troops
about Irag’s endan- &

gered archaeological heritage.

The 40,000 decks depict four different
aspects of that heritage: diamonds for artilacts,
spades for archaeological sites, hearts for
encouraging soldiers to win over the locals,
and clubs for preservation. Archaeologists say
raising such awareness is critical: Thousands of
ancient sites, mostly unguarded, have been
damaged in the past 3 years, while artifacts
continue to be smuggled out of the country in
unknown numbers., Archaeologist Elizabeth
Stone of Stony Brook University in New York
state says the cards “seem like a good idea, but
[the program] also seems to me to be too little,
too late.” ~ANDREW LAWLER

EREL
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Bioenergy Centers Are Not Corny

The Department of Energy (DOE) has named the
winners in a competition to run three $125 mil-
lion bioenergy research centers. The 5-year
awards go to teams led by Lawrence Berkeley
Mational Laberatory in California, the University
of Wisconsin, Madison, and Oak Ridge National
Laboratory (ORNL) in Tennessee o manage the
facilities, set to open in 2009.

The centers, intended to be as flexible as
starl-up companies, are a new departure for
DOE. Officials had originally proposed large-
scale bioenergy institutes focused on themes
such as proteomics or genomics. But last year,
heeding advice from the National Research
Council, DOE created more nimble centers
focused directly on natural microbes that
could break down lignin, a protein that blocks
access to cellulose from grasses, waste, or
woody plants, which DOE wants to tap to make
biofuels instead of com, the standard current
feedstock. The Oak Ridge team, for example,
includes two national labs, four universities,
and three biotech companies coordinating
work at ORNLon plant genomics, cell imag-
ing, entomology, and molecular biology.
Researchers have focused on many of these
problems before, says center director Martin
Keller, but not “integrated at this level.”

—ELI KINTISCH
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U.S. BUDGET

Democratic Congress Begins to Put Its Stamp on Science

Six months into their rule on Capitol Hill, the
Democrats have begun to make their mark on
science policy. Many of their moves have
underscored differences with the White
House. including efforts to overturn the ban
on federal funding for work on new embry-
onic stem lings, prominent accusations that
the Bush Administration has politicized sci-
ence advice, and proposals to increase and
reshape funding for climate change research
(see sidebar below). But as far as the Admin-
IStraton’s most prominent science initiative is
concerned. the new Congress has so far been
more than supportive, at least in loosening the
purse strings: It is poised to top the president’s
generous requests for the multiagency Amer-
ican Competitiveness Initiative (ACT). which
i5 aimed at sharply increasing funds for the
physical sciences,

It’s unclear how the hyperpartisan atmos-
phere might affect Democratic budget aims,
but the ambitious spending plans are helping
balloon domestic spending bills. That's
atracted White House threats of the veto pen.
And looming over the whole process are yet-
to-be-written defense bills. which could be the
big spoiler if war-related funding requires
some across-the-board cuts later in the vear.

In the past few weeks, House comminees
have approved most of the appropriations bills
that contain funds for science, and a picture
has started to emerge of how science policy is
shaping up in the new Congress. Some high-
lights, agency by agency, of the action thus far;

National Institutes of Health (NIH): There's
not much relief in sight for NIH. An appropria-
tions bill passed by a House panel and a com-
panion measure approved by the Senate spend-

Budget Highlights

= Biomedical Research
Both House and Senate are
expected to provide a small increase
aver 2007, but not enough to keep
pace with biomedical inflatian.

= American Competitiveness Initiative

Global AIDS Fund effectively cutting the Senate
raise to only 2.8%. Sull, even that meager
increase would push the bill's total above the
limit the White House has indicated would be
acceptable. A provision that would
permit federal funding for recently
developed stem cell lines (see
p. 1825) would further encourage
a Bush veto. Congressional action
“is only half the battle.” says Jon
Retzlaftof the Federation of Amer-
ican Societies for Experimental
Biology in Bethesda, Marvland.

Congress is likely to add to the president’s request for physical

science research, House bills would give DOE's Office of
Science a 16% increase and NSF's education programs mare

than requested.

s Climate Change Research

House bills include significant increases for research and 550
million for a new commission that would bankroll new studies,

ing panel would both give NIH a small raise,
reversing the president’s proposed $279 mil-
lion cut. The Senate boost of 51 billion, for
example, would provide a 3.5% increase
only half the amount biomedical research
advocates are hoping for. That would bring
NIH wtal budget o $29.9 billion. $250 mil-
lion more than the House has approved.

Even the Senate total is less than meets the
eve. however. Both the House and Senate
measures would add 5200 million to the
$ 100 million that NIH now transfers o the

NASA: The House appropriations
committee has given a thumbs-
up to the president’s $3.9 billion
exploration effort, to be run by
NASA, but the committee also
made clear that the agency’s
stressed science programs must
thrive as well. Lawmakers added
$60 million for data, research, and analysis in
2008, a slap at the agency’s attempts to hold
down such spending in order to pay for sci-
ence project overruns and a new launcher.
The House bill also directs NASA o ask the
National Research Council to conduct a
study of life and microgravity sciences, two
areas the agency has virtually abandoned in
recent years. The boosts in science, however,
would come largely by deducting funds from
NASA’s racking and data-relay satellite sys-
tem, used w communicate with both military

NEW PRIORITIES FOR CLIMATE CHANGE RESEARCH

When Democrats gained control of the U.5. Congress, they made climate
change one of their top priorities. But they quickly realized thal putting into
law caps on greenhouse gas emissions could take years of political wran-
gling—and possibly a new president. So while proposals for emissions con-
trols have captured headlines (Science, 11 May, p. 813), key legislators
have quietly focused on a more immediate goal: reordering priorities in cli-
male change research to reflect the most pressing questions.

Budget bills now working their way through Congress (see accompany-
ing story) include more than hall a billion dollars for new applied energy
research, a novel $50 million climale research commission that would
address regional impacts, and some 517 million lo spread the message on
climate change through education and public outreach. Climate change
research has sufficiently quantified anthropogenic warming, say Democra-
tic aides. These new initiatives focus on "the causes, the impacts, and solu-
tions,” as a spokesperson for House Majority Leader Steny Hoyer (D-MD)
describes them.

Some Democratic proposals have followed explicit calls—even requests
for hardware—from the science community. Earth science researchers were
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dismayed when a Pentagon review stripped climate sensors from an
511.5 billion weather satellite system last year (Science, 16 June 2006,
p. 1580), but Congress did little more than investigate. This year, a draft
spending bill would set aside $24.9 million for NASA and the National
Oceanic and Atmospheric Administration to begin to develop two of the
canceled sensors—both crucial for measuring Earth's heat balance—to
bolt onto the crafts later if possible. The same bill calls for $60 million to
start developing a series of earth science missions at NASA in the precise
order recommended last year by a National Academies panel that looked at
needs and priorities for Earth observation over the next decade. The pro-
posed educational funds also loosely follow that panel’s recommendation
to “improve scientific literacy” about Earth’s climate.

Elsewhere, Demaocrats have set out on their own. Representative Norman
Dicks (D-WA), chair of the Interior appropriations subcommittee, held a hear-
ing in April on potential climate change impacts on everything from drought
in the Great Basin in the western United States to insect populations that could
ravage American forests. His subcommittee subsequently approved 594 mil-
lion for new climate research at environmental agencies and endorsed Dicks's
proposal for a climate commission that one aide describes as “out of the box."
Chaired by the president of the National Academy of Sciences, it would
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and civilian satellites—a cut certain to be
opposed by the Administration. Senate
appropriators have yet to act.

National Science Foundation (NSF): House
appropriators have added $80 million to the
president’s request for NSE for a total budget
increase of 10%, to $6.51 billion, Nearly all
the money the House added would supple-
ment NSF's $750 million education direc-
torate. Legislators were especially Kind to the
agency’s fledgling effort to help under-
graduates who want to become math and sci-
ence teachers, adding 536 million to the
510 million Robert Noyee Scholarship pro-
arm, The most controversial element of the
House approach is a $10 million program to
support so-called transformative research.
The chair of NSF's oversight board. Steven
Beering, says such a program “would be
wonderful.” But foundation officials oppose a
new program to do what they say NSF is
already doing—funding the most innovative
research
NSF-supported LS, Nobel laureates,

Department of Energy (DOE): Science lob-
byists are ecstatic over bipartisan generosity
toward the physical sciences, ACIs focus.
The House has basically matched the
Administration’s 54.4 billion increase for
DOLEs Office of Science, the government’s
bigeest patron of the physical sciences, with
some extra funds for earmarks and climate
studies. That would amount to a 16% boost.
American Physical Society lobbyist Michael
Lubell says he “thought we had a big prob-
lem last fall™ after the Democratic triumph

Greening of Congress. House
Majority Leader Steny Hoyer touts
Democrats’ policies.

disburse 550 million over 2 years
through the Environmental Pro-
tection Agency for underfunded
research areas with an emphasis
on regional impacts and adapta-
tion (55 million would go to
administration). Similarly, last
week the House passed 520 mil-
lion in new funding for improved
computer models.

Some of these efforts are likely
to run into opposition on the floor

OFFICE OF THE MAMIRTY LEADER

citing as proof the large number of

P r

because of what he calls “Democratic ten-
dencies™ to support industrial. near-term
research. But he calls the Democrats™ per-
formance thus far “very pleasing.”

Environmental Protection Agency (EPA) and
National Oceanic and Atmospheric Administra-
tion (NOAA): The House and Senate spending
committee bills are $300 million apart in their
plans for the Environmental Protection Agency,
although the gap 1s narrower in the research
account, The House would appropriate 58,1 bil-
lion for EPAL 2 4.7% increase over last vear, and
boost the agency’s spending on science and
technology by 855 million to 53788 nillion.
The majority of the increase for science would
go to a new climate change commission (see
below). In addition, clean-air research would
rise by an unprecedented 21%. to 5114 mil-
lion, Details on the Senate plan werent avail-
able by press ime, but the toial for science and
technology would rise o 5773 million,

The House, which normally cuts the presi-
dent’s funding request for NOAA, would
instead increase it by $ 190 million o just above
54 billion. The Office of Oceanic and Atmos-
pheric Research s slated for $4135 million, an
ncrease of $52 million over last year. OF that
amount, 520 million would go to competitive
grants in climate research. *1 haven't seen any-
thing that big recently.” says Peter Hill of the
Consortium for Oceanographic Research &
Education in Washington, D.C. Hill expects the
Senate will drop in some carmarks, perhaps
bumping up the agency to 5.3 billion,

—ELI KINTISCH

With reporting by Jocelyn Kaiser, Andrew Lawler,
Jeffray Mervis, and Erik Stokstad.

of the House and in the Senate. The senior Republican on the House Appropriations Committee, Jerry
Lewis (R—CA), for example, has opposed Dicks's commission, calling instead for "an in-depth review of
the basic science” of climate change. Also displeased with the moves is presidential science adviser John

& Marburger, who says the government is already addressing the key questions and its “strong prioritiza-

£ tion process” is fine as is.
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Earth to NASA

NASA is eyeing the moon and beyond, but
Congress wants to bring the agency back to
Earth—aor at least Earth’s orbil. Under pres-
sure from lawmakers, the space agency
released a report this week on how il intends
to use the international space station as a
U.S. national laboratory. In the past few years,
NASA has slashed the station’s research fund-
ing, and the study emphasizes pulling in more
terrestrial agencies—such as the National
Institutes of Health and the Pentagon—as
well as private companies to conduct the bulk
of research on the station. NASA, naturally
mindful of its budget, wants to make sure
outsiders fund their own station research.
Lawmakers reacled cautiously to the reporl,
with House Science and Technology Commitlee
Chair Bart Gordon (D-TN) calling for a “mean-
ingful return on our [space station] investment.”
-ANDREW LAWLER

Issues With Tissues

To the relief of universities, a U.5. appeals
courl has found that tissue samples belong to
a researcher’s institution, not to the investiga-
tor himself or the patients who donated them.
Washington University (WU) v. Catalona arose
when about 6000 prostate cancer patients
asked WU School of Medicine to let WU urologist
William Catalona take their blood and tissue
samples with him when he moved to Morth-
western University in lllinois. After WU sued
to challenge the samples’ transfer, a U.S. district
court ruled in WU's favor last year (Science,
21 April 2006, p. 348). Last week, the
ath U.5. Circuit Court of Appeals upheld that
ruling. WU had not distributed the tissue
samples while the case was on appeal, but
the school will now consider proposals from
researchers to use them. Catalona is mulling
an appeal to the Supreme Courl.

=]OCELYN KAISER

The Color Green Unites Them

The Swiss agbiotech giant Syngenta will collabo
rate with the Institute of Genetics and Develop-
mental Biology of the Chinese Academy of Sci-
ences to identify and develop new traits such as
drought tolerance, the company announced on
Monday. Financial details of this 5-year agree-
ment were not disclosed. China has approved
maore than a dozen genetically modified plants,
such as rice and soybean, for commerdalization
or field trials since 1997 and designated modi
fied crop development a “major engineering
project” in its science and technology plan for
2006 to 2020. -HAD XIN
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Seeking Agriculture’s
Ancient Roots

As they pinpoint when and where many crops were first domesticated,
researchers are painting a new picture of how—and perhaps why—
humans began to change their relationship to plants

JALES, FRANCE—In his lab ina 12th century
fortress that now houses the Archeorient
research center here. archaeobotanist
George Willcox pops the top off a plastie
capsule filled with tiny black particles.,
spills them out into a petri dish, and puts the
dish under a binocular microscope. Magni-
fied 30 tmes, the particles leap into focus.
They are charred fragments of wheat
spikelets from a 10,500-year-old archaeo-
logical site in Turkey called Nevali Cori.
Wheat spikelets are attached 1o the central
stalk of the wheat ear and carry the seeds,
or grain, that humans grind into four,
“Look at the scar at the lower end of the
spikelet, where it has broken off.” Willcox
says. The scar is jagged
domesticated wheat. It"s a sign that the
spikelet did not come off easily but
detached only when harvested, so the plant
probably needed human help to disperse iis
seeds. “This 1s the earliest evidence for
domestcated wheat in the world.”

Willcox spills the contents of a second
capsule into another dish. The scars are
round and smooth, showing that these
spikelets easily detached and dispersed their
stores of grain, “This is wild wheat. also

Research Held. Georgé Willcox:
grows cereals tar sciencgat Jales:
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a hallmark of

from Nevali C'ori,” he savs. So in the carliest
cultivated fields, wild and domesticated
wheat grew in close proximity,

The scarred spikelets under Willcox's
microscope represent one simple, physical
sign of a very complicated process: the
rise of agriculture. Farming was revolu-
tionary in its implications for humanity,
providing the food surpluses that later
fueled full-blown civilization, with all of
its blessings and curses. Domestication
defined as the physical changes plants
undergo as they adapt to human cultiva-
tion—was key to this transformation. [t
allowed former foragers to increasingly
control when, where. and in what quanti-
ties food plants were grown rather than
simply depending upon the vagaries of
nature, And unlike other aspects of early
agriculture, such as whether a seed was
planted or simply gathered by human
hands, “domestication is visible” in the
archaeological record, says archacologist
Timothy Denham of Monash University in
Clayton, Australia,

Over the past decade, a string of high-
profile papers has pinpointed the time and
place of the first domestication of ¢rops,
ranging from wheat and maize
to figs and chili peppers. Now
researchers are beginning to fit
all of these into a larger story of
worldwide plant domestication.

At Nevali Cori. where wild
and domesticated plants grew
in the same fields and perhaps
even exchanged genes, Willcox
and colleagues conelude that
full domestication might have
taken thousands of vears rather
than the 200 years or fewer that
some archacobotanists had
predicted. “They could not
have gone from one Kind of
economy to another in Just a
few generations.” Willcox says
of the early cultivators, “These
things happened gradually.”

A decade or so ago, most archaeologists
saw the advent of agniculture as an abrupt
break with the hunting-and-gathering
lifestyle on which hominids had relied for
millions of years, Researchers thought that
domesticated crops appeared very soon
after people began to cultivate fields, firsi
in the Near East as early as 13.000 vears
ago. then somewhat later in a handful of
other regions.,

But the new data suggest that the road
from gathering wild plants to cultivating
them and finally domesticating them was
long and winding (see chart on p. 1835),
unfolding over many millennia. “If the
agricultural revolution is supposed to be
evidence for a punctuated change in human
cultural evolution, it seems to have taken
quite a long time to get to the punctuation
point,” savs archacobiologist Melinda
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Zeder of the Smithsonian Institution in
Washington, D.C, Douglas Kennett of the
University of Oregon, Eugene. agrees.
“Agnculture was not a revolution,” he says,
“People were messing about with plants for
a very long time.”

Clues to how this slow transition took
place are accumulating rapidly. An alliance
of archacologists and geneticists armed
with new techniques for probing plant
senomes and analyzing microscopic plant
remains (see sidebar on p. 1834) has been
tracing the route to farming in much closer
detail. In the Near East, for example,
researchers are finding that domestication
itselt happened a bit later than had been
thought, although humans apparently culti-
vated wild cereals for thousands of vears
before plants showed physical changes.
Meanwhile, new research in the Americas

has pushed the dates for the first domestica-
tion of squash and other crops back to about
[0.000 vears ago, making the roots of farm-
ing in the New World almost as deep as
those in the Old World.

Morecover, new archacological work
shows that plants were domesticated
independently in many parts of the globe.
There is now convincing evidence for at
least 10 such “centers of origin,” including
Africa, southern India. and even New
Guinea (see map on p. 1833). “All around
the world, people took this very new step
and started cultivating plants.” which led 1o
their domestication, says Smithsonian
archaeobotanist Dolores Piperno. The rush
of new data could help eventually solve the
puzzle of why agriculture arose in the first
place—a riddle archaeologists have been
trying to solve for nearly a century,

NEWSFOCUS

Wheat's eye view. Crop plants
adapted slowly to human cultivation,
evolving on a limescale of millennia
rather than centuries.

Wild plants: The long goodbye

In his writings about evolution, Charles
Darwin argued that domestication was a
clear example of selection in action. By cul-

tivating plants—growing them deliber-
ately—humans intentionally or unintention-
ally select certain traits. Today, researchers
define domestication as the genetically
determined physical and physiological
changes a plant has undergone in response to
human behavior. “Domestication is the
result of genetic changes that have evolved
because of cultivation,” explains archacolo-
gist Dorian Fuller of the Institute of Archae-
ology at University College London (UCL),

These alterations make up what botanists
call the “domestication syndrome™: signs that
plants have adapted to humans and that
researchers eagerly seek at archaeological
sites. In cereals such as wheat and barley. the
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syndrome includes the tendency for spikelets
to stay on the stalk until they are harvested. as
seen in the jageedly scarred specimens found
at Nevali Cori, plus larger seeds and a thinner
seed coat that allows easier germination. (It
also includes less visible traits, such as simul-
taneous flowering times.)

Onee humans began to cultivate plants,
how long did domestication take? In 1990,
the pendulum swung toward a rapid sce-
nario after archaeobotanist Gordon Hillman
of UCL and plant biologist Swart Davies
of CardifT University in Wales plugged
data from cultivation experiments into a
computer model. They concluded that
domestication might have occurred within
200 years and perhaps in as few as 20 to
30 years, assuming. as many archaeologists
have, that early farmers used sickles to har-
vest their crops. Sickles presumably would
have strongly selected for spikelets that
staved on the stalk until harvest, because
those that dropped earlier would be lost and
not replanted. *It was possible to put
together a nice story, that agriculture
appeared fairly abruptly,” says botanist
Mark Nesbitt of the Roval Botanie Gar-
dens, Kew. in Richmond, UK.

Before long, however, new data began to
raise doubts about this story, For example, at
Jalés, Willcox and colleagues conducted
experiments in a nearby field. cultivating
wild varieties of wheat, barley, and rye 1o
deduce how quickly domesticated forms
might evolve. The answer: not very fast. No
matter how rescarchers harvested the grains,
a good portion of the easy-to-detach wild
spikelets fell to the ground and germinated
to sprout a new generation of wild wheat.

Meanwhile, a remarkable discovery in
Israel also suggested a long run-up to
domestication. In 1989, a team led by Dani
Nadel of the University of Haifa in Israel
began excavating a site called Ohalo 11 on
the southwest shore of the Sea of Galilee,
The site was radiocarbon-dated to 23,000
years ago, when the last Ice Age was still in
full frost and at least 10,000 vears before
the earliest domesticated plants. Excava-
tors found the remains of huts, plus a burial
and several hearths. More than 90,000 indi-
vidual plant remains were recovered,
including acorns, pistachios, wild olives,
and lots of wild wheat and barley. But
“there is not a single domesticated species
at this site.” says team member Ehud Weiss
of Bar-1lan University in Ramat Gan,
Israel. nor any evidence that the people of
Ohalo II were cultivating the cereals rather
than just gathering them.

To their surprise, however, the researchers,
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in collaboration with Piperno, found micro-
scopic remains of barley and possibly wheat
on a large stone implement. They concluded
that the inhabitants of Ohalo 11 had ground the
grains to make flour and possibly also baked
dough in one of the ovenlike hearths.

“Chhalo IT 15 an important warning to
archacologists.” Fuller says. “We need to
abandon some of our long-held assump-
tions that as soon as people began o use
cereals, they would begin to [cultivate and]
domesticate them”

More recently, some researchers have
begun taking a second look at just when
domaesticated plants first showed up in the
Mear East. For decades, excavators had
pegged this transformation to an archaeolog-
ical period that began about 11,800 years
ago and 15 marked by the first permanently
settled villages. There were a few claims for

All in the family. Maize and its wild ancestor leosinle
(left) are closely related despite their differences.

even earlier dates, such as a few relatively
large seeds of rye at Abu Hureyra n Syria,
dated 1o about 13,000 vears ago. and which
Hillman argued were domesticated. But in a
2002 survey, Mesbitt found that the earliest
Near Eastern villages lacked definitive evi-
dence of domesticated cereals, although
wild plants were plentiful. Unambiguous
signs of domestication didn’t turn up until
about 10,500 yvears ago, in larger settlements
with different architecture and a much more
complex social organization, he concluded.

“There is no current evidence for domes-
ticated plants in the [first settled villages].”
Weiss agrees. “But it was probably a very
energetic period, when people all across the
region were playing with cultivation of wild
plants.”” And once plants were domesticated,
making farming more efficient and inten-
sive, this way of life apparently exploded

across the Near East, as large farming vil-
lages sprung up like mushrooms and people
quickly formed trade and communication
networks over the entire region,

The notion of a long run-up to domestica-
tion also gets support from new lndings by
Willeox and archagobotamist Ken-ichi Tanno
of the Research Institute for Humanity and
Nature in Kyoto, Japan. They examined
charred wheat spikelets from four sites of dif-
ferent ages in Svria and Turkey. There was a
clear trend over nearly 3000 years: Earlier
sites had fewer domesticated spikelets and
later sites had more. At 10,500-year-old
Nevali Cori, only about 10% of the spikelets
were clearly domesticated, whereas 36% were
domesticated at 8500-year-old el-Kerkh in
Syria and 64% at 7500-yvear-old Kosak
Shamali. also in Syria, Willeox and Tanno
reported last year in Seience (31 March 2006,
p. 1B86). These results sugeest that wild
varieties were only gradually replaced by
domesticated ones, they say.

“Domestication was the culmination of a
lengthy process in which plants were culti-
vated but retained their wild phenotypes,”
says geneticist Terry Brown of the Univer-
sity of Manchester in the UK. “Early farm-
ers were receiving the benelits of agriculture
long before domestication evolved.” Even
Hillman says that he is “very impressed™
with the analysis, although it contradicts his
previous work: “[Domestication] probably
did take this long.”

But why? Fuller. in an article earlier
this yvear in the Annals of Borany, suggests
that humans may have exerted weak rather
than strong selection pressure on their
crops, “Weaker selection means domesti-
cation would take longer. while stronger
selection means it would happen more
quickly.” he explains,

And there are many ways that early farm-
ers” behavior might have weakened selec-
tion. For example. Fuller questioned whether
sickles were actually used in early harvesi-
ing. Other methods, such as picking already-
fallen spikelets from the ground. would not
have selected for spikelets that stay on the
stalk. Although sickles date as far back as
15.000 years ago. no domesticated plants
show up before 10,500 vears ago. So the first
sickles may have been used for other tasks,
such as cutting reeds for floor matting, rather
than harvesting grains, Fuller argued.

Willcox favors an alternative explana-
tion: During hard years, early farmers
replenished their seed stocks with wild van-
eties, thus slowing domestication. Only
when farmers began planting domesticated
plants farther from the wild stands—
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INDEPENDENT CENTERS OF

DOMESTICATION
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Rye 13,000 B.P?

Fig 11,400 B.P.2

pepo squash 10,000 B.°
Maize 2000-8000 B.P.
Common bean 4000 B.F.

rri:hl'.m squash 5000 B.F.
Sunflower 5000 B.P.
Chenopad 4000 B.P. |
Marshelder 4000 B.P

Armowreot $000 B.P,

Yam (0. triffaa) 6000 B.P.
Cotton $000 B.P.

Sweet potato 4500 B.P.
Lima bean 6500 B.F.
Leren 10,000 B.R.

Potato 7000 B.RT
Quinoa 5000 B.P,

w

A

q"" Pearl millet 3000 B.P.

T,
E African rice 2000 B.P.
Sorghum 4000 8.1

Manioc 8000 B.P.

| Chili pepper 6000 B.P.

rl’ﬂnut 8500 B.P.

Emmer wheat 10,000 8P,
| Linkorn wheat 10,500 B.P.

Barley 10,000 B.F.

Broomcorn millet 8000 B.F.
Foxtail millet 8000 B.P.

& Rice 8000 B.F,
] Feunut 8000 B.P

Mung bean 4500 B.F.

Horse gram 4500 8.7
Millets 4500 B.F.

Yam (0. alata) 7000 B.P?
Banana 7000 B.F.
Taro 7000 B.P.7?

———
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Multiple birth. People in many different parts of the world independently began to cullivate and eventually domesticate plants.

physically and genetically isolating them
from their wild ancestors—did the process
speed up, he says. Reproductive isolation of
domesticated and wild plants could have
acted as a “trigger.” agrees Manchester’s
Brown, spurring increasing proportions of
domesticates as farming spread across the
Mear East. Eventually. says Weiss, sowing,
tilling, and harvesting “create[d] these arti-
ficial environments that lead to domestica-
tion. ... It meant totally new ideas and a
totally new way of hife.”

New World, new paradigm

At the same time that archaeolo-
gists are concluding that Old
World crops were fully domes-
ticated a httle later than once
thought, recent discoveries are
pushing domestication in the
New World back, way back.
Mot so long ago. researchers
saw little evidence for farming of
crops such as squash, maize, and
manioc before about 3000 years
dgo. "Some archaeologists
thought little of importance had
taken place in these tropical
forests.” Piperno says. “We didn’
have the data.” Researchers now
have new methods to identify
microscopic bits of poorly pre-

Wild. A 23,000-year-
old wheat fragment
from Ohalo 11

served tropical plants, and genetic studies can
date when domesticated lineages split from
wild ancestors.

“We were misled by what was not pre-
served and what we could not see.” says
anthropologist Tom Dillehay of Vanderbilt
University in Mashville, Tennessee, “These
people had a very sophisticated knowledge
ol the plants that were out there.”

Archaeologists began to see more clearly
back in 1997, when the Smithsonian’s Bruce
Smith rmdiscarbon-dated domesticated seeds
and other fragments of pepo squash seeds
from a cave near Oaxaca,
Mexico, to nearly 10,000
years ago (Science, 9 May

1997, pp. 894 and 932). The
sizps of domestication were
clear: The seeds were larger
and the stems and rinds
thicker than those
closely related wild squash
that still grows in the
region: indeed the fragments
found were identical to today’s
domesticated pepo squash. Since
then. earlier dates have steadily
accumulated for the domestica-
tion of nearly every New World
crop. Piperno’s team has dated
starch grains from domesticated
manioc. arrowroot, and maize on

of

milling stones i Panama to up to 7800 vears
old and other Panamanian sites have yielded
dates for these crops that are nearly as early.

This week, on page 1890 of this issue of
Science. a team led by Dillehay reports
10, 000-vear-old squash and 3500-year-old
peanuts on the floors and hearths of houses
made of stone and reeds in the Andes
Mountains of Peru. Genetic studies and the
distribution of possible wild ancestors sug-
oest that these crops were probably domes-
ticated elsewhere, in South America’s low-
land tropical forests. So these very ancient
dates show how quickly domesticated crops
spread from their original centers of origin,
the team concludes. But identifving domes-
tication 1s not always easy: Smith questions
whether Dillehay’s evidence proves that
squash, peanuts, and other plants had aciu-
ally undergone “any of the genetic or mor-
phological markers of domestication.”

All the same, the Hurry of early dates in
the New World is “remarkable.” says ethno-
botanist Eve Emshwiller of the University of
Wisconsin, Madison, because the firsi
domesticates appear not too long after
humans colonized the Americas, at least
13,000 years ago. That's a contrast to the
Old World. where people lived for tens of
thousands of years before domesticating
plants. Dillehay agrees: “People between
13,000 and 10,000 vears ago were adapting
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to [changing climatic conditions] more favor-
ably than we had thought before.”

Genetic data support the early dates. too.
For example, John Doebley of the Univer-
sity of Wisconsin, Madison, genotyped
numerous specimens ol that New World sta-
ple. maize, and s wild ancestor, teosinte,
From the number of genetic changes
between teosinte and maize, and the likely
speed of the “molecular clock.” Doebley’s
team concluded in a paper published in the

Proceedings of the National Academy of

Sciences (PNAS) in 2002 that maize was
domesticated about 9000 years ago. And
they found that maize was probably domes-
ticated only once, in the Balsas River Valley
of southern Mexico.

In an astonishing stream of studies,
Doebley and other researchers have also
taken a detailed look at the genetic changes
underpinning maize domestication, The
transformation of teosinte to maize was
dramatic, as these plants look so different
that researchers once doubted their rela-
tionship. Ears of teosinte are multistalked
and have only five to 12 kernels, whereas
single-stalk maize ears have 500 or more. A
tough casing also protects teosinte kernels,
whercas maize kernels are “naked” and
accessible to humans, Indeed, some archae-
ologists have suggested that the unappetiz-

STARCH REVEALS CROP IDENTITIES

Until very recently, archaeologists searching for the first domesticated
forms of tropical plants such as yams, manioc, and bananas just kept on
looking. The humid tropical environments in which these plants grow
destroyed evidence of their existence, leaving archaeologists with “patchy
and speculative” accounts of their domestication, says archasobotanist
Andrew Fairbairn of the University of Queensland in Brisbane, Australia.
Then in the mid-1990s, archaeologists realized the potential of starch
grain analysis, a technique used for more than a century by botanists to
identify modern plants. Plants manufacture and store starches in micro-
scopic organelles called amyloplasts. Both the size of the amyloplasts
and the pattern of starch deposition vary from plant to plant, often mak-
ing it possible to distinguish species. “This methodology makes things
visible that were previously invisible,” says archaeobotanist Linda Perry
of the Smithsonian Institution in Washington, D.C. That new visibility has

ing teosinte was first domesticated to make
alcoholic drinks from its sugary stalks
rather than for the dinner table.

Maize domestication genes include thi,
which controls the number of stalks. phf,
which controls protein storage in the kemel,
and sud. which affects starch storage.
Recently, Doebley teamed up with ancient
DNA specialists to track changes in these
zenes in ancient maize, using |1 maize cobs
from Mexico and New Mexico dated from
3000 1w about 600 years ago. The domesti-
cated variants of thi and phfwere present in
all the ancient DNA samples, and all the
Mexican cobs had the domesticated vanant
of the su/! gene. But 1900-year-old cobs
from New Mexico showed a mix of wild and
domesticated variants, the team reported in
Science (14 November 2003, p. 1158).

If the domesticated vanant of su/
which may give corn the propertics neces-
sary for making good tortillas—was not
widespread in maize populations until
much later, then domestication might have
taken place over an extended period, the
team conecluded. “There must be several
stages to genetic domestication of plants,”
savs Manchester’s Brown.

Doebley's work has spurred the archacol-
ogists to try to keep up. His
finding that maize was

pushed back the dates of domestication for a number of tropical crops,

including squash, manioc, and chili peppers (see main text). When Perry
and her colleagues went looking for chili pepper starch grains in Central
and South America, for example, they found them seemingly every-
where: in sediments, on milling stones and stone tools, and on pottery

Distinguished.
Starch grains identily
manioc {tep) and
maize (botiom).

shards. The oldest date back to 6100 years ago.

What's more, in some plants—although not all—starch grains of wild and domesticated
strains are distinct. For example, starch grains of wild chili peppers are 5 to 6 micrometers long,
whereas the domesticated versions are a whopping 20 micrometers. The method is now used
to identify everything from bananas to maize to wild barley and has "breathed new life into
the investigation of early agriculture,” says Timothy Denham of Monash University in
Clayton, Australia. =M.B.
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domesticated 9000 yvears ago in Mexico's
Balsa River region inspired Piperno’s inter-
national team to comb the valleys in search
of confirmation, for example, In the 30 May
online edition of PNAS, they reported pre-
liminary evidence that domesticated squash
and maize were grown on ancient lakesides
probably by 8500 years ago. although the
dates are not vet confirmed. “We think that
before long we will be able to push the
archaeological dates back to match the
genetic data,” says Piperno.

Yet even if people in the New World were
domesticating plants early, they did not nec-
essarily become full-fledged farmers right
away, some archaeologists argue. “The {irst
plant domestication was 10,000 vears ago,
but the development of village-based agri-
cultural economies did not happen until
more than 5000 vears later.” savs Smith. Ina
2000 paper in the Jowrnal of Archaeological
Research, Smith argued that in many parts
of the world mitial plant domestication was
followed by a long period of “low-level
food production.” during which prehistoric
peoples continued to hunt and gather while
slowly adding already domesticated crops
to their diet.

“Domestication of a plant is one thing,
and fully adopting it is another,” agrees
Dillehay. But he argues that his new evi-
dence from the Peruvian Andes, which

includes houses. may indicate that both set-

tled village life and farming economies

arose earhier than researchers thought. at

least in some parts of the Americas.

Piperno agrees that the work of Dillehay
and others may now be providing the “miss-
ing evidence™ to fill at least some of that
S000-year zap.

Tell me why
Back in the 19505, many archacologists
thought agriculture was born in only two
places: the Near East and the Americas.
From these two fountainheads of farming,
the story went. agriculture spread through-
out the world, Yet archacologists now recog-
nize at least 10 independent centers, and
even regions once thought to be agricultural
backwaters have taken on a new importance,
In 2003, a team led by Monash's Denham
clinched the case that bananas, taro, and
yvams were independently domesticated in
New Guinea nearly 7000 years ago (Science,
L1 July 2003, p. 180).

So if domestication happened repeatedly.
what sparked this new relationship between
people and plants? Researchers have pon-
dered the question since the 1920s, when
Australian prehistorian V. Gordon Childe
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pegged the nse of farming to dramatic chi-
matic changes now known to have taken
place around 11.500 vears ago. That's when

Evolution of Food Production From Plants

; FOOD PROCUREMENT FOOD PRODUCTION FROM CROP PRODUCTION
the last lIce Age ended and the Pleistocene FROM WILD PLANTS WILD PLANTS DOMINANT DOMINANT
period gave way to the much milder
Holocene—the geological epoch in which Gathering/collecting = Cultivation with Cultivation with Agriculture based

small-scale clearance
of vegetation and
minimal tillage.

we live today, with a warmer, wetter, and
maore stable climate.
Childe’s hypothesis sparked a lot of

including use of fire, larger-scale land
clearance and

systematic tillage.

largely or exclusively
on cultivars with
greater labor input

CREDIT AFTER DAMID HARRIS (1994)

rescarch. But since his day researchers have
swung back and forth between environmen-

into cultivation and
maintenance of

tal explanations and those that focus more on facilities.

social changes within increasingly sedentary ) | )

communities of hunters and gatherers. Decreasing dependence on wild plants for food.

Al the same, most archaeologists agree that Plant domestication: increasing
the origins of agriculture have something dependence on cultivars for food.

to do with the broader transition from the
Pleistocene to the Holocene. 1 am comfortable
seeing this climate change as a precondition for
agriculture.” says the Smithsonian’s Smith.
But he points out that it can’t be the sole
explanation for the nse of farming in regions
such as castern North America, where
squash and several other crops were domes-
ticated only about 3000 years ago.

Some researchers correlate the origins of
farming not with the early Holocene but with
a late Pleistocene global cold snap called the
Younger Dryas, which hit about 13,000 years
ago and sharply reversed warming trends for
more than a millennium. This hypothesis
was prompted by excavations at Abu
Hureyra in Syria’s Cuphrates Valley, led by
Britsh archacologist Andrew Moore, now at
the Rochester Institute of Technology in
Mew York, Abu Hureyra was first occupied
by hunter-gatherers about 13,500 vears ago
and later by early farmers, providing a rare
window on the transition to agriculture.
UCL’s Hillman, who analvzed the plant
remains, suggested that the Younger Dryas
had a devastating effiect on the availability of
the wild cereals and other plants at the site.
Hunter-gatherers eventually disappeared,
and a short time later possible first evidence
of farming—larger grains of rye—show up.
Hillman and Moore proposed that the
region’s hunter-gatherers invented agricul-
ture to solve food shortages brought on by
the cold climate.

“Hillman’s evidence is convincing.” at
least for the MNear East, says Piperno. “The
Younger Dryas may have been some Kind
of trigger.” The worldwide invention of
agriculture. Piperno adds, suggests “that
there must have been a common set of
underlying factors.”

But not everyone is persuaded by Hillman's
case for rve domestication. And afier its
possible appearance at Abu Hurevra,
domesiicated rye doesn’t show up for thou-

*

sands of years anywhere in the Near East,
Even if the Younger Dryas can explain the
sequence of events at Abu Hureyra, it hasn't
been shown to spur farming in other

regions, says David Harns of the Institute of

Archaeology in London. Willcox, in a 2003
review of Near East farming in the journal
Vegetation History and Archacobotany,
argued that agriculture did not really catch
on until after the Younger Dryas was over
and the Holocene, with its more stable cli-
matic conditions, had begun.

Indeed, the agricultural lifestyle might
have been “impossible™ during the glacial
conditions of the Pleistocene but “manda-
tory” during the Holocene. argued ecolo-

zist Peter Richerson of the University of

California, Davis. and his colleagues in a
2001 paper in American Antiguity., One
explanation: Dramatically lower carbon
dioxide levels during the Pleistocene
might have made farming untenable. a
hypothesis first proposed back in 1995 by

botanist Rowan Sage of the University of

Toronto. Crops grow more in higher ambi-
ent CO, levels. As the Holocene began, CO,
levels rose by roughly 30%, from 180 paris
per million to 280 ppm in just a few thou-
sand vears, according to polar ice-core
records. “This would have had a big effect
on photosynthesis and plant productivity,”
Richerson says.

The Pleistocene-Holocene transition
might also have alfected decisions about
what to eat. Recently, Piperno, Denham,
Kennett, and others have been studying
the choices humans make. borrowing
methods from optimal foraging theory, a
Darwinian approach that assumes humans
and other animals pursue the most advan-
tageous strategy for getting food. In a
recent study, Piperno looked at the low-

land tropics of the New World, as forests
expanded into once-open arcas, Based on
the changing availability of both plants
and animals, she calculated that farming
would have been more advantageous than
foraging right around the time that the
First domesticated crops appear, about
10,000 years ago.

But some archaeologists think that too
much emphasis on environmental expla-
nations gives short shrift to the less easily
testable social and symbolic aspects of
human behavior, “*We have tended to
leave these aspects out and focused on an
economic paradigm,” says archacologist
Joy MeCorrniston of Ohio State University
in Columbus,

In the 1930s, for example. the late
French prehistorian Jacques Cauvin, who
founded the Jalés center, proposed that in
the Near East a rise of religious symbolism
changed the relationship between people
and nature and made farming possible.
More recently. archaeologist Brian Hayden
of Simon Fraser University in Burnaby,
Canada, argued that farming had been
invented by ambitious hunter-gatherers
seeking greater prestige and wealth within
their communities.

As ideas are batted back and forth,
some doubt that a global explanation for
agriculture will be found. “We are all
thrashing around, trying to find an expla-
nation for something that is worldwide,”
says archaeologist Graeme Barker of the
University of Cambridge in the UK. *Itis
far too simplistic.” But that won't stop
researchers from trying. Savs Kennett:
“The transition to agriculture is one of the
ceniral questions in archaeology. We need
to understand it.”

-MICHAEL BALTER
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EVOLUTIOMNARY BIOLOGY

Relative Differences: The Myth of 1%

Genomewise, humans and chimpanzees are quite similar, but studies are showing that
they are not as similar as many tend to believe

In a groundbreaking 1975 paper published
in Science, evolutionary biologist Allan
Wilson of the University of California (UC),
Berkeley. and his erstwhile graduate student
Mary=Claire King made a convincing argu-
ment for a 1% genetic difference between
humans and chimpanzees. “At the time, that
was heretical.” says King. now a medical
geneticist at the University of Washington,
Seattle. Subsequent studies bore their conclu-
ston out, and today we take as a given that the
two species are genetically 99% the same.

But truth be told, Wilson and King also
noted that the 1% difference wasn™t the
whole story, They predicted that there must
be profound differences outside genes
they focused on gene regulation—to
account for the anatomical and behavioral
disparities between our knuckle-
dragging cousins and us. Several
recent studies have proven them
perspicacious again, raising the
question of whether the 1% tru-
ism should be retired.

“For many. many vears, the
% difference served us well
because it was underappreciated
how similar we were,” says Pascal
Gagneux, a zoologist at UC San
Diego. “Now it’s totally clear that
it’s more a hindrance for under-

Most recent common ancestor

provided the best validation vet of the 1% fig-
ure and the most dramatic evidence of its
limitations. The consortium researchers
aligned 2.4 billion bases from each species
and came up with a 1.23% difference. How-
ever, as the chimpanzee consortium noted.
the figure reflects only base substitutions,
not the many stretches of DNA that have
been inserted or deleted in the genomes.
The chimp consortium calculated that these
“indels,” which can disrupt genes and
cause serious diseases such as cystic fibro-
sis, alone accounted for about a 3% addi-
tional difference {Science. 2 September
2005, p. 1468),

Entire genes are also routinely and ran-
domly duplicated or lost, further disunguish-
ing humans from chimps, A team led by

the 33 million base-pair changes, 5 million
indels in each species. and 639 extra genes
in humans may have no functiional meaning.
“To sort out the differences that matter from
the ones that don't is really difficult.” says
David Haussler. a biomolecular engineer at
UC Santa Cruz, who has identified novel
elements in the human genome that appear
to regulate genes (Science, 29 September
2006, p. 1908),

Daniel Geschwind, a neuroscientst at UC
Los Angeles (UCLA), has taken at stab at
Figuring out what matters by applving sys-
tems biology to quantifying and analyzing
genetic differences between human and
chimpanzee brains, Working with his gradu-
ate student Michael Oldham and UCLA bio-
statistician Steve Horvath, Geschwind com-
pared which of 4000 genes were turned on at
the same time, or “coexpressed.” in specific
regions of the dissected brains,

With these data, they built gene networks

for each species. “A zene’s position in

(1 anetwork has huge implications.”

L Geschwind says, Genes that are

i | coexpressed most frequently with

| { . other genes have the most fune-
1.

Human tional relevance, he argues.
PRINATE +589/-86 Geschwind and his colleagues
+B70/-1032 ; | clustered the networks into seven
Chimpanzee () modules that correspond
-t VR —=5 to various brain regions,
Mouse Ei" (o suc}_: as the cortex. C"m_.
RODENT +1405/-562 1 | F)A“v parisons of the map of
+1773/-378 ’1 VA each cluster’s network in
Rat - ~ each species plainly
b T showed that certain connections
Dog exist in humans but not chimps. In
+E0TI-2165 the cortex, for example, 17.4% of

standing than a help.”

Using novel yvardsticks and
the flood of sequence data now
available for several species,
researchers have uncovered a
wide range of genomic features
that may help explain why we
walk upright and have bigger brains—and
why chimps remain resistant to AIDS and
rarely miscarry. Researchers are finding that
ontop of the 1% distinction, chunks of miss-
ing DNA, extra genes, altered connections
in gene networks. and the very structure of
chromosomes confound any quantification
of “humanness™ versus “chimpness.” “There
i1sn’t one single way to express the genetic
distance between two comphicated living
organisms,” Gagneux adds,

When King and the rest of the rescarchers
in the Chimpanzee Sequencing and Analysis
Consortium first detailed the genome of our
closest relative in 2003, they simultaneously
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The 6.4% difference. Throughout evolution, the gain (+) in the number of
copies of some genes and the loss (=) of others have contributed to human-
chimp differences,

Matthew Hahn, who does computational
genomics at Indiana University, Blooming-
ton, has assessed gene gain and loss in the
mouse, rat. dog. chimpanzee. and human
genomes. In the December 2006 issue of
PLoS ONE, Hahn and co-workers reported
that human and chimpanzee gene copy num-
bers differ by a whopping 6.4%. concluding
that *gene duplication and loss may have
played a greater role than nucleotide substitu-
tion in the evolution of uniquely human phe-
notypes and cenainly a greater role than has
been widely appreciated.”

Yer it remains a daunting task to link
genotype to phenotype. Many, if not most, of

the connections were specific to
humans, Geschwind and co-workers
reported in the 21 November 2006
Proceedings of the Narional
Acadeny of Sciences. Although
the differences don’t immediately
reveal why, say, humans get
Alzheimer’s and chimps don’t. the maps
clearly organize and prioritize differences.
“1t really brings the eritical hypotheses into
strong reliel)” sayvs Geschwind.

Could researchers combine all of what's
known and come up with a precise percentage
difference between humans and chim-
panzees? "1 don’t think there’s any way to cal-
culate a number.” says geneticist Svante
Piiiibo, a chimp consortium member based at
the Max Planck Institute for Evolutionary
Anthropology in Leipzig. Germany. “In the
end. its a political and social and culiural thing
about how we see our differences.”

=]JON COHEN

WWW.sCiencemag.ong
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Limitless resource. The Kavaratti plant uses the ocean's

temperature gradient to produce fresh water.

DESALINATION

Turning Ocean Water Into Rain

A novel technology may end the curse of bad drinking water on remote Indian islands—
and offer an alternative method of desalination for mainland communities, too

KAVARATTI, INDIA—With its coconut palms
and white-sand beaches, this coral island in
the Arabian Sea seems like a tropical para-
dise—until you taste the water. For decades,
the 11000 people of Kavaratti have had to
drink the brackish water from their wells,
supplemented by a modest supply of mon-
soon rainwater, Now, however, the islanders
are quenching their thirst with fresh water
distilled from the turquoise expanse that
surrounds them—thanks to a novel desali-
nation method that’s being held up as a
model solution for water shortages along
India’s teeming mainland coast.

Most desalination plants either boil sea-
water and then condense the vapors (ther-
mal distillation) or pump seawater at high
pressure across a salt-retaining membrane
(reverse osmosis). Both methods are
energy-intensive and expensive Lo main-
tain. But the plant at Kavarauti. part of
the Lakshadweep archipelago, is exploit-
ing a third strategy that has been known for
half a century but rarely implemented:
using the ocean’s own thermal energy to
desalinate water.

The concept is simple. Water at the
ocean’s surface 1s warm, with a temperature
that’s typically between 26° and 30°C in the
tropics. At a depth of 350 meters. it drops to
a chilly 13°C or so. At the plant, surface
water 1s pumped into an onshore vacuum
chamber where the low pressure causes
some of the water to vaporize. In another
chamber, cold water drawn from the depths
condenses the vapor into fresh water. “We
are simplv mimicking how nature makes

rain,” says S. Kathiroli. director of the
National Institute of Ocean Technology
(NIOT) in Chennai. which built the plant.
Known as low-temperature thermal
desalination (LTTD), the technology is an
oftfshoot of a more ambitious idea: to con-
vert the ocean’s thermal energy into elec-
tricity, first proposed by French physicist
Jacques d"Arsonval in 1881, Competition
from cheaper energy sources has prevented
ogean thermal energy conversion from tak-
ing off. although experimental plants in
Hawaii and Japan have shown that the con-
cept works. LTTD has fared better—a plant
in Italy operated commercially during the
~ 1990s—but the technology has
. largely remained on the margins.
’ ' The Indian

A “!/, venture 1s a
.

Arabian Sea

A

Kavaratti

Cochin o

Thirsty archipelago. Indian officials plan to build
desalination plants on each of Lakshadweep's islands.
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bold attempt to bring thermal-driven
desalination into the mainstream by mas-
sively multiplying production. NIOT
admits that the year-old Kavaratti plant,
which produces 100,000 liters of fresh
water a day, is not as energy-cfficient as
rival technologies: It consumes 30% more
energy per unit water than a reverse-
osmosis plant. for instance. But scaling
up the technology 100-fold, officials
believe. will unlock its potential.

To test that idea, NIOT has built a plant
with a capacity of 1 million liters per day on
a floating barge 40 Kilometers off the coast
of Chennai. on the opposite coast of India.
Last month, N1OT engineers completed a
60-day trial of the plant, giving away drums
of fresh water to passing ships. The institute
15 now inviting investors to help ratchet up
the operation to 10 million liters a day by
installing more condensers and evaporation
chambers, which officials say would halve
the cost to less than 51 per 1000 liters.
That would be 25% cheaper than seawater
desalination using reverse 0smosis, says
Kathiroli. There's a lower environmental
cost too, he points out: Concentrated brine
left over from reverse osmosis is often
MNushed back into the ocean to the detriment
of local marine organisms.

Experts in India and abroad are watching
the project closely. “It's a strategy worth
pursuing,” says Luis Vega, who designed an
ocean thermal energy plant that produced
electricity and desalinated water for the
Matural Energy Laboratory of Hawaii
Authority in the 1990s. But Vega doubts
that scaling up will reduce costs much.
Jayanta Bandyopadhyay, a water-policy
expert at the Indian Institute of Manage-
ment in Kolkata, says the government is
right to experiment with desalination but
must also invest more in low-tech solutions
such as rinwater harvesting,

When NIOT researchers began working
on ocean thermal energy a decade ago, elec-
tricity, not drinking water, was the prize
they were afier. But atter multiple failures
to install a deep water pipe at sea to draw
cold water from a few hundred meters
below the sea’s surface. the government in
2003 pulled the plug. Kathiroli. who took
over as NIOT director the following year,

revived the project with the simpler target of

desalination. This requires a smaller tem-
perature differential than the 20°C needed
to make electricity, and therefore water can
be drawn from a shallower, more manage-
able depth. “We were driven by our ego.”
savs Kathiroli, “We wanted to show that we
could do ™
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The government approved the proposal,
and atter completing a pilot project, NIOT
engineers in 2005 began building the
Kavaratti plant, The steep bathymetry ofthe
1sland-—the seabed plunges several hundred
meters a short distance from shore
enabled accessing deep water without ven-
turing far from land,

Since coming online in late 2003, the
plant has pumped fresh water to a network
of public taps for 2 hours every morning
and evening, Islanders say they now use
groundwater—which many have been
drinking all their lives—only for washing and
cleaning. “This water tastes better, and food
cooked in it tastes better too,” says M. Qasim,
a schoolteacher.

Another benefit has been the prevention
of waterborne diseases, once rampant on
Kavaratti because of the many septic tanks
near the shallow water table. P. S, Ashraf,
superintendent of the 1sland’s only hospital,
says he and his colleagues have witnessed
around 30% fewer diarrhea and dysentery
cases since the plant was commissioned.

Buoyed by the success, officials plan
to build similar plants on Lakshadweep’s
10 other islands. They expect that the
Kavaratti experience will help make the new
plants more cost-effective. “We are confi-
dent of streamlining the process consider-
ably.” says NIOT engineer Purnima Jalihal,

Although thermally driven desalination
may be a good option for islands, it must
pass a bigger economic test on the mainland,
where the coast’s gradual slope requires
eoing several kilometers oftfshore to access
deep water. NIOTS barge plant near Chennai
will have to compete with a reverse-osmaosis
plant with a 100-million-liter capacity being
built nearby onshore by a Spanish water-
works company, Befesa, The Chennai plant
will have the added expense of transporting
fresh water from the barge to the mainland,
says Ravi Bondada, a business manager
for Befesa in Chennai: “They are making a
zood attempt. but the economics will have
to be proved.”

Kathiroli agrees that the government
should continue to pursue conservation
strategies such as better river management
and improve ramwater collection for drink-
ing water. Nevertheless, he emphasizes that
the need for fresh water is enormous; the
shortfall for Chennai alone is 300 million
liters a day. Hopes for ocean thermal tech-
nology are running high because it is young:
“Reverse osmosis has been fine-tuned for
over 40 vears or more.” Kathirol says. “We
are just starting out,”

=YUDHIJIT BEHATTACHAR])EE
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argain. Wester (leff) and Ehﬁt \
their experiment offers high
potential payoff at low cost.

A Spare Magnet, a Borrowed
Laser, and One Quick Shot at Glory

Using equipment they have on hand, a small band of physicists hopes to confirm the
existence of a new particle—by shining a laser through a wall

BATAVIA, ILLINOIS—In particle physics. the
quintessential big science, 530,000 usually
doesn’t buy yvou much. For example. the
mammaoth Large Hadron Collider {LHC)
under construction at the European particle
physics laboratory, CERN. near Geneva.
Switzerland, costs a staggering $3.8 hillion,
and each of the atom smasher’s 1232 main
steering magnets costs | million Swiss francs
(SR00,0000, But for less than 0,001% of the
cost of the LHC, a tiny weam here at Fermi
National Accelerator Laboratory (Fermilab)
hopes to pull off an experiment that could
clinch a discovery as revolutionary as any the
LHC might make.

[t"s a long shot, to be sure, [F it works,
the odd little experiment would prove the
existence of an unexpected new particle
first hinted at by an experiment known as

PWVLAS at Legnaro National Laboratory of

[taly's National Institute for Nuclear
Physics (Science, 17T March 2006, p. 1535).
But even the members of the Fermilab

team themselves suspect that, instead of

evidence of new physics, the PYLAS sig-
nal 1s some sort of experimental artitact, a
mysterious hiccup in the machinery parad-
ing as a particle.

Still, testing the dubious result is so easy
and, if it’s real, so potentially revolutionary
that expenmenters around the world are stran-
ing to do it first. To confirm the PYVLAS result.
all they have to do is shine a laser through a
solid wall—in the Fermilab experiment, a
high-tech mirror, Thats something vou can
attempt with spare parts and a littde help from
vour friends. Halfa dozen groups are racing 1o
perform the experiment right now,

“It’s an casy test, and its not often that peo-
ple in high-energy physics have a chance to
work on such asmall experiment,” says Aaron

Chou, a postdoc at Fermilab and co-leader of

the | l-member team. “For me, it’s great fun.”
David Christian, head of Fermilab’s experi-
mental physics projects department, says the
project was an casy sell to lab officials.
*When the potential pavollis big and the ume
and effort and cost are all small. it’s casy to say
*Goahead.” Stll. Christian adds, "Almost for
sure, [the PVLAS] result is wrong”
Physicists won't be certain until they train
lasers on walls, however. Any light leaking
through would confirm a particle tramsforma-
tion suggested by the strange PYLAS results,

To probe the electromagnetic properties of

empty space. PVLAS researchers shined a
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polarized laser beam down a long vacuum
pipe. Perpendicular to the pipe, they applied a
strong magnetic field. To their surprise, they
found that the polarization rotated as the light
passed through the magnetic field.

That twisting could be explained if pho-
tons were turning into some new type of
uncharged particle, Suppose the laser light
entered the magnet with its polarization
canted just slightly from the direction of the
field. In that case, the laser beam can be
thought of as many photons polarized paral-
lel to the field and a few polanzed perpendi-
cular w it. If some of those polarized parallel
to the field interact with it and turn into
particles, then the ratio of perpendicular to
parallel photons would increase and the
polarization of the light would rotate
slightly away from the field.

The PVLAS data suggest that a photon
turns into a particle only 1/500,000.000 as
massive as the electron. The observation does
not prove that the pariicle exists, emphasizes
Giovanmi Cantatore, a physicist at the Univer-
sity of Trieste in ltaly and spokesperson for
PVLAS. *We ook special care not only to not
say that [it does] but also to not give the
impression that we were saying that” he says,
Mevertheless, the result has piqued physi-
cists” interest, in part because the putative
particle resembles the long-sought axion,
Invented to smooth over conceptual problems
in the theory of the strong nuclear force and a
candidate for the mysterious “dark matter”
that makes up 85% of the matter in the uni-
vierse, the axion should emerge from photons in
the same way (Science, 11 Apnl 1997, p. 200).

The particle cannot be the axion, how-
ever, because photons appear to turn into it
far too readily. In fact. according to the
PVLAS results, photons change so rapidly
that particles should gush from stars and
drain them of their energy. says Pasquale
Serpica, a theorist at Fermilab. “The sun
would burn out in 1000 years, and we have
historical evidence that that's not the case.”
he says. It’s possible that photons change to
particles more slowly in the innards of the
sun, Serpico says. But that’s a conceptual
Band-Aid some might find off-putting.

To prove the particles exist, experimenters
must run the process backward and convert the
particles back into light. And that'’s exactly what
Fermilab’s Chou, William Wester, and nine of
their colleagues hope to do in an experiment
they’'ve dubbed GammeV. Like viewers of a
cooking show following along at home, the
researchers are clearly making do with what
they have handy. An extra superconducting
magnet from Fermilabs Tevaron collider sup-
plies the feld. A laser borrowed from elsewhere

in the lab will crank out the photons. The whole
experiment will be controlled by a circuit board
that Fermilab designed and distributes to high-
school teachers w run small cosmic-ray experi-
ments and other demonstrations.

The experimenters will shine the laser
down a vacuum pipe running through the
magnet, [ some of the photons change into
particles. they'll pass through the wall—a
mirror that sits within the magnet—and
emerge into a magnetic field on the other
side. The magnetic field should not only
change photons into particles but also eventu-
ally change particles back into photons. So a
few of the particles that sail through the wall
would turn back into photons on the other
side, and the team hopes to detect them, one at

NEWSFOCUS

time away from one’s day job 1o do ic”

Of course, anyone with an appropriate mag-
net, alaser. and a mirror can do the expenment.
In addition to the Fermilab and PVLAS groups,
teams are working on versions of the test at
CERN: the Thomas JetTerson National Accel-
erator Facility m Newpon News, Virgima: the
German Electron Synchrotron laboratory in

Hamburg: and the Laboratory for the Use of

Intense Lasers in Palaiseau, France. Fermilab
researchers hope to have their data collected
and analyvzed before the end of July, but even
that may not be soon enough to beat the compe-
tition to the punch.

Moreover, all contenders may be racing
toward a finish line that is about to vanish. In
the past year, the PVLAS team has rebuilt its

Light sifter. Fermilab researcher Raymond Tomlin examines a mirrored plunger that will reflect photons but
allow any exolic particles to continue unimpeded down an evacuated tube.

a time. with a very sensitive phototube
the only piece of expensive new equipment
the team has purchased. The laser will blast
100 million billion photons into the mirror
20 times a second in each 10-hour run, Wester
says. “If the configuration of the apparatus is
ideal. then at the end of that 10 hours we'd
have 50 regenerated photons.” Wester says.
And that would be plenty to elinch the case for
the particle.

Used to working in groups of hundreds,
the GammeV team members relish the
opportunity to try something smaller and

more liberating. “It’s like something out of

the good old dayvs when an experiment that
had seven people on it was a big experi-
ment” says Fermilab’s Peter Mazur, a mag-
netexpert and one of the team’s senior meme-
bers. “One almost feels guilty about taking

experiment, and preliminary data from the
new rig show no sign of the signal, says the
University of Trieste’s Cantatore. “The new
results we have are not confirming the old
ones.” he says. “That’s the bottom line.” Still,
Cantatore says. the researchers cannot say
what produced the previous signal, so some
glimmer of mystery remains,

The chances that the Fermilab team will
clinch a major discovery are small and shrink-
ing. But the cheap little experiment isstill worth
doing, Wester says, “We score very high on the
potential per cost scale.” he says. “The chance
to see something really earth-shattering is very
exciting,” And, in panticle physics woday, the
chance to do a sweet little experiment with a
handful of vour colleagues for almost no
money is just oo 2ood w pass up,

-ADRIAN CHO
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“We ... oppose ... an academic
boycott of Israeli academic
institutions.”
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edited by Etta Kavanagh

In Support of Academic Freedom

WE, THE MEMBERS OF THE EXECUTIVE COMMITTEE OF THE INTERNATIONAL HUMAN RIGHTS
Network of Academies and Scholarly Societies (Network), oppose renewed imitiatives that sup-
port an academic boycott of Israel academic instiutions, We also oppose Israeli restrictions on
Palestinian students that prevent them from studying at institutions of higher education in
Israel. the West Bank. and abroad. We call on national academies affihated with our Network
to do the same.

We reiterate our belief in “the free exchange of ideas and opinions among scientists and
scholars in all countries.” which thereby stimulates “the development of collaborative educa-
tonal, research and human-nghts endeavors within academies and the mstitutions with which
they are affiliated.” Boyeotts “deny our colleagues their rights to freedom of opinion and expres-
sion: interfere with their ability to exercise their bona hde academic freedoms: inhibit the free
circulation of scientists and scientific ideas: impose unjust punishment.” and impede “the instru-

mental role plaved by scientists and scholars in the promotion of peace and human rights" (/).

We also oppose Israehi restrictions on Palestinian students such as the ban imposed in 2000
that prevents all Palestinian students in Gaza from traveling to the West Bank to study, and a
statement earlier this month by the Israeli military that it will continue 1o prevent Gaza students
from studymg in [srael. Addinonally. a recommendation by the Tsrach Supreme Court that the
Ministry of Defense submit critena for allowing Palestimian students from the West Bank
to study in Israel has repeatedly been
delayed to the point that West Bank
residents, still banned from studving in
[srael. now risk missing Israeli univer-
sity application deadlines for the com-
ing academic vear.

We reiterate the hope expressed in
our & November 2006 statement to the
Israeh authorities (2) that their “policy of
academic exclusion will be promptly reversed.” In that same statement, we joined the Israel
Academy of Sciences and Humanities in opposing “any measures, by any govemment, resirict-
ing or impairmg the ability of scientists and students o carry out their scientific work and w dis-
charge their scientific or academic responsibilities.”” We also agree with four Israeh university
presidents and a number of prominent intellectuals who recently wrote that “[b]locking access
to higher educaton for Palestinian students from Gaza who choose to study in the West Bank
casts a dark shadow over Israel’s image as a state which respects and supports the principle of
academic freedom and the right to education™ (3).

Lastly, we recall and continue to support the joint statement of cooperation, signed at our

— The Executive Committee of the
International Human Rights Network of
Academies and Scholarly Societies

Networks May 2005 meeting by Sart Nusseibeh and Menachem Magidor, presidents of Al-Quds
University and Hebrew University, respectively, that said *Our disaffection with, and condemna-
tion of acts of academic boycotts and discrimination against scholars and institutions, 1s predi-
cated on the principles of academic freedom, human rights, and equality between nations and
among indimviduals, We theretore call upon acadenues here and worldwide to act in support of our
mission, as one which might allow for ending our shared tragedy rather than prolonging it ().
EXECUTIVE COMMITTEE OF THE INTERNATIONAL HUMAN RIGHTS NETWORK OF ACADEMIES AND
SCHOLARLY SOCIETIES, ARJUNA ALUWIHARE (SRI LANKA), CLAUDE COHEN-TANNOUD]I (FRANCE),
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ABDALLAH 5. DAAR (OMAN/CANADA), FRANCOIS
JACOB (FRANCE), BELITA KOILLER

(BRAZIL), IDA NICOLAISEN (DENMARK), JOHN
POLANYI (CANADA), ALENKA SELIH (SLOVENIA),
PIETER VAN DIJK (THE NETHERLANDS), EDOARDO
VESENTINI (ITALY), TORSTEN WIESEL (USA),

CAROL CORILLON (EXECUTIVE DIRECTOR)

Metwork Secrelariat: cio Committee on Human Rights, The

MNational Academies, 500 Fifth Street, NW., Washington, DC
20001, USA,
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1. For full text of 13 June 2002, statement, see
wew 7 nationalacademies.org/humanrighisfin_Support_
of_Scientific_Exchange. html.

2. See www.nationalacademies. arghumanrights/Metwork_
Statement_Access_to_Education_MNov_2006 himl,

3. The presidents of Ben-Gurion University {Rivka Carmi),
the Hebrew University (Menachem Megidor), Haifa
University (Aharon Ben-Zeev), the Technion (Yitzhak
Apeloig), and a group of Braeli authors, including Amos
Oz, A. B Yehoshua, David Grossman, Mathan Zach, Ariel
Hirschield, Agi Mishol, and Yitzhak Laor (see www gisha,om/
index phpfinilanguage=2&intlemid=426&int5iteSN=113),

4. The full text can be found in the Proceedings of the mesting:
waw.nap.eduwicalalog/l 1740.himl.

Problems with Genome-
Wide Association Studies
IM THEIR NEWS FOCUS ARTICLE “CLOSING THE

net on common disease genes”™ (11 May,
p. 820). J. Couzin and J. Kaiser present an
optimistic appraisal of genome-wide associa-
tion (GWA) studies. Within the past vear,
Science has published results from seven
GWA studies for obesity, cardiovascular dis-
case, and type 1 diabetes (1-7). We would like
to discuss three aspects of GWA studies.

First, ofthe seven GWA studies published in
Science, four ( /-4) reported as significantly
associated with the phenotype under study
either a single penetic varant or a single cluster
ofhighly correlated genetic vanants. The other
studies clammed tour (3), five (6), and three (7)
new genetic associations. The phenotypes stud-
ied are all considered “complex™: thus, we
would expect multiple genetic factors, environ-
mental factors, and interactions among those
factors to be associated with the phenotype.
Furthermore, GWA studies are cliumed to be
“hypothesis-generating.” Cnven the substantal
cost of GWA studies, is the zencration of so fow
hypotheses a good retumn for the investment?

Second, readers of GWA studies need 1o be

VOL 316 SCIENCE www.sciencemag.org




careful to distinguish the total number of indi-
viduals studied from the number of individuals
studied in the mital screen. For example,
despite a total sample size of =2 3,000 individu-
als, the initial screen in McPherson et al. (4)
included 322 cases and 312 controls, which is
insutficient w powerfully imerrogate small-1o-
modest effect sizes using 100K SNP arrays. The
power to generate hypotheses denves from the
sample size of the initial screen, not from any
follow-up samples collected wo west replication,
Third, an ofi-cited problem with genetic
association studies is the failure to replicate
(&, ¥). If common diseases are associated with
common risks. then replication across popula-
tons would be expected. However, if common
diseases are associated with population-spe-
cifie nsks, then falure to replicate across popu-
lations would be expected. Under the latter

hypothesis, the failure to replicate does not nec-
essarily imply that the original finding was a
false positive; mther, it could indicate a popula-
tion=specific risk. The implication is that we
may have hastily discarded previous findings
as false positives under the hypothesis of com-
mon risks nstead of recoznizng evidence sup-
porting the hypothesis of population-specilic
risks. To achieve the clinical goal of personal-
ized medicine, family data may be more in-
formative than population data for identifying
individual risks resultung from a complex com-
bination of genetic and environmental factors
and interactions (/1))

DANIELSHRINER, LAURA K. VAUGHAN,

MIGUEL A. PADILLA, HEMANT K. TIWARI

Department of Biostatistics, Section on Sfatistical Genetics,
University of Alabama at Birmingham, Birmingham, AL
35204, USA,
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THE RECENT NEWS FOCUS ARTICLE "CLOSING
the net on common disease genes™ (11 May,
p. 820} on genome-wide association (GWA)
studies presents a very optimistic picture of
what lies ahead for discovering genes that pre-
dispose to complex diseases, Although GWA
stucies hold substantial promise. the reality is
more complicated than the resulis presented n
the aracle would make it appear,

First. unlike the examples described. not all
GWA results replicate consistently, For exam-
ple. Parkinson's disease and obesity GWA stud-
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ies have not been as successful as the GWA
studies discussed. For the Parkinson’s disease
CGWA reported in 2005 (1), four studies failed
to replicate the original findings (2-3), and a
putative obesity gene reported in 2006 (6),
using the Framingham study samples men-
tioned in the anticle, similarly failed to replicate
{ 7=100), The fact that results replicate in some
but not all studies 1s reminiscent of earlier can-
didate gene studies and conclusions should be
similarly cautious (£, [2).

Second, it 15 unlikely that the majonty of

genetic risk in most complex diseases results
solely from the effects of individual varia-
tions, as 15 usually implied in the GWA papers.

Rather, an interplay of many modest genetic
and environmental influences is much more
likely for most common diseases (/3), Under
this scenario, failure to detect and replicate
significant lindings may be a consequence of
epistatic interactions, because only a small
part of the risk may be represented by any sin-
gle vanation (/7).

Lastly, selecting predisposing SNPs solely
on the basis of the most extreme P valuesieven
after extensive data cleaning), as 15 usually
done in GWA studies, may be extremely mis-
leading because the most extreme P value
alope is an inadequate predictor of rue effects.,
Using only P values tells us the probability of
finding such anevent, not the biological impor-
tance of the event. For example. in the recent
GWA studies for type 2 diabetes, PPAR-y, one
of the best replicated genenic effects for this
phenotype, hasa Pvalue of 0.83, 0,019, 0.0013
n the individual studies and a value of 1.7 < 107*
in the combined analysis of over 32,000 sub-
Jjects (f4-16). Itis unhkely that this gene would
be highlighted were it not for prior knowledge.
Thus, although we may revel in the obvious
successes, we must not be misled that GWA
studlies are a panacea.

SCOTT M. WILLIAMS,? JEFFREY A. CANTER,!
DANA C. CRAWFORD, JASON H. MOORE,?
MARYLYN D. RITCHIE,! JONATHAN L. HAINES®

Ienter for Human Genetics Research, Vanderbilt University,
Nashwville, TN 37232, USA *Department of Genetics,
Dantmouth Medical School, Lebanon, NH 03756, USA.
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What Makes a Book a
Work of Science?

AT THE END OF MICHAEL SHERMER'S REVIEW
of Richard Dawkins's book The God Delusion
(*Arguing for atheism.” Books er af.. 26 Jan.,
p. 463), we find the following statement:
“Dawkins’s latest book deserves multiple
readings, not just as an important work of sci-
ence, but as a great work of literature.”

The literary merits of this work are for oth-
erstojudge. The assertion that the book 15 sci-
ence 15 my concern. Science makes obser-
vations of the natural world and constructs
testable models that explain these data. |
would ask my colleagues: Where is the sci-
ence in this text? What data make it a scien-
tific work?

Perhaps it could then be considered a work
of scholarship in philosophy. In that case, we
would expect references to pimary sources
and reasoned criticism, taking into account
the latest developments in the field. Consider
chaprer 3, where his refutation of Thomas
Aquinas’s five ways reveals that Dawkins has
read tertiary sources, if that, and makes com-
mon mistakes regarding what Aquinas was

arguing (i.e., “design™ as opposed 1w “wover-
nance”). He could have. for instance. used a
recent discussion of the five ways [e.g., (/)] to
correct his mistakes and bolster his eritique,
and that would have at least been scholarship.
So if the book contains no data and lacks
scholarship, we must question the authors and
the reviewer’s credibility on this topie. For the
reviewer 1o characterize such a book as sci-
ence is disingenuous to the extreme. This 15
exactly the kind of statement, especially in an
AAAS publicanon, that confuses the real
issues in science and religion. How is it that
these scientists and this respected journal have

forgotten their own standards?
MARTINEZ HEWLETT

Professor Emeritus, Department of Molecular and Cellular
Biology, University of Arizona, Tucson, AZ 85721, USA.
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MARTINEZ HEWLETT HOLDS A NARROW VIEW
of what constitutes a work of science—pri-
mary research only, secondary sources cited
only in discussion of the primary research. To

LETTERS

that extent, only the type of articles that are
published in the peer-reviewed sections of
Jjournals like Science would constitute real
science, with evervthing else relegated to
mere popularization. Were this the case, of
course, it would obviate many of the greatest
waorks in the history of science, from Charles
Darwin’s The Origin of Species w0 Jared
Diamond’s Guns, Germs, and Sieel, 11 these
are not works of science. then what are they”
They are higher-order works of science—
synthesizing, integrating, and coalescing pri-
mary works of science into a unifving whole
with the goal of westing a general theory or
answening a grand question. This 15 what
Richard Dawkins has done in The God
Drelusion, addressing what has to be the grand-
est question of all—God's existence. Dawkins
synthesizes, integrates, and coalesces hun-
dreds of experiments, studies, hypotheses,
models, and theones to provide a reasoned
answer to the God question. One may disagree
with Dawkins's conclusions, but 1f that 1s
the case, then one must specify which experi-
ments, studies. hypotheses, models, and theo-
ries that he or she thinks do support the God
hypothesis. The fact that Dawkins did not cite
this or that theologian or philosopher favored
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by the reader or reviewer is not his problem.
The Gogd Defrsion 1s not intended to be a com-
prehensive scholarly monograph listing every
book and article ever written on the subject.
For a science book written for a general audi-
ence, The God Delusion provides more than
enough references to primary sources to pro-
vide most readers with the terms of the debate
and the best arguments on both sides.

Yes, Dawkins has an agenda. a thesis, a
point he wants to make. But that is another
characteristic of great works of science, as
Darwin himsell noted in response to a crn-
tique he received that The Origin of Species
was too theoretical and that he should have
just let the facts speak for themselves:
“About thirty vears ago there was much
talk that geologists ought only to observe
and not theorize, and | well remember
someone sayving that at this rate a man
might as well gointo a gravel-pit and count
the pebbles and describe the colours. How
odd it 15 that anyone should not see that all
observation must be for or against some
view ifit 1% o be of any service!™ (/). 1 call
this Darwin’s Dictum (2)—all observation
must be for or against some view if it s o

be ol any service—and Dawkins has fol-
lowed it to the lewer,

Finally. the Fact that Dawkins writes so
clearly and cleverly, with Iiterary style, wit,
and humor, elevates this work of science o a
higher plane of Iiterature. Those who bewail
popular science writing typically have
no idea how o do it, and if they tried, they
would discover that it is actually much
harder than technical science writing. To
that end, 1o the usual horizontal divide of
science writing into technical and popular
{often artficial. in any case). | would add
that there is a vertical divide of science writ-
ing: good and bad. Although no one fully
understands why books land and stay on the
New York Times bestseller list, | venture to
say that one reason The God Delusion has
been nding that wave to publishing success
for over six months at the time of writing is
that it 15 a good read,

MICHAEL SHERMER

Skeptic magazine, Altadena, CA 91001, USA
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TECHNICAL COMMENT ABSTRACTS

Comment on “The Spatial Extent of
20th-Century Warmth in the Context
of the Past 1200 Years”

Gerd Biirger

Osborn and Briffa (Reports, 10 February 2006, p. 841)
entined anomalous periods of warmth ar cold in the
MNorthern Hemisphere that were synchronous across 14 tem-
perature-sensitive proxies. However, their finding that the
spatial extent of 20th-century warming is exceptional
ignares the effect of praxy screening on the corresponding
significance levels. After appropriate correction, the signifi-
cance of the 20th-century warming anomaly disappears.
Full text at weaesciencemag. ongfcgifcontentfull316/5833/
1844a

Response To CommeNT oN “The Spatial
Extent of 20th-Century Warmth in the
Context of the Past 1200 Years™

Timothy ]. Osborn and Keith R. Briffa

Reconsidering the basis for selecting proxy records accond-
ing 1o their correlation with local temperature has no sub-
stantive influence on the statistical significance of 20th-cen-
tury warming that we reported, prowvided that the degree of
selectivity is correctly estimated, The conclusion that recent
warming is unusually widespread compared with the past
1200 years therefore remains valid.

Full text at wwwe sciencemag. orgfegicontentfull314/583 3/
1B44b
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ILLUSTRATION: PETER HOEY

SUMMER READING

= David Mitchell, Ghostwritten: A Novel in Nine Parts. Mitchell
writes meaty, intelligent. and engrossing books of nested stones
that are truly global in scope. This novel, his first, ranges from
financial scams in Hong Kong to nuclear physics in Ireland via
Mongolian shamans. The starthingly imaginative tangents he takes
should just about circumvent the wrath of anthropologists, physi-
cists, and economists. And vou can amass a small pile of other

Mitchell titles (mumberYdream, Clowd Atlas, and the
Black Swan Green) to prop up the sun-lounger.
»lan McEwan, Saturday. A fantastic writer, McEwan here provides
a brilliant portrait of a London neurosurgeon troubled by contem-
porary events in the world and traversing an exceptional day in his
middle age. The novel is tense and deeply thought-inspiring.
Forwnately, the author also has a long backlist of exceptionally
good novels to choose from.

engaging

CARDLINE ASH

* Steven D. Levitt and Stephen ). Dubner, Freakonomics: A Rogue
Economist Explores the Hidden Side of Everything. Lconomisis
have broadened their focus in recent decades. and now their inter-
ests seem unlimited. Fearlessly plunging into a stimulating array of
diverse topics—Irom why drug dealers live with their mothers to
how schoolteachers cheat—the authors come up with startling con-
clusions, and their methods may affect how you think about more
subjects than you might have imagined.
» V. Kasturi Rangan, John A. Quelch, Gustavo Herrero, and Brooke
Barton, Eds., Business Solutions for the Global Poor: Creating
Social and Economic Value, From reliance on international aid to a
reverence for what East Asian countries have accomplished on their
W, dl!il;.‘l.]."iﬁjﬂ]l‘.\'u HI- Si!lltlll'll'i.‘i t'ur overconung FE‘H.'IJTl:\' |‘]:I";'L‘ E'I.}\'I...'Tl.’-l'.[
a wide range of wpics. But surprisingly. even within the “free mar-
kets™ paradigm, there has been little emphasis on what business can
do for the four-billion-plus poor living on less than $3 per day. This
edited volume strives to fill that gap.

~DAVID BLOOM (HARVARD UNIVERSITY)

» Jennet Conant, Tuxedo Park: A Wall Street Tycoon and the Secret
Palace of 5cience That Changed the Course of World War Il. This is a

To While Away Some Time...

WE ASKED A NUMBER OF OUR ADVISERS, REVIEWERS,
and colleagues what thought-provoking and enjoyable books
they would recommend for summer reading. We suggested
that the books have some link (however tenuous) to science,
but that they could be factual or fiction, And while admitting
a bias toward titles from recent years, we agreed not to
ignore older classics, Here is a selection from the results of our
queries, along with brief explanations for each recommenda-
tion. We hope that you will find something on the list to reward
you for a few hours of reading while reclining on a beach, settled
in for a long flight, or lazing in a hammaock. If you wish to rest
your eyes as well, several of the titles on the list are available as
audiobooks. And if you find yourself reading some other book this

summer that you can't put down, we would like to hear from you.

—~Barbara Jasny and Sherman Suter

ereat mix of history and gossip, Conant describes many fascinating
figures. and she depicts a time when science was done ina very
different way,

~JOHN BRAUMAN (STANFORD UNIVERSITY)

» Jim Endershy, A Guinea Pig's Histary of Biology: The Plants and
Animals Who Taught Us the Facts of Life. The conceit of this engag-
ing book is w tell how biologists have come o understand heredity
from the point of view of some of the plants and animals that have
been its central subjects. From observations made in the stable and
the greenhouse—of Arabian mares and passionflowers—Endersby
in effect traces the development of a model organisms approach to
biology in the modern laboratory. culminating in chapters on
zebrafish and Arabidopsis, More tru by a |'L|.k.'lnr3. of genetics than a
history of biology, the book 15 illuminating and entertaining
throughout.
» Janet Browne, Charles Darwin: Voyaging and Charles Darwin: The
Power of Place. What better way to prepare for the coming sesquicen-
tennial of the publication of Cw thie Chigin of Species than by reading
an award-winning biography of Darwin? Drawing on the wealth of
documents in Darwin's correspondence and papers, Browne offers a
sympathetic portrait and new insights into the complex man and his
pathbreaking contributions, The first volume focuses on Darwin’s
expedition on the Beagle, depicting a scientist in formation: the sec-
ond begins with his receipt of Alfred Russel Wallaces manusenipt and
analyzes the emengence of Darwin as a public evolutionist,

ANGELA CREAGER (PRINCETON UNIVERSITY)

» Robert Sawyer, Frameshift. This medical thriller includes genetic
disorders, in vitro fertilization, health insurance, Meandertal
genomics, Nazl war criminals, and a love story between researchers
occurring in the near future at UC Berkeley. Perhaps not the
author’s best, but an exciting read that could be a movie with
Adrien Brody and Sandra Bullock.

» James Surowiecki, The Wisdom of Crowds; Malcolm Gladwell,
Blink. For contrast and contradiction in popular science, try reading
these two bestsellers back to back. Gladwell argues that vour per-
sonal “expert”™ intuition is right most of the time (but not always).
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Surowieck i discusses how a good group can be smarter than any
individual, including experts. (But what allows a group to be
wise?) Both of these interesting, but fast and light, books can start
engaging conversations with your traveling companions.

—BRIAN H. DAVISON (OAK RIDGE NATIONAL LABORATORY)

» Michael Pollan, The Botany of Desire: A Plant's-Eye View of the
World. We often read of how humans have selected desired features
in certain plants, but here Pollan looks at how plants have changed
us. He explores four examples—apples, tulips, marijuana, and
potatoes—each of which raises a completely different set of inter-
esting questions (e.g.. 1s genelic engineering justified?) that can be
discussed with scientists as well as nonscientists. [ often recom-
mend this book for biology classes for nonmajors because it is both
an easy read and very informative,

~VICKI FUNK (SMITHSONIAN INSTITUTION)

» Richard Dawkins, The Ancestor’s Tale: A Pilgrimage to the Dawn of
Life. Dawkins provides a fascinating look at evolution and how our
genome evolved. Starting with our closest relatives (Neandertals and
nonhuman primates ). he proceeds back through time along our phylo-
genetic ree w microbes. His enticing tales about each branch are orga-
nized in story-like chapters. so you can put the book down and easily
pick it up again, —~RDGER GLASS (NATIOMAL INSTITUTES OF HEALTH)

» Rose Tremain, The Colour. The color is gold. and Tremain has
written a wonderful novel around the search for gold on the western
shores of South Island New Zealand in the late 18005, Farming gets
forootten once news of gold arrves, despite the hardships of cross-
ing the Southern Alps and the grim reality of prospecting with
thousands of others,
» Amartya Sen, Identity and Vielence: The lllusion of Destiny. It is
difficult not to respond just to the title, given present tensions and
conflicts. In this profound and engagingly written book. Sen argues
that conflict and violence are sustained by the illusion that we all
have unique identities, that the world is divided between religions
or civilizations, By looking at the other identities we all have, we
can develop a better understanding of human freedom. and hence
the basis for a more peaceful global society. There is a lightness of
touch and much to admire in this analysis of race, identity and con-
flict. It deserves o be widely read.

~CHRIS HAWKESWORTH (UNIVERSITY OF BRISTOL)

* Charles Darwin, Voyage of the Beagle. Adventure travel writing at
its best, with a steady mix of natural history observations and thought-
ful musings. It really is as good of a read as everyone says it is.

* Norman F. Cantor, In the Wake of the Plague: The Black Death
and the World It Made. A somewhat different view of how infec-
tious disease rewrote the roval alliances and political landscape of

Europe. Cantor follows the story beyond the Black Death w
include global climate change, anthrax, and genetic precursors for
susceptibility to modern-day HIV.

~PAM HINES

» Robert Sapolsky, A Primate’s Memoir: A Neuroscientist's
Unconventional Life Among the Baboons. When Sapolsky was 21,
he joined a troop of baboons in the Serengeti in order to study
stress-related disease and behavior among them. His often-humorous
account of his field studies paints an engaging and touching story
of a very inexperienced student dropped into an environment
extraordinarily different from his native New York. The moment-
-moment deseription of taking blood samples from baboons
(“darting”) is notously funny. He offers fascinating insights about
the social interactions of nonhuman primates as well as his own
interactions with Masai, officials, and other scientists.
» China Mieville, Perdido 5treet Station. This is a work of fantasy,
but dont think of the genre vou abandoned as a teenager. The author
has created an intricate, richly textured—and sometimes horrtying—
technologically arcane city, which we learn about by following his
protagenist, a scientist. There are sculptures made from the secretions
of an insect life-form, genetic and mechanical engineenng of various
kinds and states of independent life, and a predator that lives on the
dreams of other creatures, Miéville has degrees in social anthropology
and international relations, The book reflects his appreciation of the
complexities of different groups living and working together.
-BARBARA JASNY

» Charles Mann, 1491; New Revelations of the Americas Before
Columbus. The popular image ol the pre-Columbian Americas as
pristine forests with native tribes living lightly on the land needs
rethinking. In his survey of recent archaeological. anthropological.
and paleoenvironmental research, Mann argues that in the centuries
before Columbus’s arrival large populations of humans inhabited
the Americas and had a more profound impact on the land than we
have realized. His engaging synthesis is well referenced and often
convineing—and, unexpectedly, very hard to put down.

~KATRINA KELNER

» Allegra Goodman, Intuition. Goodman has created an engrossing and
mostly plausible narrative about possible research misconduct in an

intense laboratory setting. The characters are well etched, and her depic-
tion of their evolving relationships as charges, detenses, and counter- >
charges flow is convincing. Readers of Science will recognize certain g
characters who are modeled closely enough on players in widely known E
cases o encourage identification—and partisanship may follow, as 5
one’s feelings about (say) Stewart and Feder, the Whitehead, or Big 5
John Dingell come to the surface. Better to avoid that temptation and g
nstead enjoy the inner workings of this good story. <~DONALD KENNEDY 2




* Paul de Kruif, Microbe Hunters; Hans Zinsser, Rats, Lice, and
History; Sinclair Lewis, Arrowsmith. The first is an old classic but
still a gripping detective story on the great early microbiologists, Fun
reading even for the layman. The second, although longer, has the
historical gravitas, so you see how the world is changed by research.
It's also well wnitten. Lewis’s novel, very light reading, tells the story
of the heros choice between medicine and research as a career,
~DANIEL KOSHLAND (UNIVERSITY OF CALIFORNIA, BERKELEY)

* Malcolm Gladwell, Blink: The Power of Thinking Without
Thinking. Gladwell argues for the advantages of going with first
impressions, Although the book is found on the business shelf in
airport bookstores, | was amazed that the stories and examples
were from the sciences. [tis a really good airplane read.

~SHIRLEY MALCOM (AAAS)

» Mark Edwards and Lloyd Timberlake, Hard Rain: Our Headlong
Collision with Nature. As we move to address problems of climate
change. deteriorating ecosystem services, and other environmenal
issues, we need a blend of clear thought and compelling motiva-
tion: head and heart. Edwards and Timberlake have made an excep-
tionally compelling contribution to the second category. They take
the lyrics of Bob Dylan’s prescient A Hard Rain’s A-Gonna Fall”
and—phrase by phrase—attach appropnate photographs of excep-
tional power to each. The images have a visceral impact.
» Lee Smolin, The Trouble with Physics: The Rise of String Theory,
the Fall of a Science, and What Comes Next. Smolin gives an
admirably clear vet rigorous account of our quest to understand
the fundamental forces of physics. from the early days of quan-
tum mechanics, through the successes of quantum electrodynam-
1cs, to today’s continuing search for a grand unified theory “of
everything.” Often misrepresented as simply a swingeing attack
on the evangelistic string theory community—which it is—the
book 1s much more than that. [ particularly liked the concluding
chapters discussing how a half-century of notable growth in the
numbers of researchers has, in effect, greatly increased the ratio
of people to problems. with consequent changes in the sociology
of this community.

~ROBERT MAY (UNIVERSITY OF OXFORD)

» Nancy Burnett and Brad Matsen, The Shape of Life. The compan-
1on to an award-winning PBS series, this lavishly illustrated book
does not sacrifice the content of the series while still conforming to
the vagaries of my leisure time. The authors explore the body plans
and lifestyles of eight phyla. They begin with the “animal Eve™
(sponges) and end with the most advanced animals (the chordates),
describing along the way how each form has been superbly
maiched o function. The book draws from marine biology, paleon-
tology. evolutionary biology, ecology, genetics. and natural history
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to tell interesting stories about a rogue’s galley of animals that fas-
cinate and amaze—and certainly enrich any beach sojourn.
~MARCIA K. MCNUTT (MOMTEREY BAY AQUARIUM RESEARCH INSTITUTE)

» William Boyd, Brazzaville Beach. Primatologists have a reputa-
tion for discord, but in this novel set in central Africa, friction
among scientists is just one of many levels of conflict. The
researchers disagree—violently—over whether the chimp colonies
they are studying are models of cooperation or riven by violence.
The background 1s an mterminable and bloody civil war. The pro-
tagonist, voung researcher Hope Clearwater, is escaping from a
marriage blighted by mental illness and infidelity. Bovd weaves
these themes together i a story that 1s part discourse on the roats
of contlict, part thriller, and wholly entertaining.
» Kazuo Ishiguro, Never Let Me Go. There's something odd about
the exclusive school that Kathy and her friends attended
England. But as Kathy. now in her early thirties. tells their story, the
reader slowly realizes what it is that sets these kids apart. Science
fiction set in current times. the novel explores a morally repugnant
use of seience and the society that condones it. In his understated
but beauti ful prose, Ishiguro imbues this ultimately chilling tale
with warmth and understanding.

~COLIN NORMAN

» Randolph M. Nesse and George C. Williams, Why We Get Sick:
The New Science of Darwinian Medicine. This sumulating book
should interest everyone. According to the authors. you gain as a
patient if yvour doctor explains the evolutionary roots of vour dis-
ease. That understanding takes the patient away from the reaction
“Why me?"” By looking at our evolutionary history and changes in
modern lifestyles, we all may gain a better understanding of our
condition. be it health or disease.

—HELGA NOWOTNY (EUROPEAN RESEARCH COUNCIL)

* Bill Bryson, A Short History of Nearly Everything. This rather
remarkable book surveys scientific discoveries from the dawn of
the universe to human evolution. Bryson is a nonscientist. and vet
he shamed me when [ found how little | knew about important top-
ics outside my own field.

~]OHN PENDRY (IMPERIAL COLLEGE)

* D. T. Max, The Family That Couldn't Sleep: A Medical Mystery.
Max interweaves histories of the desperate struggles of an ltalian
family with fatal familial insomnia and the rise of prion diseases—
scrapie in English sheep and kuru in the Fore of Papua New
Guinea. He presents a Nobelist as a self=confessed “pedagogic
pedophiliac pediatrician,” the bitter jealousies and pettiness of cut-
ting-edge research. and the tearing up of biological dogma. Maxs
detective story gradually reveals that, against all expectations, each

—
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disease is caused by a nonliving infectious agent—protein.
~GUY RIDDIHOUGH

» Kim Todd, Chrysalis: Maria Sibylla Merian and the Secrets of
Metamorphosis. Todd tells the story of a | 7th-century naturalist
and scientific illustrator who studied plants and insects. At the age
of 52, with her 20-year-old daughter. Merian journeyed to Surinam
o investigate butterfly development. This biography offers fasci-
nating reading about a little-known, independent woman,

~VERA RUBIN (CARNEGIE INSTITUTION OF WASHINGTON)

» Jeffrey Russell, Inventing the Flat Earth: Columbus and Modern
Historians. There is a widely believed notion that in the “dark ages”
and before Columbus, people believed the Earth was flat, but
Russell shows that this is a modernist myth about the past. His con-
cise account includes much on map making, ancient Greek caleula-
tions of the Earth's shape and circumference, and medieval geo-
graphic knowledge.

~RICHARD SHWEDER (UNIVERSITY OF CHICAGO)

» Jonathan Lethem, Motherless Brooklyn. This novel about a detec-
tive with Tourette s syndrome demonstrates the nature of this ulti-
mate obsessive-compulsive disorder. Not only excellent literature,
it provides a profound description of the realities of living with this
disease. The detective has to touch the suspect on the shoulder six
times before arresting him and goes to White Castle for lunch so he
can eat six hamburgers. Bridging the distance between clinical and
fiction, it is also written with humaor.

~KARI STEFANSSON (DECODE GENETICS)

» Peter Heather, The Fall of the Roman Empire: A New History of
Rome and the Barbarians. This work offers a refreshing approach
to explaining why the Roman Empire declined and fell in the fourth
and fifth century CE. The many past attempts to explain these
events have often been based on pure speculation or authors” preju-
dices. Using an unsentimental and matter-of-fact approach com-
bined with numerous fresh insights from archaeology and history.

Heather comes up with novel and astonishing explanations.
—PETER STERN

» Abraham Pais, "Subtle Is the Lord”"; The Science and the Life of
Albert Einstein. A richly rewarding if challenging overview of the
highlights of Einstein’s science and yvears, Some familiarity with
early physics courses is desirable.

»James Gleick, Genius: The Life and Science of Richard Feynman.
An accessible summary of Feynman's wide-ranging technical
accomplishments, which are often lost in his more popular and
widely circulated collections.

» Michael Riordan and Lillian Hoddeson, Crystal Fire: The
Invention of the Transistor and the Birth of the Information Age. A
great read. The dynamies between Bardeen and Brattain, the inven-
tors, and Shockley, who was inspired by their accomplishments,
show an all-too-human side of science. The book also offers a tesu-
monial to Bell Telephone Laboratories in some of its finest vears.

» Harold McGee, On Food and Cooking: The Science and Lore of
the Kitchen. Rather massive for beach reading, but a wonderful
encyclopedia o sample. Every paragraph seems to have notewor-
thy, often unexpected bits about food and its transformations.

» Jonathan Weiner, The Beak of the Finch: A Story of Evolution in
OQur Time. Two decades of research in the Galapagos during the late
20th century demonstrated how rapidly evolution can oceur. An
informal. meaty, and highly readable account of observing natural
selection in “real time.” —ED WASSERMAN (DUPONT)

» Mary Roach, Stiff: The Curious Lives of Human Cadavers. By turns
thought-provoking, slightly stomach-turning, and very, very funny,
this book by Safon columnist Roach explores the many things done
with corpses in the name of medicine. science. and pseudoscience
everything from the gross anatomy lab., to forensic and crash-test sci-
ence. to medicinal cannibalism. to bizarre crucifixion experiments to
“prove” the authenticity of the Shroud of Turin. The author’s irrever-
ent and digressive style makes for a surprisingly entertaining trip.
~STEWART WILLS

» Ben Okri, The Famished Road. This tells the story of an African
spirit=child (abiku ) who has chosen o remain in the world of the liv-
ing in spite of its harshness. its injustice, and its unfulfilled longings.
Interweaving fantasy and reality, Ok writes powerfully of ill-fated
ordinary people and the ghosts who prey on them., of people caught
between tribal traditions and the forces of urbanization, of experi-
ence with punishment that is often misapplied but never escaped for
long. It is a novel of modern Africa told with a distinetive African
voice—amust read for young scientists on their way to field stations
in West Africa. ~STEVEN WOLINSKY (NORTHWESTERN UNIVERSITY)

» Roy Porter, The Greatest Benefit to Mankind: A Medical History of
Humanity. This remarkable history of medicine from antiquity to the
present includes how the Egvptians used hippopotamus in their cure for
baldness and how lemons helped Nelson defeat Napoleon. Porter shows
that the beliefs of early Christianity replaced many of those of Hippo-
cratic medicine and discusses how modern medicine has become syn-
onymous with complex networks of universities, hospitals, pharmaceu-
tical companies, and governments, Science has not eliminated Fantasies
about health, —LEWIS WOLPERT (UNIVERSITY COLLEGE, LONDON)
10.1126/5cience. 1146320

ILLUSTRATIOMN: PETER HOEY



CREDIT: SALT FOUMNDATEON

COLLABORATIONS

Empowering Green Chemists

in Ethiopia

Nigist Asfaw,'” Peter Licence,'2 Temechegn Engida,® Martyn Poliakoff2*

reen Chemistry involves the design

and use of less hazardous chemicals

and processes (/. 2). Since the early
1990s. it has become increasingly accepred
as a4 promising route o more sustainable pro-
duction of the chemicals that underpin mod-
ern society, Much of the research focuses on
the search for renewable feedstocks and
maore environmentally acceptable solvents o
replace petroleum-based products. Thus,
Green Chemistry is particularly relevant 1o
the needs of African countries such as
Ethiopia, which face an increasing demand
for chemicals, little or no indigenous oil, and
rapidly expanding populations. However,
4 years ago, the subject was unknown
in Ethiopia. Since then, a collaboration that
began as a chance meeting has substantially
increased awareness, Many Ethiopian chem-
ists now recognize Green Chemistry, and
growing interactions are enabling these sci-
entists to organize a conference on the topic
for chemusts across Afnca.

How Can Africa Compete?

In some areas of science, Africa can attract
international collaboration on the strength
of its natural resources, such as the unique

seonlogy of the Rift Valley or the fossils of

early hominids in Ethiopia. Very occasion-
ally, an African country has succeeded in
building a world-class scientific facility,
such as the Southern African Large Tele-
scope (SALT) (see figure, nght). More com-
maonly, however, scientists in Africa Find
themselves in the position of chemists in
Ethiopia—a group of enthusiastic and tal-
ented researchers striving to establish them-
selves in a world-wide arena. Scientists
across the world have been helping their
African counterparis for many vears, ofien
with great success. However, it remains cru-
cial that African scientists develop research

directions that will attract the interest of

other scientists and that they remain compet-

'Department of Chemistry, Addis Ababa University, Ethiopia,
Mhe School of Chemistry, The Unkversity of Nottingham,
Nottingham, NG7 ZRD, UK. *The Federation of African
Societies of Chemistry, Addis Ababa University, Ethiopia.

*futhars for comespondence, E-mail: nigista@dhem.aau.edu.et
(AN martyn.poliakoff@nottingham.ac uk (MP)

itive in the face of international laboratories
with much better resources.

Gireen Chemistry provides a unique oppor-
tumity for Afncan chemists because itcombines
the search for new science with the develop-
ment of sustainable chemical technologies
appropriate o the needs
of the community. There-
fore. the resources of
Afnca—intense sunlight,
unigue plant  species,
and enthusiastic young
people—provide its
chemists with scientific
opportunities that are
less readily available in
many other countries.

The opportunities are
clear, but how does one
begin to advertise them
in a country where they
are unknown?! Raising
awareness of Green
Chemistry  has been
easier than we expected. With modest fund-
ing and overseas support, a determined
group of Ethiopian scientists has estab-
lished an international presence within
only 4 vears. Perhaps this model can be
replicated elsewhere.

Ethiopian Green Chemistry: Case Study
Green Chemistry in Ethiopia began with a
meeting between Nigist Asfaw (N.A.).
g chemistry lecturer at Addis Ababa
University, and Martyn Poliakoft (M.T.). a
rescarch professor in chemistry at Not-
tingham, while M.P. was on holiday in
Ethiopia. When the meeting took place.
N.A. was about to start her independent
career and was looking for an appropriate
research theme: M. is an enthusiastic pro-
ponent of Green Chemistry (3). N.A. made a
brief visit to Nottingham later in 2003 and
obtained UK. funding for a 3-month stay
in 2004, During this stay. N.A. met many
LLK. chemists and became a member of the
Roval Society of Chemistry (RSC). She also
became intrigued by Green Chemistry.
While in Nottingham, N.A. and Pete
Licence (F.L.). then a postdoc with M.P. led
an investigation on the extraction of essen-

Expertise in astronomy. SALT is a flagship for
scientific and technological education and
development in Africa (18),

Collaborations between scientists in economi-
cally developed countries and their African
colleagues can be inspiring and productive.

tial oils from Ethiopian plants with the use
of a wide range of milder extraction tech-
nigues, including ultrasound, microwaves,
and alternative solvents. The subject of their
investigation, Ariemivia Afra, has for many
generations been a Key ingredient in a wide
variety of traditional
medicines used to treat
minor ailments rang ing
from coughs to heart
murmurs. M.A. and PL.
found that the oils ex-

milder methods  dil-
fered considerably in
composition from those
obtained through tradi-
tional hydrodistillation.
MN.A. brought these re-
sults to a major Green
Chemistry conference
in Germany in October
2004, where she joined
the European Union
COST Action D29 in Green and Sustainable
Chemistry (4 ); this made her only the fourth
African to participate in any COST activity.
The full paper (5) based on her Nottingham
work was quickly adopted as teaching mate-
rial by the New Unmiversity of Lisbon.

Now working in a new field, N.A. needed
the equipment to do these extractions in
Ethiopia. By chance, M.P. had noticed a
paper 1n his own field by Endalkachew
Sahle-Demessie, an Ethiopian  chemist
working in the United States. MLP. put
him in touch with N.A. and he generously
I:.I{'II'I.HII,.'.I:.I a4 MICrowave reactor fﬂl’ I'I\..‘r O use
in Addis Ababa.

Before leaving Nottingham, N.A. de-
cided to run a workshop to begin spread-
ing the message of Green Chemistry in
Ethiopia. She invited PL. to Addis Ababa,
and he raised independent funding to cover
the cost of the trip and to support the work-
shop in January 2005 It was a great success,
with sessions for academics. industry, and
university and high school students (4). The
topic really caught people’s imagination.
The most exciting outcome was the discov-
ery that there were indigenous chemical

processes in Ethiopia that satisfied many of
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the principles of Green Chemistry (7). For
example. the rapidly growing chemicals
company, Yitbarek Alemu Starch Chemicals
and Adhesive Industry (YASCAIL. siuated
on the outskirts of Addis Ababa, extracts
high-value performance starches from
abundant, easily cultivated regional crops,
including enset (false banana) and, most
recently, casava. Their process uses locally
produced raw materials (biomass, caustic,
and mineral acids), minimizing the cost and

“Green Chemistry in astian in *

Ethiopia.

o make-st:

de ._,-,_;||_||_”_-:| by

environmental impact of transportation of
materials (8). Furthermore, energy-inten-
sive dryving of the pure starch matenals 15
carried out using free and abundant solar
energy (see figure, above). In many applica-
tions, their products outperform potato
starch imported from overseas,

The workshop provided N.A. with sutfi-
cient material to warrant her participation in
a major conference on Green Chemistry
in Washington, D.C., where she met Paul
Anastas, Director of the Green Chemistry
Institute of the American Chemical Society
{ACS). He paved the way for N.As depart-
ment to become an External Chapter of the
Institute and to raise sufficient funds for
a second workshop in Ethiopia, In recogni-
tion of his role in the workshop, PL.
was appointed Visiting Professor at Addis
Ababa University while still a postdoc in the
United Kingdom.

M.ALS collaboration with Nottingham
and contacts within the international com-
munity were seen as an opportunity by her
colleague, Temechegn Engida (T.E.), who is
Vice President ol the Chemical Society of
Ethiopia (CSE) (9). The CSE was founded in
1982 as the outcome of a United Nations
Educational. Scientific and Cultural Orga-
mization {UNESCO sponsored workshop
in Ethiopia. It currently has more than 1200
members, and its journal, Bullerin of the
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Chemical Sociery of Echiopia, 1s one of

the oldest African chemical journals ( (7).
Although the CSE had interacted with
other learned societies, it wias too small to
approach organizations such as the RSC or
the ACS on equal footing. [t became clear
that chemists across Africa should combine
1o create a eritical mass, In 2006, T.E, wok
the lead in bringing together chemical
societies from across Africa to found
the Federation of African
 Chemistry (FASC) (/1).
= As a result of the
Nottingham connection,
RSC President Simon
Campbell traveled 1o
Addis Ababa for the
inaugural meeting
FASC, where he launch-
ed the RSCS Archive for
Adrica. This free archive
gives African chemists

used

the same instant access
to RSC journals that
their colleagues have
in developed countries
i/2). This is important
because much of the
key literature in chem-
istry 15 published by learned societies,
whose journals are bevond the financial
reach of most African scientisis,

By fall 2003. PL. had a faculty position
in Nottingham and one of N.AS students,
Hareg Tadesse, started a Ph.D. under his
supervision on a carefully chosen topic. The
department at Addis Ababa plans tosetup an
x=-ray diffractometer, and Hareg is being
trained in erystallography so that she can
return as Ethiopia’s first crystallographer,
thereby adding to the country’s scientific
skills. Hareg's second term at Nottingham
coincided with the launch of the RSC
Archive for Africa, and she was able to
express thanks on behalf of all African
chemistry students at the UK, launch cere-
mony at the Houses of Parliament ( /3),

The challenge has been to spread the
message bevond Addis Ababa University,
which has the strongest chemisiry depart-
ment in Ethiopia but 15 only one of 22 uni-
versities in the country. The problem has
been the magnitude of the funding needed
to extend beyond Addis. Fortunately, in 2006,
the British Council, a UK.
agency with a strong interest in international
development, launched a funding scheme,
Development Partnerships in Higher Edu-
cation { DelPHE), targeted at capacity build-
ing in developing countries. We were fortu-
nate o secure a grant from their Ethiopian

';.1[“-'{:“']”1 ent

Societies of

of

office, which allows us o swart engaging
chemists across the country. For example,
Bitu Birru, a chemist from Hawassa Uni-
versity, 15 now trying to functionalize
starch samples from YASCAL to make
materials for sequestering heavy metals
from polluted water.

Implications of the Ethiopian Experience

The profile of Ethiopian chemistry is rising
(/2. 14), and it is enriching the international
scientific community, Green Chemistry has
been chosen as the theme of the First Annual
FASC Congress in Addis Ababa, September
2007 (1 1). Our collaboration has been intel-
lectually rewarding for all involved, and it
has been particularly helpful in developing
the careers of the younger participants.
However, this was only possible because our
Ethiopian colleagues had already built a
strong department at thewr university.

Other learned societies should follow the
lead of the RSC (/2) and many commercial
publishers ([ 3) in giving free access to their
Journals w Alfrican scientists,

Having overseas scientists to champion
their work on the international scene has
been valuable to the chemists in Ethiopia.
We strongly urge other scientists to build
similar relationships on an individual basis

in order to articulate better the needs of

African scientists in the international arena
and to empower these scientists to meet the
tremendous challenges of the future.
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EVOLUTION

Tantalizing timeless

William Bradshaw and Christina Holzapfel

here are two great rhythms of the

biosphere: the daily cycle caused by

Earth’s rotation about s own axis and
the annual cycle of the seasons caused by
Earth’s rotation about the Sun. Plants and ani-
mals use an iternal circadian clock that 1s set
by light 1o time many daily biochemical, phys-
wlogical, and behavioral activities. and they
use the length of day (photoperiodism) to time
development. reproduction. migration. and
diapause (dormancy ) in anticipation of the
changmg seasons (see the figure) (/). A great
deal is known about the molecular basis of cir-
cadian rhythmieity, especially in the fruit Ty
Drosophila melanogasier (2). but the molecu-
lar basis of photoperiodic timing of seasonal
activities remains largely unknown in animals
(J-f1). On pages 1895 (7) and 1898 (5) ol this
issue. Kyriacou and colleagues have shed light
on a decades-old controversy rooted i the
arcument that the ubiquitous circadian clock
must provide the underlying mechanism for
the seasonal photoperiodic timer (9). This
argument is both intuitive and parsimonious,
However, in a senes of elegant experiments,
Kyriacou and colleagues show that, in fact, the
daly clock and the seasonal nmer are geneti-
cally distinct processes in [ melanogasier,
A turther interesting twist 15 that a crucial
circadian clock gene. rimefess. affects the
incidence of a seasonal event—diapause
but does so without invelving the photo-
penodic timer,

Tauber ¢f al. have found that European D
mielanogaster are photoperiodic For the initia-
ton of diapause (7). In accord with other
arthropods ( /), the incidence of diapause in
these flies—that is, the frequency with which
dormaney occurs in a population of flies—is
high when the length of day 15 short; ncidence
of diapause decreases with increasing day
length. The authors also found that the inci-
dence of diapause i1s positively correlated with
latitude. Thus, in northern Europe. the mei-
dence of diapause 15 hizgher than in southern
Europe. Kyriacou and colleagues identified
two naturally segregating alleles of timeless, a
central circadian clock gene in Drosaphila.
One is a new allele that originated 8000
to 10,000 years ago during the postglacial
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Earth’s orbit

R

Summer solstice

The circadian clock requlating daily activities
is distinct from the photoperiodic timer that
requlates seasonal activities in Drosophila
melanogaster,

/ Winter solstice

Autumnal eguinox

Daily and seasonal cycles on Earth. The timing of daily physiological processes in plants and animals is
requlated by the internal circadian clock that i set by dawn and dusk transitions as Earth rotates about its
axis. The timing of seasonal development, reproduction, migration, and dormancy are regulated by long and
short days (photoperiodism) that signal seasonal changes as Earth rotates about the Sun. Of interest is
whether or not there is a genetic connection between the drcadian clock and the photoperiodic imer and il
they evolve independently aver the vast climatic gradients of Earth.

mvasion of Burope by 2 melanogaster.
Ancestrally, timeless was represented by the
single allele, s-rim, which codes for S-TIM, a
short form of the TIMELESS protein. The
other naturally segregating allele, fv-rim, codes
both for ancestral S-TIM and for L-TIM. a
long form ol TIMELESS. Unlike mutations
that are induced in laboratory stock colomes,
this polymorphism at the timeless locus repre-
SENLS 8 spontangous, \Il]j._']l.‘-l'll.l't.']l."-"ﬂtll.' muti-
tion in natural populations that has been main-
tained by selection. Sandrelli er af. show that
relative to ancestral S-TIM. the denved L-TIM
binds more tightly with the circadian photore-
ceptor CRYPTOCHROME and thereby atten-
uates the photosensitivity of the circadian
clock (N). The question then remains as to
whether allelic variation in tinefess affects the
photoperiodic imer.

Tauber er al. noted that at any given pho-
toperiod, the incidence of diapause n s-rim
flies is higher in a northern population
{ Netherlands) than m two southern popula-
tions { Naly ), Also, at all latitudes, the incidence
of diapause 15 higher i fs-rim thes compared
to s-rim fhes. As the authors point out, this pat-
tern is consistent with an adaptive advantage
that the fs-rim allele imparts in the highly sea-
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sonal European clhimate, However, there 15 no
significant effect of an mteraction between
photoperiod and the different rimeless alleles
on the incidence of diapause. either in natural
populations or in genetically ransformed ies.
Photoperiod and rimefess exert their influence
on diapause independently, both within and
between populations, Theretore, meless in
European I}, melanogaster serves two func-
tions: It plays a central role in the circadian
clock and, ancillary to its clock function, it
affects the incidence of diapause directly, with-
out going through the photoperiodic imer.

A similar conclusion follows from studies
on period, another central circadian clock
eene. Muant Mies that lack period have a dys-
functional circadian clock but remain pho-

toperiodic (/1) and maintain eyeling levels of

TIMELESS protein (/2, 13). In wild-type
flies, simeless is ranseribed and translated
rhythmically. TIMELESS protein binds to
the circadian photoreceptor protein CRYP-
TOCHROME. and in the presence of light,
TIMELESS is then degraded (2). In mutamt
flies that lack periad, timeless continues to be
transcribed and translated into TIMELESS
protein, but the TIMELESS protein still binds
0 CRYPTOCHROME and 1s degraded in the
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lighti {2, 13). Consequently, in normal cyveles
of day and mght. TIMELESS could theoreti-
cally convey day-length information. even in
flies with a dysfunctional circadian clock.
Kyriacou and colleagues’ results show that
this tantalizing possibility 1s highly unlikely in
natural populations of European Dvosophila
because they find no significant timeless
genotype = photoperiod interaction in the
induction of reproductive diapause. Both nat-
urally segregating alleles at the rimeless locus,
as well as induced mutations at the period
locus, indicate that the circadian clock that
regulates daily activities and the photopen-
odic timer that controls seasonal activities in
D melanogaster are distinet molecular and
physiological processes.

The distinetion between the daily circa-
dian clock and the seasonal photoperiodic
timer is impornant because a wide variety of
animals, from rotifers to rodents, use day
length to ume their seasonal life-history
events, As seasonality changes with geogra-
phy. o also does response to day length ( /11).
Evolution of photoperiodism therefore con-
stitutes the major adaptation of animal popu-
lations when dispersing in temperate and

polar regions or when confronting the grow-
ing challenge of rapid climate change ( /4).
Had there been a causal connection between
the circadian clock and the photoperiodic
timer. then understanding the biochemical
and molecular mechanisms of circadian
rhythmicity would have provided insight into
the biochemical and molecular mechanisms
underlying seasonal adaptations along
geographical climatie gradients, as well as
insights into regional solutions w rapid chi-
mate change,

The search for understanding the photope-
riodic timer by exhaustive studies of specific
circadian ¢lock genes has shown little prom-
1se. As in the case of Kyriacou and his col-
leagues, we have learned a great deal more
about circadian genes themselves, but the
genetic mechanisms underlying photopen-
odic response remain elusive. Future searches
for the mechanistic basis of photoperiodism
and 115 evolution should theretore focus on
approaches such as fine-scale mapping of
renes on chromosomes or microarrays show-
ing differential gene expression that are unbi-
ased by the assumption of a causal connection
with the circadian clock.
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ASTRONOMY

Inside a Cosmic Train Wreck

Paolo Coppi

hen voung galaxies crash into each
other, the result 1s often not a pretty
sight. The violent gravitational
forces of the encounter rip apart the beautiful
galactic spiral arms, and gas and stars shoot
out into intergalactic space at high velocity
(see the figure). Yet we are only realizing now
that the most important result of such an
encounter is often not visible to us atall,
Much of the gas in the collision 15 not
flung out but instead cools quickly, collapsing
to the center of the system. Eventually tens of
billions of solar masses of gas can pile up into
a region only a few hundred light-vears
across. The gas becomes so dense that it
blocks most light and so compact that stan-
dard ground-based telescopes cannot resolve
the details of the collapse due to blurring by
Carth’s atmosphere. The same density and
compactness that make the gas collapse so
hard to study observationally also make it
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hard o study theoretically. Two papers in this
issue begin to Lift the veil on this unexplored
central region. On page 1877, Max er al. (/)
report an advance in ground-based imaging
that permits us to directly observe black holes
in the densest areas of the collapse, and on
page 18374, Mayer er al. (2) present high-res-
olution simulations showing how black holes
in the colliding galaxies follow and respond
io the collapsing gas.

To penetrate the dense gas, Max et al. used
a detector operating at infrared wavelengihs,
To achieve high spatial resolution, they used
an adaptive optics techmgue in which the
shape of the welescope mirror is modified in
real time to compensate for jittering of the
image due to atmospheric turbulence. This
combination enables Max ef al. to present one
of the highest-resolution observations yet of
the central, “nuclear” region of the NGC 6240
calaxy merger, mapping out its distribution of
stellar light and unambiguously reconciling
the different estimates for the positions of the
two supermassive black holes that hurk there.

Mayer er af. present complementary theo-

VOL 316 SCIENCE

Complementary experiments and calculations
reveal how black holes behave in the opagque
central region of a galactic collision.

retical calculations that are some of the most
realistic to date of the gas distribution at the
center of a merger. Although several impor-
tant physical etfects. in particular the “feed-
back™ of energy from the luminous central
stars and black holes back into the collapsing
gas. ultimately require better modeling. the
aleulation already seems accurate enough to
resolve a long-standing puzele: Rather than
wander forever around the center of the
merger, two black holes in a system like
NGC 6240 should quickly merge 1o emit a
potentially detectable blast of gravitational
wive radiation.

Why is so much effort going into under-
standing what happens when gas-rich galax-
ies, and in particular massive ones, collide?
Comparison of data from experiments such as
the Wilkinson Microwave Anisotropy Probe,
which tells us what primordial density fluctu-
ations looked like, to data from galaxy surveys
like the Sloan Digital Sky Survey. which tells
us what those density fluctuations have
evolved into wday, strongly suggests that we
live in a universe where the matter density Is
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dominated by unknown massive particles
that mteract only gravitanonally (“cold dark

matter”), L.e. one where today’s galaxies

assembled hierarchically, from mergers of

smaller zalaxies i 3),

This, however, does not tell us how menz-
ers are important. A cosmological galaxy for-
dlion must II'II..'!lILlL‘ nol jll:‘-l Llav-

mation calceu

ity but eftects such as the run-away co
zas due to cooling, the production of stars
when the gzas reaches nuclear burning densi-
ties, and the “feedback™ of those stars as they
heat surrounding gas, preventing its collapse
and the further production of stars. However,
following a large gas-rich system like NGC
6240 down to the small scales needed to track
star formation and its feedback is in fact

extremely challenging—a reason why a cal-

Galaxy collision. Sequence of phases during the merger of two galax-
ies containing supermassive black holes (only the gas is shown), Max
et af. have used adaptive optics to pinpoint the locations of the black
holes in the NGC 6240 merger. (Inset) The simulations of Mayer ef al.
suggest that the black holes should coalesce rapidly and emit a burst
of potentially detectable gravitational radiation.

lapse of

Clencemag.org

culaton such as that of Mayer er al. represents
an important milestone.

Detailed observations of nearby galaxies,
the only kind we could carry out until recently.
identified two main modes of star formation:
powerful and rapid “starbursts” caused by
NGC 6240-like colhisions and the much less
dramatic but quasi-steady formation seen in
the disk of our Galaxy. Because objects hke
NG 6240 are rare today, one might speculate
that most stars form “quietly™ in disks. The
larger, so-called elliptical galaxies, which do
not contain much gas. then come from late-
time mergers of smaller disk-dominated
galaxies that have turned their zas into stars,
Mergers play a minor role. mainly gravitation-
ally scrambling already-made stars, While

elegant, this story seems wrong,

With the launches of sensi-
tive infrared satellites such as
Spitzer and the Infrared Space
Observatory and the installa-
tion of adaptive optics and
mfrared detectors on large tele-
scopes such as Keck, the Very
Large Telescope, and Gemini,
we can [nally begin to find and
study protogalaxies and their
including  heavily
obscured syvstems such as NGC
6240, It now appears that
objects like NGC 6240 are
much more common at early
times and may be the true pro-
gemtors of today’s elliptical
ealaxies, the objects that con-
tain most of the stars in the
nearby universe. Recent

METECTS,

large-scale cosmological
simulations  [e.g.. (4)]
support  the that
substantial star formation
DUCUTs I.‘-ill'|:~' on I a star-
burst mode, and in fact
identify an  intriguing
new problem for us.

Todays elliptical calaxies
are “red and dead™ because they
contain predominantly old (red)
stars and are not forming new

VIEW

the elliptical progenitors also
appear to be “red and dead” (5).
Linless we mvoke a new mecha-
nism that rapidly and perma-
nently stops star formation, the
most massive objects in simu-
lations twrm out to be too mas-
sive and never sufficiently red
and dead. Including feedback
from a supermassive black

SCIENCE VOL 316

ones, Very surprisingly, some of
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hole may be the kev (). Observations with x-
rays, which (like infrared radiation) can pene-
trate obscuring gas, confirm the existence of a
new population of accereting black holes (7).
many of them highly obscured—the close pair
found by the Chandra satellite in NGC 6240
being a prime example. Infrared observations
show that many of these new black holes reside
in systems undergoing massive star formation.
This plus the surprising discovery that every
nearby ellhiptical galaxy contams a black hole
with a mass propontional to that of the galaxy
i) strongly hints that rapid star formation and
rapid black-hole feeding and growth are both
inevitable and closely connected conse-
quences of a cosmic train wreck like NGC
6240 where gas is gravitationally squeezed
into a very small volume. Future progress in
understanding feedback effects and how the
galaxies we see today ultimately formed may
thus depend crucially on unraveling what hap-
pens in this volume, e.g.. by a careful compar-
ison of imcreasingly hig

1 spatial resolution
observations such as of those of Max ¢r af. o
comparably high spatial resolution simulatons
such as those of Mayer er al.

Here the future looks bright. Computing
and adaptive optics performance continue to
improve, and we will be acquiring qualita-
tively new observing capabilities. OF particu-
lar interest is the Atacama Large Millimeter
Array. This powerful telescope system. com-
ing online in a few years, will provide angular
resolution comparable to that of current near-
and mud-infrared adaptive optics systems, but
at much longer wavelengths (~ 100 pm) where
the collapsing gas emits and diffraction eftects
severely limit the angular resolution of tele-
scopes hike Spiteer.,

On a somewhat longer time frame, the
launch of the Laser Inmerferometer Space
Antenna (LISA) in 2015 may provide fresh

data on galaxy mergers and the growth of
supermassive black holes via the detection of

eravitational radiation from black-hole merng-
ers. [ most massive galaxies host black-holes,
then the collision of two such galaxies creates

a system with two black holes. as m the case of

NGC 6240, The key for LISA is what happens
next. Earlier simulations that only treated the
black holes™ interactions with stars (9) indi-
cated that the two black holes may scatter mway
all the angular momentum-robbing stars,
never getting close enough to merge and pro-
duce a LISA signal. In this case, today’s mas-
sive galaxies should contaun bimary black holes
at their centers,

Yet very few such binaries have been
found. One explanation, supported by the
work of Mayer er al., 15 that a binary ofien
finds itself embedded in gas, which is both
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more effective at absorbing a binary’s angular
momentum and harder to remove than stars.
The binary separation therefore keeps shrink-
ing and the black holes merge rapidly, produe-
ing a prompt LISA signal. Such mergers
would be detectable by LISA out to very large
distances and thus early times in the universe’s
history, LISA is also most sensitive to merzers
involving smaller black holes. so the mission
could provide key information on the early
growth of supermassive black holes, currently
a topic of considerable speculation (/). Do
black holes grow by gradual aceretion onto

many small “seed” black holes that eventually
merge, or do they grow in one burst of massive
aceretion when a collision like that in NGC
6240 oceurs? If the former, LISA should
detect many events, but the prediction hinges
on our rapidly evolving knowledge of what
happens when galaxies crash together.
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GENETICS

Evolutionary Insights from Sponges

Michael W. Taylor, Robert W. Thacker, Ute Hentschel

ponges ( phylum Porifera) are among
the most ancient of the multicellular
animals, or Metazoa, with a fossil
record dating back at least 580 million years
{ /). Found both in marine and freshwater
environments, they filter-feed by pumping
water through their bodies. which ¢an contain
aremarkable number of microbial symbionts,
Sponges lack many of the charactensues typ-
ical of animals, but recent genomic studies—
including the report by Jackson et al. on page
1893 of this issue (2)—have shown that they
possess many major metazoan gene families,
Sponges are thus invaluable systems for
studying the evolution of metazoans and their
interactions with microorganisms. Further-
more, their highly stable skeletons are of
interest to materials scientists,
Biomineralization is an important feature
of metazoan life. Amimals including verte-
brates, inseets, mollusks, and sponges use
minertls [suchas calcium carbonate. iron. and
silica] to form skeletal structures such
as bones, seashells, and coral reefs (3). Bio-
calcification arose among many metazoan
lineages during the “Cambran explosion.”
between 330 and 520 million years ago,
when the ancestors of today’s animals first
appeared in the fossil record. Did these line-
ages share the same gene(s) for biocaleitica-
tion, or did multiple independent evolutionary
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events give rise to the ability
to biocalcity? Recent studies,
including that by Jackson er al.,
are beginning to provide an
answer to this question.

Jackson er al. use the Indo-
Pacific sponge Astmsclens wil-
levana to show that the last
common ancestor of the meta-
zoans possessed a precursor
the o-carbonic anhydrases.
This gene family is used by
animals today in a range of
processes including 1on trans-
port, pH regulation, and bio-
mineralization (). By integrat-
ing molecular techniques rang-
ing from protein sequencing o
vene expression, the authors
identified a group of closely
related o-carbonic anhydrase
sequences inA. willevana, These
sequences are similar 1o those
recovered from a whole-genome
project on another sponge, Amphimedon
gueenstandica (3). Together. the sponge
te-carbonic anhydrases form a sister group o
those of all other metazoans.

Jackson ef al. confirm that at least
one of the proteins from A. willevana—the
Astroselenn-3 enzyme—possesses o-car-
bonic anhydrase activity. Expression of this
protein in Escherichia coli yvielded activity
comparable to that of'a highly active bovine o-
carbonic anhydrase. Furthermore. the A. wil-
levana genes coding for these anhydrases
were only expressed in the outer portion of the
sponge, where the calcareous skeleton 15 first

VOL 316 SCIENCE

Sponges, an ancient phylum, are providing
insights into how amimals evalved.

Never alone. The Caribbean sponge Aplvsina fistularis contains
high numbers of microbial symbionts. Genomic studies such as that
reporied by Jackson et ol are shedding light on how sponges and their
symbionts may have evolved and how they relate to the earliest ances-
tors of today’s animals.

deposited. Collectively, these data indicate
that the o-carbonic anhydrase gene family
originated from a single ancesiral gene. This
gene subsequently underwent multiple inde-
pendent gene-duplication events in other
sponges and cumetazoans, yvielding the strik-
ing structural complexity and diversity we see
today among biocaleifying animals,

Many sponges produce siliceous spicules

instead of (or in addition 1o, as in the case of

A. willevana) a calcium carbonate skeleton.
The molecular processes underlying biosili-
cification are becoming increasingly well
understood (6} and may Find applications in
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biotechnology. The “glass sponges,” with
skeletons made of four- and/or six-pointed
siliceous spicules, are already under scrutiny
from matenials scientists because of their
mechanical properties (7). For example. the
skeleton of the deep-sea glass sponge
Euplectefla aspergilliom contains laminated
structures, Nber-reinforced composites, and
bundled beams, explaining its high mechani-
cal stability { 7). These examples of nature’s
ingenuity could serve as blueprinis for engi-
neered matenals.

In addition to their evolutionary signifi-
cance, sponges are also notable for their int-
mate symbioses with microorganisms. Dense
and diverse communities of microbial sym-
bionts can constitute almost half of the total
sponge volume, contributing appreciably to
the host’s metabolism and biochemical reper-
toire (Y). A. willevana, the Caribbean sponge
Aplvsina fistularis (see the figure), and many
other sponges host substantial microbial com-
munities, Many symbionts are specific o par-
ticular sponges (4. ¥). and these associations
are maintaimed by the transmission of syme-
bionts through sponge eges and larvae (/). It
thus seems likely that symbiotic microorgan-
1sms contributed to the evolutionary success
of their ancient hosts. The inferred presence in
the ancestral metazoan of various cell recep-
tors, an innate immunity system, and an extra-

cellular matrix ( £4. 12v—all of which con-
tribute to the recognition ofmicrobes by ahost
organism—suggest that the genetic infra-
structure necessary for establishing microbial
symbioses was present in the earliest sponges.

Genomic studies of sponge symbionts
reached new heights with the completion
last year of the genome sequence of the un-
cultivated, sponge-associated archaeon Cenar-
chaeum svmbioswm (13). The C. svmbioswm
genome coniains many genes coding for
microbial cell surface and defense mecha-
nisms. A bioinformatic comparison with
marine metagenome data pinpointed those
(putatively  symbiosis-related) genes that
appear o be absent from closely related, free-
living archaea. Cellular recognition between
parimers is a critical component of symbiosis,
and the ability of microbial symbionts w thrve
in sponge tissues alongside phagocytic sponge
cells may be linked o microbial cell surface
characteristics (13). Although they may have
addinonal, wider funcuions in metweoan devel-
opment, adhesion-related proteins of the
tvpes encoded in the genome of the sponge
Oscarelfa carmela (such as ankyrin and
plexin) { 12) are also involved in the rhizobium-
legume { /4) und Fibrio-squid { 1 5) symbioses,

Recent studies of ancient taxa like sponges
have traced many animal genes back to the
carliest metazoan, As exemplified by Jackson

PERSPECTIVES

et al., these gene families subsequently diver-
sified in divergent amimal groups. Ongoing
investigations of sponge and symbiont
{meta)genomics should reveal how these
genes have influenced the formation of com-
plex skeletons, as well as symbioses between
metazoans and microbes,
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AIDS/HIV

A Reversal of Fortune in

HIV-1 Integration

Alan Engelman

retrovirus like HIV-1 must insert

itself into the genome of an infected

host cell to accomplish two things.
Onee integrated. viral DNA (known as the
provirus) can be expressed and, importantly,
the viral genome can be replicated and inher-
ited upon host cell division, Consequently,
the virus becomes inextricably linked to the
host, making it virtually impossible to “cure”
ALDS patents of their HIV-1 infection. On
page 1912 of this issue, Sarkar et al. (/) con-
struct an enzyme (recombinase) that can
effectively excise integrated HIV-1 DNA
from cultured, infected human cells. The
results raise the possibility that customized
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enzymes might someday help to eradicate
HIV=1 from the body.

Integrase. the viral enzvme that catalvzes
HIV-1 inmegration, acts on shont sequence ele-
ments known as attachment (aif) sites located
at the ends of HIV-1 DNA, called the long ter-
minal repeats (LTRs). Because HIV-1 isasin-
gle-stranded RNA retrovirus, its genome must
be transcribed by a viral enzyme called
reverse transcriptase into a double-stranded
DNA copy so that it can become integrated
into a cell chromosome. Likely contributing
to the irreversible nature of retroviral integra-
tion, aft sequences must situate near a DNA
end to support integrase function (2, 7). By
contrast, other specialized DNA enzyvmes,
typified by prokaryoue transposases and site-
specific recombinases, efficiently excise
DNA o facilitate the mobilization of genetic

A customized enzyme that effectively excises
integrated HIV-1 from infected cells in vitro
might one day help to eradicate virus from
AIDS patients.

matenial (). This has led to the hypothesis that
recombinases could be modified to recognize
viral sequences and perhaps excise integrated
HIV-1 (3-7). Sarkar er af. test this hypothesis
by constructing a modified version of Cre. a
recombinase expressed by bacteriophage Pl
that normally acts on DNA in prokaryotes.
Because of its ability o function effi-
ciently in the absence of prokarvotic cofac-
tors, Cre has long been used to rearrange
DMNA fragments in higher ecukaryotes, includ-
ing the deletion of relatively large segments
situated between its recognition site, called
loxP (&), This essential 34-base pair (bp)
sequence is composed of an 8-bp core flanked
by two perfect (symmetric) 13-bp inverted
repeats (see the figure). A sequence that has
30 1dentity to this 34-bp sequence can be
wlemtified within HIV=1 long terminal repeats,
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aptly called loxLTR. Cre,
though, 1s unable to rearrange
DNA  substrates containing
these best-match loxLTR se-
quences (f. 5). The current
breakthrough by Sarkar ef al.
centers on the identification of
a Cre derivative, called Tre,
which efficiently recognizes
the loxLTR sequence and
recombines loxLTR-contain-
ing DNA,

To circumvent the HIV-1
recombination roadblock faced
by Cre. Sarkar ef af. used the
powerful substrate-linked pro-
tein evolution (SLiPE) (7)
technique to “evolve™ active
mutant forms of Cre recombi-
nase from an initial comucaopia
of protein-coding sequences.
To kick-start the method,
they had to identify loxLTR
sequences that support mini-
mal levels of DNA recombina-
tion by Cre. Sequence changes
that disrupted the perfect nat-
ure of the inverted repeats in
the loxP site were initially
rearranged within the loxLTR
sequence, vielding hybrid sub-
strates (see the figure) that were
still not recognized by Cre.
Second-generation hybrids were
generated to further reduce
sequence  differences  (mis-
matched bases) between the
loxP and loxLTR sites. These
next-generation sites each sup-
ported a low level of recombination by
Cre. so they were plugged into the SLiPE
assay. which selected for active recombinase
enzymes from a mndomly mutagenized Cre
library. The technigue incorporates a process
known as DNA shuffling that randomly
assorts DNA fragments to increase the overall
extent of sequence diversity (¥). Functional
recombinases selected from initial SLiPE
rounds were tested on first-generation lox LTR
hybrid sequences, yielding enzyvmes that were
active with substrates initially not recognized
by Cre. The entire process was repeated
to produce enzyvmes with loxLTR substrate
specificity. Tre recombinase. selected from a
random analysis of 50 clones. efficiemly rec-
ognized. and recombined, loxLTR-containing
DNAs, [t retained marginal activity with loxP,
vet was remarkably inactive with certain inter-
mediary hybrids (which nonetheless drove the
evolution of some of Tre's adaptive amino
acid changes). Tre 15 an unexpected example

i
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Mo HIV-1 excision from
human host cell DNA

oxP site loxLTR site
Irl'..'lFt!F.'t-FIP'I:A! CORE  INVERTED EEPEAI
- = i o —
Cre Cre

+ -

- bine to make hybrid sites —

I |
Hybrid site Hybrid site
: -

O ldently st with Cre activity B8

Plug active hybrid sites into a substrate-based

protein evolution scheme for recombinase selection

126 rounds of protein evolution
~ loal TR site
- I
Cre Tre

Identify a new recombinase (Tre) that recognizes a loxLTR site

TN

Excising HIV-1. Cre recombinase recognizes loxP sites in DNA, but not loxLTR
sites present within HIV-1 DNA. White, pink, and blue denote sequence dif-
ferences (mismatched bases) between the two sites. Sarkar ef al. used multi-
ple rounds of in vitro protein evolution lo identily Tre recombinase, an
enzyme derived from Cre that efficiently recognizes loxLTR. Tre can excise
integrated HIV=1 from human chromosomal DNA.

of a Cre-based recombinase that efficiently
recombines substrates harboring notable asym-
metry in normally symmetric loxP site in-
verted repeats.

Tre was tested for its ability 1o recombine
loxLTR-containing substrates in cells. culmi-
nating in the demonsirable excision of inte-
grated HIV=1 proviruses from a human cervi-
cal carcinoma cell line. Does this mean that
enzvmes like Tre recombinase could one day
prove clinically useful? The answer 15 multi-
faceted. First, it will be important to assess the
efficiency of Tre function under physiologi-
cally relevant conditions in viro. Because the
cell line used by Sarkar ¢f al. likely harbored a
few (perhaps only one) unique proviruses, the
ability of Tre toeradicate HIV-1 from the mul-
titude of chromosomal locations normally
used during integration must be established. It
will also be important to analyze substrates
that extend bevond the specific loxLTR
sequence from which Tre evolved. This region
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Human DNA

HIV-1 excised

of the LTR is notably well con-
served across viral clades, vet
some sequences are less than
30% identical to loxP. Although
SLiPE could be used to construct
additional sequence-specific en-
zymes, the technology will be
impractical if. for example, mul-
tiple enzymes are required per
patient (HIV=1 diversifies w a
quasispecies as patients progress
toward AIDS ).

By far the largest obstacle w
potential Tre use in humans will
be its safe and effective introduc-
tion inwo salient cell wpes. The
very nature of retroviral integra-
tion affords HIV-1 a particularly
“stealth” life-style whereby it
can avoid systemic eradication
by the host immune system. A
small fraction of productively
infected lymphocytes (CD4' T
cells) revert from an activated

loxLTR  inreGraTED HUMAN loxL TR :
Hiv-1 i | state - g cEates e v
e et A state to a quiescent state as a
. : normal consequence of estab-
Cre recombinase Tre recombinase rae ok :
lishing immunological memory

(/0). In the resting state. these
cells fail to produce virus, and so
their harbored sequences escape
antiretroviral therapy. Due to
their natural role in the adaptive
immune response, these resting
T cells persist with an average
half-life of ~44 months (/7).
Numerous attempts have been
made to activate these cells. with
the hope that such strategies
would sensitize the accompany-
ing viruses to antiviral drugs, leading to virus
eradication. Advances with such approaches
in patients have been slow to materialize, indi-
catng that immune activation of resting CD4°
T cells as a therapy o eradicate HIV=1 is still
in its infancy (/1))

Enzymes like Tre might prove particularly
useful ifthey could be stably expressed in this
setuing. Under favorable conditions, Sarkar er
af. show that ~3 months is required to remove
all HIV-1 traces in cultured cells, indicating
that transient Tre expression is likely to pro-
vide limited benefit. Viral-based delivery sys-
tems can impart relatively long-lived trans-
gene expression in nondividing cell types (1.2,
13). Experiments designed to test Tre in
latently infected T cells alongside and perhaps
in combination with immune activation thera-
pies should reveal the effectiveness of the spe-
cialized DNA recombinase under these clini-
cally relevant conditions. Although favorable
results would represent perhaps only a baby
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step toward eventual use in patients, the dis-
covery of the Tre recombinase proves that
enzymatic removal ol integrated HIV-1 from
human chromosomes is a current-day reality.
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CHEMISTRY

Rhythm Engineering

William L. Kath and Julio M. Ottino

his May and June. a large

brood of cicadas (see the

figure) emerged in the
Midwestern United States. The
life cveles of these insects are syn-
chronized, with periods of 13 or
17 years. These prime-number lite
eveles may make cicadas better
able o survive. because predators
with shorter life eyeles cannot eas-
ily appear in large numbers at the
same ume (/, 2).

Svnchronized events of this
kind may appear remarkable, but
they are actually quite common.
Nearly any system of coupled,
similar oscillators tends to sponta-
neously self-orzanize (3). How-
ever. 1t 1s less straightforward to
control synchronization such that
it achieves a desired goal. On page
1886 of this issue, Kiss ef al. (4)
propose a method and carry out
supporting experiments on a system ol cou-
pled chemical oscillators, demonstrating
that synchronization can be controlled and
engineered,

Humans use synchromzed acuvity to their
benefit. For example. if one synchromzes
low-intensity microwave radiation in a reso-
nant cavity with a specific atomic transition
frequency. such as that of cesium. one obtains
a highly accurate atomic clock (5). This tech-
nigue, known as phase locking. is the modemn-
day equivalent of the observation made in
1665 by Christiaan Huygens that pendulum
clocks can oscillate together as a result of
vibrations transmitted along the wall between

The authors are in the Robert R. McCormick School of
Engineering and Applied Sciences and the Northwestern
Institute on Complex Systems, Northwestem University,
Evanston, IL 60208, USA. E-mail: kath@ nor hwestern.edu,
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Synchronized life cycles. This adult cicada from the 2007 Midwestern brood, and
the larval nymph shell from which it apparently emerged, represent two stages of the
insect’s 17 year oscillatory life cycle. Kiss ef al. (4) report how periodic events of this
kind can be controlled.

them. Today, synchronization is used to regu-
late power-system gnds and 1o keep high-
speed communication systems connected,
such as for electronic funds transfers between
banks. A spatially distnbuted network of syn-
chronized atomic clocks 15 the basis tor the
Gilobal Posinoning System (6), which can pin-
point any location on Earth wo a precision bet-
ter than a meter.

But synchronization can also be detrimen-
tal. and in such cases it 1s best to disrupt it. For
example. when London’s Millennium Bridge
opened 1 June 2000 to pedestrians, small
oscillations of the bridge encouraged (or per-
haps even forced) people to synchronize their

walking: this in turn caused the amplitude of

the osaillations to grow to a disconcerting
level ( 7). Eventually, the bridge was retrofitted
with additional vibration dampers at an addi-
tional cost of about 9 million ULS. dollars,

A study of chemical oscillators shows how the
synchronization of coupled elements can be
engineered.

Can synchronization be con-
trolled and engineered? And
can this be done without know-
ing a prion all the details about
the oscillators that are con-
nected together, using only sub-
tle control and preserving the
system’s fundamental nature” To
address these questions, Kiss ef

limit-cyele oscillators—specil-
ically, an array of 64 nickel
electrodes in sulluric acid. An
individual electrode of this type
will generate a periodic elec-
trode potential (that 15, a volt-
age) as a function of nme as a
result of the push and pull
between opposing  electrical
and chemical forces, An array
ol such electrodes, uncoupl-
ed. will generate independent
oscillations, and shight vari-
ances between them will eventually lead to
oscillations that are out of phase with one
another. What happens when these electrodes
are coupled together, such that one electrode
can sense what the others are doing?

Kiss er al. answer this question by turming
to phase models (§). Such an approach works
not with a traditional description of the elec-
trode potential, but rather with the phase of an
oscillation relative o some reference point
[the phase is an angle that describes the posi-
tionof an oscillator along the limit cyele’s path
in state space (7). that is, the penodic orbit
after all of the transients have died out]. In the
case of nearly identical oscillators that are all
coupled to each other in an identical manner,
the phase model reduces to a relatively simple
system of equations involving an unknown
interaction function,

A standard way to proceed would be 1w
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specify a feedback coupling and determine
the resulung interaction function; this has
been done. for example, for coupled neural
oscillators (9). In what amounts to turming the
problem on its head, Kiss ef ol proceed in the
reverse direction: They specify the interaction
function that they would like to have (that is,
the interaction function that generates some
specified behavior), and then follow an opti-
mization procedure to determine the feedback
that generates it.

The result is a systematic procedure for
generating a wide variety of dynamical behav-
ors. One of the simplest is synchronization,
where all oscillanons are at the same fre-
guency and the phase difference between each
pair of oscillators is constant. By carefully
choosing the target interaction function, how-
ever. the optimized feedback allows dynamics
that switch between dilferent synchronized
states, each with a distinet set of phase differ-
ences. Still another choice for the target inter-
action tfuncuon produces complete desyn-
chronization when the feedback control is
turned on. This is the goal in anti-pacemaker
applications when one needs o destroy some
pathological global resonance.

There 15 a voluminous literature on the
mathematics of coupled oscillators. The

approach of Kiss ¢r al. is unique in that it does
not merely involve theoretical models of cou-
pled nonlinear oscillators, or a comparison
between such theoretical models and experi-
mental results. Rather, it shows that suchmod-
els can be made suthiciently accurate to pro-
vide precise control of experimental systems.

There are obvious limitations to the ap-
proach. The oscillators need to be sufficiently
similar to one another, and the interactions
must be independent of their spatial location—
one cannot have specific arrangements in
space. as for a school of Tish or a flock of birds.
In addition, there are cases of continuous spa-
tiotemporal evolution, such as the Belusov-
Zhabotinsky reaction, where one cannot iden-
tify specific agents and decompose the system
into an array ol discrete oscillators. But the
method 15 worthy of further exploration. The
ability to use a light touch is a strong plus,
engineering change without altering the essen-

tial nature of the system. The possibility of

doing so inthe absence of detailed information
about the elements of the system is another.
Ecological systems have a natral rhythm
and, despite formidable obstacles, it may be
tempting to look for applications in this area.
The most promising apphications. however,
may arise in medical science and biological

systems—anot by creatng order, but by destroy-
ing synchronization. Parkinson’s disease and
epilepsy are two compelling and challenging
examples. The former is already being treated
with some success using deep brain stimulation
(10): 1t 1s hoped that further research into both
the oscillations in the brain involved in such
disorders and methods of the type introduced
by Kiss ¢ al. will, one day, lead to new, more
effective ways of alleviating such conditions,
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A Narrow Road to Cooperation

Robert Boyd and Sarah Mathew

n every human society, from small-scale
foraging bands to gigantic modern nation
states, people cooperate with each other to
solve collective-action problems. They share
food to ensure against shortfalls, nisk their
lives in warfare to protect their group, work
together in building canals and fortifications,
and punish murderers and thieves to maintain
social order. Because collective action bene-
fits evervone in the group, whether or not they
contribute, natural selection favors non-
contributors. So, why do people contribute?
Everyday experience suggests that people
contribute to avoid being punished by others.
But this answer raises a second question:
Why do people punish? From an evolutionary
perspective, this question has two parts; First,
how can contributors who punish avoid being
replaced by “second-order”™ free-riders who

The authors are in the Department of Anthropology,
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contribute but do not incur the cost of punish-
ing? There has been much work on this topic
lately, and plausible solutions have emerged
{/-5). However. these solutions are not much
good unless we can solve the second problem:
How can punishment become established
within populations in the first place? On page
1903 of this issue, Havert erad, provide the first
cogent answer to this question (6). Surprisingly,
they find that punishment can become estab-
lished if there are individuals who neither pro-
duce collective benelis nor consume collective
benetits produced by others,

In previous models of the evolution of col-
lective action, individuals in a group can
either contribute and benefit from the public
good (Le., cooperate), or not contribute and
benefit (i.e.. defect). In the absence of punish-
ment, defection wins, However, if punishment
15 possible and punishers are common, it does
not pay to defect, But punishment is costly to
impose. A rare punisher in a group of defec-
tors suffers an enormous disadvantage from

VOL 316 SCIENCE

A new model of collective action shows how
socially beneficial punishment can arise and
evolve,

having to punish everyone in the group. This
means that in very large populations, punish-
ment can sustain cooperation when punish-
ment is common, but punishing strategies
cannot increase in numbers when they are rare
(i.e., invade a population of defectors). Ina
finite population. random chance affects the
number of cach type that reproduce, and the
resulting stochastic fluctuations allow punish-
ers o eventually invade a population of defiec-
tors, even though selection favors defectors.
However, it can take a very long time for this
to occur. and thus, most of the time there is no
punishment and no cooperation.

Hauert et af. provide a way out of this
dilemmi. They introduce a strategy that simply
opts out of collective action. These “nonpartic-
ipants™ neither contmbute to the collective pood
nor consume the benefits, but instead pursue
some solitary activity. Surprisingly. this innova-
ton allows punishment 1o increase when rare,
To see why, consider a population of defectors.
Hauen er af. assume that nonparticipants get a
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In or out? (Top) A group of Hadza men hunting cooperatively. Hadza hunter-gatherers liv-
ing in Tanzania sometimes consume smaller kills in the bush, consistent with the Hauert ef
al. madel. (Center) People from the village of Lamalera, Indonesia, hunt whales coopera-
tively. This form of cooperative hunting exhibits strong economies of scale not represented
in the Hawert et al. model. (Bottom) Demanstrators in Kiev during the first anniversary of
the Orange Revolution, November 2005, In the contemporary world people often partici-
pate in collective political action whose benefits are not excludable,

higher payolf than defectors who attempt to
free-ride when there are no cooperators in their
group. Therefore, nonparticipants invade the
defectors. Now, consider a population of all
nonparticipants, Hauert e afl. assume that two
contnbutors working together can produce a
higher payoft than a nonparticipant working
alone. This means that rare coninbutors nvade
nonparticipants, Once contributors are come-
mon. defectors invade, and the cvele continues,
The three strategies oscillate endlessly ( 7).
The key contribution of the current paper
i5 1o show that punishers readily invade this
oscillating mixture of cooperators, defectors,
and nonparticipants. and once they do they
tend to persist, The reason is that defectors are
absent during part of each cycle of the oscilla-
ton, and as a result punishers are not selected
against during these periods. Consequently,
stochastic fluctuations in a finite population
cause punishers to invade rapidly. Once com-
mon, punishers do better than other types, and
it takes a long time for cooperators and then
defectors o dnft back in. This means that the
population spends most of the ime ina happy

state in which cooperation and punishment of

defectors predominate.

Adding nonparticipants to the standard
models required Hauert ef af. to make a num-
ber of new assumptions. Three of these are
crucial; punishment cannot invade without
them. There are many examples of collective
action that do not conform to these assump-
tions. and. as a consequence. the model
explains the origin of punishment for some
kinds of collective action but not others.

First, the collective good must be exclud-
able. Otherwise, abstaining from the benefits
once the good is created is not an option, In
human societies. collective action produces
many types of goods, and not all are exclud-
able. For instance, if warriors steal cows on a
cattle raid (&) and keep the cows that they
steal, the booty doesn’t benefit the entire
group—the good 15 excludable (see the fig-
ure). On the other hand, when warnors suc-
cessfully defend a village from an mvading
army, the benefits of deterrence from future
attacks and protection of land, belongings. and
lives Hows to everyone in the victorious
group—the good 15 not excludable.

Second, Haverteral, assume that opting out
15 better than mutual defection. This assump-
ton applies when defectors experience some

Wiww.sCIENCEemag.org

opportunity cost that non-
participants do not. For ex-
ample. In some settings,
hunters consume small kills
before they return to camp
(¥). To share such kills, vou
need to leave your garden
tor the dav and join a hunt-
ing party, But if the huming
party that you join consists
of defectors who don’t work
hard enough 1o make a kill,
you will be worse off than
nonparticipants who staved
home and tended their
eardens. However, in many
small-scale societies, hunt-
ers bring their kills back
camp (/) 11). where others
have a chance to scrounge
some meat. Here, defectors
can tend their gardens just
like nonparticipants, but then
scrounge. In this case, de-
fection has at least as high a
pavoll as opting out.

Third. Hauert er al. as-
sume that there are no economies of scale. In
their model. the per capita payoft from partic-
ipating in collective action does not depend on
the number of contributors, only on the ratio
of contributors to defectors. This means that
two contributors who work together can gen-
erate the same per capita payoll as a much
larger group of contributors. This assumption
applies to the payoff structure of recent public
goods experiments (12, 13) and approximates
some real-world situations like sharing food to
reduce the risk of shortfall (/4). However,
many collective action problems are subject to
strong economies of scale. These include war-
fare. hunting large game (/3. 16). and the con-
struction and maintenance of capital tacilities
like forts, irrigation works, and roadways.
These examples are important because it 1s the
ability 1o mobilize sizable groups to solve
such problems that distinguishes human
cooperation from that of other mammals,

The model by Hawert ef af. is an important
contribution because it provides the first
cogent mechanism that can jump-start the
evolution of punishment. [t can help us w
understand the evolution of collective action
in which benefits are excludable, opung out is

PERSPECTIVES

preferable o mutual defection, and there are
no economies of scale. The challenge 15 now
to understand how punishment can arise in the
remaining cases,

11.

13.

14,

16.
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AAAS NEWS &NOTES

EDITED BY EDWARD W. LEMPINEN

SCIENCE AND SECURITY

AAAS Center Connects Scientists,
Policy-Makers on Security Issues

This spring. the US. Congress revis-
ited the future of the Reliable Replace-
ment Warhead { REW), a program to
revamp an aging nuclear weapons
stockpile. As legislators questioned
REW s potential impact, AAASs
Center for Science, Technology and
Secunty Policy brought some eritical
answers 10 Capitol Hill with the release
of their REW report on 24 April.

The nonpartisan pancl convened by
the Center concluded that the REW faced signifi-
cant technical uncertainties in the short run. In
May. the House Appropriations Subcommitiee
on Energy and Water Development cut all

REW funding from its budget, citing many of

the concemns raised in the AAAS report.

Rudy Bamnes, a professional stafl member for
the House Armed Services Commuittee, prased
the Center for providing a “tumely and grem
targeled resource”

“1 cannot iell you how valuable it was for usto
have it,” Barnes said. “The review panels report
was 5o impressive that two different House
committecs mentioned itin their own reports.”

Benn Tannenbaum, a project director with
the Center, sald AAASS reputation bolsered the
panels conclusions. “Because we were viewed as
bemg neutral, people didn™t have preconceved
notions about what we were gomng o say, he said,

“Our reputation for useful and reliable mput is
erowing.” agreed Norman Neurciter, the Cenler’s
director. “l think what we've done in the last
3 years is that we've clearly demonstrated that
we can operate effectively and have some impact.™

AAAS Y security policy shop debuted 3 years
ago with a 52.25-million grant from the John
D. and Cathenne T. MacArthur Foundation’s
Science, Technology, and Security Initiative.
The initiative encourages new relationships
between scientific experis and policy-makers
secking reliable data on critical sccurity policy
issucs. The Centers mission is to serve asa
communications portal between the academic
communiy and policy-makers,

AAASS diverse membership has helped the
Center cover the wide range of topics under
the 2 Ist-century definition of security policy,
Tannenbaum said. This year, he and senior pro-
gram associate Kavita Berger have organized
policy briefings for congressional and adminis-
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Morman Meureiter

tration staff on cybersecurity,
agriculural secunty, the geopoli-
tics of energy use, and intelligence
reform, among other topics.

The Center maintains on its
Wb site (htp:/cstsp.anas.org ) an
extensive database of security
policy events, experts, and
resources ol interest o the sci-
ence and sceurily community.
The program also hosts univer-
sity Visiting Scholars who spend a vear in the
policy trenches. Newreiter said that one of the
Center’s poals has been 1o reach out “bevond the
people at Harvard and Princeton, who have been
m this business for a long time.” 1o rescarchers
with policy interests at other universitics,

Chifford Singer, a professor of nuclear
engincering at the Umiversity of Hlinois at
Urbana=Champaign, had spent vears working
on international sccurity issues before his vear
as a Visiting Scholar. But he said the experi-
ence “reduced by an order of magnitude the
difficulty of getting to the right people at the
right time with the right information.”

Singer said that the Center’s scholar program
complements the analyses offered by most Wash-
mgton think tank s, “The essental difference when
it comes 1o getting unmversity people imvolved in
more than a fy-in, ly-out basis is that they can
draw on vears” worth of quantitative work or

expenimental research done by sizable teams of

people,” he noied.

MNeureiter agrees. “We think that decisions
made with knowledge of the relevant scientific
and technical information and that take that
mfiormation o consideration will in the long run
be betier decisions than those made in
ignorance of those facts,” he sid,

The Center ofien works on controversial
issucs “in a Washington environment that has
beenhighly polarized politically, making it impor-
tant than the program avold any hint of advocacy.”
Neuretter said, One government ofticial “once
told me, “We like science, but we don™ hike polin-
cal opimons lrom scientists,” he recalled. ©1 said,
wee're in the science business, and we just want 10
make sure you have aceess 1o the best available
science on any given secunity issue, We'll do our
best to make sure you have that and nothing
more—or less” —Becky Ham

AAAS

New Dues Rates
Approved for 2008

The AAAS Board of Directors has approved a
dues increase for 2008, The Board authorizes
increases to cover two Kinds of expenses:
unavoidable costs associated with running
AAAS and publishing Science, and new
expenses that add value to membership. Postage
and paper increases and improving online
resources are examples of the kind of expenses
the Board anticipated in sefting the 2008 rates.
The new rates are effective for membership
terms beginning afier 31 December 2007, As
listed below, they do not include postage or taxes
for international members, which is additional,

= Regular professional members 5144
= Postdocs and K-12 teachers 599
« Emeritus members who

receive print Science 5115
= Students 575
« Palrans 5310
= Supporting and Emernitus members

who do not receive Science 556

The Board also set the institutional sub-
scription rate for print Sciesce at 3360 For high
school and public libraries and 770 for all
other institutions. For further information,
including subscription rates for Science Online,
librarians should contact AAAS or their sub-
SCTIPLION Qgenls, O7 20 10 WWW.SCICNCCIag ore
subscriptions/inst_access.dil on the Web,

Al members will be advised of the new dues
rates on their renewal notices for 2008, Member
dues and voluntary contributions form the criti-
cal financial base for a wide range of AAAS
activities. For more information, contact the
AAAS Membership Office at 202-326-6417, or
www.aaas.org membership’

2006 Annual Report

The AAAS 2006 Annual
Repart has been published
and can be downloaded at
waw.aaas.org/ipublications/
annual_report/.
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Genome Plasticity a Key Factor
in the Success of Polyploid
Wheat Under Domestication

Jorge Dubcovsky* and Jan Dvorak

Wheat was domesticated about 10,000 years ago and has since spread worldwide to

become one of the major crops. Its adaptability to diverse environments and end uses is surprising
given the diversity bottlenecks expected from recent domestication and polyploid speciation
events. Wheat compensates for these bottlenecks by capturing part of the genetic diversity of its
progenitors and by generating new diversity at a relatively fast pace. Frequent gene deletions and

disruptions generated by a fast replacement rate of repetitive sequences are buffered by the
polyploid nature of wheat, resulting in subtle dosage effects on which selection can operate.

ith 620 mullion tons produced annu-

ally worldwide, wheat provides about

one-fifth of the calodes consumod by
humans (). Roughly 95% of the wheal crop is
common wheat, used for making bread, cookies,
and pastries, whereas the remaining 5% s
durum wheat, used for L'|I:|.]\'lll_1.': rasta and otler
semolina products. Einkom wheat and other
hulled wheats, namely emmer and spelt, are
today relic crops of minor economic impor-
tance (2, 3).

Einkom is a diploid species, whereas dunim
and common wheat are polyploid species that
orgmated by interspecific hybridieaton of two
and three difTerenm dipload species, respective-
Iv (Fig. 1) The sueeess of these domesteated
polvploid specics parallels the success of natural
polyploid species, which represent more than
T0% of plant species [reviewed in (4] and 1end
to have more extended geographic distribu-
tions than those of their close diploid relatives
(5). Consequently, recent advances in wheat
genomics may shed light on the genctic causes
of the broad adaptability of natural polvploid
plant species as well,

Wheat Domestication

The transiion from humting and gathenng to
agranan lifestyles i western Asia was a thresh-
old in the evolution of human socicties. Domes-
tication of three cercals—cinkorn, emmer, and
barley—marked the beginning of that process
(6). Genetie relatonships  between wald  and
domestucated cmkom and emmer suggest that
the region west of Diyarbakir in southeastem
Turkey is the most likely site of their domes-
tication (Fig. 2) (79, From this arca, the ex-
pansion of agriculiure lead w the dissemination

of domestucated cinkom (T, monococcim, ge-

Department of Plant Sdences, University of Califemia, One
Shields Avenue, Davis, CA 95616, USA.

*To whom correspondence showld be addressed. E-mail:
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nomes A™A™) and domesticated emmer | T
furgidum subspecies (ssp.) dicocoon, genmmes
BBAA]| across Asia, Europe, and Afnca. South-
western expansion of domesticated emmer cul-
tivation resulted in svmpatry with the southern
subpopulation ol wild emmer (T, fureidim
ssp. dicocoaides, genomes BBAA). Gene ex-

Wild emmer

Domesticated emmer

cultivation resulted in sympatry with Aewilops
fanschii (genomes DD) and the emergence of
hexaplowd common wheat (T aestivien, genomes
BBAADD) (/0) within the corndor stretching
from Ammenia to the southwestern coastal arca

of the Caspian Sea (/1) (Fig. 2).

The genetic changes responsible for the suite
of traits that differentiate domesticated  plants
[rom their wild ancestors are refermed 10 as the
domestication syndrome (/2), In wheal, as in
other cercals, a primary component of this syn-
drome was the loss of spike shattering, pre-
venting the grains (rom scattering by wind and
faciliting harvesting (Fig. 1) Abscission scars
of cinkorn remains from archeological sites n
northem Syna and southeastern Turkey revealed
a pradual merease m nonshattenng ankom spikes
from 9250 1o 6300 years belore the present (BP),
a discovery imterpreted as evidence ol a pro-
longed domestcation period of cercals (£3). The
chromosome locatiwons of the genes controlling
shattenng m emkomn are unknown, but in em-
mer wheat shattering is determined by the Br
(Brierle rachisy loci on chromosomes 3A and 3B
(f4y (Fig. 1)

Another important trait for wheat domes-
tication was the loss of luugh 1_:lu|'|l|:.~.. COn-

Durum wheat Common wheat

IEELA AL

Hulled grain (g, Tg)

Fig. 1. Wheat spikes showing (A} brittle rachis, (B to D) nonbrittle rachis, (A and B} hulled grain, and (C
and D) naked grain. (A) Wild emmer wheat (T. turgidum ssp. dicoccoides), (B} domesticated emmer (1.
turgidum ssp. dicoccon), (C) durum (T turgidum ssp. durum), and (D) common wheat (T, aestivam). White
scale bars represent 1 cm. Letters at the lower right corner indicate the genome formula of each type of
wheat. Gene symbals: Br, brittle rachis; Tg, tenacious glumes; and @, square head. [Photos by C. Uauy]

changes between the northern domesticated
emmer and the southern wild emmer popula-
tions or emmer domesticated in the southem

region resulted in the formation of a center of

domesticated emmer diversity in southern
Levam (Fig. 2) (), The consequence wias a
subdivision of domesticated cmmer into
northern and southern subpopulations with
an increase in gene diversity in the latter (9).
Northeast expansion of domesticated emmer

VOL 316 SCIENCE

verting hulled wheat into free-threshing wheat
(Fig. 1). The primary genetic determinants of
the free-threshing habit are recessive muta-
tions at the Te (fenacions glme) loct (15),
accompanied by modifving effects of the dom-
mant mutation at the O locus and mutations
at several other loci (1.5), The recent cloning
of 2, which also controls the square spike
phenotype in common wheat, showed that i
encodes an AFP2-like transeription factor. The

W SCIlencemad.org



mutation that gave rise to the ¢ allele is the
same in tetraploid and hexaploid free-threshing
wheats, suggesting that 1t occurred only once
(i)

Seeds of free-threshing wheat began 1o ap-
pear in archacological sites about 8300 years BP
(2, I7). The wiraploid fomms of these Neolithic
frec-threshing wheats may be the ancestor of
the modem large-seeded, free-
threshing dumim (Fig. 1), which
is genetically most closely re-
lated 10 the Mediterranean and
Ethiopian subpopulations of do-
mesticated emmer (Fig. 2) (9),
The first archacological recornds
of durum appearcd in Egyp dur-
ing the Greco-Roman times | re-
viewed m (2)).

Other traits of the wheat do-
mestication  syndrome  shared
by all domesticated wheats are
increased seed size (Fig. 1. A
and B). reduced number of tillers,
more erect growth, and reduced
seed domancy. One gene al
fecting seed size is GPC-BI, an
carly regulator of senescence
with pleiotropic effects on grain
nutrient comtent (/8). In some
genotypes and environments, the
accelerated  grain maturity con-
ferred by the functional GPC-B
allele is associated with smaller
seeds (9. Therefore, mdinect
selection for larpe seeds may explan the lixaton
ol the nonfunctional GPC-BT allele in both
durum and T aestiveen (18). Except lor ¢ and
GPC-81, no other genes relevant 1o the wheat
domesticaion syndrome have been isolated
so far, and a systematic effort 1o do so is long
overdue. Not only is this knowledge critical
for understanding the genetic and molecular
mechanisms ol domestication, it is also possi-
ble thai genetic variation at these same loci
plays an important role in the success of wheat
as a modem crop.

e )

Success of Wheat as a Crop
Domesticated  wheat  exemplifics the positive
comelation between ploidy and success w4
crop. In almost all arcas where domesticated
cinkom and domesticated emmer were cultivated
together, 1t was domesticated emmer that be-
came the primary cereal (2). Emmer remained
the most imponanmt crop in the Fertile Crescent
until the carly Bronze Age, when it was re-
placed by free-threshing wheat (23, Although a
free-threshing form of cinkorn has been idemi-
fied, it is not widely cultivated because of the
association between soft glumes and reduced car
length in this diploid species (17),

The story repeated itself, with hexaploid
T aestivien expanding further than  durum,
Today, hexaploid 77 gestiven accounts for most
of the global wheat crop and is grown from
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MNorway and Russia at 65°N to Argentina at
45°8% (Fig. 2) (20). However, in tropical and
subtropical regions wheat 15 restncted to higher
clevations. Although the dominance ol tetr-
ploid wheat over diploid wheat potentially could
be attributed to the greater mobustness of tetm-
ploid wheat, this docs not explain the domi-
nance of T, aestiviom over durum, Durum ofien

%

i, t/*'- -
.' -f\‘_
ah

:*"

L3 "I

REVIEWS

important for the successtul adaptation of new
allopolyploids,

There are demimental aspects to polyploidy
as well, Polyploid speciation is accompanied
by a polyploidy bonlencck (3) in which the
small number of plants contributing to the
formation of a new polyploid species con-
strains its initial gene diversity, Because only
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has larger seeds than hexapload wheat (Fig. 1, C

and D) and similar vield potemtial as tho of

hexaploid wheat under optimum  growth condi-
tions {table S1).

The wvasi majority of polvploid planis,
including wheat. originated by hybridization
between differemt species (allopolyploidy). Al-
lopolyploidy resulis in the convergence in a
single organism of genomes previously adapiced
1o different environments, thus creating the po-
tential for the adaptation of the new allopoly-
ploid specics (o a wider mange of environmental
conditions. This has clearly been the case for
hexaploid wheat, which combines the D ge-
nome from Ae. rauscfui with the AB genomes
from tetraploid wheat, Compared with tetra-
ploid wheat, hexaploid T aesmven has broader
adaptability 1w different photopenod and ver-
nalization requirements; improved tolerance o
salt, low pH, aluminum, and frost; better re-
sistance 1o several pests and discases; and ex-
tended potential 1o make different food products
(table S2).

This does not mean. however, that gene
expression in an allopolyploid is the summa-
tion of gene expression i its diploid ancestors,
Nonadditive gene expression has been reponed
in numerous artificial allopolyploids [reviewed

in (4, 21)). Rapid and stochastic processes of

differential gene expression (22) provide an ad-
ditional source of genctic varation that could be

Fig. 2. The origin and current distribution of wheat. The wheat production map was provided by Dave Hodson, CIMMYT
(2. The solid line ovals in the inset indicate the putative geographic regions of origin of the cultivated forms, whereas the
dotted red line indicates a southern center of domesticated emmer diversity. The approximate distributions of wild emmer
and Ae. tauschif are indicated by dots, and that of wild einkorn by yellow shading (3). Numbers indicate archaeological sites
where remains of domesticated cereals dating back more than 9000 years BP were found: 1, Tell Aswad; 2, Abu Hureyra; 3,
Cafer Hoyik; 4, Jericho; 5, Cayoni; 6, Nahal Hemar; and 7, Nevali Cori [from (2)].

a few Ade fanschii penotypes participated in the
ongin of T aestivem (23, 24), its D-genome di-
versity is expected o be limied.

Recent advances in the understanding of the
dynamics of gene diversity during domestication
and the subsequent evolution of polyploid wheat
are reviewed in the following sections 1o
reconcile these opposing cifecds of polyploidy
and w shed light on the mechanisms by which T
aestivirn has come 1o be one of humankind’s
most important crops (Fig. 2).

The Capture of Preexisting Diversity

Domestication is accompanicd by domestica-
tion bottlenecks, resulting in reduced gene di-
versity [reviewed by (253 A study using 131
restriction fragment length polymorphiam (RFLP)
boci showed that gene diversity values in cul-
tivated emmer were 538% of those observed in
wild crmmier across its entire geographic distri-
bution (¥, A similar estimate (5 1%%) was oblamned
for nucleotide diversity (26). For t‘:rmp.mwn
nucleotide gene diversity values in domesti-
cated maize and pearl millet are 37% (27) and
67 (28), respectively, of those present in their
wild progenitors. That self-pollinating emmer

has an approximately equivalent proportion of

the genetic diversity of its wild ancestor as do
cross-pollinating maize and pearl millet is sur-
prising. Several lines of evidence indicate that
gene low between wild and domesticated
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Fig. 3. DNA insertions and deletions in orthologous VRN2 regions from
the A™ genome of T. monococcum (AY485644) and the A genome of
durum wheat variety Langdon (new sequence EF540321). These regions
diverged 1.1 + 0.1 My ago. The red lines connect orthologous regions
(=96% identicall. Arrows represent genes: red, orthologous; blue, ortholog

emmer occurred in all places where the two were
sympatric {¥). Addionally, il the emmer domes-
tication process wok as long as that of cinkom
domestication (7 3), even aslow rate of gene flow
would probably be sufficient for domesticated
emmer o caplure a signilicant proportion of the
genetic diversity of its wild relative.

Additional diversity bottlenecks occumed dur-
ing the wansition from hulled 1o free-threshing
wheat (Fig. 1) and during the polyploid spe-
cimtion of T aestivam. A study based on 27 RFLP
loet showed that diversity values in 77 aestivien D
genome are less than 153% of those present in
populations of Ao kscfii from Transcaucasia,
reflecting the severity of the initial polyploidy
bottleneck (/7). A similar estimate (7%) was
obtained tor nucleotide diversity (26). Howev-
er, in the A and B genomes of T aestiviem, the
average diversity at the nucleotide level was
found 1o be 30%% of that present in wild emmer
(26, 24y, This resuli suggests that difference in
ploidy has presented only a weak barrier o
gene Now from tewraploid wheat, including
wild emmer, to hexaploid wheat (30, a result
also supported by the discovery of hybrid
swarms between wild emmer and common
wheat (3/7). In summary, hexaploid wheat
captured a larger portion of the natural gene
diversity present in its tetraploid ancestor
than of the diversity present in Ae. fanschii.

The proportion of diversity captured by T
aestivem from both ancestors 15 likely 10 in-
crease in the future, because modern wheat
breeders, realizing the imporance of expanding
diversity for successiul crop improvement, are
starting 1o use syvothetic wheats in their breed-
ing programs (32). Synthetic wheats are
produced by hybridizing differem wiraploid
wheats and Ade. fowsclii genotypes and then
inducing doubling of the genomes through
colchicine treatment (32),

New Sources of Diversity

None of the plant genes that contnibuted 1w the
domestication of diploid and ancient polyploid
specics (c.g., malze) discovered so far are null

29 JUNE 2007 VOL 316 SCIENCE
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alleles (33), consistent with the view that do-
meshication was achieved maostly through “tnker-
mg” mather than “dissssembling™ or “enppling”
key genes from wild relatives (33). In a voung
polyploid species like wheat, however, null
mutations of one of the duplicate or trplicate
homologous gene copies may have only subtle
dosage effects and thus may appear as “linkenng™
mutations with a potential 10 genermte adaptive
variation.

A null mutation of the GPC-BT gene in the
B genome of polyplod wheat illustrtes this
point. In tetmploid wheat, the GPC-B1 mutation
caused a fow days” dilference in maturity, whereas
in diploid nee RNA interference (RNAG) of the
rice GPC gene bnngs about almost complete
seed stenlity |Supporting Online
Matemal (SOM) text]. Mutations
in one of the three [unctional

ct)

Einkorn 501D

absent; and violet, pseudogene. Rectangles represent repetitive elements in
their actual nested structure: red, orthologous; blue, insertions after
divergence; green, deletion in the opposite genome (yellow region); and
black, not determined. Only 31% of the orthologous intergenic regions have
not been replaced. [See SOM text for details.]

among orthologous chromosmmal regions across
the tnbe Troeeae showed that the mtergemc
space is subject 1o an exceedingly high mie of
tumover (3¥). For example. 69% ol the
intergenic space within orthologous FAND re-
gions [rom I7 monococcum and the A genome
of tetraploid wheat (Fig. 3) has been replaced
over the course of the past L1 million vears
My ) (SOM text).

These data, along with a comparison of
orthologous regions in T wrearid and the A ge-
nome of tetmploid wheat (300, vield an averge
replacement of 62% + 3% (SEM) of the interpenic
regions during the fisst million vears of diver-
gence (Fig 4 and SOM text). The model in Fig. 4
predicts comectly the very proporion of sequence

Decay of synteny in intergenic regions

copics ol a gene in hexaploid whea
are expecied 1o have more subile

1.0 ?
0.8

elfects than in tewaploid wheat.
This fact is illustrted by the higher

0.6 \

tolerance o induced mutations of
hexaploid wheat compared with

tetraploid wheat (34). The fact that 3
most of the 21 77 gestivinn chromo- 0.2
somes can be removed o produce
nullisomic plants exhibiting only 0.0 5

minor phenotypic cflects  leaves
no doubt of the buffering cffcct
of polyplowdy on gene deletions,
This buffering cffect is croded in
ancient polyploid specics (SOM
1ext).

The abundance of repetitive ele-
ments in the wheat genomes (about
83% repetitive) (35) greatly facili-
tates the generation of null muta-
tions, cither by insertion of repetitive
clements ino genes (36) or by gene
deletions (37, 28) As in maize, genes
in wheat are embedded within
long streiches of nested rerocle-
ments and other mobile sequences
(Fig. 3). Studics of microsynteny

2 4 6 8 10 12

Million years since divergence

Fig. 4. Decay of the proportion of conserved sequences [Cif)] in
orthologous intergenic regions with divergence time. The upper
and lower red curves were calculated with two independent
decay rate constants Xy and K3), and the blue curve with the
average rate constant. The circle labeled A represents identical
sequences at the initial time of divergence. The comparison
between T. wrartuy and durum A genome PSR220 regions (circle
Bl was used to estimate Ky (upper red curve) (30). The
comparison between einkorn and durum A genome VRNZ
regions (circe O was used to estimate K, (lower red curve).
Comparison of orthologous intergenic regions between wheat B
genome (AY368673) and D genome (AR497474) GLUT regions
lcircle D) (59). Comparison of orthologous intergenic regions
between wheat (AF459639) and barley (AY013246) VRNI
regions (crcle E) (41, 42). [See SOM text for details.]
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consenvation observed among orthologous inter-
genic regions in the A, B, and D genomes of
wheat (30, 41) and the complete divergence
observed in comparisons of onthologous regions
between wheat and barley (44, 42) (Fig. 4). To
put the magnitude of this rae into perspective,
indel polymorphisms from both chimpanzee and
human genomes (6- 1o 7-My diverzence time)
cqual less than 4% of the imterzenic regions
lrom these genomes (43, 44),

Studics documenting the impact of this e
markably high mte of DNA replacement on
wheat genes are starting 1o accumulate, Inser-
tions of repetitive clemenms within regulatory
regions of the wheat VANT and VRN vemaliza-
ton genes, as well as four large independent de-
lenons within the FRNS first miron, have been
associated with the elmination of the vemal-
zation requirement (45-<4¥). A deletion upstream
of the PPD- photoperiod gene s associated
with the widely distributed  photopenod -
sensitive allele (49). Such diversity in genes
regulating fowering time is particularly rele-
vant because of its laree impact on wheat adapt-
ability to different environments. Deletions have
also provided increased diversity in wheat
products. Puroindoline A4 and B gene deletions,
which have become fixed in the A and B ge-
nomes, are responsible for the hard  grain
texture of pasta wheat. A polymorphism for a
Puraindoling A deletion (or for a point muta-
tion in Puradindoline B) in the hexaploid wheat
D genome dramatically affects grain hardness,
dividing wheat cultivars into those used for
bread (hard texiure) and those used for cookics
and pastries (soli wexture) (300, The Puraindo-
fine penes code for proicins located in the
surface of the starch grains that facilimie the
separation of intact starch grains during milling
(50,

The example in Fig. 3 shows two genes al-
fected by deletions within a small genomic ne-
eion, providing an additional example of the
high frequency of gene deletions. Such deletions
are fixed i polyploid wheat with an initial rate
of 1.8 % 1072 locus ™! My 110 times faster than
the rate in wheat's diploid ancestors (57). How-
ever, most deletions are still polymorphic and
represent, together with point mutations, an im-
portant component of genetic diversity in poly-
ploid wheat (32),

Evidence is accumulating that the creation
of anificial allopolyploids can be immediatcly
tollowed by reactivation of mobile clements
(53, 54 In one Aratidagsis allotetraploid, these
changes were associated with genomic reamange-
ments, chromosomal abnormalities, DNA de-
letions (1% of the genome), and pollen sterility
(330 A higher proportion of DNA deletions
{12 10 14%) was found in two wheat artificial
allotetraploids involving differem diploid spe-
cies than the ones that produced tetraploid
wheat (350 An association of these deletions
with chromosomal abnomualitics would limat
the chances of these diploid combinations 1o

www.sclencemag.org SCIENCE VOL 316 29 JUNE 2007

generate new successtul allopolyploid species.
Examination of polymorphisms for gene de-
letions in the D genome of T aestivian showed
that only (L17% of the D genome has been
deleted during the past 8500 years and that
deletions ane present at low lrequencics, suggest-
ing a gradual accumulation of gene deletions
rather than a burst of deletions immediately
after the hexaploid wheat polyploidization
event(s) (52

Repetitive DNA can also faciliate gene du-
plication. A study tracing the evolution of a dis-
persed multigene family in wheat showed that
duplication of a gene imo the imergenic space
accelerated 1s subsequem duplication rate 20-
fold (56). Addiionally, a promoter supplied by
a neighboring mobile sequence faciliated the
expression of one of the duplicated gene copics
as well as the gencration of a new gene (56).
This study suggests that wheat intergemic DNA
facilnates both gene duplication and novel ex-
pression of duplicated genes, Studies in rice and
maize provide extreme examples of mobile re-
petitive elements duplicating gene fragments and,
occasionally, complete genes across the genome
[reviewed by (57)]. The imponance of gene du-
plication in wheat is exemplified by the re-
cently isolated wheat VRN and GPCT genes,
both of which likely originated as dispersed
duplications afier the wheat-rice  divergence
(18, 58)

Although more research is needed 1o refine
our understanding of the specific mechanisms
by which repetitive sequences aflect gene con-
tent in wheat, evidence already avalable indi-
cates that the dynamic nature of wheat repetitive
sequences readily generates new penetic varia-
tion, which may facilitne the success of poly-
ploid wheat as a crop.

Concluding Remarks

Polyploid wheat has been able 10 compensate
for diversity boitlenecks caused by domestica-
tion and polyploidy by capiuring a relatively
large proporiion of the variability of its tetra-
ploid wild progenitor. In addition, new variation
is rapidly generated in the dynamic wheat ge-
nomes through gene deletions and insertions
of repetitive clements into coding and regu-
latory gene regions, These mutations can then
be expressed as quantitative gene dosage dif-

ferences because of the polyploid nature of

wheat. Synergy between the high muiation
rates and the buffering effects of polyploidy
makes it possible for polyploid wheat 1o capi-
talize on the diversity generated by its dynamic
Lenomes.
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Domesticated Nature: Shaping
Landscapes and Ecosystems

for Human Welfare

Peter Kareiva,'** Sean Watts,” Robert McDonald,? Tim Boucher®

Like all species, humans have exercised their impulse to perpetuate and propagate themselves. In doing
50, we have domesticated landscapes and ecosystems in ways that enhance our food supplies, reduce
exposure to predators and natural dangers, and promote commerce. On average, the net benefits to
humankind of domesticated nature have been positive. We have, of course, made mistakes, causing
unforeseen changes in ecosystem attributes, while leaving few, if any, truly wild places on Earth. Going
into the future, scientists can help humanity to domesticate nature more wisely by quantifying the
tradeoffs among ecosystem services, such as how increasing the provision of one service may decrease
ecosystem resilience and the provision of other services.

omestication of plants and animals may
Dlw: the single most important feature of
the human domination of our planet,
Domestication involves the selection of traits
that fundamentally alier wild species 1o become
more uselul to us. For example, wheat has been
sclected for larger and more seeds per plant,
hatchery-raised trout are selected for rapid
wrowth, and dogs have been selected for an abili-
iy 1o Jive and even communicaie with humans (/).
Humans did not, however. stop with simply
domesticating a few chosen species: we have
domesticated vast landscapes and entine ccosys-
tems. Morcover, just as domesticated plams and
animals have predictable and repeatable trmits
among different species, domesiicated coosys-
tems also reveal common traits. In particular,
when humans tame nature they seck enhanced
productivity, convenient commerce, and protec-
tion from predators and stomms. However, along
with domestication, there 15 ofien concurrent
and inadvertient selection for maladaptive fea-
turcs in cither species or ceosysiems. For exam-
ple, selecting for mpid growth in crop plants
may result in plants with reduced investment in
structural and chemical defenses (7). Similarly,
hatchery trout that are selected for mpid growth
often have smaller brains (3). Whereas plant and
animal breeders are well aware that domestica-
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tion involves tradeolls in vigor, the notion of

tradeodls resulting from the domestication of en-
tire landscapes has only recently received sen-
ous scientific attention.

Conservation has often been framed as the
scienee aimed at protecting nature, and especially
protecting nature from people. We restate here
what others have already emphasized: There
really is no such thing as nature umainied by
people (). Insicad, ours s a world of nature
domesticated, albeit w0 varving degrees, from
national parks o high-rise megalopolises. Facing

this reality should change the scientilic focus of

cnvironmental science. Insicad of recounting
doom-and-gloom statistics, 1t would be more
fruithul 10 consider the domestication of nature as
the selection of cenain desimble ecosystem
attributes, such as increased food production,
with consequent altermtion 1o other ccosyvstem
atiributes that may not be desimble, Under this
paradigm, our challenge 15 10 undestund and
thoughtfully manage the wadeolls among cco-
system services that result from the inescapable
domestication of nature,

The Global Footprint of Humans

Domesticated nature in its simplest form means
natre exploited and controlled. To that end,
roughly 30% of the world's surface arca has been
converted 1o grazed land or cultivated crops ().
More than half of the world’s forests have been
lost in that land conversion (5). The whole notion
of a “virgm minforcst”™ may be cmoneous, with
extensive prehistoric human activity evident in
what were once thought to be untouched forests in
the Ameeon and Congo (6), In addition to clearing

land for agriculiure, humans tnget wild species for
harvest or climination. On every continent,
humans have climinaed the largest mammals,
leaving behind a funa of smaller specices (7).

Nature can be dangerous. To protect them-
selves and ther domesncated ammals, humans
bave been espocially quick o kill predamors, driving
almost every lange 1emrestnal camivore in the world
to near extinction (8). To protect property and lives,
humars suppress wildlines (9). To reduce storm
surpes, humans fortify marne shorelines with
Jettics and sea walls. In Ewrope alone, 22000
km® of the coastline are artificially covered with
concrede or asphalt, and where the coasts are
severely retreating or croding, over halll are
artilicially stabilized by jettics or other structures
(1. To control rivers for imigation, hydropower,
and Mood mitigation, humans have built so many
dams that nearly six times as much water is held in
storage as oceurs in free-Mowing rivers (5),

Humans have so tamed nature that few loca-
tions i the world remain without human influ-
ence. Global maps of human impact indicate that,
a5 ol 1995, only 17% of the world's kand area had
escaped direet miuence by humans (4), as indi-
cated by one of the following: human population
density greater than one person/km’: agricultural
land use; wowns or citics: access within 15 km of
a road, nver. or coastline; or nighttime light de-
iectable by satellite (Fig. 1), The huge magnitude
of human impacts is recent, but the presence of
impacts such as purposetul wildfires goes back
thousands of vears (%). The reality of the human
footprint renders discussions about what arcas of
the world 1o set aside as wild and protected arcas
as somewhat imrclevant: more germane is a dis-
cussion of what tradeofls we are willing to accept
as a result of the domestication of nature,

The Tradeoffs of Domestication

There is noe question that humans have been sue-
cessful in their effons o avoid predators, produce
oo, and create trade, thereby enhancing their
well-being. Contriry 1o Malthus's predictions, food
production has kept up with, and even outpaced,
human population growth (7). In South America,
rangelands maintain 10 times as much herbivore
biomass as natural ecosystems (/2) This massive
incregse in food supply has been achieved by
focusing elfons on planting and conswming asmall
variety of planis. As of 19949, harley, maize, nice,
and wheat eccupicd almest 40%6 of global cropland
(13), With these agrcultural advances, the hand-to-
mouth lifestyle of preagriculiural humans has beon
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Fig. 1. The human footprint on Earth. Human impact is expressed as the
percentage of human influence relative to the maximum influence
recorded for each biome. Data include human population density, land
transformation (including global landcover, roads, and cities), electrical
power infrastructure (NOAA night-lights data), and access (via roads,

B o -40 M <0-50° M 50 - 100%

navigable rivers, and coastline) to the land. Map created from data
downloaded at www.ciesin.columbia.edw/wild_areas from the Human
Footprint dataset generated by the Center for International Earth Science
Information Network (CIESIN) at Columbia University and The Wildlife
Conservation Society.

Shipping Lanes

Fig. 2. Earth's shipping lanes and network of roads. Each shipping lane data
point represents the location where an expendable probe was dropped for
sampling of ocean temperature from 14 October 2004 to 15 October 2005,
Shipping lanes map created from data downloaded at www.aomlnoaa.qov/
phodftrinanes/BBXX from the SEAS BBEXX database of the Global Ocean

_—_ Road Networks

Observing System Center from the Atlantic Oceanographic and Meteorological
Laboratory of the National Oceanic and Atmospheric Administration. The road
network is a 1:1 million scale representation of the paved and unpaved roads
of the world. Map created from Environmental Systems Research Institute's
(ESRI) Digital Chart of the World (DCW) global vectors, created in 1992,
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exchangad for access 1o energy-nch, casily stored
erains and the ability to harvest meat and dairy
products from livestock at wall,

The gams associated with domestication of
crops and grazing animals have been counter-
balanced by radeolls. The maximization of food
production in croplands and grazing lands is
commonly achicved by alicring ceological pro-
cesses in ways that severely impair natural ser-
vices distant from the agrculumal Jand iself,
Modern agroecosystems require the input of fer-
tilizers that ultimately find their way into water-
sheds and river basins, leading to blighted coastal
zones and deadly algal blooms (/4). Modem
agroccosystems are also depleted in biodiversity
and habitt heterogeneity, ofien with a reduction
i resilience as a result of ther biological mono-
ony. For example, when converling diverse nat-
ural forests 1o monoculiure plantation forests, we
maximize production of wood fiber, with the
unintended consequence of mmercased pest and
pathogen outbreaks (£5). In addition, although
levees and channelzation reduce “natural Noods™
and protect farmlands in fentile Nood plains, these
attempts o control and contain natural hydrolog-
ical disturbances lead 1w the loss of wellands
where rivers meet the ocean, with the result that
extreme weather causes greater damage than
would otherwise be the case il wetlands were
present to mitigate storm surges (/6).

The industnalization of lishenes during the
20th century has also required fundamental trade-
offs. For examiple, for decades the lishing industry
has culled the historically large stocks of fish in the
Benguela ecosystem ofl the nonhem const of
Namibia. Removing these lish has resulied in
blooms of undesirable large jellyvlish. Before the
19705, largze jelly fish were relatively uncommon in
fishing nets. Now, the tonnage of jellviish caught
outweighs that of commercial fish landings by a
factor of three (/7). The long-tenm overharvesting
of the Benpucly ecosvstem has converted a
naturally diverse and productive sysiem into one
that produces mainly jellylish. More generally,
the simplification and alieration of marine
ccosysiems by human use repeatedly reduces
the stability of food production and the resilience
of these coosvatems to disturbances (f4).

Production also creates surplus, which s
traded and becomes the basis for commerce. To
tacilitate commerce, humans buili ports along the
world's major coasts and covered vast amounts of
land with roads (Fig. 2). Unfortunately, through
the conversion of occans and land imo shipping
routes and highways, we have created paihs for
the movement of invasive species, with economic
costs amounting o at least S100 billion per vear in
the United States alone (/9), Commerce is also
altering global disease mansmission. Disease has
always boen a part of natre, but the advent of
rapid trade and mmvel means that diseases such as
severe acule respimtory syndrome can appear in
China and within months spread 10 26 countnes
on live continents (200, Humans now inadvertent-
Iy trnspon a wide varcty of unwanted organisms,
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ranging froam invasive plants 1o pathogens to zcbra
mussels that clog power intake pipes (24).
Reducing direct risks to humans would, at first
glance, scam always o represent a net gain, How-
ever, evidence s accruing that human attempts 1o
manage naturl disasters and nsk can backfire, For
example, as a result of fire suppression, fires are
less frequent, but they are also more severe and
destruetive than wildfires that occur @ a more
natural lrequency (V). In coastal systems at nisk of
storm damage, forified seawalls can protect
against a large wave, but hardened coastlings in-
terlere with the ability of marshes and wetlands 10
simply retreat inland in the face of current sea level
rise (/0. Hikers and manchers are at less risk from
predators 15 mountain lions and grizely bears are
absent, but ccosystems without top camivores
experience dramatic eruptions of herbivore
populations that ereate ccological havoc, For
example, regions of Zion National Park in Utah
lacking cougars are overgrzed by mule deer
populations that in turn exacerbate streambank
crosion, resulting in sedimentation of streams that

wrban regions are a relatively snall porcent of
Earth’s total land, they are rapidly increasing in
extent: By 2030, there will be 175 billion mone
urban residents (22), resulting in new urban fand
cover representing a total arca the size of California
(23), Urban regions rellect the endpoim of
landscape  domestication, showing trends that
mary soon appear in other arcas. Urban conditions
systematically sclect for a Mom and fwna that are
often quite differenmt from those in il settings
24). Cities harbor species that humans introduce
lor their functionality or acsthetic appeal, such as
bwn grasses and omamental lowering plants.
Urban species come from a subset of funilies that
humans find wselul, and the varietics inroduced
often have been artificially selected 10 have
specialized waits, including stress wlerance and
showy flower displays (25, 26). Citics also are
bavens for species that tend 1o follow humans
without our intentional aid. such as s, dande-
lions, and starlings. These species are ofien
“weedy” generalists, olerant of a wide mnge of
environmental conditions, able o live in marginal

Maximized Productivity Impacts & Tradeofls

Increased Food Production
Increased Animal Production
Incréased Fshenes Yiedd

Dsturbed nitrogen cyde, Manne dead Zones
Riparian rones I:limlged Owerusa of antiblolics
Ecosysiemns simplified, Increass in undesirable species

Reduced risk Impacts & Tradeofls

Fire Suppression Larger, more inlense fires

Flood Control Wetiands shrink downstream, fsh habiat (ost
Predator Removal Hertevore populations increase and damage syslems
Coastal Engineeanng Constrained natural adaptation to rsing sea level
Promots Commarco Impacts & Tradeofls

Enhanced Trace Spread of disease & invasive spacies

Road Construction Habitats fragmented, animal dispersal hinderad
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Fig. 3. The tradeoffs associated with major dimensions of nature domestication. The benefits of
domestication under the three major human modifications of ecosystems are presented alongside
concomitant negative impacts or tradeoffs (upper left). For the goal of maximizing productivity, more
specific examples of radeoffs are detailed with quantitative information (lower right). References: land
use change (41), water extraction (42), Ogallala (43), fisheries (44).

is harmiul 1o fish (24), Safery from the dangers of
natre is ofien achieved at considerable cost 10
other ecosystem functions,

Landscape Domestication: From Cities

to Wilderness

Cities represent the most domesticated landscapes
on the planct, in which cvery clement of the
environment has been consclously or unconscious-
Iy selected 1o accord with human desires. Although

habitat, and with a high reproductive rate (27, 28).
Uthan growth favors these two types of species, al
the expense of relatively mne and sensitive species.
resulting in regional biotic homogenization (29),
At the other end of the domestication con-
tinuum from cities are national parks, nawre re-
serves, and wildemess arcas, As ol 2006, over
14% of Earth’s land arca has been designated as a
natural protected arca, but mest of this landscipe is
under human mfluence and use (30). Indead, Lknd
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set aside as wilderness arcas represents only 1%eof
Earth’s land surface (30). The most common fonm
of nature preservation 1s the creation of nature
parks or national parks, which although designated
as protected often serve lage populations of
human visinors (31, 320, Among the world's most
visited parks, the Fuji-Hakone-leu Park in Japan
(more than 100 million visitors annually) s
122,690 kot in arca and includes spas, hotels,
gollcourses, and rams (31, 33 The Great Smoky
MNational Park, another (requented park, is sul-
fering from invasive species and erosion problems
due 10 heavy human iallic, Like most nalure
reserves, Great Smoky National Park requires
constant human attention and  management ©
maintain s forests, For indance, o combat a
nog-mative woolly adelgid tha s attacking and
Killing the park’s hemlock, park managers have
imporied predatory beetles from Japan (34). This
ironic situation of preserving natural ceosystems
by importing non-native species 1o contre] undesir-
able species has been repeated hundreds of times
around the world, Even the worlds so-called
wildemess arcas have been tamed by humans, For
instance, the high-allitude Ulntas wildemess arca
in Utah is naturally fishless but has been stocked
with rainbow and eastem brook troul, resulting in a
supposedly “improved wildemess™ (35), In the
modem world, wildemess is more commonly a
management and regulatory designation than tmaly
a system without a human imprint.

Shaping the Path of Domestication
I nature s viewed as a bundle of ccosystem
services, then domesticated landscapes represent
the promotion of ceram ccosyslem serv iees over
others w0 provide for lower risk, greater produc-
tivity, and convenient commerce. The Millen-
nium Ecosvsiem Asscssment summarized the
global trends for 16 ccosysiem services and
reported that two-thirds of those services are
cumently declining (5). These declines in eco-
sysiem services are an oulcome of selecting and
taming nature in a way that leads w0 increases in
tood and timber production. To a conservationist
imterested mainly in biodiversity, we have de-
graded nature, but to an agronomist, we have al-
tered wild land o make it better serve humans. 15
one accepts that virtually all of nature 15 now do-
mesticated, the key scientific and social questions
concem future options for the wpe of domes-
ticated nature bumans impose upon the world.
Citics arc a good place w0 start when con-
sidering  broader implications of  domesticated
ccosystems. The cumulative resource demands of
cilies are often expressed as the wtal land arca
required o supply those resources, called the
“eeological foolprint™ (36). Every cily impons
resources and expors waste into a region that is
spatially mwch larger than the city's arga, However,
there is substantial vanation in per capita ccological
footprints between rich and poor regions, with the
average resadent of the United States using six
times the arca of the average sub-Saharan Afncan
(37). Differences in urban form also altoct por

capita resource use rates, in which lower-density
cities in the United States have 2.4 times the car use
as higher-densiy citis in Europe (38). Most
notably, as incomes and consumption have
increased, there has been an increise in the per
capita ecological footprints m most middle- o
high-income cities. It is clear that citics are the
main consumers of most ceosystem services. This
is important becase the desire and value for these
services detenmines the traits that humans select for
preservation or elimination, For example, il hunsans
want 1o maximize food production, landscapes
will be domesticated 1o accommaodate a few high-
productivity species, plus the human-associatied
species able o survive in these modified Tand-
scapes. I people want more wildhie for recrea-
tional hunting, populations of predators of game
species will be reduced, and the cdge habitat that
a fow game specics prefer will be increased. The
choices and actions of whan dwellers influence
nature {ar removed from cities, vel urban dwell-
ers are increasingly unaware of these impacts.
More than 25 years ago, when discussing
different views of forestry management and land
use. Roup cautioned against the romantic glorifi-
cation of “wilder is better”™ (39). Indeed, apart from
reproduction, the most natural of all buman
activitics may be the domestication of nature,
Some paths of domestication will result in im-
proved ecosysiems both for people and for other
specics: other paths of domestication will result in
ccosystems that are clearly better for humans but
not for other species; and some paths ol
domestication will resull in ccosystems that are
o0 degraded w0 benefit people or other specics.
The key scientific goals for the study of domes-
ticated pawre are o understand what radeof1s
exist between the promotion or sclection of dif
ferent ceosystem services and to determine to what
extent we can change a negative tradeoll 10 a
positive one by altering the details of our domes-
tication process (Fig. 3). With this understanding
will come a science of nature domestication that
might guide human activities to minimize the neg-
ative aspects and accentuate the human benefits,
When it comes o domesticated specics, the
theory of quantitative genetics provides a frame-
wiork for managing tradeoffs among traits inaway
that muinimizes undit vanetics or breeds, Unfonu-
natcly, there 15 no parallel theory for domesticated
ceosysiems, One possibility might be the ap-
plication of resilicnee theory, which sugzesis a link
between simplilicd ccosystems and a loss of
resilience (40 A sccond possibility would entail
an examination of tradeofls, perhaps even swilches
o altemative ecosystem sties afler some threshold
i crossed. Tradeofls are most likely o create
problems when they occur as an abrupt change,
with litle waming, Because managers and re-
searchers Tave tendad o focus on impacts rther
than mmdeofls, there has been no systematic
examination of radeolls in a way that leads 10 a
useful teory. Withou a solid understinding  of
tradeolls among coosysiem services, we can cxpect
conscrvationists o rely on protecting nature from

REVIEWS

people as the primary fonm of stewardship, Unfor-
tunately, stewardship based on keeping people out
of nature 15 likely to be unstable with population
expansion. A more dumble stewardship would
manage radeolls among coosystem services 50
that nature and people simultancously thnve,
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Nitrite, an Electron Donor for
Anoxygenic Photosynthesis

Benjamin M. Griffin,* Joachim Schott, Bernhard Schink

though compounds of the sulfur eyvele,

and more recently the iron cyele, are well-

studied electron donors for anoxygenic
photosynthesis, no analogous oxidations in the ni-
trogen cvele are known, We report o previously
unknown process in which anoxygenic photo-
trophic hacteria use nitrite as an clectron donor for
photosyithesis, providing a microbial mechanism
tor the stoichiometric oxidation ol pitrite 10 nitrate
in the absence of oxyveen. To examine nitrte as a
possible electron donor for anoxygenie photo-
trophs, we established ennchment cultures denved

A 10

=
-

Hitrate or Nitrite (mM)

4 6
Tima (d)

Fig. 1. Time courses for nitrite consumed (A), nitrate
produced (), cumulative nitrite consumed (), and growth
as the change in optical density (AQDggq) (®) for triplicate
enrichment cultures (¥ = 3). Data are mean + SD. (A)
Initially incubated in the light. (B} Initially incubated in the
dark. The plus signs indicate nitrite feedings, and arrows
denote a switch from the initial light condition. The minus
signs indicate when the cultures were starved of nitrite to
assess nitrite dependence of growth. (C) Phase-contrast
micrograph of strain KS. The scale bar represents 10 pm.

from local sewage sludee and severl freshwater
sediments in anoxic, bicarbonate-bulterad mineral
medium (/). Low amounts of nitrite (1 10 2 mM)
were fod repeatedly to avoid toxicity, and the
cullures were incubated continuously in the light

Aler incubating in the light for several
weeks, enrichmen culures from 10 out of 14
sampling sites oxidized nitmte w nitrate and de-
veloped pink colomtion, as typical of anoxveenic
phototrophs. Absomption spectra of intact cells
revealed maxima at 799 nm and 854 nm, which
are chamcteriste of bacteriochlorophyll a (2). No
chlorophyll @ or oxyeen was observed in nitrite-

29 JUNE 2007 VOL 316 SCIENCE

oxidizing cultures, suggesting that nitrmte did not
form because of a combination of oxygenic
photosynthesis and acrobic nitification. No
growth or nitrite oxidation occurred in cultures
incubated in the dark or in uninoculated bottles,
thereby ruling out the possibiliues that mitrate
was produced by anacrobic ammonia oxidation
{anammox ) or abiotic, photochemical processes.

Light-dark shill expenments performed over
several days with enrichment cultures transterned
lve times showed that growth and mitrate produc-
tion depended on both light and nitrite (Fig. 1),

0.6

roscopersicing (98% idemticaly, Thiccapsa spe-
cies are widely distnbuted purple sullur bactena
of the order Chromatiales and are metabolic gen-
cralists capable of photoautotrophic growth on a
varety of conmmon inorganic clectron donors, i ad-
dition 1o acrobic chemalithoautotrophic growth (3).
Although photowophs are known o directly
influcnce the nitrogen cvele through reductive
processes such as nitrogen Gixation, assimilation,
and respiration (), this is the only example of a
photosynthetically driven oxidation in the nitro-
gen eyele, In principle, this photosynthetic pro-
cess could compate lor pitrte in the environment
with other key nitrogen cvele processes such s
demitnfication, acrobic minfication, or anammox.
In 1970, Olson proposed in detml how the
water-oxidizing activity of oxygenic photosynthe-
sis may have evolved from anoxygenic pholo-
svnthesis through a series of inorganic nitrogen
clectron donors with increasing nudpoint potentials
1.5). The nitrte-narate couple, with a standard redox
potential of +0.43 V, could theo-

B 3

LX]

Hitrate or Mitrite (mM)

012

retically donate electrons to the
quinone-type reaction center in pur-
ple sullur bactena. where the bac-
teriochlorophyll primary donor has
a midpoint potential as high as
H049 VA This work damon-
strzibes nitrite as the highest-potential
electron donor for anoxygenic photo-
synthesis known so Bir ad provides
a modem example of an cectron
donor once implicated in the evo-

The rie of nitnie consumption increased on mul-
tiple feedings and approached 2 mM per day afier
| week in the light. As expecied for a photoauto-
trophic process, nitme corsumed, nitrate produced,
and biomass fonmed were all tightly comelated; ni-
trake was fonmed from nitrite near stoichiometrically.

We isolated the numerically dominant coccus
(2 10 3 pm in diameter) from the most active en-
richment culure derived from Konstanz sewage
sludge by dilution 1o extinction in liquid medium
(Fig. 1C) (f). Analysis of the 165 nbosomal
RNA gene sequence revealed that the strain, des-
ignated KS, is most closely related 10 Tliocapsa

lution of exygenic photosynthesis.
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Non—Fermi Liquid Metal Without

Quantum Criticality

C. Pfleiderer,™ P. Biini,* T. Keller,”* U. K. RéBler,® A. Rosch®

A key question in condensed matter physics concerns whether pure three-dimensional metals
can always be described as Fermi liquids. Using neutron Larmor diffraction to overcome the
traditional resolution limit of diffraction experiments, we studied the lattice constants of the
cubic itinerant-electron magnet manganese silicide (Mn5i) at low temperatures and high pressures.
We were able to resolve the nature of the phase diagram of Mn5i and to establish that a stable,
extended non—Fermi liquid state emerges under applied pressure without quantum criticality.,
This suggests that new forms of quantum order may be expected even far from quantum

phase transitions.

vantum eritical points (QCPs) are delined

as zemo-lemperature second-onder phase

transitions that are tuncd by nonther-
mal control parameters such as hydrostatic pres-
sure or magnetic lield. Varous novel states of
condensed matter originate from QCPs (/). For
instance. superconductivity has been found al
the border of antilerromagnetism (2) and at the
transition between ferromagnetic states (3), and
a nematic electronic phase has been reported a
a metamagnetic QCP (4. In contrast 0 Jow-
dimensional systems—where, for instanee, Lut-
tinger higquids provide a well-understood new
metallic state in one dimension—a breakdown of
Fermi liquid theory tor three-dimensional metals
15 expected only at QUPs (5). However, because
strong competmg  imeractions are balanced at
QCPs, allowing weak nesidual interactions o
stabilize new behavior, all known examples of
non-Fenmi liquid (NFL) behavior and nowvel
states al QUPs are extmordinanly sensitive o
line-wning of the underlying interactions.

An exception is the ransition metal compound
MunSi, which is probably the best candidate for a
NFL metallic state in a pure three-dimensional
metal that 1s not sensitive 1o fine<tuning of the
underlying imeractions (6, 7). This possibility has
been infermed from an abrupt transition of the tem-
periure dependence of the resistivity from a well-
understood 77 Fermi liquid behavior o a T¥2NFL
behivior above a entical pressure g, ~ 146 Kbar,
The NFL mesistivity 15 remarkably insensitive o
pressure up tooat least 50 kbar (=30 (8, 9)

The question of whether the NFL resistivity
in Mn5i is driven by a QCP or is the char-

'Physik-Depariment E21, Technische Universitdt Minchen,
D-85748 Garching, Germany. “Max-Planck-Institut fiir
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acteristic of a novel metallic state far from any
mnstability can be settled by means of themmody-
namic information. This requires measuncments
ol the plysical property that is conjugale to the
control parameter. For instance, for the appear-
ance of a new state as a function of wmperature,
one considers the temperature dependence of the
conjugate variable, the entropyd, and measures
the specific heat €, = TESEN For the

appearance of a4 new state as a lunction of

pressure at zero temperature, the relevant
conjugate vanable is the unit eell volume o,
equivalently, the latice constants, We therelore
decided to focus on the pressure and temperature
dependence of the lattice constant of MnSi.
Mn%Si first anracted gremt interest because at
ambient pressure, the onsel o weak inerant-
clectron magnetism below the critical iemperature
T.=29.5 K can be accounted for quantitatively
in the framework of a sell-consistent Ginzburg-
Landau theory that treats MnSi as a ferromagnet
(R 1) Because To — 0 atl pe. it was an [irst
thought that the NFL resistivity was driven by a
feromaenetic QCP (/2). However, the femro-
magnetism in MnSi is only the strongest of three

hicrarchical energy scales, where the lack of

space inversion of the B20 crystal structure leads
1o a Davaloshinski-Moriva spin-orbit interaction
that generates a long-wavelength helical rotation
of the magnetiztion on mtennediate scales (4, =
180 A). The direction of the helix is pinned 1o
the (111} crystallographic dircction through
crystal-ficld interactions, providing the weakest
scale. The suppression of the helical order a g
may be discontinuous, as suggesied by ac
susceptibility (/274 and p-ion spin rotation
(13) experiments. By contrast, the resistivity
below pre and certain features in magnetic neutron
scattering described below suggest a QCP at ..

Meutron scattering studies of MnSi under
pressure suggest that the magnetic moments sur-
vive above p (f4), They reveal strong magnetic
scattening mtensity on the surface ol a sphere in
reciprocal space, with a mdius comresponding 1o
the modulus of the wave vector of the helical
order. In fact, the magnetic intensity is vagucly

analogous to partial order in liguid crystals. The
observation of partial order in neutron scatlering
suggests that the NFL resistivity is not driven by
a soflening of the magnetic moment, but by the
weakest energy scale; the pinning potential of the
helical order. The partial order exists below a
chamcteristic temperature Ty that extrapolates 1o
aero at i ~ 21 Kbar, This suggests the possible
existence of another QUP at g,

However, anomalics associated with §y are
not seen in the mesistivity and  susceptibility.
Morcover, u-SR experiments show that the
partial order below Ty is not statie, These mea-
surements funther sugzest that the helical order
below g represents a decreasing volume fraction
for T — 011 3). Because the expenmental probes
used so far—notably resistivity, susceptibility,
newtron scattering, and p-SR—show different
crossover scales, the possible existence ol various
QCPs in the phase diagram of MnSi s a key
challenge. This ssue may be resolved with pre-
cision measurcments of the lattice constant as the
conjugate variable of the control parameter.

On the basis of previous bulk measurements
of the thenmal expansion in MnSi (/6. I7), it is
clear that a resolution of the lattice constant better
than 107 is necessary for meaningful experi-
ments, Conventional capacitive bulk methods
cannod be used in the pressure and temperature
range of interest (/X 20), Scatiering experiments
constitute a very elegant method, bat the reso-
lution of synchrotron radiation and peutron dif-
fraction in carlier single-crvstal studies was ot
best = 1075, being ultimately limited by the beam
divergenee and monochromaticity. Moreover,
synchrotron experniments are limited to 1emper-
atures above a few kelvin because ol heating
clfeets, and they provide information about the
surface of the samples only.

To overcome the conventional resolution lim-
it, we have used so-called newron Larmor dif-

fraction, for which only the basic prnciple of

operation has been demonstrated (24). In Larmor
diffraction, the precession of the neutron spin is
attached 1w the neutron path as an “internal
clock.” [See (22) for details and measurements
on single-crystal Cu as a prool of principle (2.3)].
Our study was carnicd out on the thenmal neutron
resonance  spin=ccho  triple-axis  spectrometer
TRISP ( 24) at the neutron source Heme Maier-
Leibnite (FRM 1) a1 Technische Universiti
Miinchen. We find that Lanmor diffraction read-
ily allows us 1o go bevond the present-day reso-
lution limit of all scatiering echniques {(ncutron
and synchrotron radiation), where further im-
provements by up o two orders of magnitude
mery be possible in the near futre (22). We show,
in particular, that Larmor diffraction is unique in
prowviding microscopic information on the lattice
constants and their distnbution across the entire
sample volume, even under extreme conditions,

In wrn, our study highlights that Larmor
diffraction is of great general importance, In
physics, chemistry, geoscience, and eginecring,
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a large number of prominent scientific challenges
can be resolved through high-precision measune-
ments ol lattice parameters under extreme
conditions such as ultmlow or very lugh temper-
atures, high hydrostatic and umiaxial pressures, and
high magnetic or electrie ficlds. Examples include
precursar eltocts in structural phase tansitions, the
interplay of magnetic anisotropy  with crystal
structure, the miture of modulations of magnetic
and erystal structures, lattice dynamics, multiple

superconducting phases and superconducting vor-
tex lattices, as well as geophysical natenials at ligh
temperatures and high pressures, nondestructive
matenals testing, and strain distributions,

We studicd the lattice constant of single-
crystal MnSi at pressures up 1o 21 kbar and
temperatures down o 0.5 K for our different com-
binations of pressune cells, pressure transmitiers,
and samples, [See (22) for funher information on
the samples, pressure cells, technical setup, and

wsues such as pressure changes duning cooldown
and small pressure inhomogeneitics. ] We discuss
changes of the latice comstant, o7, 7). as nor-
nelizad 10 s ambient pressure and  femperatune
value ag = 4.58 — m temns of three contnbutions,

all.p)  wp

—'F—TI-* n(Fy+aadTop) (1)
i 3
The first term, wp3, describes the pressune de-

pendence of the lattice apart from lempertune-

Fig. 1. (A) Temperature : . . 70 p (kbar)
dependence of magnetic and A a0
electronic contributions, a,, of £
the lattice constant of MnSi at _ 8. 2
various pressures, Note the 10 r p=0 ., 0 ; 12.5 (222)
near-collapse of data above 6.2 " = > > 12.5 (224)
T, which indicates a very weak n . X v 12.9 dn
pressure dependence relative 8r 125w " 75 A e
to the behavior below T,. The i S = up
weak pressure dependence L " 14,2
above T identifies the transi- 6 F " 14.5
tion at p. as first order. The 16.1
inset displays changes of the * 6.3
lattice constant at ambient 'O 4k 21
pressure versus T* as normak
ized to gp = 4.58 A. (B) Data
atpressures near andabovep, &' 5 |
as shifted by a constant offset
of 2 x 107 for clarity. Note
the absence of any signature L
of Ty despite the strong v
magnetic signal seen in neu-
tron scattering [compare with
figure 3 in (14)]. We believe 2pr
that the small dip at 21 kbar
and 4 K represents a statistical
error, as explained in the text. -4 . i L . -
B
10 F -
8 } - l}‘a.i.*-*'*!“' 8.0 5 #4142 Kkbar
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dependent contnbutions, where ® is the volume
compressibility. The second term, a1 = al®,
desenbes the conventional thenmal  expansion,
whene the coeflicient « is insensitive to pressure
and higher-onder contributions are not requined 1o
desenibe our data, The thind termy a2, accounts for
all other contributions, in paticular those related 10
magnetic and clectronic propertics,

The tempemture dependence of the lattice
constant al ambient pressure is shown in the insct
of Fig. 1A, Above 35 K a quadrtic emperature
dependence is observed, where the coeflicient
a= 3.2 107" K% as measured for three different
samples is in excellent agreement with the bulk
data reponted i (£6). The magneto-expansion
below T 15 a few percent smaller than that re-
ported (16, /7).

For the four combinations of pressure cells,
pressure trnsmitier, and samples studied here,
the cocllicient a observed at high pressure was
constant as a function of pressure but differed by
up to 25% between the four selups and with
respect 1o the ambient pressure value, This is due
to changes of pressure as function of temperature
related 10 the thermal expansion of the pressure
cell and the sample (22). Taking into account the
setup dependence of ¢, we lind that isothermal
changes of al Fp)ag are well described by wp3,
where the pressure as inferred from Tap) (12)
vields x = 5.3 = 1077 bar ', consistent with
ultrmsound measurements at T, (25).

In Fig. 1 we show the contribution of as for
the mnge 0.5 o 530 K, where we subtracted s/ 3
iyl Ty with ag( T determined in the range 35 o
200 K. Between ambient pressure and p, = 146
kbar, a sizable spomtancous magneto-cxpansion
(=~ 107%) relative to the noise level (~1.2 < 107%)is
associated with the helically ordered regime. An
unexpecied property at high pressure s the

cmergence of a sizable lanice contraction in
aof T py when T; s suppressed 1o values below
the crossover temperature Ty ~ 15 £ 2 K. As
function of temperature, the contraction is char-
acteristic of a crossover as opposed to the shamp
phase tramsition scen al 7o ). The tlemperature
dependence of the spontancous lattice contrac-
tion s remarkably insensitive w pressune, This
constitutes the main experimental result

Tor discuss the implications ol our result for the
NFL resistivity, we summarize the wmperiture-
pressure phase diagram of MnSi in Fig. 2A. The
resistivity and ac susceptibility (68, 12 identify
two imponant regimes: (1) Fermi liquid properties
with helical order below Tolp) (blue shading),
and (1) the NFL resistivity below ~12 K {green
shading), where the resistivity exponent finally
locks 1o 1.5 below -6 K. The ac susceptibility
further shows that 7, changes from second 1o first
order for p* = 12 kbar < p < p where a broad
maximum m the ac susceptibility at 7 = [2 K
coincides with the onset of the NFL regime.
Within the NFL regime, magnetic neutron scat-
tering shows a crossover W partial magnetic order
at Ty (dark green shading),

Previously, the NFL behavior in MnSi could
be explained in tenms of wo altemative scenar-
ios: Either it was driven by a QCP. or it repre-
sented a distinetly novel metallic ground state far
from any QCP These two scenanos may be
distinguished in terms of the thermal expansion.
MNotably, for a putative QCP. a change of sign of
the thermal expansion is expected that involves a
singulanty in the limit 7= 0 (26).

There are two candidates Tor such a QCP in
MnSi. The st candidate is the suppression of
helical oder at p, where T, — 0; the second
candidate is the suppression ol parial order al
o~ 21 kbar, where T — 0. The transition at g is

Fig. 2. (A) Phase diagram of MnSi 5 40
as a function of pressure, Data for T
are based on the resistivity p and the
ac susceptibility ¥ reported in (1.2). T 30

is based on elastic neutron scattering
(14). The blue shading indicates the
regime of Fermi liguid behavior,
where dark blue shading shows the
regime of phase segregation seen in
1-SR (15). The green shading repre-
sents the regime of NFL resistivity,
where dark green shading indicates
the regime of partial order. The tran-
sition temperature T, observed in

. T (p
* T (ENS)

T LtLarmor}

C,

. TTE {Larmor) |

:I::ct::nmc; .:izm:;ﬂt L:;:;:rmig; the highesi pressure ul‘!ll kbar, which is close o
with previous work. The crossover Frge @ small EJI-II'I may exist around 4 K IFur this
temperature Trg represents the ap- S 4 | pressure, neither resistivity, :‘-I.lsFﬁth}]ﬂ}-. nor
pearance of lattice contraction in a; % * HEEnelic neulon scaitering |\r-._u\-|d+: evidence of
as measured by Larmor diffraction. e ol a crossover, let alone a l-:l:llL*‘-iIlm'l. We !Iu:n.:li.:rs:
(B) Extrapolated zero-temperature . L believe that the small dip is due 1o statistical emor
variation of a;. The spontaneous = T-0 ’ (error bars represent 2o). The absence of a
magnetostriction varies very weakly . * : . signature al Ty in the lattice constant, when
under pressure up to p* ~ 12.5 kbar 0 5 10 15 20 25 combined with the ac susceptibility, resistivity,
before dropping distinctly and chang- p (kbar) and p-SR, identitics T as a crossover scale related
ing sign. It also varies very weakly above pe. to the enerezy resolution in neutron scattening,
www.sclencemag.org SCIENCE VOL 316 29 JUNE 2007
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widely believed o be first order. because the ac
susceptibality shows a discontinuous change at
with tinerant metamagnetism (12, 13) and p-S5R
suggests phase segregation below pe (13} In
contrast 1o fisst-order behavior at p, the 72 coef-
ficien of the resistivity diverges when approach-
ing . from below, as is chamcteristic of a QCP
(12}, The possible existence of a QUP wt p, is
augmentad funther by magnetic neutron scatter-
ing, which also identifics pp, where Ty — 0, as
the second candidate for a QCP. In these studies,
strong intensity on the surface of a sphere in
reciprocal space is observed for pressures near
and above pe. But the temperature dependence
for differem dircctions in reciprocal space is quite
different. On the one hand, the mtensity for the
(111} direction, where the helical order is ob-
served at ambient pressure and low  pressure,
appears below T, This intensity vanishes contin-
wously at g [compare with ligure 3 in (/)]
consistent with a QCP. On the other hand, the
intensity for the (110} direction appears below T
and vanishes for p— pg~ 21 kbar This identifics
fro a5 a second candidate for a QCP in MnSi.
Our data lor the laitice constant shown in
Figs. | and 2B settle the question of whether the
NFL behavior is due to a QCP. We begin with
the question of whether a QC P exists at pe where
Ie — 0, The contnbution a3 as extrapolated 1o
=10 shows expansion for p < p, whereas it
shows contraction above p.. The change of sign
is alrcady present below pg for T T, when T is
suppressed below <15 K. Although the lattice
cxpansion below T, 5 extremely sensitive o
pressure, the contraction in s above T, is cssen-
tially unchanged as a function of pressure. This
may be seen from the near-collapse of data a
I= T shown in Fig. 1A, The absence of singu-
lar behavior in as above T, for p= 12 kbar clearly
rules out quantum crticality for 7o — Oat p.
We next wm to the question of whether a
OQCP exists at pg. To present our data for as near
and above p, more clearly, we shified the data
sets by 2 = 107 with respect to cach other in Fig.
1B, Magnetic neutron scattering shows that the
inicgrated scattering intensity that emerges below
Ty Tor pressures near p. is essentially unchanged
as comparcd with ambicent pressure; that is, the
moment appears unchanged [compare with
figure 3 in (44)]. Thus, the effects on the latice
parmmeter expected at Ty should be comparable
to or larger than that seen for the helical order at
. at least for 14.2, 145, 16.1, and 16.3 kbar.
However, no sign ol a transition is observed. For
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Having ruled out the exisience ol a QCT at g,
and g, we may finally discuss possible conse-
quences of the fisst-order tansiion at g, and
related phase segregation. Between p* and pe. the
monotonic decrease of a2 shown i Fig, 2B is
explained by a decreasing volume lraction of
helical order, consistent with p-SR (1.5}, neutron
scattening (J4, 27), and nuclear magnetic reso-
nance (28). In combination with our study of the
lattice constant, the phase scgregation explains
the continuous disappearance of magnetic scat-
tering intensity for the (111} direction, which
suggested a possible QP at p, a5 a conlinuous
reduction of volume fraction of helical order. The
phase segregation may also be ar the ongin of
the apparent divergence of the T resistivity co-
efficient, which is expected 10 increase strongly
at the percolation transition, when the volume
fraction of 7% Fermi ligquid resistivity is reduced.
Finally, with further improvements ol resolu-
tion as discussed in (22, it may even become
possible to detect a broadening of the distnibu-
tion of lattice constants caused by the phase
segregation below pr.

The neutron scattering intensity distbution
of the partial order suggests that. as the simplest
explanation, the pantial order is the result of a loss
of pinning potential of the helical order. It has
becen proposcd that metastable droplets of helical
order formm in the remains of the first-order free
energy landscape above p. (8, ) It seoms
natural to assume that the partial order represents
these mdastable droplets, the size of which
would exceed several thousand angstroms (J4).
However, i view of the luge lattice expansion at
T we expect a substantal lattice expansion lor
metastable droplets of helical order at Ty, in stark
contrast with expenment. This strongly suggests
the existence of additional new mechanisms
causing the partial order and NFL behavior |e.g.,
those considered to drive the formation of the
novel magnetic textures studied in (29-32)].

Our results concerning the nature of the phase
diagram of MnSi show that the wansition at g, 1s
{irst order, and the onset of partial order at 7 (and
thus prmd scen in newtron scattenng is clearly not
related 10 a thermiodynamic phase transition. This
catablishes that the observed NFL behavior is not
connected toa QCP Instead, itis the chamcienstic
of an extended genuine NFL state far from any
instability, More generally, this inding sugpesis
that novel forms of order may be expecied clse-
where than at quanium phase ransitions,
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Rapid Formation of Supermassive
Black Hole Binaries in Galaxy

Mergers with Gas

L. Mayer,?* . Kazantzidis,>* P. Madau,®* M. Colpi,® T. Quinn,” ). Wadsley®

Supermassive black holes (SMBHs) are a ubiquitous component of the nuclei of galaxies. It is
normally assumed that after the merger of two massive galaxies, a SMBH binary will form, shrink
because of stellar or gas dynamical processes, and ultimately coalesce by emitting a burst of
gravitational waves, However, so far it has not been possible to show how two SMEHs bind during a
galaxy merger with gas because of the difficulty of modeling a wide range of spatial scales. Here
we report hydrodynamical simulations that track the formation of a SMBH binary down to scales of
a few light years after the collision between two spiral galaxies. A massive, turbulent, nuclear
gaseous disk arises as a result of the galaxy merger. The black holes form an eccentric binary in the
disk in less than 1 million years as a result of the gravitational drag from the gas rather than from

the stars.

upermussive black holes (SMBHs ) weight-

ing up 1o a billion solar masses (Ms) are

thought to reside at the center of all mas-
sive galaxies (-3). According 1o the standard
paradizm of structure formation in the universe,
palaxics merge frequently as their dark-matier
halos assemble in a hierarchical fashion (4, ).
As SMBHs become incomorated into prognes-
sively larger halos, they sink to the center of the
more massive progenitor, owing to dynamical
friction, and evenwally form a binary (5 &) Ina
purely stellar background, as the binary separa-
tion decays, the effectivencss ol dynamical
fniction slowly declines, and the pair then be-
comes tightly bound via three-body interactions,
namely by caplunng stars that pass close to the
holes and cjecting them at much higher ve-

locities (5-7). 1T the binary scpartion continues
to decrease, the loss of orbial encrgy due o
eravitational wave comssion finally takes over,
and the two SMBHs coalesce in less than a
Hubble time, But the binary may stop sinking
before gravitational mdiation becomes impor-
tant, because there is a Gnite supply of stars on
intersceting orbits (3, 9),

During the assembly of galaxics, however,
their SMBHs probably evolve within gas-rich
systems. Merging svstems such s the ulim-
luminous infrared galaxics (ULIRGs) NGOG240
and Arp2 X0 harbor large concentrations of gas, in
cxoess of 107 M, at their center, in the form of
cither a turbulent iregular structure or a Kinemat-
ically coherenmt motating disk (/0-12), Massive
rotating nuclear disks of molecular gas are also
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ubiguitous in galaxics that appear 10 have just
undergone a mapor menger, such as Markanan
231 (13).

Cas dynamics may profoundly  atlect the
pamng of SMBHs both dunng and alter ther
host galaxics merge (/4-79). Recent simulations
of the orbital evolution of SMBHs within a ro-
tationally supported gaseous disk at equilibrium
have shown that friction against the gascous
background leads w the formation of a tightly
bound SMBH binary, with a final separstion
<1 pe in about 107 vears (16, 17} Yet such sim-
ulations begin with ad hoc imtial conditions, with
|.|'II..' Iﬁ]iII.'L .Il“l\?;\ i|[| \"ild_\- n“'lll'lr]j.l i | ]HI.".‘“."_\ |'|l'|l,|||-|,1
pair, whereas in reality the orbital configuration

Ynstitute for Theoretical Physics, University of Zurich,
Winterthurestrasse 190, CH-B0ST7 Zirich, Switzerland.
‘Institut fdr Astronomie, ETH Zdrich, Wolfgang-Pauli-
Strasse 16, CH-8093 Zirich, Switzerland. *Kavli Institute
far Particle Astrophysics and Cosmology, Department of
Physics, Stanford University, Post Office Box 20450, MS
29, Stanford, CA 94309, USA. *Department of Astronomy,
Unwersity of Califernia at Santa Cruz, 1156 High Street,
Santa Cruz, CA 95064, USA. *Max Planck Institute fir
Astrophysik, Karl-Schwarzschild Strasse 1, 85740 Garching
bei Muenchen, Germany. ﬁDIFIaI‘IIITI’I'I'ID di Fiskca, Uni-
versitd di Milano Bicocca, Piamza della Sdenza 3, 120126
Milano, Italy. "Department of Astranomy, I..Inwerm!nl:li
Washington, Stevens Way, Seattle, WA 98195, USA. "De-
partment of Physics and Astronomy, McMaster University,
Hamilton, Ontario LBS 4M1, Canada.

*To whom correspondence showld be addressed. E-mail:
lucio@phys.ethr.ch (LM.); stelios@slac stanford edu (5.K.)

of the black holes and the structure and thermo-
dynamics of the nuclear region, which can affect
the drag (/7. 18), will be the end result of the
complex gravitational and hydrodynanmucal pro-

cesses mvolved i the merger. How a pair of

SMBHs binds in a dissipational galaxy merger is
thus still unclear,

Here we report on high-resolution a-body
plus smoothed panticle hydrodynamies (SPH)
simulations of mergers between galaxies with
SMBHs having enough dynamic range to follow
the holes from 100 kpe down o parsec scales,
bridging about 10 orders of magnitude in density
We start with two ;.‘|.|u:||-|||;|.-m l,::ll.'l\,i.l.'h similar 1o
IJI|,' "'.l:i”\jx ";\;1_\, Un:l]pl'ihilt':_- H| -,!i.\.]-l II|..\||;,II‘.'\.'I2IH,1 2as
with a surface density distribution that follows an
exponential law, a stellar bulge, and a missive
and extended sphenecal dark-matter halo whose
mass, radivs, density profile, and angular mo-
mentum are consistent with cumrent structure
formation models (20). Ther mital orbit s par-
abolic and therr distance ol closest approach is
50 kpe, which 15 consistent with typical values
found in cosmological simulations of structure
formation (2 4. A paticle of mass 2.6 = 10° M, is
placed at the center of cach bulge 1o represent a
SMBH. The simulations include radiative cool-
i.]l;_" and star formation (£4) and have a .\.|‘l:|1i:|l
resolution of 10 pe (20), The computational vol-
ume is relined duning the late stage of the merger
with the technique of panticle splitting (204,

achieving a spatial resolution of 2 pc with as

many as 2 * 10° gas particles within the nuclear
OO,

Initially, the separmtion of the two black holes
evilves as that of the two gascous cones in which
they are embedded. The galaxics approach cach
other several tmes as they sink inlo one an-
other via dynamical [riction. Aller about 5
billion years, the dark-mater halos have near-
Iy merged and the two baryonic cores, separted
by about 6 kpe, continue to spiral down (Fig. 1),
As much as 60% of the gas onginally present in
the galaxies has been funnelled wo the mner few

I1l|:||d|'|.1.‘| l'ﬁ.ll:ﬁ\'l.‘n |.I'| |.,'.,I.|.,'|1 clre i'l_'\. I!.dﬂl |l'l||.,|l|\‘,\

and h!ll.h'lh,h QCCur I'iu:,: in the ]'1.,"|'IL".|.[L'\E ﬂ_'. h}..x -
tween the two galaxies (M4, 22, 23) (Fig. 1)
Each of the two SMBHs 15 embedded in a
4 = 10" Ma and
size of a lew hundred parsecs, produced by

rotating gascous disk of mass

such gas mflow, At this stage, we stop the sim-
ulation and we restart it with inereascd resolu-
ton (210,

The mdiaton physics m the refined simu-
lation is modeled via an effective equation ol
state that accounis for the net balance of radiative
heating and cooling. In a previously performed
nonrefined simulation, a starburst with a peak stog
formation mte of 30 Af. VI takes |'l|..|-.'|: when
the cores |-||!I:.l”:'. Crge (/4. We do not account
for any conversion of 2as into stars in the relined
sirnulation 1o limit the computational burden: this

Fig. 1. The different stages of
the merger between two identi-
cal disk galaxies. The color-
coded density maps of the gas
component are shown with a
logarithmic scale, with brighter
colors used for higher densities.
The four panels to the left show
the large-scale evolution at dif-
ferent times. The boxes are 120
kpt on a side (top) and 60 kpc
on a side (bottom), and the
density ranges between 1072
atoms cm ™~ and 107 atoms em™>,
During the interaction, tidal
forces tear the galactic disks
apart, generating spectacular
tidal tails and plumes. The
panels to the right show a
zoom-in image of the very last
stage of the merger, about 100
million years before the two
cores have fully coalesced (up-
per panel) and 2 million years
after the merger {middle panel),
when a massive, rotating, nu-
clear gaseous disk embedded in
a series of large-scale ringlike
structures has formed. The boxes
are now 8 kpc on a side, and the
density ranges between 1072

Lm 2B Gyr

L= 4N v

atoms cm> and 10® atoms cm >, The two bottom panels, with a gray
color scale, show the detail of the inner 160 pc of the middle panel; the
nuclear disk is shown edge-on (left) and face-on (right), and the two

L= 50 v

i= .'al.li._l,.]

black holes are also shown with black shaded spheres in the face-on
image. An equation of state with v = 7/5 was used in the refined part of
the simulation. Gyr, billion years.
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will not affect our conclusions because we
explore a phase lasting = 1w’ vears alter the
merger, which s much shorter than the duration
of the starburst in the nonrefined simulation,
which is close 1o 10" years (20). Caleulations that
include radiative transfer show that the thermo-
dynamic state of'a solar metallicity gas heated by
a starburst can be well approximated by an ideal
gas with adiabatic index v = 1.3 10 7/5 over a
wide mnge of densities (24, 25), We assume 1 =
7/5 and include the imeversible heating gencrated
by shocks via an anificial viscosity term in the
internal energy equation (20),

The gaseous cores finally menge at time (1) ~
5.12 billion years, foming a single nuclear disk
with a mass of 3 = 10” M. and a size of 75 pe.
The two SMBHs are now embedded in the disk,
The disk is more massive than the sum of the two
progemitor nuclear disks formed carlier, because
further gas inflow occurs in the last stage of the
galaxy collision. It is surmounded by several rings
and by a more diffuse mtationally supported en-
velope extending out to more than | kpe from the
center (Fig. 1) A background of dark matter and
stars distributed in a spheroid is also present. but
the gas component is dominant in mass within a
few hundred parsecs from the center. From now
o, the orbital decay of the holes is dominated by
dynamical friction against the gascous disk. The
Black holes are on eccontric orbits |the cccentric-
ity is e ~ 0.5, where & = (rigs = FopaiV (Pape * Fyerihs
Fapo AW e being, respectively, the apocenter
and pericemer of the orbit] near the plane of the
disk (27 and move at a speed vy = 200 1o 300
km s relative 1o the disk's center of mass. The
typical ambient sound speed is v, ~ 45 kms ', a
legacy of the strong shock heating occuming as
the galaxy cores merge. The disk is routionally
supported (1 ~ 300 km s ") but is also highly

turbulent. having a typical velocity dispersion
Vb~ 100 km s (79, Its scale height, ~ 20 pe, and
typical densaty, 10° 1o 10° atoms em ™. are com-
parable to those of observed nuclear disks (/7).

The two SMBHSs sink down from about 40 pe
1o few parsees, our resolution limit, in less than
a million years (Fig, 2) At this point, the two
holes are gravitatonally bound to cach other,
because the mass of the gas enclosed within their
separation is less than the mass of the binary, The
gas controls the orbital decay, not the stars,
Dynamical friction against the stellar back-
ground would bring the two black holes this
close only on a much longer time scale, ~35 = 1Y
years (2, A shon sinking time scale due to the
gas is expecied because of the high gas densities
and because the decay occurs in the supersonic
regime (2, being vy > vumw > ¥ The
subsequent hardening of the binary will depend
on the details of gas dynamics and other pro-
cesses al scales below our resolution (f6- 20,

If radiative cooling is completely suppressed
during the merger, for example as a result of
radiative heating afler pas aceretion onto the
SMBHs, the gas would evolve adiabatically (y =
5/3). In this case, the hardening process is sig-
nificantly slowed down, and gas and stars con-
tribute similarly to the drag (20). However, il the
SMBHs become active only after the nuelear
disk arises and keep acercting the surounding
gas at the Eddington limit untl the binary forms,
their mdiative heating should not be enough 1o
substamially alier the energy balance implicitly
assumed in the y = 775 simulation ( 20),

Here we have considered a mernger between
galaxies i which the gas accounts for only 107 of
the disk mass, a tvpical gos fraction in present-day
spirmls. Much larger gas froctions should be
commion at high redshifi, when most of the merger

Fig. 2. Orbital separation SR
of the two black holes as a 200
function of time during the X
last stage of the galaxy
merger shown in Fig. 1.
The orbit of the pair (ry) is
eccentric until the end of
the simulation. The two
peaks at scales of tens of
parsecs at around t =
£.1213 billion years mark
the end of the phase
during which the two holes L
are still embedded in two 3
distinct gaseous cores. Un- -
til this point, the orbit is
the result of the relative i
motion of the cores com-
bined with the relative
motion of each black hole

P PR S
51216 51218
time (Gyr) 1

o L
51214

| I T W [N S T

relative to the surrounding
core, explaining the pres-
ence of more than one

5121

5122 5123 5124

time (Gyr)

orbital frequency. The inset shows the details of the last part of the orbital evolution, which takes
place in the nuclear disk arising from the merger of the two cores. The binary stops shrinking when the

separation approaches the softening length (2 pe).
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activity takes place and massive galaxies have just
begun 10 assemble their stellar component (26).
Even more massive and denser nuclear disks
should form then, and because dynamical friction
15 proportional w the density of the background
(46, 260, a pair of SMBHs will bind even faster
than i our calculations. Coalescing SMBH
binaries should thus be common at high redshift
and are among the primary candidate sources of
gravitational waves at millihere frequencics, the
range probed by the space-based Laser Interfer-
ometer Space Antenna (7, 27). Moreover, even
at the present epoch, a typical bright galaxy has a
more massive stellar bulge than our models, and
hence harbors more massive SMBHs (/-3 tha
will decay faster because dynamical Inction 15
stromger for larger bodies.

Three-body encounters between ambient
stars and a SMBH binary may deplete the nuclear
region and turn a stellar cusp into a low-density
core al scales of tens of parsees (28, This would
cxplain why the bnghtest ellipticals, which are
very likely the end result of several mergers, have
shallow stellar cores (29, 30). In our scenario, the
orbital decay is driven by the gas rather than by
the stellar background and occurs on such a shon
time scale that the interaction between the binary
and the stellar spheroid would be negligible and
should hardly affect the sellar density profile.
Gas-rich mergers yield steep stellar profiles
owing to the dramatic gas inflow and subsequent
star formation (2.2). We expect that such cuspy
profiles will be preserved in the remnant becanse
ol the negligible interaction between the binary
SMBHs and the stars implied by our caleula-
tions. Remnants of dissipational menzers such as
Markarian 231 (/3) do indeed cxhibit a sicep
stellar profile at least down o a hundred parsees
and asmall effective mdius reminiscent of that of
low-luminosity ellipticals galaxies that have
cuspy profiles down 1o scales of a few parsecs
124). Owr prediction can be thoroughly tesied
with current and future high-resolution multi-
wavelength observaiions that are capable of
probing the inner fow parsecs of the remmanis
ol dissipational mergers.
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Locating the Two Black Holes

in NGC 6240

Claire E. Max,»?* Gabriela Canalizo,™® Willem H. de Vries™*

Mergers play an important role in galaxy evolution and are key to understanding the correlation
between central-black hole mass and host-galaxy properties. We used the new technology of
adaptive optics at the Keck Il telescope to observe NGC 6240, a merger between two disk galaxies.
Our high-resolution near-infrared images, combined with radio and x-ray positions, revealed the
location and environment of two central supermassive black holes. Each is at the center of a
rotating stellar disk, surrounded by a cloud of young star clusters. The brightest of these young
clusters lie in the plane of each disk, but surprisingly are seen only on the disks’ receding side.

G:nl:l.\;y collisions are thought 1o play a key
role in galaxy cvolution. We now know
that most galaxics contain massive black
holes @ their cores and that there 1s a strong
cormelation between the mass ol these black holes
and the propenties of their host galaxies on much
larger scales. For example, black hole mass cor-
relates with the sicllar velocity dispersion (the
extent to which individual stellar motions deviate
from the local mean velocity) of a galaxy’s
spheridal component (1, 2 Such comelations
have led 10 the hypothesis that a galaxy s central
black hole and its spheroid (a population of stars
and dark matter centered on the nucleus with a
typical scale of 1 1o 10 kpe, where | pe = 3.26
light-years) must have coevolved over cosmic
time, because both grow incrementally in repeated
merger events, Each galaxy merger s hypothe-
sized 1o end i the menzer of central black holes,
the final stage of which may cmit lange amounts
of graviatonal radiation deteciable by luture
grmvity-wave cxperiments, such as the Laser
Interferometer Space Antenna mission (J).
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Nearby galaxy mergers provide a labomtory
by which cssential pans of this coevolution
hypothesis can be tested. O particular impor-
tance i1s the relation between central black holes

and star fommation. The merger event isell

provides a disturbed dynamical environment in
which preexisting galactic gas can accrete onlo
the ceniral black holeis). In addition, in the so-
called “fecdback paradigm’™ (), merger-induced
star lommation creates stellar winds and super-
nova explosions, which also provide gas that can
accrete onto the black holeis). Later in the merger
cvent, high-energy emission from the accreting
black hole may expel the surrounding gas and
dust, limiting Turther star formation. We used the
superb spatial resolution provided by the new
technology of adaptive optics (AO) to identlfy
the precise locations of the two black holes in a
nearby  galaxy merger, and we showed ther
geometry with respect 10 regions of aclive star
[ormation,

The astronomical system NGC 6240 is an
ongoing merger of two gas-rich disk galaxies,
The collision of nterstellar gas in the two gal-
axies causes intense star fonmation, as witnessed
by an infrared luminosity ~10"* times the
luminosity of the Sun, due to the cooling of dust
heated by embedded young massive stars ().
The ower parts of the wo colliding galaxies arc
tidally distonted by the merger, as shown by the
Hubble Space Telescope (HST) (Fig, 1A) (6). In
optical light, the central core shows two distinet
subnuclei, presumably one from cach disk gal-
axy, as shown in Fig. 1B and (7-9),

NGO 6240 15 a1 nedshift z = 0.0243, As-
suming a Hubble constant Hy = 70 km s~ Mpe!,
Ly = 03, and €2, = 0.7 (1), its distance is 98
Mpc, at which the projected scale on the sky is
| arc sec (490 po) (A1) NGO 624015 a merzing
palaxy system that has long been known to host
an active galactic nuclews (AGN), which is a
palaxy nucleus containing an active super-
massive black hole. This was confirmed by the
BeppoSAX (Satellite per Astronomia X,
"Beppo® in honor of Giuseppe Occhialing) x-ray
satellite (4.2), which detected a high-energy x-ray
source tvpical of AGNs. Subscquently, the
Chandra X-ray Observatory showed that there
are actually two AGNs in the core of NGC 6240
(/3. Two pointlike mdio sources were seen in
the nucleus as well (14, £3). Their mdio continua
{high brightness temperatunes and inverted spee-
ot low froquencies) are typical of compact
radio sources seen in AGNs (13), Mid-infrared
imaging showed two peaks at approximately the
same positions as the rmdio nuclei (76). Kinemat-
ics of the stars and gas suggest thar NGC 6240°s
cone is made up of a nucleus (and its ceniral black
holed from each of the two merging galaxies
7, i),

The ability 1o distnguish features on relevam
spatial scales (e.g.. <350 po) requires an angular
resolution better than 0.1 arc sec. This is possible
with the HST at visible wavelengths and at near-
mfrared wavelengihs with ground-based 8- o 10-m
telescopes that use the new technology of AO
to remove blumng due to twrbulence in Earth's
atmosphicre. The 0.06-arc sce infrared spatial
resolution we obtained with AD on the 10-m
Keck 11 wlescope (19) is a stunning factor-of=10
improvement over what can be done with
conventional ground-based imaging a this
wavelength, It is an excellent match w0 the
visible-wavelength resolution of the Wide Field
Planetary Camera 2 on the 24-m HST [ full width
at half maximum (FWHM) = 0.006 arc sec m
wavelengths mnging from 335 10 814 nm| (20)
in the near-infrarcd K' band cemered at 2,12 pm,
Keck AO spatial resolution exceeds that of the
HST 2/}

We observed NGC 6240 on 17 and 18 August
2003 universal ume at the Keek 1 elescope on
Mauna Kea, Hawaii, with the Keek AO system
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Fig. 1. HS5T images of
NGC 6240, (A) The galaxy
on a large scale. Tidal tails
and dust lanes are prom-
inent. The quide star
shown at left &5 ~36 arc
sec from the nucleus. The
double nucleus is clearly
shown, The height of this
image is 111 arc sec.
MNorth is up and east & to
the left. Ho line ermission
is superimposed in red
(F573N filter), highlight-
ing regions of the most
active star formation. The
WFPC2 camera consists of
several charge-coupled
device (CCD) detectors.
The central segment de-

picts the highest-resolution CCD, placed on the nucleus. Black segments shown at right are areas that do
not have detectors. (B) Zoomed-in image of the central regions of NGC 6240, at a spatial scale thatis 27
times finer than that in (A). Data are from the F214W filter. Color maps are a linear representation of the
intensity. The green bar is 1 arc sec long. Blue represents data from the F450W filter, red represents that
from the FE14W filter, and green represents data from the average of these two filters. Hubble data are

from a public archive (6).

Fig. 2. Keck near-infrared AQ image of the
core of NGC 6240. The central wavelength is
2.12 um (K' band). Separate images of the
north and south nuclei have been overlaid
onto a larger-scale image whose {(green)
color map was stretched to show the many
point sources surrounding both nuclei.
These are young star clusters formed as a
result of the merger. The two nuclei, which
appear monolithic in ground-based non-AQ
images, are seen to have strong substructure
when visualzed with AQ. Features seen in
near-infrared light are qualitatively differ-
ent from those at visible wavelengths (Fig.
1B). North is up and east is to the left. The
yellow line is 1 arc sec long. Color maps are
logarithmic.

bl I ]

4y and the NIRC2 near-infrared camera
( 25). Details of our observations, A system per-

fomanee, and the data-reduction procedure are
deseribed in the supporting online material (26,

Figure 1B, also from the HST, shows in a
soomed=-in image that the two nuelel are sur-
rounded by patchy dust at visible wavelengths,
The dust partially obscures visible hight from the
two nucler In our mirred Keok observations
(Fig. 2} the nucker are more distinet and are
surrounded by many [aint point sources: young
star clusters formed in the merger (27), Such star
clusters are seen in other galaxy mergers (28), Al
2.12 pm, the infrared nuclel (monolithic in
ground-basad non-A0 images) have considera-
ble substructure (Fig. 23 The north nucleus
contains at least two pointlike sources, one
resedved source, and diffuse emission; the south
nucleus has more a complex substructure. s

29 JUNE 2007

North 2 "’2;

South 1

brightest point has a thin, Gainter extension to the
north,

Criven this substructure, we asked which of

the features in Figs. 2 and 3A correspond 1o the
positions of the black holes from x-ray and radio
observations. The mdio enussion dircetly indi-
cated the black hole positons and had higher
astrometne precision than did other wavelengths
(A, 150 we based our mdio wstrometry on the
1.7-GHe daa (£5). Because regions near active
black holes emit high-energy x-rays that penetrale
the surrounding gas and dust, the 2- 1o 10-keV
s-ray emission (.3) also revealed the location of
\.'il\'h |"|!.'1\'k, hHl\.‘

[he imponance of this work 1s due 10 the fact
that with the high spatial resolution of AOQ, we
were dble o register data from different wave-
length regimes. Absolute astrometry across wave-
lengths is actually very difticult, because there are

VOL 316 SCIENCE

few common relerence points batween the var-
s wavelength regimes, Oflsets even up to | arc
sce between reference lrames should not be
unexpected. To position the mlrared  structure
with respect o racho and x-riy images, we neadad
to register the AO and x-ray reference frames
the more accurate radio astrometrie frame. High
spatial resolution made it casier o idenuty
features that are common across the diflerem
wavelengths, The method we used is deseribed in
(26), Figure 3A shows the intensity from Keck
AO at 2,12 um (the K' band). Red crosses show
the Chandra positions (29 with their crror bars,
Within the northern X-Tay  Crrol bar lics a
prominent infrared point source, We designated
this source “North 27 (Fig. 2), as consistent with
the nomenclature m (24 White contours show
the 5-GHe MERLIN (Mulu-Element Radio-
Linked Interferometer Network) radio i {(J4.
The position of the northem black hole in the
radio map s less than 0.2 are sec away from the
same North 2 mfmared pomt source that over-
lapped the x-ray emror bars,

We postulated that the North 2 point source is
the infrared location ol the northern black hole, In
Fig. 3B, the infrarcd image has been shified o
make Morth 2 coincide with the nonh radio
nucleus, We shifted both infrared nuclei to '::L.‘[ht.'l.
In the south nucleus, the l‘ll‘j':_-|'|1|.'.~.1 radio contour
does not lic exactly at the position of the brightest
infrared point (South | in Fig. 2) in the shified
image, but rmather at the position of a i
northward extension of South 1. Also in Fig.
3B, we translated the Chandma reference frame
50 that the north Chandra source coincides with
the north radio nuclews. Then the south Chandra
north of South 1,
consistent with the position of the south mdio
nucleus. Tables S1 o 83 give further position
information.

To summanize, if we shifi the infrared ref-
crence frame so that the North 2 infrared poim
source is coincident with the nonh radio nuclcus.,
and if we shifi the x-ray reference frame so that
the north x-ray nucleus also coincides with the
radio position of the norh nucleus, we find that
the south mdio and x-rayv nuclel coincide 1o
within 0.05 + 0005 arc scc. The madio nucleus
lics 0,063 = 0005 are sec (31 = 2 pe)nonh ol the
infrared South 1 feature. It s aligned along a
norh-west clongation ol the South 1 inlrmred nu-
cleus, as shown with a blown-up scale n Fig. 4.

We can test this result by comparmg it with
keck AO observations made at longer wave-
lengihs. [t has bong been known that the apparent
separation of the two optical-infrarad nucled ol
MNOC 6240 decreases as one observes at longer
and longer wavelengths (24), There is heavy dust
obscurmion in both nuclel and in the region be-
tween them, One explanation for the decreasing

nucleus lies just o the

angular separation between the nucler at longer
wivelengths is that the true nuclel (the regions
immediately surmounding the two black holes) are
closer wgether than they appear 1o be n visible
hight, and the hot dust surmounding the south

W SCIlencemad.org



Fig. 3. Positions of the infrared 2.12-4m
nuclel (colored areas), relative to x-ray (red
crossesh and radio (white contours) emis-
sion. (A) Relative positions of infrared,
radio, and x-ray nuclei based on absolute
astrometry. Red x-ray error bars correspond
to +0.5 arc sec for this absolute measure-
ment (36). Radio data are at 5 GHz from
the MERLIN array; contours are at 0.0005,
0.003, and 0.01 janskys (Jy) (1 Jy = 107°*
W m™? Hz™Y). The green line is 1 arc sec
long. (B) Images shifted to the radio
position of the north nuclews. When the
northern infrared, x-ray, and radio nuclei
are made to coincide, the brightest point in

the south infrared nucleus lies a few hundredths of an arc second south of the
radio and x-ray south nuclei. The infrared image was shifted to make the North 2
infrared point source coincide with the north radio nucleus. Such a shift i
consistent with the ~0.2-arc-sec uncertainty between positions in the United
States Naval Observatory B1 catalog (37) and those in our AQ images. The x-ray
image was shifted, as consistent with the £0.5 arc sec Chandra error in absolute
position. Red x-ray error bars reflect the fact that Chandra relative-position error
measurements are more precise than those for absolute positions (35). (C) Radio

Fig. 4. Zoomed-in K'-band AQ image of the
region closest to the South 1 infrared nucleus,
with radio contours superimposed. The black radio
contours show that the south radio nucleus lies
along a north-west elongation of the South
1 infrared nucleus. The white line is 0.1 arc sec
long. Relative positions are shown after shifting
the infrared image so that the North 2 infrared
nuclews coincided with the north radio nucleus, as
in Fig. 3B. Radio contours are from 1.7-GHz Very
Long Baseline Array (VLBA) data (15) and cor-
respond to fluxes of 0.00066, 0.00058, 0.00049,
and 0.00041 Jy. Positions and their uncertainties
are shown in table 53.

black hole is becoming more optically thin 1o s
own emission @ one observes al longer wave-
lengths, In addition, at longer wavelengths one
sees less dilfuse continuum emission from star-
light in the host galaxies. For both reasons, we
|'|r;.".ln.'l1;:,i1]|;ﬂ al wily -.:L'nj,_ll]l.x |n:'-r'|j,1|:1'1|t:||!| ,1,' I: LLm
ithe K" band), the brightest point in the south
nucleus would appear 1o be at a smaller angular
separation from the north nueleus thana 2,12 pm,

This is indeed the case. Figure 3C shows our
Keck AQ mmage of the two nuele at 3.8 pm (L'

contours (white) superimposed on a Keck AQ image at a wavelength of 3.8 um (L'
band). The north 3.8-um nucleus was shifted to coincide with the north radio
nucleus, as in (B). At 3.8 um, the brightest point in the south infrared nucleus is
exactly coincident with the south radio nucleus, confirming our conclusion that
the north radio and x-ray nuclei coincide with the North 2 infrared point source,
This 3.8-um image is seeing dust that is directly heated by the southern black
hole. Naorth is up and east is to the left. The color scale has been restretched for
each of the two nuclei separately, to show interior structure,

Table 1. Relative angular separation of North 2 and South 1 nuclei at different wavelengths.

Source

Wavelength

Angular separation (arc sec)

Keck AOD (this work)
MNorth 2=South 1

Keck AD (this work)

VLEA®

Chandrat

K’ band (2.12 um)

L' band (3.8 pm)
Radio (1.7 GHz)
X-ray (2=10 keV)

1.575 + 0.007

1.542 + 0.007
1.511 + 0.003
1.5+ 0.2

*(14, 15, 38). fil13, 36).

bhand, shaded arcas). The two nucla are closer
3 |'\

together than a pwm, as predicted. Table

| compares the angular separations at each of

the wavelengths discussed here. In Fip. 30, we
placed the north 3.8-um infrared point source al
the position of the north radio nuclews, Having
done so, the south 3.8-um nucleus coincides
exactly with the south radio nucleus. At 3.8 pm,
we are seeing dust close 1o the south black hole
and being directly heated by it

Finally, we can place the two black holes
within the context of the large-scale motions of
the merger components, Previous authors have
studicd Kinematics within NGC 6240 using in-
tegral ficld spectrographs, which retum a spec-
trumn at every pixel within an mmage (77, 18).
They found that cach nucleus appears 1w lic
within its own rotating siellar disk. Each rotation
axis is pempendicular o the long axis ol s
respective nucleus, and the pans of each disk
closest to the midpoint between the two nuche
are rotating toward uws. When the posinons
determuned here and the (lower-spatial resolu-
tion ) results of Tecza ef af. and Eisenhauer ef af
(7, 18y are used, each black hole appears 1olic in
the |'-,'j_'in|! ol the sleepest u;luyh:. -_,::l:u,ﬁ:u;nt within
s II.lIL‘Il.,‘LI.\ This I\,.'.'H!Iil II!l“L‘iIh‘n that the black
holes are at the kinematic center of their nuclear
disks and have not (vet) been ejected by many-
body imteractions. [t also means that the rotation
curves measured in (f7) 18 give meaninglul

information about the black hole region, because
they correspond o stars deep in the cores of the
two nuclel, rather than w those fanher out tha
happen o lie along the line of sight from the
nucleus o us

The brightest pans of the two nucled in our
Keck AO data lie in the plane of each disk. close
{in projection) to each black hole. But sumpris-

ingly, they are seen only on the receding side of

cach disk (on the sides farthest from the midpoint
between the two nuclei). There are two potential
cxplanations for this: (i) The side of cach disk
closest to the midpoint between the two nuclei is
obscurcd by high dust extinction, perhaps due to
dense molecular gas known to lic between the
two nucler (30). (1) Or more speculatively, the
bright star ¢lusters within cach nucleus may have
formed preferentally m the dense gravitational
witke of cach black hole as it moves (in the plane
of the sky) through the stars and gas in the other
galaxy (3/-33). The later hvpothesis can be
tested with higher-spatial resolution integral Geld
spectroscopy, which would see different Kine-
matics for the bright voung star clusiers closest o
the black holes than for the surounding stars in
the :1.'_',,'_1'11:1.
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Body-Centered Cubic Iron-Nickel
Alloy in Earth’s Core

L. Dubrovinsky, N. Dubrevinskaia,® 0. Narygina, I. Kantor,® A. Kuznetzov,? V. B. Prakapenka,?
L. Vitos,***® B, Johansson,*® A. 5. Mikhaylushkin,%” S, 1. Simak,” 1. A. Abrikosov’

Cosmochemical, geochemical, and geophysical studies provide evidence that Earth's core contains
iron with substantial (5 to 15%) amounts of nickel. The iron-nickel alloy FegsNig 4 has been
studied in situ by means of angle-dispersive x-ray diffraction in internally heated diamond anvil
cells (DACs), and its resistance has been measured as a function of pressure and temperature. At
pressures above 225 gigapascals and temperatures over 3400 kelvin, FeqgNig 4 adopts a body-
centered cubic structure. Qur experimental and theoretical results not only support the
interpretation of shockwave data on pure iron as showing a solid-solid phase transition above
about 200 gigapascals, but also suggest that iron alloys with geochemically reasonable
compositions (that is, with substantial nickel, sulfur, or silicon content) adopt the bee structure in

Earth's inner core,

century ago, the idea that Fe s the domi-
nant component of the core has gained inm
support from geochemical observations, scismic
data, the theory ol geomagnetism, and high-
pressune studics, Strong support for the idea of Fe

S ince the discovery of Earth’s core about a
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in the core comes from a reasonably close match
between seismologically infermred sound veloe-
itics and the density of the core and the measured
cxperimental values for Fe aftected by shock and
static compression (/-¥), Recent experiments
and theoretical calculations proposed the body-
centencd cubic (bec) phase as being stable at the
conditions of Eanh's core (6, 7, 10, 11, Cos-
mochemical data and studies of iron meteonites
provide evidence that Eanth’s core contains sub-
stantial (5 w 13%) amounts of Ni (&, 9. Al-
though the study of pure Fe at mulimegabar
pressures has dravwn considerable atention and
provided rich expenimental dat, knowledge about
the behavior and propertics of Fe-Ni alloys at the
conditions of Eath's core is still limited,

Even relatively small amounts of additional
components can substantially affect the phase

relations and thermophysical propertics of Fe
alloys (f0-13). AL ambient pressure, Fe-Ni
alloys with up to 25 atomic %% (at %) of Ni
have bee structure, whereas higher Ni contents
promote crystallization of the fce-cemered
cubic (fec)-structured phase. The compression
of bee-structured alloys ot ambient temperature
results in their ranstommation o the hexagonal
closed-packed (hep) phase at pressunes. between
T and 14 GPa (10-14) (depending on the com-
position and conditions of expenimenis). No
lurther transtformations were observed on com-
pression of a FepgNiga alloy up o a pressure of
2600 GPa (/). The density of FepsNipz when
eximpolated 10 the pressure of Eanh's center
(360 GPa) is 14.35 g'om®, which is close 1o the
density of pure hep Fe (1408 glem®) (1., 5).
However, the presence of Nisubstantially af-
fects phase relations in the Fe-Ni system at high
temperaturcs and pressures (f0, 14, 15) Al-
though the slope of the hep-lee phase boundary
for pure Fe 1s 35 w 40 K/GPa (4, 5, 16), there
are indications that the phase boundaries of
Fe-Ni allows with 10 10 30% Ni might have
much lower slopes (£3-713) (13 o 25 K/GPa).
Therefore, the understanding and interpretation
of propertics of Earth’s core [such as the amoum
of light clements, seismic anisotropy, fine-scale
heterogencity, and super-rotation (17-20)]
require detailed swudies of the Fe-Ni system a
high pressures and temperatures.,

An Fe-Ni alloy with 9.8(1) at % of Ni was
preparcd from metallic rods by are mehing of ap-
propriate amounts of Fe (99,999 purity ) and Ni
(99,999 punity) in an arc fumace in a pure Ar
amosphere, The sumple was homogenized in vac-
uum at Y0°C for 150 hours (42, In some runs, a
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natural Fe-7.6%MNi alloy from the Mundmbilla
meteorite (2/) was used as a stating matenal,
The chemical composition and homogencity of
the starting materials and those treated at high-
pressure high-temperature conditions were
checked by microprobe (SX-30) and scanning
clectron microscope (LEO-1 500) analysis,

In four runs out of dozens of experiments
we conducted on Fe-Ni alloys, pressures over
200 GPa were reached (Fig. 1), Three experi-
mients (two on the synthetic FegoNig alloy and
one on the meteorite matenal) used an intemal
wire-heating technique (22). In these experiments,
we used ferropeniclise Mg srFeg a0 (which is
stable and does not resct with the Fe-Ni alloy m
high pressure and temperature, at least o the
melting point) as a thermal and electrical
insulator. A thin layer (abouwt 2 pm thick, 5 um
wide, and 10 pm long) of the probed alloy was

attached to Fe electrodes, While slowly increasing
the elecincal current passing through Fe-Mi foil,
we heated the sample and measured the temper-
awre spectrormdiometncally (22, 23). Pressure
was determined ffom the Raman signal of a
diamond tip (24), and thermal pressure was added
based on the thenmal equation of state (TEoS) of
Fe (5) (assuming a constant volume of Fe), At
pressures above ~230 GPa, we observed evers-
ible discontinuous behavior of resistance as a
function of temperature in the emperature
interval from 3300 1o 3400 K (Fig. 2). The jump
in the resistance cannot be associated with
melting (because at meling the electrical connee-
tion would be broken abruptlyy or with chemical
reactions [two out of three samples were
quenched w ambient condinons and wested with
s-my diffrmction and scanning clectron microsco-
py (SEMY no sign ol chemical reactions was
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found]. This suggests that the anomaly in the
resistance of the Fe-Ni alloy at pressures above
200 GPa and at lugh temperatures can be
associated with a phase ransition. In order 1o
verify the nature of this transition, we pertormed
x-ray diffraction expenments with in sitn laser
heating.

In experiments al pressures above 150 GPa
with in situ x-ray diffraction, a double-sided
near-inliared laser heating system at the
GeoSoillEnviroCARS  research Gacility at the
Advanced Photon Source was used (13, 22, 23).
The size of the laser beam varied from 2010 30
pm in diameter, with a wemperature variation of
=100 K within the beam at wemperatures on the
order of 3000 K. Heatung duration m different
expenments was from 10 w0 30 min, Temperature
was measured by means of multiwavelength
spectroradiometry, The high-resolution angle-
dispersive x-ray diffraction expeniments were
perdomed with 0.3344 A radiation with a beam

Fig. 1. Phase relations of the 4000 -ﬁ' size of 5 % 5 pm and a charge-coupled mdiation
Fegehliyy alloy at high pressures o e ! detector. The collected images were integrated in
f’inqmmpﬁawms a% dﬂ?rm"l“?d by & aﬁf’ HP-bec order to oblain conventional dilfraction spectra
in situ x-ray diffraction experiments 2 " and were processed with the GSAS package
‘at,pmmm belaw 150 GPa, only 3 (22, 23). In experiments above 100 GPa, we used
poans tl’ﬂwn WG;":E p:m I:;:rl?a- 3000 . . double-beveled diamonds with culets ol 60 or 50
”f:;z; ;M}ha Egl.umciiamu d":' Pl e installed inoa four-pin opposite-plate dia-
p S PN, T SRS mond anvil cell (DAC). Initial holes 40 to 45
the hcp phase; dark cyan hexa- " B : . %

’ @ s in diameter were made, and thin (about 3 pm
gors, the fct‘phase, dark green g thick) foil of the synthetic FepoNig,y alloy was
squares, the mixture of hepand fec = = o b R bl
phases; magenta triangles, coexis- @ 2000 + loaded between two lavers of single ervstals of
tence ﬂ'lbf.f, hep, and fec phases; red g— ferropericlase Mgy gFeq 420 m a He atmosphere.
triangles, the high-pressure (HP)bee @ Pressure was determined from the equation of
phase; dark red inverse triangles, = state ol Mgg gFeq, 30, which 5 based on the
conditions at which discontinuity penclase pressure scale.
in electrical resistivity was observed; On compression 1o a pressure of =10 GPa m
solid blue lines, phase boundaries 1000 - hep ambient temperature, the initially bee-structured
between the bce-hcp and becfoe FepoNiay alloy stared 1o tansform into an hep
phases; solid red line, boundary be- phase, similarly w0 pure Fe or other Fe-Ni alloys
tween the hcp phase and the mix- with low Ni content (£, 5, 13- 15). Upon heating
ture of I:n:p-l-kc phases; dash-dotted ¥ : {electrical or laser) the hep phase transformed (at
purple line, the phase boundary be- b 200 250 first panially, and at higher temperatures com-
tween the hep phase and the mix- Pressure, GPa pletely) imo the foe structure (Fig, 1), The fee
ture of hep+fec phases according to phase can casily be temperature-quenched (/5),
Lin et al. (10). Melting lines for pure Fe after Shen ef al. (16) and Boehler et al. (3) are also shown. and upon compression al ambient temperature it

can be observed up to pressures over 200 GPa.
However, the highest pressure and temperature
Fig. 2. Dependence of the 27 at which we observed foc FeggMNig, (together
resistance of the FegqNiga with the hep phase) in situ were 132 (<10) GPa
alloy as a function of tem- 24 1 = 170(10) GPa, healing o and 3100 (1000 K (Fig. 1) (25). Overall, our
perature at two different 21 : ::g:‘:g; gg Gl-;;liing ¥ data on the hep-lee phase boundary of the
pressures, given as dl!l.f:l‘- £ ’ - 'f"‘ FeopgMNigy alloy are in rcasonable agreement
mined from the Raman sig- £ 1g - - o with the resulis reporied by Lin eral. (10) (Fig. 1)
"f"l'-'ffﬂ diamend tip (24) (at & o 2 _-F"" [especially taking into account the difference in
in‘lbten:: ::I‘II;H;‘;;MFE, after E 151 L . pressure standards used: NaCl by Lin et al. (/i)
eating). tempera- 2 R and periclase in the present work].

ture, thermal pressure should 5 12 1 o e it g I i g
be added. Based on the TEeS & Y L When the hep FeggNig phase was heated
ik « 09 - as * .et pressures above 200 GPa, it persisted at least up

of Fe (5) and assuming a con- = . o ;
et vilime of the Ee-N o " to 2900 K (Fig. 3A). At a pressure of 225 (£10)
alloy at 3400 K, pressure 061 " GiPa and temperature of 3400 (100} K, we ob-
could be estimated as 196 0.3 served a complate transformation of the Fog oNig
GPa for the lower curve and 1 1 2000 3000 3500 1000 alloy into the bee phase (Fig. 3B). This struciural
240 GPa for the upper curve. 000 500 00 transition took place at pressurcs and emperitures
Temperature, K close o the conditions at which the discontinuity
www.sclencemag.org SCIENCE VOL 316 29 JUNE 2007
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in the resistance has been observed (Figs. | and 2.
At temperature decrease, the boc phase completely
transformed back 1o the hep-structured alloy
(Figs. 1 and 3C). On decompression the dia-
monds filed, but the sample was recovered and
its diffiaction patiern, as well as the results of
examination of the material using SEM, did not
reveal any sign of a chemical reaction between
the Fe-Ni alloy and feropericlase or diamond,
The existence of a verv-high-pressure bee
phase of pure Fe was proposed long ago (26, 27),
but no definitive prool” has been obtained so
far. We found the hep-o-bee phase transition in
the FegeNigy alloy at conditions reasonably
close 1o those inferred by Brown and MeQueen
(26) and Brown (27) [202 (+2) GPa and 4400
(+300) K| for Fe [the expected (27) changes in
densities of ~0.7% are also close 1o those we
observed]. This not only supports the interpreia-
tion of Brown and McQueen™s (26) shockwave
data as a solid-solid phase transition along the
Hugoniout (6, 27) but also suggests that Fe alloys
with geochemically reasonable compositions
[that is, with substantial Ni, S, or Si content (7))
adopt the bee structure. Indeed, our experiments
indicate that the hep-to-bee phase transition in
FegoMNipy alloy occurs at somewhat lower

1200

temperature as compared 1o the conditions at
which the transition in purc Fe was observed
(26, 27y, suggesting that Ni stabilizes the bec
phase m alloys as compared to pure Fe.

In order 1o understand the effect of Ni on the
relative stability of the bee phase versus the hep
phase in Fe-Ni alloys at high pressure, we
carmied out first-principles clectronic structure
calculations (25). It turns out that in the (quasi)-
hamonic approximation, bee Fe-Ni alloys are
dynamically unstable at high pressure, similar 1o
the case of pure bee Fe (7) (fig. S3). In par-
ticular, for FegeNip; we found that the tetm-
wonal elastic constant « at 300 GPa and 5000 K
is negative (200 GPa) and also that the phonon
branches along the [110] and [111] directions
are unstable (fig. S3). As a matier of fact, these
resulls are very similar 1o those obtained for
pure bee Fe (¢f = -220 GPa ot 300 GPa and
50000 K). The phonon spectra for pure bee Fe
and FegeNigy alloy are also similar (fig. S3).
Nevertheless, previous theoretical studies (6, 7)
demonstrate that at high temperture, the bee
phase is stabilized by the entopic effects be-
cause ol anhammonic lattice vibrmtions. Our cal-
culations cleardy show that moderate Ni content
(10 1o 15%) has a minor effect on the dynamical

propertics of Fe-Ni alloys, and therefore they
must also be stabilized dyvnamically by the
entropic effects, similar to pure Fe. We esti-
mated the impact of Ni on the themodynamic
stability of Fe by calculating (2.5) the energetic
cllect of the Ni substitution into bee and hep Fe
at the experimental pressures and at Eath's core
pressures, Our (st-principles results (g, S4)
show that Ni stabiliees the disordered bee phase
relative to the hep phase, and the cffect of the
bee stabilization clearly increases with increas-
ing Ni concentration and pressure,

The bee phase of the Fe-Ni alloy experi-
mentally observed in this work (Fig. 1) appears
at o pressure of 225 GPa and wmperature of
3400 K, which s close 1o but somewhat lower
than the bee stabilization temperature at s
pressure predicted for pure Fe by molecular
dynamics simulations (6], This is in agreement
with the higher stability of bee Fe-Ni alloys
obtained in our sudy. Most important s that
according 1o our ab initio calculations, the effect
of stabilization of the bee phase of Fe relative 1o
the hep phase by alloying with Ni increases with
pressure and Ni content. Thus, our theoretical
results, in combination with carlier studics (6, 7).
stromgly suggest that the bee phase of the Fe-Ni

A e 2200 B =
E T
10000 - . M i - . = 4
= =l 2 .
= = =al = as : 3
: 2 = ~2 8XF 1800 - N %] =
s 8000 s 3 S %EE 3 §§ :'"E' y
: £8 T :: % 2 = 1600 - 3
% 4 1 1-’-1'1 =2 .E' = =
= = =
s eo00f{ = || .2 g M00{ 3
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Fig. 3. Examples of the full-profile treated diffraction patterns collected 14000 C =
at (A} 194 (£10) GPa and 2900 (+100) K, (B) 225 (+10) GPa and 3400 =
(+100) K, and (C) 198 (+10) GPa and 2900 (+100) K. The inset in (8) 12000+ I3
shows part of the two-dimensional image (Mw, MgpasFeq130; hep, hep g s B=
FegeMig; bee, bee FegeMigq). a.u., arbitrary units. . 10000 4 = z .= == i‘
3 z_ sg 4382 8E%
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g 001 ¥
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alloy with geophysically relevant Wi concen-
trtions (10 to 15%) should be more stable than
the hep phase, not only at the expenmental
conditions of this work but also ot Earth's core
conditions,

The experimemally detenmined Jattice pa-
rameter of the bee Feg oMNig, phase at 225 (=10}
GPa and 3400 (< 100) K is 2.4884 (£ 2) A, which
comesponds to a molar volume of 4.64 cm®/mol
and a density of 12,12 giem®. Under the same
conditions, hep Fe has about 2% higher density
(5). The absolute values of the pressure and
changes of density depend on the pressure scale
adopted and the hep Fe TEoS (25) 15 we apply
the pressure scale and the hep Fe TEoS proposed
by Dewacle ¢ al (28). the presure in our
expenments could be estmated as 195 GPa This
means that in the absence of accurate and sell-
consisient TEoSs for phases of Fe and Fe-Ni
alloys at multimegabar pressure ranges and
high temperatures, discussions of the m{luence
of the changes of density produced by the hep-

to-bee transition of Feg ¢Nig ; on the density of

Eanh's inner core are too preliminary. However,
it is clear even at this point that bee Fey oNig  is

less dense than pure hep Fe, and the budget of

the light elements in the inner core could be

reduced because of this phase transition, 1T

conservative estimates are made (/. 5), matching
of Earth™s inner core density o the preliminary
reference Earth model (PREM) does not require
any light clements, but at the other extreme [low-
temperature (<3200 K) estimates at inner'outer
core boundary and pure Fe compressibility de-
seribed by Dewaele o af. (25)] the density excess
15 shll about 5%.

The synthesis of bee FepoNig at pressures
above 230 GPa and tempermtures above 3400 K
could have mmplications for understanding the
propertics and dynamics not only of Earth's
solid inner core but of the liguid outer core as
well, Changes in the structure of liquids above

subsolidus phase boundaries are well known, If

changes from “close-packed like™ to “bee-like”
structures oceur in molten Fe-Ni alloy at pres-
sunes above 200 GPa, this may altect the density
and rheology of Earth’s outer core as well as the
pantitioning of light elements between different-
Iv structured parts of the molien core,
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Reversible Control of Hydrogenation of

a Single Molecule

Satoshi Katano,! Yousoo Kim,'* Masafumi Hori,™® Michael Trenary,® Maki Kawai'®*

Low-temperature scanning tunneling microscopy was used to selectively break the N-H bond of a
methylaminocarbyne (CNHCH3) molecule on a Pt{111) surface at 4.7 kelvin, leaving the C-H bonds
intact, to form an adsorbed methylisocyanide molecule (CNCH;z). The methylisocyanide product
was identified through comparison of its vibrational spectrum with that of directly adserbed
methylisocyanide as measured with inelastic electron tunneling spectroscopy. The CNHCH; could
be regenerated in situ by exposure to hydrogen at room temperature. The combination of
tip-induced dehydrogenation with thermodynamically driven hydrogenation allows a completely
reversible chemical cycle to be established at the single-molecule level in this system. By tailoring
the pulse conditions, irreversible dissociation entailing cleavage of both the C-H and N-H bonds

can also be demonstrated,

he scanning tunneling microscope (STM)

I can be used 1o induce a variety of pro-
cesses of individual molecules, including
hopping from one site 1o another, OERIONS, con-
formational changes, bond dissociation, and even
bond formation reactions (f-4). A particularly
powerful way 1o better understand such molee-
ular manipulations with the STM (5} is to focus
on systems that have already been well chare-

WWW.sCiencemag.org

terized by comventional surface scicnce methods
and 1o use inclastic electron wnneling spectros-
copy (STM-IETS) (6) for chemical identification
of ractants and products (/. 7, &), The later
method provides a vibrational spectrum of indi-
vidual molecules, and although several recent
examples of its use have been reported, the fun-
damentals of vibrational excitation with wnnel-
ing electrons are still an active arca of rescarch

(2, 3. 9. We show here that we can selectively
break the N-H bond of a single methylami-
nocarbyne (CNHCH3, or CNHMe) molecule,
without disturbing the C-H bonds, 1w produce
methvlisocyanide (CNCH3, or CNMe), and we
also can restore the N-H bond at will through an
ordinary catalytic hydrogenation reaction. The
combination of tip-induced chemistry with
surface catalysis thus allows us o produce a
repeatable chemical evele at the single-molecule
level

An carlier study of CNMe on a Pulll)
surface (/) was motivated by a desire to de-
termine whether the well-known modes of bond-
ing of COw P 111y (/) could be exiended 1o a
molecule with the isocyanide (-NC) functionality,

which is isoclectronic with CO. In the case of

0O, the molecule occupies an on-top site at low
surface coverages, but at higher coverages oc-
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cupics both on-top and twolold bridge sites,
More recently, Kang and Trenary ( £2, 1.3} showed
that CNMe on Pil11) can be readily hydro-
genated w0 torm the methylammocarbyne species
CMNHMe. Rellection absorpion mirared spectros-
copy revealed a large red shift in the N-C
stretching frequency, indicative of the nehybrid-
zation of the N-C and C-Pt bonds. These previ-
ous studies indicated that the reaction changes the
adsomption site from on-top for CNMe 1w a
twofold bridge site for CNHMe,

We recently conlinmed through observation
of individual molecules with the STM (J4) that
CNMe occupics on-top sites at low coverges
:|Ild l'rll1|| on-1op :1|I|,| t\\l.illr||.,| ]‘ll'il.lgu,' .\.ilcn H |
higher coverages, In addition 1o being of funda-
mental mterest, the use of socyamde denvatives
i molecular electronies has atiracted attention
because of the favorable electneal contact asso-
ciated with the NC-metal bond (75, 16). In this
context, reactions that dramatecally alier the hy-
brdization and henee the bond order of the NC
group, such as conversion o an aninocarbyne,
are of great interest,

All experiments were performed in oan
ulrahigh-vacuwm chamber (base pressure 3
107" Tom) with a low-temperature STM (LT-
STM, Omicron) that had an clectrochemically
ctehed tungsten tip, CNMe was synthesized by
the method described by Casanova e al, (/7).
The purity of the synthesized CNMe was =99%
as checked by a gas chromatograph mass spec-
trometer. The Pu 111 surface was cleaned by con-
ventional methods described clsewhere (13, 14)
and consisted of repeated eveles of Ar sputter-
g, anncaling 1o 1100 K, and oxygen exposures
at 800 K untl a elean atomically resolved Pill1)
surface was observed with the STM. All §TM
images presented here were obtained with a sam-
ple bias of 100 mV, a unneling current of 1.0n A,
and a substrate temperatune ol 4.7 K.

An 5TM imoge obtained afier exposing
the clean Pul11) surface o CNMe at 530 K
(Fig. 1A) revealed single CNMe molecules ad-
sorbed a1 on-top sites as bright protrusions (/4),
The STM image in Fig. 1B was obtained at
4.7 K after exposure of the CNMe/Pul11) sur-
face to 1 Langmuir (1 = 107 Torr <) of hydrogen
(Hay at 300 K., which Kang and Trenary (12, 13)
showed leads 10 Neprotonation of CNMce o

CNHMe. Although the geneml appearanee of

the STM image was the same before and alter
hydrogen exposure, the apparent height of the
protrusions was reduced rom 00106 nm
(CNMe) o 0,085 nm (CNHMe) (Fig, 10, This
apparent height difference of 0021 nm between
the protrusions before and afier hydrogen ex-
posure is readily apparent in the line prodile
shown in Fig. 1C that was aken from the
dashed line in Fig. 1D, which was obtained afier
the surface imaged in Fig. 1B was exposed w
additional CNMe at 50 K. The H atoms that
must also have been present on the surface were
nod observed in these experiments, In Fig, 1D,
we assign the higher and lower protrusion 1o

29 JUNE 2007

CNMe and CNHMe, respectively. An atomical-
Iy resolved STM image of CNMe and CNHMe
with substrate Pt atoms shows that CNMe and
CNHMe are adsorbed at on-top and bndge sites,
respectively (hg. S1) As s generally the case in
STM images, the apparent heights of the two
adsorbates are a convolution of geometnc and
clectronic  factors. Density  functional  theory
(DFTY calculations basad on simple  cluster
models of the adsomtion sites (/%) indicate that
the methyl carbon of CNHMe is nearer the
surface by (L1 nm than is the methyl carbon of
CNMe, Because the apparent height difference is
considerably smaller than the geometric height
difference, CNHMe probably  provides higher
conductuvity between the tup and the menal
substrate than does UNMe,

We achieved the reverse reaction, deprotona-
tion of CNHMe 1o CNMe, by injection of wunnel-
ing eclectrons as shown in Fig. 2, A and B. An

!

STM image of both CNMe and CNHMe coad-
sorbed on P11 s shown in Fig, 2A. The STM
tip was proeciscly positioned over the center of a
single CNHMe molecule as mdicated by the
arrow 1 Frg. 2A, and a voliage pulse (3.0 Vi
1.5 nA for | s) was then applicd with the feed-
back loop wmed off. A rescan of the same arca
alter electron injection ( Fig, 2B) revealed that the
prisduct of the voltage pulse (P1) had the same
appearance as that of CNMe.

Confimmation that P1 in Fig. 2B is in fac
CNMe is provided by the STM-IETS resulis
in Fig. 2D, which comparcs spectra of CNMe,
CNHMe, and P1 on Py 111} The details of how
IETS measurements are performed with our in-
strument were reported elsewhere (8, A back-
ground spectrum taken over the bare Pt surface
hias been subtracted from cach of the spectra
shown in Fig. 2D. The CNMe spectrum indi-
caled by the black curve in Fig. 2D exhibits

CNMe
CNHMe
05 10 15 20 25 30
Distance /| nm

i 1]
D CNMe & CNHMe
e © o
. o

)

0.0A

H
i

=l E:l 1]
| JC\

Fig. 1. (A) 5TM image of CNMe adsorbed on Pt(111). (B) STM image of CNHMe on Pt{111) obtained
after exposure of the CNMe/Pt(111) surface to hydrogen (Hz) at 300 K. CNMe and CNHMe are resolved
as protrusions, and the difference in the apparent heights (h) as shown in (€} (hegyme = 0.106 nm and
henmme = 0.085 nm) is confirmed by an image obtained when CNMe was added to the CNHMe/Pt{111}
surface (D). The line profile shown in (C) is taken from the dashed line indicated in (D). A schematic of
the molecular species present in (A), (B), and (D) is shown at the bottom.
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caks at 8 and 48 mV for both positive and
negative bias. The peak at 48 mV 15 readily
assigned o the PRECNMe stretching mede, ac-
cording to the high-resolution electron cnengy-
loss spectroscopy (HREELS ) study of Avery and
Matheson (/0), The peak m 8 meVis at oo kow a
vilue 10 be observed with HREELS but is prob-
ably caused by a frustrated transkational mode
comesponding to motion of the whole molecule
parallel 1o the surface, Assignment of a peak at 4
meV 1o a similar frusirated tanslational mode
was proposed in an [ETS study of benzene on an
Ag(110) surface (/9),

Similarly, the CNHMe spectrum (red curve)
in Fig. 2D shows peaks at 9 and 34 mV at
both positive and negative bias that arc assigned
to the lrustrated wanslanon and CNHMe-Py

Fig. 2. (A) 5TM image of CNMe and CNHMe coadsorbed on Pt{111) asin Fig. 1C.
(B) 5TM image obtained after the injection of tunneling electrons from the STM tip
(3.0 V at 1.5 nA for 15) into the CNHMe molecule identified by the arrow in (A).
The apparent height of the product is the same as that of CNMe. (C) STM image
obtained after the injection of tunneling electrons from the STM tip (4.0 V at 2.0

stretch modes, respectively. For the P spectmam
{green curve) in Fig, 20, the similaritics with the
CNMe spectrum allow us to delimtively identify
Pl as ONMe. The probabilny of CNHMe
deprotonation o CNMe for a pulse of a given
voltage for a tunneling cumrent of | nA and a
duration of | s can be obtained by dividing the
number of CNMe molecules produced by the
pulse by the total number of CNHMe mole-
cules to which the pulse was applicd, The voltage
dependence of these probabilities is represented
by the open red squares in Fig. 3A. A clear
threshold at 2.8 V is evident Tor the CNHMe
deprotonation reaction,

Furnther decomposition occurred when pulses
of higher voliage wene used. The three arrows in
Fig. 2B wentify CNHMe, CNMe, and P1 mole-

nd for 1 s) into the CNMe, CNHMe, and P1 molecules

REPORTS I

cules that were subjectied to a 4.0-V, 2.0-nA,
-5 pulse. A single and identical product from
cach starting molecule was obtained and 1s
labeled P2 an Fig. 2C. The has dependence
of the decomposition probability for CNHMe
{green open tangles in Fig, 3A) shows a reaction
threshold at 3.0 V) accompanicd by a simulta-
neous deercase in the probability of CNMe for-
mation. The voltage dependence of the P2
lomation probability from CNMe almost coin-
cides with that from CNHMe (fig. 52), indicating
that decomposition proceeds via UNMe. The
exact identity of P2 is not known but may be the
same intermediate that occurs in the thermal de-
composition of CNMe on P 111) (/3), which
proceeds with the loss of hydrogen as indicated by
thermal desorption. Thus, 1t s reasonable o con-

|'I.1A

0.0A

d2i/dV? (Arb. Units)

0
Voltage / mV

identified by the arrows in (B). (D) STM-IETS spectra, in the form of the second
derivative of the current with respect to voltage (@*1ia®\/) versus voltage, of CNMe
(black line), CNHMe (red line), and P1 (green line) shown in (B). The spectrum of

the Pt metal was subtracted from each spectrum shown. Arb., arbitrany,
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Fig. 3. (A} The reaction probabilities of CNHMe to form P1 (CNMe) and P2 on Pt{111) as a function
of the energy of the injected tunneling electrons from the STM tip. Red open squares, CNHMe —
CNMe (P1); green open triangles, CNHMe — P2; and black open circles, total of above. The probability
is derived from the ratio of the number of reacted CNHMe molecules to the total number (~100) of

1l CNMe ﬁ' || ¢HHH! ! : ; ‘
ff trials at each voltage, keeping the tunneling current of 1 nA and pulse duration of 1 s fixed. The
R EE:{&.&JE curves shown in (A} serve merely to guide the eye. (B The calculated PDOS for CNMe/Pt(111} and
2 7~3.0 V o CNHMe/Pt{111) localized at the molecules. The total DOS of CNMe and CNHMe are indicated by the
3.0v~ ‘ STM tip solid red and blue curves, respectively. The dashed curves represent the p orbital component. The
\ @ l inset figures at the !JUHDHJ rig!'ﬂ are the geullnetr]r-uplinﬂzed structures, (C) Reaction scheme I‘qr
decomposition f' CNMe/PH{111) estahhsherd_m this study. ChiMe is _reacted with 1I'r,rdrngen to form CNHMe. CNHMe is
S—— ?J‘. .2 converted back to the original CNMe by the injection of tunneling electrons (2.7 to ~3.0 V) from the
”fﬂ&iﬂih | CNHMe STM tip. Furthermore, the decomposition of CNHMe can be selectively induced by tuning the energy

\ of the tunneling electrons (3.0 to ~4.0 V).
| Piit1)
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clude that the formation of P2 involves the
brrcaking of one or more of the C-H bonds, Fur-
themmore, we assume that P2 is not fomed by the
brreaking of the N-CHa bond, because the CN and
CHa products of such a reaction would be readily
observed as distinetly differemt species i the
STM images,

To gain insight o the clectronic states
involved in these electron-induced reactions,
we performed DFT caleulations for CNMe and
CNHMe on Pr( L1 (200, The caleulated partial
density of states ( PDOS) localized on CNMe and
CNHMe is shown in Fig, 3B, The solid curves
represent the wial DOS of the two molecules, For
both cases, the unoccupied state near the Fermu
level (Ep) mainly consists of p-orbital compo-
nents (indicated by the dashed curves in Fig. 3B),
which are mostly localized on the NC multiple
bond, This result indicates that the DOS jusi
above Ep comesponds to the % orbital, which is
the LUMO (lowest unoccupied molecular orbit-
aly for both CNMe and CNHMe. As expected,
the broadening and downward shift of the =* or-
bital that accompanies the conversion of CNMe
to CNHMe are appreciable and are a manifesta-
tion of a large orbital rehybridization.

The deprotonation of CNHMe occurs solec-
tively at the N-H bond without affecting the C-11
bonds, The deprotonation threshold was ob-
served ot 2.8V, corresponding to the LUMO (r*
orbital). Sainoo ¢ al. reponted that the inter-
action between chemical bonds and  incident
tunneling electrons is governed by the spatial
distribution of the molecular orbital at the nes-
onamt level (27) Thus, the reaction efficiency
should be mled by the degree of localization of
the 7 orbial on cach H atom. The selectivity we
observed is supponed by caleulations showing
(fig. S3) that the n* orbital has a greater prob-
ability density at the N-H bond than st a C-H
bond. As a consequence, the broadening and
downpward shift of the n* orbital enables the

incident electron to have a higher efficiency w0
enter the ©* orbital at lower energy. This would
cxplamn the lower threshold energy, as well as
Igher reacton efhiciency, that are obhserved n
CNHMe dehvdrogenation,

Our findings suggest that the diflicult prob-
lem of reversibility in bond-breaking reactions
ol single molecules can be overcome by taking
advantage ol the surface chemistry that naturally
oceurs on catalytically active metals such as PL
The cyvelic reaction scheme for the CNMe/Pul 1)
system established here is summarized in Fig, 3C,
CNMe reacts with hydrogen to fonn CNHMe
through exposure to Ha (gas). CNHMe is then
converted back w the original CNMe through
application of a voltage pulse (2.7 1o - 30 V)
from the STM up, This evele can be repeated 10
interconvert single molecules of two specics with
substantially different electronic and  geometric
structures, Allematively, application ol a voltage
pulse leads o further decomposition involving the
breaking of the C-H bonds of CNMe, This system
thus features both bond sclectivity and reversibil-
ity and thereby demonstrates an unusually high
degree of control of chemistry at the single-
molecule level.
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Engineering Complex Dynamical
Structures: Sequential Patterns
and Desynchronization

Istvan Z. Kiss,* Craig G. Rusin,* Hiroshi Kori,? John L. Hudson™*

We used phase models to describe and tune complex dynamic structures to desired states;

weak, nondestructive signals are used to alter interactions among nonlinear rhythmic elements.
Experiments on electrochemical reactions on electrode arrays were used to demonstrate the power
of mild model-engineered feedback to achieve a desired response. Applications are made to the
generation of sequentially visited dynamic cluster patterns similar to reproducible sequences seen
in biological systems and to the design of a nonlinear antipacemaker for the destruction of
pathological synchronization of a population of interacting oscillators.

omplex syslem responscs can cmoerge
‘ from interactions among nonlinear rhyth-
mic components (/, 2), Examples abound
in biology (3, 4. communications (5}, population
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dvnamics (6), and chemical reaction systems
(7, &) Inherem feedback is often an integral
component; for example, circadian thythms are
controlled by the ineractions within the muli-

cellular master circadian clock in the brain,
cntminment from sunlight, and feedback from
other brmin parts and locomotive activitics (Y,
External feedback can be used w0 control the
behavior of complex rhythims, both o tune cs-
sential behavior, such as by heant pacemakers
/i, or o alter pathological behavior, such as by
decp-brain “antipacemakers™ in tremors or Par-
kinson's discase (/7). In such applications, a mild
control is desired so that the sysiem can be tuned
tor a desired behavior without destroying its fun-
damental nawre. The efficient deseription and
design of complex dynamic stucture is a for-
midable task that requires simple yet accurte
moddels, incomporating integrative experimental
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and mathematical approaches that can handle
hierarchical complexities and predict emergent,
system=level properties. Such approaches include
phase modds (3, 2. [3) and pulse-coupled
models (74) that have been used to descnbe
mutual entminment of weakly intemcting neuro-
nal assemblies (5317

Here we present a methodology for the design
ol complex dynamical structure that does not re-
quire a detailed chemical or biclogical desenption
of the individual units, The simplicity and an-
alvtical tractability of phase models (3, 12, 15, 19)
are exploited 0 design optimal global, delayed,
nonlinear feedback for obaining and wining de-
sired behavior, The feedback design methodolo-
ay s capable of creating a large class of structurces
descnibable by phase models for general sell-
organized dythmic patterns in weakly interacting
systems with small heterogeneities. The method
is demonstrated i three experiments: the tuning
of desired arbitrary phase differences between
two dissimilar oscillators, the generation of com-
plex pattems that include self-organized switch-
ing between unstable dynamical states, and the
physiologically imporiant problem of desyn-
chronization ol oscillators.

We engincer a desired behavior of a popula-
tion of N oscillators through the imposition ol a
nonlinear, time-delaved feedback., A time-
dependent svstem parameter perturbation [G40],
where g is a system parameler and [ is time, is
chosen o be a nonlinear function of the measured
variables v () summed over the population

KN
() = T T hix(n)) (1)

where K is the overall gain; here, we choose the
nonlinear feedback function () 1o bea polynomial

5
) = ¥ kaxlt — o\ (2
el

where &, and 1, are the gain and the delay of the
nth-onder feedback, wespectively, and 5 is the
overll order of the feedback.,

The challenge is obtaining the best form of
the feedback: that is, obtaining the order and time
delays best suited for the desined complex struc-
ture, We exploit the simplicity and Oexibility of
phasce models in describing collective behavior of
complex thythms, Phase models, which describe
cach rhythmic unit by a single variable, the phase,
provide an efficient wol for the analysis of the
collective behavior of coupled oscillators (3, 12).
Because of their simplicity and mathematical
trmctability {as compared with full ordinary dif
ferential equation descriptions), phase models
can olten be constructed 1o yield typical dynam-
1cal states in populations of mteractng rhythms
including, for example, synchronized or desyn-
chronized behavior, stable or intemutient clus-
tenng, or bistability between synchroniaed and
nonsynchronized states (3, 12, 18- 21),

A phase model is constructed that reproduces
the desired state. A population of oscillators with
weak, global (all-to-all) coupling can be de-
scribed by (3, 12)

1o KN
i S H(o,

— (3)
.\Fj 1

o)

where & and oy are the phase and the natural
frequency of the dth oscillator, K is the glohal
coupling strength, and A is the interaction func-
tion. [Such a reduction is possible for a weakly
heterogencous population where the heterogene-
ities are small as compared 1o the ntensity of
coupling (/2).] Equation 3 shows that the phase
of an clement increases ol a rate equal to its
inherent frequency (o), slightly modified by
slowing down or speeding up resulting from
interactions with other elements. The interaction
lunction HiAo) chamcterizes the extent of phase
advance or delay as a result of the interaction

Fig. 1. Controlling a desired con-
stant phase difference between two
nonidentical electrochemical oscil-
lators. (A) Time series of electrode
potential during the electrodissolu-
tion of nickel wires in sulfuric acid
(13, 22) ¥ = L1655 V, Ryt = 325
ohm). V¥, drcuit potential; Ry, total

E(W)
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between oscillmors. For a desired target stale
{i.c., time variation of the phases of the oscillators),
an opumal target mtemction functon MlAg) 1s
determined through analytical and numerical
investigations of the phase model (Eq. 3), The
manipulation of the harmonics in the interaction
function provides fexibility in the developmen
of desired states.

After obtaining an approprate interaction
function F{AG) for the phase model, the kedback
parmeters for use in the experiments (Eqs. | and
2) can be obtained from the relation (12)

HAD) = 121 %« o ZI0) hido + o) o (4)

where the response function (¢ ), proportional 1o
the phase-response curve widely used 1o interpret
extemal entraimment in circadian divihms, shows
the phase advance per unil perturbation as a
function of the phase of the oscillator. Conse-
quently, we obtin Aig) (22), and thus HiAd),
from direct expenments on one (13, 15, 23) or
twio (24 oscallators,

Given a feedback 811y and a response lunc-
tion Z{é), we could obtain the interaction func-
tion MAG) or use in the phase model. However,
we proceed in the opposite manner and choose an
interaction function o produce desired states and
then design a feedback loop Gp(r) with optimized
feedback gains &, and delavs 1, to give the
desired H{Ag). The parameters &, and 1, are
found with standard optimization techniques
(223, Tt can be shown analvtically that, in weakly
nonlinear oscillmors, the order of feedback en-
hances the comesponding harmonic in the in-
teraction function, and the delay ume produces
an oflset in the phase dilference (22). Thus, il we
need an interaction Tunction with predominantly
lirst- and second-order harmonics, linear and
quadratic feedback shall be applied and the
delays of the feedback used 1o tune the ratio of
the cosine and sine terms of H. The optimized

resistance (13). (B) Time series of
phase difference with and without

the application of a second-order
feedback (FB) signal. (C} Response
function [Z(0)] and waveform (inset)
of a single oscillator. (D) The tar-
get (solid line) [H{A0) = cos(Aa) —
sinf2A0)] and optimized (dashed
line) interaction function for target

HiAg) (radis)

phase difference Ag* = n/2. Control qu
is imposed on the applied circuit
potential, with feedback parameters

2 B
__ with ____ wia
§ 15 i B /"
E //
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kg ==L75V, ky = —12.145, k; = 263.935 V", 1; = 0.1, 1, = 0.45, and K = 8 x 107, (The delay times are given as rad/2x.) (E) Odd part of the interaction
function. (F) Time series of two oscillations synchronized through feedback at a phase difference of n/2,
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feedback is then expected o produce the tanget
dynamics through imposing the proper interac-
tion function in the phase-mode] desenption.

We first demonstrate the method with a seem-
ingly simple, but nevertheless nontavial, exam-
ple; wning the (phase-locked) phase difference
between two clectrochemical oscillators with
different inherent frequencics. The problem may
arise in the design of oscillator amays for com-
munications and mdar applications ( 25) and also
in the dephasing off the timing of spikes in
neurons (20). The electrode potential £(r) in the
experimental chemical system is oscillmory (Fig,
1A) The phase difference between two (non-
interacting b electrodes of somewhat different fre-
quencies changes approximately lincarly (Fig,
1 B). For illustration, we choose the special case
of an out-of-phase entrained tanget stale with
phase difference Ad® = 2 that can be obtained
with an interaction function with first- and
sceond-order hamomics HilAd) = cos{Ad)
sin2Aa). [A general tareet phase difference can
be obtained with an interaction function having
an odd pan FAG) = sinfAd) + Rsini2Ad), where
R is a control parameter (22).] Because the tangel
interaction function i composed of first- and
second-order hamonics, a fecdback composed
of lincar and quadetic terms is chosen: the
design requires the wavelomm of the oscillators
and the response function (Fig. 1C). The op-
timized and target interaction functions and odd
prart are shown in Fig. 1, Dand E. With feedback,
the desired locked phase difference of Ap* = r/2
{or -m2) (Fig. 1. B and F) was achieved.

We now consider the generation of sequential
dynamical states (26, 27). Sequential patiems
can play a role in information processing and in
the [unctioning of memory in neural sysiems
(26, 27y scem cues processed by the olfactory
sysiem are encoded in complex spatial and
temporal patiems of firing neurons (281 The
mathematical concept ol slow switching (2f)
predicts an altemation between  synchronized
cluster states in a population of (at least) four
oscillators with, for example, HAa) = sin(Ad
1.32) — 0.25sin1244) in Eq. 3. Because heiero-
clinic orbits connect the unstable dynamic states
and these orbits are typically not robust against
heterogeneitics and noise caused by their struc-
tural instabilitics, their demonstration o experi-
mental sysiems 15 a challenging ask.

We optimized a quadratic feedback to a pop-
ulation of four oscillators that reproduced an
interaction function proposed for slhow switching
(Fig. 2A). The experimental system with feed-
back sequentially visits (unstable) two-cluster
states with two oscillators in cach cluster; Fig. 2B
shows two (saddle-type) cluster states in state
space, The phase model predicts a switch be-
tween these states as a result of the exisience
of heteroclinie orbits connecting the states, In
the experiments, we observed switching be-
tween the cluster states (red line in Fig. 2B)
along the theoretically predicted orbit (black
linc in Fig. 2B). We observed many switches
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along the heteroclinic orbits in a long time se-
ries. These switches can be seen as a fuctua-
tion of the system order (Fig, 203 The ume
scale of the cluster switching 15 60 s, much
greater than the 2.2-s period of the individual
oscillating clemens.

The engineered leedback produces configu-
rations of two clusters, cach containing two ¢le-
ments, comnnected by heteroclinic orbits; the
particular ¢lements in cach cluster and the
switching dynamics depend on initial conditions
as well as heterogeneities and noise, Figure 2D
shows that, in a long experiment, the svstem
ieramtes among predicted two-cluster conligura-
tions: when the orbits approach a cluster state, the
(color-coded) phase velocity slows down, indi-
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cating that the states are of saddle tyvpes. During
the teration among orbits, the system exhibits a
complicated pattern with occasional jumps from
one heteroclinie orbit o another. Two types of
transitions have boen experimentally observed.
Intracluster transitions occur when the clements
of a single cluster reverse themselves (compare
=605 and ¢ = 180 s in Fig. 2C). An intercluster
transition occurs when an clement from one
cluster pairs with an clement from the adjacem
cluster [ g, 54 (221). Both types of ansitions are
seen in the trajectory of the experimental system
illustrated in phase-space plots in Fig. 2, D and
E. Because of mheremt heterogeneitics (abow
0.2% frequency differences) between the oscil-
lators, a motion 1n state space close o but not on

£
G

2n

Phase Velooty (Hz)

ol 4% (4-1) (rad)

o

-l

"1 o
&

o ;

0 ®

- fa-'lj fm 20 o

Fig. 2. Engineering a system of four nonidentical oscillators to generate sequential cluster patterns. (A}
Target (solid line) [H{AG) = sinlAd — 1.32) — 0.25sin(2.A0)] and optimized (dashed line) interaction
function with feedback parameters ky = —0.0526 V, k; = 8.7376, k; = 16.3696 V', 1, = 0.2, 1, =
0.68, and K = 0.0494 (V= 1.165 V, Ry = 162.5 ohm). (B) Theoretical (black line) and experimentally
observed (red line) heteroclinic orbits and their associated unstable cluster states, (C) Time series of the

N
order parameter, [Rk = _Eiexp{r'ko;} . k = 1], along with selected cluster configurations. (D and E)
F

Trajectory in state space during the slow switching system. The black lines represent theoretically
calculated heteroclinic connections between cluster states (black fixed points), The red surface in (E) is
the set of trajectories traced out by a heterogeneous phase model. The experimental trajectory is colored

according to its phase velocity.
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Fig. 3. Desynchronization of a
system of 64 coupled relaxation os-
cillators. (A} The response function
and waveform (inset) of the (weakly)
relaxation oscillator (V = 1250 V,
Rue = 10.1 ohm). (B) Interaction
function obtained from the phase

Zig) (radv)

REPORTS

model by means of global linear
coupling. (C) Time series of the order
parameters £1 and A3 before, during

(61 5 < t < 445 s), and after the
application of linear time-delayed
K=1,k =-1, 1; = 0.016) feed-
back to a coupled (¢ = 0.3) popu-
lation (13). (D) Target (optimized)
interaction function obtained with
nonlinear {second-order) feedback.
(E} Time series of order parameters
before, during (60 s < t < 440 s,
and after the application of non-

1
B D
__15 __ 08
i i o
F05 zﬂ.s
1' n :: “
5 1.5
0 1 0 025 0rs 1

05
{

linear feedback (ko= 1.41 V, ky = —1.09, kz = —5.35 V7, 13 = 0.01, 1 = 0.09, K = 0.55).

the heteroclinie orbits predicted by the (homo-
gencous) phase model is seen both in the
experiments and in phase-model simulations
with heterogencous oscillators (red surface in
Fig. 2E).

Svnchronization in biological systems can be
pathological. Deep-brain stimulation with high-
frequency, high-amplitude clectncal signals is
being used to destroy synchronized rhythms in
Parkinson’s discase and essential tremor and has
prodential application in epilepsy antipacemakers
{17}, Low side-cffeet antipacemakers require the
development of advanced  desynchronization
methods (29, 30).

Our proposed phase-model methodology
provides an efficient design of mild nonlincar
leedback antipacemakers for weakly imeraciing
sysiems. A svstem of 64 weakly relaxation
oscillators, svnchronized with global coupling
through a common resistor (/3), has the intermc-
tion function shown in Fig. 3B obtained from the
response function and waveform shown in Fig,
3A. The interaction function exhibits a positive
slope at Ad = 0, resulting in a synchronized (one-
clustery state with a large order parameter (left
side of Fig. 3C) Although the onc-cluster state
can be broken with a lincar feedback technique
(2%, mstead of a desynchronized state, syochro-
nized clusier staies can appear (here as a three-
cluster configuration as scen in Fig. 3C), The
occumence of such clusters is cavsed by the
higher harmonics in the overall interaction func-
tion, including the aggregaie cifects of coupling
and linear feedback.

A desynchronized state without stable, or-
dered cluster siates can be obtained with non-
linear feedback. Many nonlincar feedbacks can
produce a nonsynchronized state withow clus-
ters, Mild, effective desynchronization can be
achieved by minimizing the power of the feed-
back signal under the condition that the feedback
produces a family of tazet interaction functions
with negative odd components: for example,

M
Y oepsin(AAd), where M ois

5

H = —sin[Ap)
the largest harmonics considered and the &,
are small numbers. A lincar programming
optimization (22) resulted in a mild, second-
order fecdback that produccs an interaction
function with pegative odd harmonics (up 10
M= 5) (Fig. 3D). This quadmtic feedback can
successfully desynchronize the system as seen in
Fig. 3E. The initially synchronized state (5 < 60 5)
desynchronizes with the designed nonlinear feed-
back 160 s < ¢ < 440 sk the clements almost
uniformly populate the eyvele, and all order pa-
rameters drop 1o low values. When the tfeedback
is turned off (f = 440 s), the system returns 1o the
synchronized siae.

We have experimentally demonstrated an ¢f-
fective method of designing complex dynamic
structure and tuning a wide spectrum of emer-
geni collective behavior in sysiems composed
of thythmic elemems. The method is precise
cnough 1o engincer delicate svnchronization
features of nonlinear systems and can be applied
o both small sets and large populations. Be-
cause the method does not require a priori de-
tadled physical, chemical, and biological models,
it should find applications in pacemaker and anti-
pacemaker design in systems where there is a
need for wning complex dynamical rhythmic
structures but where such detailed models are
diflicult 1 obtain.
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Preceramic Adoption of Peanut,
Squash, and Cotton in Northern Peru

Tom D. Dillehay,‘* Jack Rossen,? Thomas C. Andres,? David E. Williams®

The early development of agriculture in the New World has been assumed to involve early
farming in settlements in the Andes, but the record has been sparse. Peanut (Arachis sp.), squash
(Cucurbita moschata), and cotton (Gossypium barbadense) macrofossils were excavated from
archaeological sites on the western slopes of the northern Peruvian Andes. Direct radiocarbon
dating indicated that these plants grew between 9240 and 5500 **C years before the present.
These and other plants were recovered from multiple locations in a tropical dry forest valley,
including household clusters, permanent architectural structures, garden plots, irrigation canals,
hoes, and storage structures. These data provide evidence for early use of peanut and squash in the
human diet and of cotton for industrial purposes and indicate that horticultural economies in parts
of the Andes took root by about 10,000 years ago.

escarch on the origins and dispersal of
Rilgriuu]lurc around the world has con-

sentrted on the avironments and pe-
riods in which plants were first domesticated
trom indigenous wild species. Less concem has
been given to the adoption of cultivars and their
uneven use and development, the movement
of populations practicing cultivation into arcas
where it was previously unknown, and the
wider cultural contexts within which these pro-
cosses occurred. In the Andes, potatoes, com,
squash, beans, manioe, cotion, and chili peppers
have long been considerad the primary “lounder
crops™ by at least 5000 "C wvears before the
present (yr B.P) (1, 2). Here we repont evidenee
for radiocarbon-dated human cultvation of
squash (9240 and 7660 yr B.R), peanut (7840
vr B.P), quinoa (8000 and 7500 yr B.R), and
cotion (3490 vr B.R) in the form of macro-
botanical remains recovered from sealed house
Noors and hearths in buried preceramic sites ina
tropical dry forest of the Nanchoe Valley, a
tributary of the Zana Valley locmed at 500 m
above sea level, on the lower western slopes of
the Andes in northern Peru (Fig. 1), Evidence
of other crops (manioc, unidentified wbers,
and fruits), circular and later rectangular houses,
storage units, stone hocs, ground stone bowls
and pallets, fumrowed garden plots, small-scale
irigation canals, and carthen mounds dating
to the same period have been found nearby
(3.

Before the adoption of crops and the devel-
opment of new faming technologics, humers
and gatherers lived in semi-sedentary, dispersed
encampments between 10,800 and 9000 yr B.P.
{9). From 9000 1o 7000 vr B.P., people formed
more tightly bound and organized commu-
nities, living 200 to 400 m apan near springs
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and along the banks of small sircams on wide
alluvial fans 1 to 3 km from the valley Moor
where they pardencd, continued gathering and
hunting, and engaged in down-the-line ex-
change of ideas and products with horticultur-
alists living in distant coastal, highland, and
tropical forest arcas.

We recovered macrobotanical specimens
from late Paijin (10,000 1o 9000 yr B.P), Las
Pircas (9000 10 7000 yr B.P), and Tierra
Blanca (TOO00 1o 4300 yvr B.P) houses, including
squash (Cucurbita moselata). a momphologically
wild peanut (Arachis sp), cotton (Goassupiim
barfvndense), 2 quinoa-like chenopod (Cleno-
pelivm spo el guinna), manioc (Wanihot sp.),
an edible malphigiceous fruit (Brnchasia sp),
and unidentitied twbers and fruits (Figs. 2 1o 5)
(1) (sce SOM Text, secuon 1. and wable S1 for
the number of remains recovercd i sites).
Acceleraor mass spectrometry (AMS) radio-
carbon dates processed nearly two decades ago
for charred and uncharred squash, peanui,
cotton, and coca remains recovered from houses
ranged widely from 11,650 "C vr B.P 10 200
vears into the future (6). Despite the wide
variation in dates. the plamt remains  were
thought 1o represent carly crop cultivation in
the Andes, because they were embedded in
buried house foors and hearths beneath ginding

Fig. 1. Location map of study area
in north Perw,

stones and in excavated stone-lined storage units,
and were dircetly associated with MC dates
rnging between 7800 and 5800 yr B.P. on
wood charcoal from sealed heanths (Table 1)
Most ol these remains display morphological
tmiits that do not comespond o those of any
modern vanetics, and most of these plants are
not native 1o the lower western Andean slopes
of northern Peru. New AMS dates on macro-
botanical squash, peanut, and cotton remains
are now available from the same previously
dated house floors and hearths and from new
buried Moor conexts, Dates are 9240 & 50 yr
B.P [Beta 179512: 10,403 w 10,163 calibrated
(Cal) yr B.P.] and 7660 = 40 yr B.P. (Beta
219589: K335 1o %342 Cal vr B.P") on squash
seeds from sites CA-09-77 and CA-09-27,
respectively: TRAD « 40 (Beta 219588 8640 o
8435 Cal yr B.P) on a peanut hull from site
CA-00-TT; and 5490 = 40 vr B.P. (Beta 183279
6278 to 5948 Cal yr B.P) on cotton fibers (rom
CA-00-71. These new dates conform 1o the
standard mdiocarbon dates denved from wood
charcoal in hearths and floors and dircetly
associated with the same plamt species  that
previously produced ermtic dates (see SOM
Text, section 2, and table 52). In addition o the
new dates, research camicd out by botanical and
other experts over the past two decades on the
chameteristics and distributions of modern wild
and domesticated species of Cucnrbita, Arachis,
Gossypivmn, and Chenopodivm allows the inter-
pretation of these remains o be mone precise,
The peanut was long thought o be among
the later cultivated plants of the Andes, and
one that s particularly sunted 1o the lowland
tropical forests and savannahs where i1 was
prized as a high-protein complement 1o starchy
manioc-based diets (f, 2). The peanut’s center
of origin is believed to be in an arca cast of the
Andes comprising southeasiern Bolivia, north-
western Argenting, northem Paraguay, and the
western Mato Grosso region of Braeil (/0-42).
It has not been found in other middle pre-
ceramic archacological contexis of southwesi-
em Ecuador, Colombia, or the Amazon basin.
The Las Pircas and Tiemra Blanca peanuts are
clliptically shaped, fibrous remains of fruits (6)
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that appear to correspond morphologically 1o a
wild species, a situation that could be expected
during the carly stages of domestcation. The
sites al which they were recoverad are far
removed from the known range of wild Araclis,

Early and middle preceramic squash phyto-
liths have been recovered from the Las Viegas
Phase in southwestem Ecuador ( 10,000 1o TOO0
vr B.P) and the Colombian Amazon (9300 10
RO v B.RY (L, 2, 13). In both cases, phytolith
siee indicates the presence ol domesticated
species. The newly dated squash seeds Trom
the late Pagjian and Las Pircas siles have similar
dates and are the cardiest macrofossil remains
of Cucnrbirg recovered from an archacological
context. These small seeds (6 10 7 mm long, 2.5
tw 4 mm wide) have a unifwm dark brown
color, prominent raised sced margins. and an
elliptical shape. Seeds of this size, shape, and
color have been found m fruits of modem -
diional landmces of C. moschiatae Trom lowland

northem Colombia (£4). No other species of

Crcurbita resemble these traits (15). The color
alone is unigue to this species in a genus com-
posed of about 14 specics, including 5 domes-
ticates. There is no evidence to suggest that
postdepositional  processes  discolored  lighter-
colored seeds that are tvpical of other squash
species and cultivars of O moschala, Despite
their small size for a domesticated squash, the
archacological seeds were mature, because the

T (.5cm

Fig. 2. Close-up of a fragment of a peanut hull
(Arachis sp.) recovered from a buried house
floor at site CA-09-77.

= 2mm

Fig. 3. Close-up of two dark brown squash seed
(C. moschata) fragments recovered from a buried
house floor at CA-09-27.

brown seed coat docs not develop until near
the end of mawration, The wild ancestor of this
major domestcated squash has not vet been
lound, but lowland northern South Amenca,
eapecially Colombia, has been proposed as its
arca ol origin on the basis of molecular data and
occurrence of modem, pnmitive-looking  land-
races (J3-17), Fruits of C. moschate with dark
brown seeds are also most prevalent today in
this region, It thus appears that the peanut spee-
imens and the Nanchoe squash specimens rep-
resent carly cultigens dispersed ot an carly date
to nonhwestern Peru from their respective arcas
of origin,

Wild populations of Gossupim barbadense
are found on the coastal plains of sombwestem
Ecuador and nonbwestem Per (f), where their
domestication likely occurred (18). Archacolog-
ical cotton has been found in the Valdivia strata
of the Real Alto site in Ecuador (/9) and in
the late preceramic sites of the Ancon-Chillon

arca of central coastal Peru. Between 43500 and
3500 yr B this plant anchored what has been
called the Cotion Proceramic Phase of Pen.
Cotton was initially used for fishing nets. and
probably for hunting nets, storage bags, and
clothing (209, Cotton is abscnt from the carlier
Las Pircas Phase in the Nanchoe Valley, but com-
plete cotton bolls were recovered rom house
Noors of the later Tiema Blanca Phase. During
this same perod. gourds (Lagenaria) were
probably used for industrial containers and for
the consumption of their seeds (21)

One carbonized specimen of a large-sceded
chenopod (1.9 mm diameter) was recovened
from the house floor of CA-0927 and placed by
dircel association with dated hearths between
about 7500 and 8000 vr B.P. Iis size and guad-

rilateral cross-section closely resemble those of

quinoa (Chenopodium guinga), bul ndges on
the specimen are a minor morphological differ-
ence from herbarium specimens. Thirty similar
specimens, both carbonized and  desiceated,

Fig. 4. Close-up of carbonized guinoa seed
{Chenopodium quinoa) recovered from a buried
house floor in CA-09-77.
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were recovered from several later Tierra Blanca
sites. Large-seeded chenopods like quinea are
thought to have been domesticated in the Lake
Jumin and Lake Tincaca regions of southem
Peru and the Bolivian highlands by 4000 vr B.P.
{22). The highland origins and ecology ol qui-
noa contrast with the lower elevation, wopical
dry forest association, and northem location of
the Nanchoc sites. Ouinoa has several character-
istics that make it an unusual cultigen. The seed
bittemess, a saponin coating, must be emoved
by washing before prepartion [or consump-
tiont, but the bitterness is an advantage in stor-
age, because rodents and insects do not infest
the sceds, Seed [fragility also is a crucial at-
tribute of guinoa, Sceds do not wsually remamn
viable for more than 1 year, and quinoa must
be planted every year, or 1t may be lost o a
region, Even a small of amount of quinoa in an
archacological site thus may represent a long
period of local cultivation.

There 15 no evidence 10 mdicate that the
Nanchoe Valley was a domestication center for
any of these major economic plants. Thus, the
adoption of peanut, squash. colton, quinoa, and
other crops suggests that these plants must have
been cultivated clsewhere earlier than 9200 vr
B.P. for squash ([, 2), 8000 yr B.P. for peanut,
5500 yr B.P. for cotton, and about 7500 vr B.P,
for guinoa, afier which groups of down-the-
line local traders or mobile horticulturalists
brought them imo the valley, Between <9200
and 5500 yr B.P, the Nanchoe communitics
passed from advanced Pajjan foragers with a
broad-spectrum economy, 1o Las Pircas horticul-
twrlists primanly dependenmt upon  seasonal
rainfall w grow a few crops, 10 Tiera Blanca
incipient agriculiuralisis managing imigated wa-
ter and growing a wide varicty of crops. Asso-
ciated with these changes are demographic,
architeciural, and technological developments
indicative ol more complex social groupings.

The new dates confirm the imenal logic of
the archacology of the Las Pircas and Ticmra
Blanca phases, with their nucleated houschold
patterns and relocation closer 1o the valley floor.
The adoption and cultivation of both food and
industnial crops between 90K and 3500 vr B
were aspects of wider cultural processes that

Fig. 5. Close-up of cotton boll recovered from a
buried house floor at CA-09-71.
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included sedentism, anilicial water management
systems, mound-building, appearance of exotic
artifacts, and probably nwally sanctioned crop
production, the latter suggested by the presenee
of mock crystals and other exotics in mounds,
buricd garden plots, and canals (7, &), These
processes in Nanchoc [and other arcas of the
Andes (29)] also served as catalysts for rapid
social changes that eventually contributed to the

development of intensilied agnculture, institu-
tionalized polincal power, and towns in both the
Andean lghlands and on the coast between
5500 and 4000 yr B.P. (24). The Nanchoe data
indicate that agriculure played a more important
and carlier role in the development of Andean
civilization than previously understood, cspe-
cially within suitable, low-clevation mountain
cnvironments.

Table 1. Radiocarbon dates from selected preceramic sites in the Nanchoc Valley. New AMS dates
on archaeological macrobotanical remains are in bold,

; 3 Radiocarbon 2X-Cal age 7
Label no. Site/unit age (yr B.P. = SD) range (yr B.P.) Provenience
Late Paijan phase (10,000-9000 yr B.P.)

Beta 154099  PV-19-122-1 2980 = 80" 11710-11201 Wood charcoal in house floor

Beta 12384  CA-09-27 9870 £ 1201 11703-10775 Wood charcoal in hearth on
house floor

Beta 154124 PV-19-97-8 9520 = 130 11178-10304 Wood charcoal in hearth on
house floor

Beta 179512 CA-09-77 9240 = 50° 10403-10163 Charred/desiccated squash
seed in house floor

Las Pircas phase (9000-7000 yr B.P.J}

Beta 154126 PV-19-101-11 8470 = 60° 9532-9288 Wood charcoal in house floor

Beta 33526  CA-09-27 8410 = 140t 9580-89%6 Wood charcoal in house floor

Beta 154125 PV-19-100-7 8270 = 60" 9400-9015 Wood charcoal in house floor

Beta 33524 CA-09-27 8260 = 130¢ 94848772 Wood charcoal in house floor

Beta 33523 CA-09-27 8210 = 1804 94818606 Wood charcoal in house floor

Beta 30781  CA-09-27 8080 = 70t 9111-8636 Wood charcoal in house floor

Beta 12385 CA-09-27-5 7950 = 180¢4 9256~8378  Wood charcoal in house
midden

Beta 12384  CA-09-27 7920 = 1201 9002-8427 Wood charcoal in hearth on
house floor

Beta 33525  CA-09-27 7850 = 1401 9005-8370 Wood charcoal in house floor

Beta 219588 CA-09-77 7840 + 40 B8640-8435 Charred peanut hull in
house floor

UCR-2371 CA-09-04-A 7720 = 1001 8691-8203 Wood charcoal in burned
feature in house

Beta 30779 CA-09-27-5 7690 = 70+ 85878330 Wood charcoal in house floor

Beta 219589 CA-09-27 7660 = 40° 8535-8342 Desiccated/charred squash
seed in house floor

Beta 30778 CA-09-27-5 7630 = 801 8541-8199 Wood charcoal in house floor

Beta 182962 CA-09-04 7520 + 40t 8373-8189  Organic sediment in buried
mound surface

Beta 15708  CA-09-04-B 7190 = 1301 8274-7677  Wood charcoal in hearth on
house floor

Tierra Blanca phase (7000-4500 yr B.P.J¢

Beta 154128 CA-09-04-B 6970 = 90t 79330=7595 Wood charcoal in hearth on
house floor

Beta 3825 CA-09-04-B 6850 + 801 7824=7500 Wood charcoal in hearth on
house floor

Beta 4562 CA-09-04-B 6730 = 1101 7739=7327 Wood charcoal in hearth on
house floor

Beta 34332 CA-09-15, QSN-1 6705 = 75¢ 76567426  Wood charcoal in possible
Canal 4

Beta 181279 CA-09-71 5490 = 60* 6278-5948 Cotton boll in house floor

Beta 154127 QSN-1 5380 = 80" 6279-5936 Wood charcoal in Canal 3

Beta 182966 CA-09-15, Q5SN-1 4390 = 40° 5038-4833 Wood charcoal in Canal 2

*AMS radiocarbon dates from wood charcoal and macrobotanical remains excavated in house floors and hearths. Samples were
stored and processed in a museem warehouse in Peru and not subjected to possitde comtamination from bdological labeled
radiocarbon material. See eaplanation in SOM Text, section 2.
house fleors, hearths, and middens,
and the Tierra Blanca Phase dating between 6500 and 4500 yr B.P. (3-9). Recent dates and new site traits have shifted each
phase 500 years back in time to 9000 to 7000 yr B.P. for Las Pircas and 7000 to 4500 yr B.P. for Tierra Blanca.
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tCenventional radiccarbon dates from wood chancoal in
$Prior publications listed the Las Pircas Phase dating between 8500 and 6500 yr B.P.

The distribution of structures, canals, and
furrowed ficlds in the study area indicates that
carly agriculture was associated with manage-
ment deaisions made 1o socially ageregate peo-
ple in the context of regulated crop production
bevond the individual houschold level to cmenze
as ercative agncultuml communitics. Our data
show that public ritual and probably ceremo-
pialism were manifested 1o an unprecedented
degree between TO00 and 6000 yr B.P. in the
form of small mounds associated with lime
production probably for coca leal” consump-
tion (4, 7), which also led 10 increased social
cohesion among local households, The mounds
at site CA-09-04 were imtermittently modified and
wod for two millenmia, suggesting that public
ntual coevolved with agnculiure and wider com-
mumty developmenis (7).

The data amplify existing evidence and ar-
guments on the development of domesticated
plant production. The squash remains constitule
more evidence from another region that squashes
and gourds were among the carlicst cultivars in
the Americas (£3, 25) and that a number of dil-
ferent squash species were undergoing manip-
ulation and incipient domestication at about the
same time during the carly Holocene in Meso-
america and the nonherm hall of South America.
The evidence also points to an carly develop-
ment of horticulture in more southerly regions
of tropical South America, where the peanut is
thought to have its origin. There is evidence
for similarly carly domestication of manioc 1o
the north of the Nanchoe Valley in Colombia
and Panama (246, 27). Our data also show that
horticulture and cultural complexity developed
in the Americos nearly as carly as it did in
many parts of the Old World. Early 1o middle
Holocene populations exploiting suitable en-
vironments in both the Old World and New
World combined differenmt suites ol resources
and technologies 1w affiliate o larger, more
advanced communities that differentiated them-
selves from others between 12,000 and 9000 yr
B.P. (/. 2, 28, 29).
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Sponge Paleogenomics Reveals
an Ancient Role for Carbonic
Anhydrase in Skeletogenesis

Daniel ]. Jackson,*? Luciana Macis,* Joachim Reitner,” Bernard M. Degnan,? Gert Warheide*

Sponges (phylum Porifera) were prolific reef-building organisms during the Paleczoic and Mesozoic
~542 to 65 million years ago. These ancient animals inherited components of the first multicellular
skeletogenic toolkit from the last common ancestor of the Metazoa. Using a paleogenomics

approach, including gene- and protein-expression techniques and phylogenetic reconstruction, we
show that a molecular component of this toolkit was the precursor to the u-carbonic anhydrases (-
CAs), a gene family used by estant animals in a variety of fundamental physiological processes. We
used the coralline demosponge Astrosclera willeyana, a “living fossil” that has survived from the
Mesozoic, to provide insight into the evolution of the ability to biocalcify, and show that the «-CA
family expanded from a single ancestral gene through several independent gene-duplication

events in sponges and eumetazoans.

he increased abundance of caleified struc-
I twres during the laie Neoproterozoie and
the “Cambrian Explosion™ (/) suggesis
that cerain biotic (2) and’'or abiotic factors ()
cnabled the genesis of calcification strategies
within many metazoan clades duning this period
(). To what extent these ancesiral lincages drew
upon a shared skelelogenic toolkit emains a
question in our undersionding of the early evo-
lution of metazoan life; does the surge in crly
Cambrian caleification reflect a common inheri-
tance ol a key genetic toolkit, or did the ability to
biocaleity (35) evolve idependently i differcnt
lincages? Palcogenomics, the study of ancient
wenomes through the comparison of extant orga-
nisms (), attermpts o address such questions,

A related milestone in the evolution of com-
plex life was the evolution of the capacity o
canalvze the hydmtion of CO5, The chemical re-
action [CO; + Ha0 5= HCO; + H (7)] functions
in processing metabolic wastes, regulating pH,
fixing carbon, and ransporting ions across organ-
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ic membranes (X). The metalloenzyme carbonic
anbwdrase (CA) is pivomal to these processes by
catalyzing this reaction approximaiely 1 million
fold {9). Multiple duplications of the a-CA gene
within metazoan lineages. and a paucity of se-
quence data from early branching metazoan
lincages, have made the evolutionary origins of
this family difficult to decipher (8, {0,

Coralline sponges are members of the carlicst
branching metweoan taxon (Porifera) 1o seerele a
CaC 0y skeleton and were major contributors
1o the first metazoan reel-building processes in
the carly Paleozoic and Mesowroic cms (/).
Astrosclera willevana [Ponlem, Demospongiac,
Agclasida (/2)] (Fig. 1A) 15 a coralline marine
sponge with a stromatoporoid-like body-plan
(L3 In addition o primary glass spicules (o
cardinal skeletal feature of most Demospongiae),
it constructs a secondary skeleton of solid
aragonite (CaC’0y) (Fig. 1. B and C), and the
taxon Aserosclera s present in the fossil recond
from the late Triassic (f4). These fawres make
A willevana a valuable model for swudies aimed
il clucidating the carly mechanisms of biocalci-
ficaton, Here we provide evidence that a major
molecular component of the caleification process
in A wiflevana s an a-CA that was inherited as a
single-copy gene from the last common ancestor

of the Metazoa (LCAML

The Cal’0y skeleton of A, willevena consists
of sphencal-to-ovord amgonite clements (spheru-
lites: Fig. 1. D o F) that are initially deposited in
the distal cctosome by large vesicle cells (LVCs).
Spherulites gradually enlarge and fuse 1o form the
“hypercaleified™ basal skeleton (Fig. 1, B and C)
(14 We solated cell-free spherulites and the
basal skeleton from A, wiflevana and from this
materal extracted the soluble organic matrix
(SOM). The N terminus of three predominant
SOM protein bands (Fig. 10G) was sequenced by
Edman degmdation, and three full-length ¢cDNA
sequences that contained these N-terminal motils
were isolated (1.5). All three isoenzymes, named
Astrosclerin-1, -2, and -3, had clear homology 1o
the «-CAs and signal sequences indicative of an

extmeellular or membrane-bound localization of

the mature protein (figs. 51 and 52). Phylogenctic
analyses of a representative sol of metoan a-CA
sequences placed Astrosclerin-1, -2, and -3 with
Amg-CAl, -2, and -3 that were bioinformatically
recovered from the genome of another demo-
sponge, Angilimedon gueensianeicg. These demo-
sponge o-C A sequences constitute the sister group
i all other metaoan o-CAs (Fig. 2) (/6).
Whole-mount in situ hybridization (WMISH)
reveals that Asiosclerin-1, -2, and -3 are expressed
in LVCs within the ectosome (Fig. 1, 1 and ).
Sections through decalciticd WMISH tissue re-

vealed a chamcleristic annulus momphology of

Astroscferin-positive cells, with the central vesicle
devoid of the caleified spherulite (Fig, 11, asterisk).

To conlinm that the Astrosclenins possess CA
activity, we overexpressed isocneymes 1, 2, and
3 i Escherichia coli. Recombinant Astrosclerine
2 and =3 were expressed a5 soluble proteins,
whereas Astrosclenin-1 formed inclusion bodics
(lig. S3) Aswosclenn-1 was refolded under a
varety of conditions, none of which vielded a
functional protein. Isoengymes 2 and 3 were sub-
Jected o affinity chromatography. Astrosclerin-2
did net bind o the column, presumably due 1o
the lack ol a #zinc-coordinating histidine residue
(figs. 51 and S2). The activity of Astrosclerin-3
was assaved with a modilication of the Wilbur-
Anderson assay (J7) and was found 1o have come-
parable activity to that of the highly active bovine
w-CAIl (Fig. 3).

Knoll () points out that phylogenetic recon-
structions  based on morphology  indicate re-
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mologies in the process of CaCOy deposition.
With most attention  focused on the deutero-
stomies (vertchrates and sca urchins) (78, 79 and

cated  imnovations o caleification strategics
across the Metazoa, As he acknowledges, this
dowes not exclude the presence of molecular ho-

Fig. 1. Biocalcification in A willeyana. (A) A, willeyana is found in light-restricted environments in
tropical coral reefs. (B) A sagital cross section reveals the highly calcified basal skeleton (dashed box) and
the zone of living tissue (solid box). (C) A section through the living tissue reveals the proximal ectosome
(ec), the choanosome (ch), and the basal skeleton (bs). Scale bar, 500 um. (D to F} Spherulite calcification
begins with an ovoid structure, with subsequent stages increasing in size. Scale bars, 5 pm. (G) 5D5—
polyacrylamide gel electrophoresis (PAGE) reveals the predominant proteins of the calcified skeleton.
Molecular size markers are in kilodaltons. (H) After decalcification and WMISH with a probe com-
plementary to the intron of Astrosclerin-1 and -3, expression {purple) can be seen restricted to the
ectosome where the initial stages of spherulite formation take place. Inset is a higher magnification of the
boxed region. The dashed white line delineates the ectosome (ec) from the choanosome (ch). (1) A paraffin
section after WMISH with a probe complementary to the exons of Astrosclerin-1, 2, and 3 reveals
expression (dark blue) restricted to LVCs in the ectosome. The nucleus of one LVC (arrow) and the spaces
previously occupied by spherulites (asterisks) are indicated. Inset is a transmission electron micrograph of
a LVC after decalcification. The insoluble matrix (IOM) of the sphemulite and the LVC surrounding the
spherulite {arrow) are shown. (A), (C), and (D) to (F) are modified from (14).

Fig. 2. Phylogenetic

analysis of the c-carbonic

anhydrases (-CAs). Inset

is a simplified phylogeny _:_‘ CAV.VA VB

of the Metazoa. A wil- Ctenophora CALIL 1L, Vi, X

leyana is a member of
the early branching De-
mospongiae. Bayesian

Cridaria
Bilateria

Vertebrates
— ":*"I CA Anthopleura
“w CA Riftia

and maximum likelihood >

methods were used to Ancestral _‘m Vi
reconstruct the evolution- rnataégan ® CA IV, IX, X
ary history of the «-Chs, e 3 Vertebrates
with a nonmetazoan «-CA ) el

& HE;“@IT“P- T:;tree mitochondrial . SR ey o

topo shown here 15 :

derived from a Bayesian oo Ve
analysis with posterior e g s a1
probabilities (PP) and e Basma 8! I======AmgCAZ
maximum liketihood boot- — L. u_#4Astr

strap values (BS) greater :.:-.'f._ '

than 95% and 70%, as “&i =
indicated. The tips of the  m PP >95% .

tree have been collapsed @ BS >70% Sponges

for clanty of presentation
(see fig. 52 for a fully re-

solved treel. Subcellular locabizations are represented by the indicated color scheme. Experimentally
validated subcellular localizations are indicated by solid lines, predicted or inferred localizations by dashed
lines. The phylogenetic position of the Astrosclerins suggests that they are membrane bound.
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mollusks (gastropods and bivalves) (20-22),
there have bom lew molecular data to reconstruct
the skeletogenic toolkit of the LOCAM. The -
volvement of an a-CA in the process of bio-
calcification in the Demospongiae suggests that
cither the LCAM also used this gene for this
function, or that A. witfevana and vanous cni-
danman (23, 24), molluskan (25), and deutero-
stome (26) taxa have independently coopted it 1o
a biocaleification role.

Our discovery of three expressed copics of
Assrosclerin and three distingt genomic copies of
Amg-CA (Fig. 2 and fig. 52) suggests that the
LOAM possessed one a-CA gene that has du-
plicated and divessified independently in sponge
and cumetazomn lincages. Reconstruction of the
aneestra] protem (gs. S1and S2) suggests that
possessed all of the necessary zine-binding
residucs and most (80%5) of the 36 residucs pre-
dicted 10 be required for catalyiic activity (i),
Wi also suggest that a putative signal peplide was
present in this ancestral sequence, mdicating that
the ancestral a-CA was cither destined for
secrdion or was membrane bound, These bio-
chemical feaures are compatible with the hy-
pothesis that this ancestral enzyme was involved
in biocalcitication,

From our data we infer that a core molecular
toolkit capable of catalyzing the production of
HOO: (and ulimately CaC'O;) was present in
the first metazoans and included an o-CA. Sub-
sequently, vanous metazoan lincages inherited
this toolkit and have added 1w and clabormed
upon s key elements o guide, enhance, and
inhibit the deposition of CaC Oy in the spectacular
variely of ways we see today (79, 221 The molec-
ular details of this evolutionary process promise
to provide exciting insights into the details of the
late Neoproteroeoic/ Cambrian radiation.
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Natural Selection Favors a
Newly Derived timeless Allele in
Drosophila melanogaster

Eran Tauber,'* Mauro Zordan,”* Federica Sandrelli,>* Mirko Fegnraru,l'z Nicolé Osterwalder,”
Carlo Breda,™? Andrea Daga,”t Alessandro Selmin,™* Karen Monger,” Clara Benna,®
Ezio Rosato,! Charalambos P. Kyriacou,t Rodolfo Costa?

Circadian and other natural clock-like endogenous rhythms may have evolved to anticipate regular
temporal changes in the environment. We report that a mutation in the circadian clock gene
timeless in Drosophile melanogaster has arisen and spread by natural selection relatively recently
in Europe, We found that, when introduced into different genetic backgrounds, natural and
artificial alleles of the timeless gene affect the incidence of diapause in response to changes in
light and temperature. The natural mutant allele alters an important life history trait that may
enhance the fly's adaptation to seasonal conditions.

Ithough polymorphism a a single locus
may sustin adaptive vanation in nature

for both behavioml and morphological
phenotypes, there are few well-documented ex-
amples where a new, natrally ansing adaptive
mutation has spread through a population (/. 2).
In D mielanogasier, circadian behavior is gen-
erated by regulatory inleractions among a num-
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ber of canonical clock genes (F). One of these
genes, fimeless (tinn), encodes a light-responsive
component that has two allelic forms, fs-rim
and s=fim (#). The fs-rim allcle generates both
full-length L-TIMj 42 and truncated S-TIM 305
products rom an upstream initiming methionine
codon and a second ATG 23 codons downstream
(Fig. 1). In s-tim, deletion of the G nucleotide at
position 294 intermrupts the upstream  reading
(e with a stop codon, generming S-TIM g5,
from the downstream ATG (4, 5y (Fig. 1), These
varants were identified miually in labomtory
strains, so we sought to investigate whether this
polymomhism was present in nature,
Dyosaphila melanegaster solemale lines wene
established from natural populations collected

from southern laly o Sweden (able S1). A
polymerase chain reaction based strtegy iden-
tified the status of the two 57 i haplotypes in

flies from isofemale lines. The fequency of

f-tim was plotted against latitude (Fig, 2A
and table 51}, and regression analysis (F) 4, =
43,7, P < 000005, R? = 0.80) and subsequent
spatial autocorrelation stanstics (Moran's [ =
0.28, P < 0.05) revealed a significant latitud inal
cline, with high frequencies of fs=tim in southem
Euwrope. Phylogenetic analyses of rim alleles
showed that all {s-rim haplotvpes, irrespective
ol geographical location, clustered at the top
of the trees, which suggests that this is the
derived allele produced by the inseriion of the
G nucleotide (g, S1). Assuming that the split
between [ mefanogasier and D, sinnilans oc-
curred 2 million to 2.5 million years ago (6, 7).
we calculmed that the fs-mm allele originated
~HOG0 1o 10,000 years ago, comeiding with
the postglacial period and subsequent coloni-
gation of the Eurasian continent by [
melanogaster (7)

We next examined the frequencies of the
derived f-tim allele southward from the puta-
tive site of origin, Novoli, laly, which has the
highest L-tin frequency. Isofemale lines were
established from populations in Crete, Isracl,
and Alrica (Kenva and Zimbabwe) (1able S1).
The frequency of fs-rim was 0,138 in Crete,
0,318 in Isracl, and zero in sub-Sahamn Africa
{Fig, 2A and table 513 When the Cretan and
Isracli populmions were added 1o our analyses,
the data did not conform to the latitudinal cline
[Fias = 194, not significant (n.s.), R = 0.13,
Fig. 2A). However, when we replotted all the
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Fig. 1. Alternative ATG start codons
of Is-tim and s-tim. The N-terminal
coding sequences for both alleles are
shown together with their correspond-
ing protein translations. The G insertion/
deletion (position 294, GenBank U37018)
in [s-tim allows it to generate both the
L-TIMyqzy and 5-TIMyzeq 1soforms, where-
as the s-tim allele may also generate
a 19-residue peptide from the
upstream ATG (4, 5).

AUGe1

H 5§ R VR QL BB N BB I

$——

Is-tim

s-tim

L

TCCACAATOAGCAGAGTTAGGCAGC TCCACAATCACATCTGOAATAA TCAGAACTTTCATARAGTGAAATCOOT TATGCALTGGTTACTA

W N N Q N FDEV E S V HNHD WL L

&=

T AUG#2

TCGACAATGAGCAGAGT TAGGCAGC TCCACAATCACATCTGGAATAATCAGAAC TTTATCAAGTGAMTOGGTTATGCGACTGETTACTA

Is-gim Irequencies against direct distance from
Novol, the megression was highly sigmificant
(Fy 43 = 1635, P = 00014, R* = 0.56; Fig. 2B
and table S1) and was further enbanced when
realistic and predominantly land-based distances
between Novoli and all locations were used
(Fyas = 40,61, P < 0.00001, B = 0.76; Fig. 2C
and table S1),

To test whether the pattem of i polymor-
phism is consistent with sclection or reflects
historical or demographic processes, we applied
Tajima’s £ (%) and Fu and Li's statistics (9) 1o
the polvmorphic region and © two intergenic
regions downstream of the polymorphic frag-
ment: 39 and 38, located 2.5 kb and 14 kb
downstream of the fim tmnsenplion unit, re-
spectively, The resulis were highly sigmi licantly
negatve for the polymorphic fvs-tim region,
reflecting an excess of mutations that appeared
only once as singletons, which suggesis dince-
tional selection (Table 1), The 3% fragment gave
marginal significance, whereis 38 pave nonsig-
nilicant results for all wsis, revealing a consistent
change in evoluionary dynamics with increas-
ing distance from the sim &% polymomphic site
(Table 1) The HEA test was also used o com-
pare the relative amounts of polymorphism and
diverzence among these three sites (/). Com-
paring the MN<terminal fm fos frgmen with
cach of the two downstream Nanking sequences
(34 and 3'B) gave highly significant deviations
from neutral expectations, whereas comparing
the two downstream flanking regions did not
{Table 2). We also observed that one haplotype
dominated the fs-rim allelic cliss: 16 of 21
alleles were monomormphic and the others were
singletons. Using a haplotype test that can detect
very recent selective events (£1), we rejected the
neutral hypothesis for ls-fim (P < 0.05), but not
for the s-tim class, in which the most common
haplotvpe was represented by 10 of 24 se-
quences (P = 0.2),

Our results suppont the view that the derived
fs-tim allele arose in southem Daly about K000
to 10000 years ago and has spread, perhaps
quite recently, in all directions as a result of
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dircctional selection. Altematively, a recent se-
lective sweep might not have allowed enough
time for the accumulation of genetic vanation
around the polymorphic fim site, and conse-
quently balancing selection might be difficult 10
detect with neutrality tests. Under such a
balancing scenario, fe-tim would be particularly
well adapted to southem Dlaly but would be less
advamageous farther north or farther south.

Tov investigate phenotyvpes that might provide
the substrate for selection, we examined whether
temperature compensation—the ability of the
clock to maintain a circadian 24-hour period
during fluctuations in temperature—is drving
the observed directional selection.  Polymor-
phism in another clock gene, period, 15 main-
tained by balancing selection (12), possibly by
differenuial circadian temperature  compensa-
tion (/3), and shows a robust latitudinal dis-
tribution in Ewrope (/4). However, replicate
homoeygous natural lines of s-rim and Js-tim
and two laboratory strains carrving fs-fim
showed similar temperature compensation (g,
52). To avoid complications with genetic back-
ground and 1o study the effect of the L-TIM
isoform, we generaied four independent trans-
genic lines for two sim transeenes, PYL-tim) and
P{5-tim{, which generated one or the other
isoform, respectively, with the available tim pro-
moter sequences (£3) All lines rescued circadian
locomotor thythns in amhythmic fim™  hosts
(I, with no cfiect of genotype on temperature
compensation (lable 52 and fig. 82),

D medanogasier survive unlavorable scasons
by entering a reproductive adult diapause that
is mediated in part by a response 1o shon days
and long nights at low temperatures (f7-19).
This combined response can be diagnosed in
individual females by the lack of eges in their
ovaries caused by an armest in oogencsis (/&)
We established isofemale lings from recently
captured natwral populations, two from south-
em ltaly (Bitetto and Salice Salento) and one
from the Nethedands (Houten) (table S1). Anal-
yais of diapause in homozygous -t and s-tim
females within these populations revealed high-
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Fig. 2. Frequency of [s-tim in European natural
populations. Open circles, 13 populations collected
in 1997; solid square, Heraklion, Crete, solid
triangle, Haifa, Israel, both collected 2002; solid
drcles, Bitteto and Salice Salento, Italy, and
Houten, Metherlands, collected 2004. (A} fs-tim
versus latitude. Regression line is fitted through
the data for the 1997 collections only. (B) fs-tim
versus direct distance from Novoli, Italy. Regres-
sion line is fitted through 1997 populations plus
Heraklion and Haifa. (©) Is-tim versus overland
distances from Novoli. Regression line is fitted as
in (B) (20).

ly significant cflcets for population (Fagy =
189, P < 1077), genotype (Fyg = 1038, P <
107%), photoperiod (Fsgs = 110, 2 < 107%), and
population * genotype interaction (Fags =
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303, P < 001 (Fig. 3, A 1o C). The ls-tim
females showad reproductive arrest more readily
than s-fim tfemales i all three populations (Fig.
3 A 0 C) The photopenodic curves for the two
genotypes were larpely parallel for the Salice
and Houten populations, where even at the
longest photoperiod, Is-timr females were more
prone than s-tim fomales 0 diapause (Fig, 3, B
and ). In contrast, for Bitteto, significant
genotype differences emerged only as photo-
periods grew shoner [14 hours light' 10 hours
dark (LD14:10), P = 0005, Duncan’s tesi;
genotype photoperiod interaction, Fsag

213, P = 0.08] (20, Latimde also had a
significamt effect, with nonthem s-rim females
showing signmificamly higher levels of diapause
than southerm s-timr females (Houten  versus

Salice, P = 001, Houten versus Bitieto, P =
0.0002, Duncan’s test), whercas for [s-rim,
Howen was significantly different from Bitetio
only (7= 00001 ) (Fig. 3, Ao C). These results
reveal that the ovarian diapause of European 0,
mefanogaster is enhanced at shonter day lengths,
at northem latiades, and by the denved fs-tim
allele relative 1o the ancestral s-tim variant,
We also examined diapause in the
hosts wansformed with P/S-tim{, P{L-tim{, and
PfL5-timf, a comesponding transformant line
that carries the fs-tfm sequence (13). Highly sig-
nificamt genotype (Fr 24 = 706, = 0.00012)
and photoperiod (Fi 2 = 474, P < 0.00001)
effects were observed, with an enhancement in
the diapause responses ol females carrving the
Pll-tim{ and P{LS-rim) transgenes relative o

i

Table 1. Results of neutrality tests: intraspecific analyses. The [s/s tim polymorphic site was compared to
two downstream sequences, 34 and 3'8. *P < 0.05, **P < 0.01, ***P < 0.001. Sequences are described

in (20).

: Total Segregating Tajima's Fu & Li's Fu & Li's
Sequence Sample size sites gl D D* e
34 36 571 19 =1.63" -1.83 -2.08"
'8 12 1649 103 -1.18 -1.38 =151
ls/s tim 45 640 16 —1.86* —3.94ue -3.83"

Table 2. Results of neutrality tests: interspecific analyses. The [s/5 tim polymorphic site was com-
pared to two downstream sequences, 34 and 3'B. In these analyses, HKA comparisons of ls's tim with
the downstream sequences to tim were highly significant, except for the HKA test comparing 3 A with
38 (y® = 0.09, P = 0.76, n.s.). ***P < 0.001, ****P < 0.0001. Sequences are described in (20).

Total

Segregating

Average no.

F
Saquents sites sites differences HKA 2
34 570 19 5.55 16.04***
I8 1621 97 51.75 11.34**
ls/5 tim 619 16 58.56
A Bitetto B Salice C  Houten
80
@ 80
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Fig. 3. Ovarian diapause of tim variants at 13°C (mean proportions, arcsin + SEM). Photoperiod
denotes hours of light per 24 hours. (A to C) Natural populations: Bitetto, Salice Salento (both Italy),
and Houten (Netherlands). Squares, [s-tim; triangles, s-tim (N = 5555) (20). (D) tim transformants.
Squares, PILS-tim]; triangles, P[S-tim] (four lines with no significant line effect, F3 43 = 2.43, n.s.);
diamonds, P{L-tim] {two lines, Fy 35 = 0.05, n.s.). P[L-tim] and P{5-tim] tlansfurmant females were also

tested at LD20:4 (N = 3404). (E) Cantonized wild-type (squares) and tim”

1 (circles, N = 1444).
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those carryving PfSrimf (Fing = 5.24, P =
0.024, and Fang = 400, P = < 0.0001, re-
spectively ). In addimion, an uncxpectedly low
diapause response was observed at the shortest
|0-howr photoperiod (LD1O:14), in contrast to
the data from natural strins (Fige 3, A w C).
Similar results have been observed in shoner
phowperiods with  long-standing  laboratory
stocks (24, so this may reflect the genetic back-
ground on which the transgenes are expressed,
or limitations of the 5 thn promoter used 1o
drive the trmsgenes, Nonetheless, these resulls
reveal that imespective of genetic background,
Ss-tim females show a significamly higher level
of diapause than s-tim females, and that this is
due 1w the fim locus nselll I we extrapolate
these findings o natre, fs-tim (and  PfL-tim}
and PfLS-simf) lemales might be expected o
enter diapause cardier than s-sim (and P{S-tim )
females in response to the oncoming European
winler

We also investigated whether the circadian
arthythmic fim™null mutant would affect the
ovarian phenotype. We compared #im™ 10 a
wild type (fs-tfm) alier minimizing differences in
genctic background, and significantly  higher
levels of diapause were observed in the mutant
(Fye = 1481, P= 0.0006), but without a sig-
nificant response 1o photoperiod (Fig, 3EL A
similar result was obtained with hemizygous
PLS-tim] transformants compared to tim® at
two photoperiods (LD8:16 and LDI16:8) on a
differemt genetic backzround (F = 63, P =
0.027; fig. 53). Consequently, vanation in e
isell, not genetic background, 1s responsible
for these changes in the incidence of diapause.

A latitudinal cline in the incidence ol dia-

pause was observed i naral D melanogaster

populations in the castem United States, with a
higher incidence at northem latitudes (/8).
Within a single temperaie population, geno-
types that show higher levels ol diapause are
sress-resistant and have enhanced finess under
such unfavorble conditions, demonstrating that
in temperate habitats with strong seasonality,
enhanced diapause in 0. melanogasier has
adaptive value (/7 /9. The higher levels of di-
apause observed with [fs-tim genotypes may
have similar adaptive value in the European en-
viromment, Our naturl strins also show a higher
incidence of dapause in carriers of the an-
cesirl s=rim allele in northern populations than
in southem populations (Fig. 3, A 1o C); this
result s consistent with findings that in arthro-
pods, the higher the latitude or aliitude, the more

cadily diapause is induced (48, 22, 23). Conse-
quently, there is genetic variation other than in
ti Ahat s causing this latitudinal change
within the s-tim genotype. A candidate locus
is the fsulin-regulared PE3 Einase gene, which
determines diapause levels in two £ melano-
gaster populations from Nonh America (24).
Il diapause contnbutes to the enhanced adapt-
ive value of fs-tim, it s difficull o envisage a
balancing scenario where f-timr would be highly
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favored ina small region of southern laly but
less favored Fanther north or south. We proposc
that an ongm of the denved f-tim allele m
southern Ewrope, followed by its subsequent
spread by directional  selection,  provides
counterimtuitively—a more compelling model for
understanding the clevated frequencics of fv-tim
in this geographical region,
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A Molecular Basis for Natural
Selection at the timeless Locus in
Drosophila melanogaster
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Diapause is a protective response to unfaverable environments that results in a suspension of
insect development and is most often associated with the onset of winter. The [s-tim mutation in
the Drasophila melanogaster clock gene timeless has spread in Europe over the past 10,000 years,
possibly because it enhances diapause. We show that the mutant allele attenuates the
photosensitivity of the circadian clock and causes decreased dimerization of the mutant TIMELESS
protein isoform to CRYPTOCHROME, the circadian photoreceptor. This interaction results in a
more stable TIMELESS product. These findings reveal a molecular link between diapause and

circadian photoreception.

ild European populations of -
sophila melanogaster have two ma-
jor alleles of the rimeless (tim) gene,

fs-rim and s-tim (1), These alleles differ in
their use of two alternative wanslational starts
to generate longer (L-TIM 454 ) and/‘or shorter
{S-TIMy394) 1soforms (2). The f-rim allele 1s
derived from the s-fim allele, and directional
sclection is thought to have created a laimudinal
smdient of f-fim frequency within the past
10,000 years, perhaps due o an enhanced (il
ness of M-t individuals in temperate envimon-
memts () TIM is a cardinal component of the
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circadian clock (), and s light sensitivity via
its physical interaction with the circadian
photorecepior crypiochrome (CRY) (4) me-
diates the fly's circadian responses to light
(5). This photorcsponse can be quantilied at
the behavioral level by studying the flv's
locomotor response o briel” light pulses de-
livered at ecitgeber time 13 (ZT13), three hours

into the night phase of a light'dark |12 hours of

light alemating with 12 hours of darkness
(LD12:12)] cvele that generates a phase delay
of a few hours: the same light stimulus admin-
istered late at night (ZT21) generates a phase
advance (6).

Flies homoeygous for cach natral i allele
(l-tim and s-rim) were established  from iso-
female lines from natural populations in laly, the
Netherlands, and Russia (/, 7). We examined the
two natural vananis” locomotor phase response
to 20-min suumting light pulses delivered
ZT15 and ZT21. Because we were interested
in observing whether sim-mediated  behavioral
photoresponsiveness might be relevant o its

latitudinal distribution, we initially used two tem-
pertures, 187 and 24°C, For phase delays (ZT15
light pulse), analysis of vardance (ANOWVA)

revealed signilicant genotvpe [Foy e = 111,
P o= 0001, temperture [Figeg = 238, P <
0.001], and population [Fogey = 447, P -

0.002] effects. For phase advances (ZT21 light

pulse), significant genotype | Fiy ez = 1003,
P = 00015, population [Fiz ey = 3.17. P

0.044], and temperature * population [F 192
84, P < 00005 interactions were ohserved. In
these tests, the s-tim vanants cleardy showed a
larger phase response, as compared with that of
fv-tim (Fig. 1A)

We also examined phase responses ol (lies
transformed with the transgenes PfLS-tim ],
PfL-tim{, and P{S-tim ( 1), which are designed 1o
generaie both or each TIM length isoforms,
respectively, in a i mutant background at
three temperatures (18%, 24%, and 28°C), ANOVA
for delays gave highly significam effecis for
genoiype [Faagy 287, P < 0.0001] and
temperature | Fip 4yqy = 3.32, P = 0.03], with
PfS-timy fMics consistently showing larger delays
than the other genotvpes, Similarly for advances,
ANOVA of the dma for PfL-timf and P{S-timf
transfonmants at all three emperitures gave only
a significant genotype cifect [Fo2o = 12,28,
P=0.0006]. A simmlar result was obtaimed for all
three transformants at 18° and 28°C (P LS-imf
data was not collected at 24°C), with a resulting
significant genotype effect [Fagsn = 494, P
0.008]: as with delays, the advances of PfLS-timf
were intermediate between those of PfS-tim/ and
PiL-tim].

We next examined whether the [s-rim variants
would show the normal arthythmic behavioral
response 1o constant bright light (LL) (&), We
placed the natural mim variants, as well as the
Pfeim} wransformants, in LD12:12 for 3 days
and then in LL for 7 days. Locomotor arthyth-
micity in LL of all genotypes was high (90 1o
[00%a), and no tioe allele (natural or transgenic)
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significantly ditTercd in the time it wok for the
line to reach amrhytlimia (table S 1), Thus, P L-timf
and f-fis are able w0 madiate nommal behavior in
LL and constam darkness (DD, though they are
less responsive w short light pulses (7).

Our results imply that i naturl fs-sim and
translommant PALS-m] ies, the onger sofonm
is translated and has biological actvity that leads
to a reduction in the circadian response o light,
To investigate whether this was indeed the case,
Western blot analysis on fly heads was used 1o
study whether fs-tim Nies did express the longer
L-TIM isoform, and i so, whether they also ex-
pressed S-TIM, The S-tim allele putatively en-
codes a protein that is 23 residues longer than the
s-tim allele (2), a relanvely small diflerence be-
tween soforms that are = 1400 residucs long, Al
ZT1 (the first hour of light), when TIM levels
were low because of degradation by light, and m
ZT13 (the first hour of dakness), when TIM

Hu

Fig. 1. Phase response
to light pulses of fim ge-
notypes. Mean phase re-
sponses [hours (h) +SEM]
to 20-min light pulses
delivered at ZT15, giving
phase delays (- below),
and ZT21, giving phase
atvances (+, above), are
shown, (A) Natural lines;
Bitetto (Bit), southem
Italy; Houten (Hu), Neth-
erlands; and Moscow
(Mos), Russia at 187 and
24°C. Black bars, s-tim;
white bars, [s-tim; h,
hours. (B} Transformants

A @ = P

Phase shift (h)

'saaan}.ﬂ.,c.c...,

Mos

Bit

levels began o nse (9), we detected two isolorms
in fs-fim (Fig. 2). PfL-tim/ transformants gen-
crated only the longer solonm, whercas fs-tim
flics and the PULS-tim] transformants produced
both long and short TIM isoforms; s=tinr lies and
PiS-tim| mansformants produced only the shon
isofomm (Fig. 23 TIM bands from &-tim ies also
appearcd more intense than did those from s-tim
in flics from the same or different genetic back-
grounds (Fig. 2), The higher-molecular weight
band was maintained in s-tin samples that had
prior phosphatase treatment, in spite of a change
in mobility for both fs-sim and s-tim genotypes
that was consistent with dephosphorylated TIM
isoforms (Fig. 2). The same phosphatase treat-
ment had a more dramatic effect on the mobality
of PER isoforms, given its more extensive levels
of phosphorylation (160, 11). On the basis of these
findings, we suggest that the L-TIM isoform
mediates an enhanced diapause response (7)) and

B
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15 also responsible for the attenuated circadian
light sensitivity of fs-mm fics,

We then systematically performed Westem
blod analyses for a ull day m LD12:12 (Fig. 3)
and in the second cycle of DD (fig. S1). TIM
levels were significantly elevated in the ls-tim
genotype in LD 2:12 atall points of the cyele,
as compared with s-rim |[ANOVA for genotype:
Fiygey = 227, P < 0.0001; for time: Fig 79, =
8.3, P 000001](Fig. 3A), suggesting that ls-tim
generates a higher combined level of the two
isoforms or has more stable products. This sane
pattern was also observed in DD, where ANOVA
revealed a significam genotype effect [Fy o
102, P = 0.002], but the time (the oscillation
began o damp by the second cyele) and geno-
type = time interactions were both nsigmilicant
(fig. S1). The expression of TIM in the four
independent PfL-timf and P{5-tim] transformant
lines was also studied i LDI12:12. A nested
ANOVA revealed sigmilicant time [Fiq g0, =
521, P= 00003 ] and tme > genotype [Fqa =
4.53, P = 0.0008] interactions, reflecting the
observation that P[L-TIM| levels were similar be-
tween day and night, as compared with P[S-TIM)|
(Fig. 3B} These results suggest a stability differ-
ence between the two TIM isofomms, rather than a
difference in wanslational efliciency (1.2, and
they arce further supponied by the mRNA profiles
forthe two natural vanants, which are very similar
[time: Fisag = 9102, P < 0.0001; genotype:
Fiaag = 1.52, NS (nol significant)] (fig. 82).

The enhanced stability of L-TIM might
therefore be expected o conmnbute 1o the higher
levels of TIM observed in natural fe-vim Mies and
to reduced eircadian photoresponsiveness. Cirea-
dian light responses in Drosophila are mediaed
both by the canonical visual pathway, which uses
rhodopsins. and by CRY (/3). Afier stimulation
by light, CRY can physically interact with TIM

Fig. 2. TIM Western ZT1 ZT13 and’'or PERIOD in yeast. in Drosophila 52 cells,
blots reveal different TIM and in vivo (4, J4-16). These PERTIMICRY
isoforms. Fly heads har- GAB ATDD NovIS B18 GAB ATDD Nov?s B1é inicractions lead w TIM degradation (3, /3)and
vested at ZT1 or ZT 13 Is s Is s Is s Is s subsoquemt PER instability, which releases the
are shown. The upper - s B . e s ol o= negative autoregulation of PER on the per and
row shows natural lines; i genes (/7). We theretore studied the phyvsical
CS(is L T285 T29L T30S S-tirmy, y 3 . . 3 L
columns 1 and 5, GAB 7T PP, TR e Y™ PIES-Sny interaction of the L-TIM and S-TIM isoforms
gs-r.:‘:rm,};; a::jd?ﬁ}fm?g e g — - — with CRY in the yeast two-hybrid system (/6),
Ay 2 RN ROV, No interactions between TIM and CRY occurred
e s CSiis sfls
Hs-!.‘rm},‘ and 4 and 8, v ’ in the dark, and the level of imeraction between
..B;ﬁ l:;lmj}."r:bt;m:dﬁ ZT1 SR H - -‘ CRY and L-TIM in light was weaker than that
rs_;; :tm is :‘:il'm-.;: between CRY and S-TIM in both plaie and liguid
with EIWHEPET?IE upper ZT13 ZT1 assays (Fig. 4, A and By, As a control, we also
(=] s GAB C5(is s GAB arine n e o b *1-TIM > T
midile Yo ok €5, fflg r'I'I’F ) FfflJ' fis) ywi(s) fis)  examined the interaction of L-TIM and S-TIM

with the large fragment of PER (residues 233 1o

Canton-5 (Is-tim}; y wis), : . ; -
Benis Yting ¥ 683) that s stable in veast (16), but these PER

P P P
Anti-TIM m-"' I

ywis-tim); T27L and T29L v . L o

(PIL-TIM]): T28S and T30S _ ‘ - I!.M interactions were not ﬁ|g|1lllic;1[|||}- differem
(PIS-TIMJ): and (PlLs-TM)  Anti-PER - (Fig. 4. C and D). These results indicate that the
from fly heads harvested *. — E ‘ differences in interaction between the two TIM
at ZT1. There are doublets isoforms and CRY are a specific effect due to the

addivonal N-terminal 23 residues in L-TIM,
which imterfere with the light-dependent dimeri-
zation of CRY.

A reduced L-TIM/CRY interaction may
explain the differences in the fly's circadian

in €S and PILS-tim] transformants, with single bands in (PfS-TIW and (PIL-TTMT) transformants, The lower middle
row shows larger-scale figures of y w (s-fim), Canton-5 (s-tim) and their heterozygote ss [(sfs-tim)] at ZT1. The
battom row shows the results of a phosphatase (F) treatment applied to ls-tim and s-fim samples at ZT1 and ZT13.
Blots were performed wath anti-TIM and anti-PER. i5-fim genotypes maintain the higher—molecular weight isoform
after phosphatase treatment.
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photoresponsiveness and the enhanced L-TIM
stability. The observation that fs-tim females are
more prone o diapause ot any day length (f) s
also consistent with the results presented here. As
in the comesponding diapause profiles (). the
transfomants conclusively reveal that the cinca-
dian photoresponsive phenotypes of natural fim
varants are not due o linkage disequilibrium be-
tween #im and a nearby locus, but they are at-

tributable to rim itsell. Furthermore, the similarity
i belavior of natural s-tim vanants and P{S-TIMY
transformants suggests that the residual putative
truncated N-temmnal 19-residue TIM product
from the s-tim allele does not play any major
role in the phenotypes we have studied (2.

It has been argued that the light sensitivity of

the circadian clock needs to be abated in temper-
ate zones because of the dramatic increase in sum-

A i
g SUEEARE STIM
ol
g - 5TM —SdEaaa TUB
LS-TM
2 - BEEEEEEE LS-TM
D3 B 8 1215182
B
i | = —mse T288
14 ~4-T100DS " —— - - TUB
18 -2-TRRS
& TS § B T30S
g o8 & TZES —“.__.__.f TUB
1]
g o 3 &6 9 12 15§ A N
= T25L
s an— T
a7
0s ehanadis 129
) =i T_IB
03 ST
6 3 & & 12 15 W 2 036912151821
C S—— C a——
Zeitgeber Time Zeitgeber Time

Fig. 3. Circadian TIM profiles in natural lines and transformants. (A} Natural variants. Left panels show
mean + SEM TIM/TUE ratios from Westem blots of the Moscow line (23°C in LD12:12, p = é blots for
each variant); right panels show examples of corresponding Western blots. (B) Transformants. Left panels
show mean = SEM TIM/TUE ratios for Western blots (right) of each of the P[S-tim] (n = 11) and PL-tim]

(n = 10) transformants.

A LTIM S-TIM pJG4-5 B
Light Relative
LexA-CRY gt
Dark |j
L-TIM  S-TiW
PER pJG4-5
c D szmﬂs:
LA, Light L D
L-TiM
Dark
IH!H
LexA Light ]
S-TIM
Diark L-TIM 5-TIM pJGi-5  plG4a-S

Fig. 4. TIM interactions with CRY and PER in the yeast two-hybrid system. In light, L-TIM shows a
diminished interaction with CRY in (A) plate assays (p]G4-5, empty vector control) and (B} liquid
assays (mean + SD), as compared with 5-TIM [Fiy 16 = 141.4, P < 0.001] for at least nine cultures
derived from at least eight independent clones are shown. (€ and D) L-TIM and 5-TIM show equally
robust interactions with the PERg33.6s5) fragment in light or darkness in both plate and liquid

assays [Fi, 20 = 0.04, NS].
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mer day lengths in northern latindes (78, [9).
One mechamsm for this process mvolves a re-
duced sensitivity 10 hight-induced disturbance by
having a higher pacemaker amplitude (18, 19).
However, the amplitude of TIM cyveling in DD
wis not significantly differem between the two
vadants (fig. S1), nor were there any signilicant
differences in amplitude or phase of the wm
mRNA cyecle between the s-rim and fs-timr geno-
types (g, 52). Another way 1o atlenuate circa-
dian photorssponsivencss in lemperite 2ones may
be by filtering light input ino the clock. The
molecular changes 1o the L-TIM protein may buller
the circadian response o light & b-ri individuals,
even in the presence of S-TIM, and may conribute
to the positive Darwinian selection observed lor
dx-timr v the European scasonal environment ().
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Dopamine—Mushroom Body Circuit
Regulates Saliency-Based
Decision-Making in Drosophila

Ke Zhang,™*

JianZeng Guo, Yueging Peng,™* Wang Xi,** Aike Guo™™*

Drosophila melanogaster can make appropriate choices among alternative flight

options on the basis of the relative salience of competing visual cues. We show that this

choice behavior consists of early and late phases; the former requires activation of the
dopaminergic system and mushroom bodies, whereas the latter is independent of these
activities. Immunohistological analysis showed that mushroom bodies are densely innervated by
dopaminergic axons. Thus, the circuit from the dopamine system to mushroom bodies is

crucial for choice behavior in Drosophila.

alue-based decision-making is a com-
plex behavior controlled, in part, by
the dopamine system (£, 2). Primates

make choices among many available options
o produce an advamageous response (3). The
complexity of the mammalian brain has made
it difficult o fully understand the neural cir-
cuits underlyving value-based decision-making.
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Fig. 1. Visual choice test using position-color
dilemma. (A} Horizontal bars of different colors
and positions (COG) were used as visual cues in
varying arena quadrants. Flies were suspended
from a torque meter and trained (blocks 4 to 8) at
Cl = 1.0 and ACOG = 607 to prefer upper-blue
bars by pairing infrared laser beam punishment
with lower-green bars. After training, flies with a
preference index (P} = 0.3 (block 9) were
transferred to a "dilemma” with a new ACOG
(40°) and reversed colors; choice behavior was
tested during blocks 10 to 12. WTE and C5 show
significant choice Pl (P < 0.01), whereas mbm’
does not (P = 0.05). P values are based on one-
sample t tests. Images on the right show the
relative flight times of flies in directions between
—90° and +90°. (B) Choice Pl of flies as a function
of relative saliency of ACOG between 0° to 607;
controls were untrained WTB flies. (C) Simple
choice tests for color (€l = 1.0} and position cues
(ACOG from 07 to 607 in 5° or 10 increments).
Data presented as means = SEM. n indicates the
total number of flies examined.

To discern these circuits, we studied this phe-
nomenon in Drosepfitle, because the functions
of dopamine neurons are largely conserved
evolutionanly (4-6). For example, forming aver-
sive olfactory memories in Dvosophila re-
quires dopamine, allows punishment prediction,
and involves neural activities that are simular
to primates and rodents during  conditioning
(W

To explore the circuitry mediating value-
based choice behavior of Drosophila (8), we
developed a novel paradigm involving relative
saliency evaluation of contradictory cues (Fig.
1A). Flies were trained in a light simulaor o
associate heat punishment with one of two
bars (9) with compound cues, position (upper
and Jower) and color (blue and green). Afier

A Training Choice
ACOG= 60" ACOG=40° 4::‘1

| !
Teat

i
(n=14) _ '
Cholce
(block)
0 h 18 24(min)

REPORTS

training with one bar (c.g.. upper and bluc),
flics were confronted with contlicting cucs (e.g.
upper-green and lower-blue) and had to decide
whether 1o lollow the position or color cue
depending on their relative saliency. Position
and color saliency were quantified by venical
scparation between the bar center of gravity
(ACOG)Y (1) and color intensity  (CT) (8),
respectively, Amount of time spent in the
conditioned quadrants was quantified as a
preference index (PIy over 2-min blocks (/1)
Wild-npe Berlin (WTB), Canton-5 (CS), and
mutant mushroom body mimiamre’ (mbm') Mies
were trained with an upper-hlue bar (C1 = 1.0
and ACOG = 60°), They were then tested for
choice behavior by changing both the color
(blue to green; C1 unchanged) and position cuc
saliency (ACOG from 60° 1o 40°). Wild types
preferentially chose the position cue and fol-
lowed the upper-green bar (Fig. 1A), whereas
mutams could not decide which bar 1o follow,
as evidenced by substantially reduced Pls.

To further characterize choice behavior,
WTR, CS and mbm’ flies were tested by using
a wide range of position cue saliencies
(ACOG: 0F 1o 607 in 57 or 10° incremenis) with-
out changing the color cue Cl. Figure IB
depicts the percentage of time spent following
the position cue as a function of ACOG, The
choice curve of wild types (WTE and C5) ex-
hibited a distinet trnsition in the preference for
position cues, as a lunction of relative salience
{position versus color), at ACOG = 30° and
could be it by a sigmoid function (Boltzmann
fit. #* = 097 for WTB and CS). In contrast,

—=— Mo
—a=WTH (
—a—C35 (n=210)
—a= mibim’ (n=128)

'P;'TBIH!H}

+ Posltion (r=139)
0 Color (n=26)

mbm’
—i— Posithon (n=83)
O Color (n=20)
Y rrL Tl ™M "™~
0 10 20 30 40 50 6O
ACOG (")
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position cue preference in mbm’ flies climbed
up progressively (linear fit, /2 = 0.92) (Fig. 1B).
Mushroom bodies (MBs) are essential  lor
olfactory (72, 1.3) but not visual reinforcement
lcarning (/4), and, in the visual choice par-
adigm, mbm’ Mies could not distinguish perti-
nent position or color cues when their salicncics
varicd, This is consistent with previous findings
that MBs participate in decision-making when
Dvosophila confromts a shape-color dilemma
(¥). Flies could interpret cue saliency as a rep-
resemtation of punishment probability and alier
their choice stralegy accordingly. Along these
lines, without prior training wild types mndomly
chose all salicney cues.

Primate studics suggest two general cat-
cgories of decision-making: simple perceptual
and value-based (2). The former is based on
simple lincar subtraction of altemative sen-
sory inputs (715}, and the latter on nonlincar
calculation of the relative values of stimuli,
We investigated which decision-making type
Dyosophifa used when faced with conflicting
visual cues. For this purpose, flics were
trained with both color and position cues
(CI = 1.0 and ACOG = 60°), and then their
preference lor a single cue (each tested
separately) wis assessed during the positmining
session (Fig, 1C). When position cue saliency
was varied (ACOG from 0° 1o 607), a sigmoid
retrieval curve was nol evidenmt. Wild-type and
mbm’ fies performed similarly under these
conditions  indicating  that retrieval of single
visual cues 15 not MB dependent. We then
asked how visual perception of separted cues
alter compound training contributes o decision-
making. The choice curve predicted by sub-
tracting the Pl at C1 =
position cues (ACOG from 0F o 60°) was
linear and similar to the performance of mbm’
Migs in the position-color dilemima (Fig. 1B).
Thus, mbm’ flies make perceptual decisions in
conflict siwations by a simple subwraction
mechanism, which is thought a general mech-
anism lor perceplual decision-making in the
human brain (2). In contrast to mbm’, wild-type
lies performed according 1o a sigmoid choice
curve, and the mechanism underlying should
be bevond simple comparison of the different
Cucs perception.

We investgated how and when MBs con-
tribute 1o the decision-making process by
selectively disrupting their function at differ-
ent stages of choice behavior with shibire™
(shi®"), a temperature-sensitive mutant form
of dviamin. In shi™ mutants (16-18), syn-
aplic transmission is normal at permissive
temperature (PT, below 30°C) and blocked a
restrictive temperature (RT, above 30°C),
Transgenic 247 upstream activation sequence
(UAS)}shi™' flies, with restricted shi™' ex-
pression in MBs, were trained to follow bars
with compound cues (Cl = 1.0 and ACOG =
G0y at PT (24°C) then wesied at BT (30°C) for
6 min of choice performance with conflicting

29 JUNE 2007 VOL 316 SCIENCE

1.0 from the Pls of

cues (Fig. 2A) (/7). They showed a sigmoid
choice curve at PT, but a linear one at RT,
which is similar to mbm” flics (Fig. 2B); wild
types were unalfeeted by the tempemture shift
(Ng. 51

Dopamine plays a crucial role in the
motivation to acquire a reward or avoid a
punishment (9, 20), In Drosopdfula, dopamin-
crgic transmission also mediates punishment
prediction and associates punishment with a
conditioned stimulus (7). Expression of shi!
in dopaminergic neurons is triggered by ty-
rosinse hydroxylase (TH)-Gald (2/) and dopa
decarboxylase (Dde)-Gald (22). Dde/UAS-
shi®™ fies express sh™ in both dopaminergic
and serotoninergic neurons, whereas TH-
Gald/UAS-sh™ flies express it only in the
former Both types of transgenic flics were
tested for choice behavior (Fig. 2A) and ex-
hibited a sigmoid choice curve at PT, similar

A

30
Bass 8 8 |
3 [+] 9 {block)
0 6 12 1820 26 (min)

0 10 20 30 40 50 60
ACOG(°)

R L R R B

E C507/UAS-shi=
—a— 24°C (n=88)
- 0.6 —a—30°C (h= a5)
g 'D 4

— 02
o

0
g -0.2

O -0.4
0 10 20 30 40 50 60

ACOG(")

o wild types (Fig. 1B). However, their choice
behavior was severely impaired at RT (Fig. 2,
Coand D) as evidenced by a hinear chowce
curve, mdicating that depamine deprivation
was sullicient to disturb decision-making based
on relative cue saliency.

Because dopaminergic synaplic activity is
necessary for memory acquisition in aversive
olfactory conditioning (4), blocking it could
impair visual memory required for decision-
making rather than the process itselfl To
address this issue, we trained flies a1 PT
and tested their preference for conditioned
cues at RT, which required memory retrieval.
Flies of all genotypes (CS, 247 UAS-shi™,
Dde/UAS-si™’, and TH/UAS-sii™) per-
formed similarly at both temperatures (Fig.
2F). Therefore, reduced dopaminergic trans-
mission specifically  disrupis  saliency-hased
decision-makmg.

"0 10 20 30 40 50 60
ACOG(")

D THIUAS-ghi™

—a— 24°C (n=116)
] —=—30C (n=130)

0 10 20 30 40 50 60
ACOG (")

. 24°C

Fig. 2. Choice behavior depends on dopamine and MBs. (A) Choice behavior—temperature shift
paradigm involved training flies at PT (24°C) and testing at RT (30°C). (B) Choice Pl in 247/UAS-shi*!
flies fit a sigmoid curve at PT (Boltzmann fit, r# = 0.99). In contrast, RT resulted in genetic silencing of
ME function and defective choice performance (linear fit, r? = 0.97). (C and D) Choice behaviors in Ddc-
Gald/UAS-sh™ flies (PT, Boltzmann fit, r* = 0.99; RT, linear fit, r* = 0.95) and TH-Gala/UAS-shi"™" flies
(PT, Boltzmann fit, r* = 0.99; RT, linear fit, r* = 0.95). (E) Choice behavior in ¢507/UAS-shi™ flies
(Boltzmann fit, r* = 0.99 at PT and RT). (F) Transgenic and control (C5) flies showed normal memory
retrieval at both RT and PT. Error bars indicate mean = SEM for (B) to (F).
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In addition to M Bs, the ellipsoid body (EB) in
the Dvosopfiila central complex (23) was ex-
amined Lor its potential contnbution to decision-
makmng., Transgeme (hes cSOTUAS-shi™ ex-
pressimg shi®! spectheally i the EB showed
nommil sigmoid choice behavior at both temper-
atures (Fig. 2E), indicating that the EB 5 not
critical for this behavion

Both dopamine and MBs are involved in
salicney-based decision-making, and Dl-type
dopamine receptors are densely distributed in
MB lobes (24, 23). To determine how do-
pamine and MBs interact, we examined the
anatomical relation between them h_\ simulia-
neously expressing a red {luorescent protein
(RFPY, driven by 247-Gald, specifically
MB ncurons and wvisualizing dopaminerzic
neurons with immunostammmg for TH, an
enzyme specifically used in dopamine syn-
thesis. Dopaminergic fibers were broadly dis-
tributed in Drosoplila bram, with the highest
density around MBs (Fig. 3A) Higher mag-
nification showed that TH swainmg was
concentrated in MB lobes rather than calyees
or peduncles (Fig. 3B): thus, dopamincrgic
processes occupy MB lobes containing Ken-
yvon cell axons, as conlinmed by labeling do-
|‘|;|mi||u.':5_'ix,' neurons  with arcen Nuorescent
protein (GFPy-tagged synaptic vesicle protein
Svnapraragmin 1 (85w [y (26) (Fig. 3C). Fur-
thermore, dopaminergic axons, not dendrites,
invade MB lobes, because the dendrite-specific
Drosenpiila Denvnt Svierome Cell Adhesion Mal-
eoife conjugated w GFP (DscamfI7.1]-GFP)
(27y in dopaminergie neurons did not coloc-
alize with mmunostaining for the MB marker
Fasciclin II (Fas 11} (25, 29) (Fig. 3D). Do-

paminerzic axons specilically  mnervale MB

Fig. 3. Dopaminergic neurons project to MB lobes. D, dorsal; V, ventral;
A, anterior; P, posterior. (A} Overlay of fly brain expressing RFP in MBs
and immunostained with a TH antibody. (B) MB lobes (L), but not calyx
(Ca) or peduncle (P), contained TH immunostaining. (C) Overlay of Syt-
GFP expression in dopaminergic neurons and Fasll immunostaining in
MEs. «, b, and v denote MB lobes. (D)} Dscam[17.1]-GFP expressed in

lobes, because the prominent lobe-like profile
of dopaminergic fibers (Fig. 3, E and G) was
largely abolished (Fig. 3, H and J) in flics
treated with hydroxyurea (HU ) to ablate MBs.
Ther absence m calyees suggests that dopa-
ming regulates MBs by acting on Kenyon eell
output,

Te detammme whether choice behavior s
time dependent, we examined decision-making
at different times after lies encounterad  con-
flicting visual cues (Fig. 1A and fig. S2A). Dur-
ing the first 30 s of conflict cues presemation
(fig. S2B, C), wild types (WTE and C5) showed
|i|t|.'.;u |.'hu'in,1: |'l-|.'|'[.i1il'[I!'.l|'||..'1." '.u,'u,'u|'|,|i|:|_'_: 10 PRSIl
cue saliency: however, sigmoid choice belavior
was evident at 90 w 120 and 330 w0 360 s
These results suggest that decisive choices are
tme dependent and that the carly st phasce
likely involved simple pereeptual decision-
makmg. To explore the circuits involved, we
selectively disrupted MBs and  dopaminergic
lunction at varying times alter choice behay-
wor testing began with wemperature-sensitive
247/UAS-shi*™ and THUAS-sh*' flics. Flies

were given a choice test using a ACOG shifi of

G0 1o 407 with Cl
clers caused the largest difference in choice
1‘!».']|;niur len.'.. cetl imuatants 1'Illl1 W i.|n.! 1_\ }'u,'.\. ."l..!'h::

1.0 because these param-

testing started, flics were keptat PT for 1, 2, or

4 min before exposure to RT (Fig, 4A). Both
24TUAS-shi™" and THUAS-sh™ flies exe-
cuted clear choices at PT; however, those ke
at PT for 1 or 2 min, but not 4 min, performed
worse at RT (Fig. 4, B and C). These findings
indicate that MB dopaminerzic activity is only
required duning the first 4 min afler encounter-
ing conflicting cues and not after stable choiee
behavior 15 established.

bars indicate 50 um.

The above results suggest that choice be-
havior of flies requires two phases: an initial
inveldving dopaminerzic and MBs activitics and a
later executing phase that 1s independent ol these

activities. Accordingly, we hypothesized that, if

flics were presenmted with a sccond set of con-
flicting cues, then dopamine system and MB
would be reactivated. We testad this hypothesis
by first determining whether wild wypes comectly
discem the saliemt cue after sequential transition
of cue positions (ACOG shifl from 607 10 40
then to 200, at C1 = 1.0k their choice was not
signilicantly differemt from that seen alter a direct
trnsition (ACOG shift from 607 1w 20°) (Fig.
4Dy, Next, THUASsH™ and 247UAS-shi™

flics were exposed 0 two scquential sots of

conflicting position-color cues (Fig. 4, F and G}
and exlubited normal chonce behavior wath no-
table Pls for the Tirst choace test at PT {ACOG

407, upper-green bar, and CI = L0), However,
when these hes were tested for the second cue

sel (ACOG 1.0,
they [ollowed the color rather than the position

207, upper-green bar, and Cl

cue, resulting in negative Pls. Both transgenic
v strains performed correctly at PT but incor-
rectly (Pls near zero) when the second choice
test wis performed at RT (Fig. 4, F and G),
whercas their visual perception to ACOG = 20
was stll normal g, S3). Flies were also tested
with a shapecolor dilemma (8) as the second
choice (fig. S4) and acted similarly w0 the per-
formance in position-color dilenmma. Thus, the
dopamine- and MB-independent execution of a
decision s specifie for an sstablished choice con-
dition; a new conflicting set agamn requires dopa-
mine and MB activities for decision-making.
This study demonsimted two distinet decision-
making processes 0 Drosopdifa: one that s

dopaminergic dendrites showed little colocalization with Fasll immuno-
staining in MBs. (E to ]} A comparison of the MBs of HU-treated with
those of control flies showed that dopaminergic innervation axons
depend on intact MB lobes. (E), {F), and (G) are wild types; (H), (I}, and
(]} are HU-treated. All images are superimposed confocal sections. Scale
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Fig. 4. Dopamine and MBs are required to form novel decisions but not to execute them. (A) Two-
phase choice test involving time intervals (1, 2, and 4 min) during which a choice is made at PT,
then at RT. (B and C) After 1- and 2-min intervals of normal choice behavior at PT (choice 1),

TH/UAS-shi*™ and 247 /UAS-shi™? flies exhibited low

Pl at RT (choice 2); Pls were normal after 4 min at

PT. (D) Comparison of sequential and direct choice paradigms. (E) Sequential choice performance. Fies
were trained (as in Fig. 1A4) and then subjected to two sequential choice tests: choice a, blocks 10 and
11, €I = 1.0, ACOG = 407, and PT. Choice b, blocks 12 to 14, €1 = 1.0, ACOG = 207, and PT or RT.
(F and G) TH/UAS-shi ! and 247/UAS-=shi™® flies showed significant Pls for choice b at PT
compared with RT. *P < 0.05; **P = 0.01. P values are based on two-tailed Student’s f test. Error

bars indicate mean = SEM for (B} to (D), (F), and

nonlinear and saliency-based and the other
that is lincar, simple perceptual. The latter
process could be perdormed in the absence of
dopammergic-MB circuits by subtracting the
salicncy of conflicting cucs, but the ability w
amplify the difference at crucial points was com-
promised. Thus, lincar choice performance was
displayed instead of the sigmoid pattern of wild

1904

29 JUNE 2007 VOL 316 SCIENCE

(G).

types. We propose that changing from linear 10
nonlinear decision-making depends on a gating
mechanism of the dopaminergic-MB circuit
whereby only the stronger “winner” signal s
transmitted o the MB while other weaker inputs
are inhibited. Thus, hes implementing the gating
function in MBs and the amplification ¢ffects
ol dopamine can accomplish a winner-takes-

all decision. Two different phases, namely for-
mation and exceution, are volved in saliency-
based decision-making in Dvosoplila, and a
dynamic balance must be established between
maintaining an existing choice and switching to a
new decision,
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Via Freedom to Coercion:
The Emergence of Costly Punishment

Christoph Hauert,® Arne Traulsen,® Hannelore Brandt,® Martin A. Nowak,* Karl Sigmunda"*

In human societies, cooperative behavior in joint enterprises is often enforced through institutions
that impose sanctions on defectars. Many experiments on so-called public goods games have
shown that in the absence of such institutions, individuals are willing to punish defectors, even at a
cost to themselves. Theoretical models confirm that social norms prescribing the punishment of
uncooperative behavior are stable—once established, they prevent dissident minorities from
spreading. But how can such costly punishing behavior gain a foothold in the population? A
surprisingly simple model shows that if individuals have the option to stand aside and abstain from
the joint endeavor, this paves the way for the emergence and establishment of cooperative
behavior based on the punishment of defectors. Paradoxically, the freedom to withdraw from the
common enterprise leads to enforcement of social norms. Joint enterprises that are compulsory
rather than voluntary are less likely to lead to cooperation.

n mmpressive body of evidence shows
Amul many humans are willing 10 pay a

personal cost in order to punish wrong-
doers (/-4 In panticular, punishment is an
elfective mechanism 1o ensure cooperation in
public goods interactions (% //). All human
populations seem willing © use costly punish-
ment o varying degrees, and their willingness
o punish comelates with the propensity Tor al-
truistic conmributions (/2), This mises an evolu-
tionary problem: In joim enterprises, free-niding
imdividuals who do not contribute, but who ex-
ploit the effons of others, fare better than those
who pay the cost of contnbuting. I suceessiul
behavior spreads, for imstance through imitation,
these defectors will evemually take over. Pun-
ishment reduces the defectors” pavoll, and thus
may solve the social dilemma. However, be-
cause punishment is costly, it also reduces the
punishers” pavoll. This raises a “second-order
social dilemma™: Costly punishment seems o
be an altruistic act, given that individuals who
contribute but do not punish are betier ofl than
the punishers. The emergence of cosily punish-
ing behavior is acknowledged 1o be a major pue-
zle in the evolution of cooperation. “We scem
to have replaced the problem of explaining co-
operation with that of explaining altiruistic pun-
Ishment™ (11).

This puzzle can be solved n situations where
individuals can decide whether 1o take part in
the joint enterprise. We considered four strat-
cgics. The nonparticipants (individuals who, by
default. do not join the public entemprise) rely on

some activity whose pavoll is independem of
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the other players’ behavior Those who partici-
pate include defectors, who do not contribute
but exploit the contributions of the others: co-
operators, who contribute but do not punish; and
punishers, who not only contribute to the com-
monwealih but also punish the defoctors, We
showed that in such a model, punishers will in-
vade and predominate, However, in the absence
of the option W abstain ffom the joint enterprise,
punishers are often unable 1o nvade, and the
population is dominated by defectors. This
means that if participation in the joint cnter-
prise 1s voluntary, cooperation-cnlforcing behav-
wor emerges. [ participation s obligatory, then
the defectors are more likely o win.

This result was onginally presenied by
Fowler (/4), but he based his argument on a
maodel that lacked an explicit microcconomical
foundation. It assumes (i) that single cooperators

REPORTS

can play the public goods game alone, which
fails to recognize that contributing to a joint
cltort 15 a nsky mvestment, the retum of which
depends on the behavior of other players, and
(i) that cooperators will be punished, even in
the absence of defectors, which fails o recog-
nizc that the cooparators” unwillingness 1o punish
cannot be observed in that case, Comecting for
this leads to a dynamic that is structurally unstable
for infinitely lange populations and hence in-
conchisive (15) It is thus necessary 10 tackle the
stochastic dynamics of linite populaions,

We considered a well-mixed population of

constant size A, the members of which live on a
small but fixed imcome o, In this siwation, N
individuals are mandomly selected and offered
the option to participate instead m a nsky, but
potentially profitable, public goods game. Those
who participate can decide whether or not
conlribule an investment al a cost ¢ o them-
selves. All mdividual contnbutions are added up
and multiplied with a factor » > 1. This amount
is then divided equally among all participants
of the public goods game. After this interac-
tior, cach contributor can impose a fine B upon
each defector, ol a personal cost ¥ for each fine.
By x we denote the total number of cooperators.
by v that of defectors, by = that of the non-
participants, and by w the number ol punishers.
Thus, M=x+yr+z+w

Among the random sample of size N, there
will be N, cooperators, N, defectors, N.
nonparticipants, and N, |'Il.llli-1-i]'||:l'!".. These are
rndom variables distributed according to a
multivariate distnbution which desenbes sampl-
ing without replacement. Each nonparticipant

reccives a constant payoll oo The group of

those willing to participate in the public goods
pame has size 8= N, + N, + N,. If§> 1, each
panticipant of the public goods game obiains

stratagy frequancies

Fig. 1. Punishment and abstaining in joint-effort games. (A} Simulations of finite populations con-
sisting of four types of players show that after some initial oscillations, punishers usually dominate the
population. In longer runs, their regime can occasionally break down as a result of cooperators invading
by neutral drift, but after another series of oscillations punishers will emerge again. The transient
oscillations generally display a rock-paper-scissors—like succession of cooperators, defectors, and
nonparticipants. When nonparticipants are frequent, groups are small, and punishing therefore is less
costly, so that punishers have a chance to invade. (B) If participation is compulsory {no non-
participants), defectors take over in the long run, even if the population consisted initially of punishers.
Parameter values are M= 100, N=5r=3,0=1,v=03,f=1,¢=1, and u = 0.00L
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an income riNe + MyelS. The payolt for the
contributors {Le., the cooperators and the pun-
ishers) B reduced by ¢, The payelfl tor the
defectors 1s reduced by BN, and the payoll for
punishers by yN,. The social enterprise is risky
in the sense that if all defect, the payofl is
below that of the nonparticipants; it is
promising i the sense that il all cooperate,
the payoll is larger than that of the non-
participants, This means that 0 < o < (r — 1k,
This assumption offers plavers a nontrivial
choice: 1o stick with a safe, sell~sullicient
income or o speculate on a joint effort whose
outcome is uncertain because it depends on the
decisions of others, (IF 5 = 1, then the public
goods game does not take place. In this case, a
single plaver who volunteers for the joint effort
receives the default payoll o.)

We next specify how strategics propagate
witllun the population. We only nead 1o assume
that players can imitate each other and are more
likely to imitate those with a higher payoll. This
can be done in vanous ways (16, [7). For sim-
plicity, let us assume here that players can up-
date their strategy from time to time by imitating
a player chosen with a probability that is linearly

Fig. 2. Stationary proba- A
bility distributions, tran-
sition  probabilities, and
fixation times can be
computed analytically for
sufficiently small muta-
tion rates, if we assume
that players update their
strategies according to
some specified rule. [In
all figures, we use a
Moran process with selec-
tion strength 5 = 0.249
(17) (S0M text)] The
dynamics are reduced

increasing with that plaver’s pavoll. In addition,
we shall assume that with a small probability
po @ playver can switch to another strategy ir-
respective of s payoll (we refer to this as
“mutation” without implying a genctic cuse; it
simply corresponds 10 blindly  experimenting
with the altematives),

The analysis of the corresponding stochastic
dynamics is greatly simplificd in the limiting
case g — 0. The population consists almost
always of one or two types ot most. Indeed, for
po= 0, the four monomomphic states are ab-
sorbing: IF all individuals use the same strategy,
imitation will not introduce any change, For sul-
ficiently small p, the fae of 2 mutant (e, s
climmation or lixaton) s scutled before the
next mutant appears (/8). This allows us 10
caleulate the probability that the population is
in the vicinity of a pure state (i.c., composed
almost exclusively of one type) (7). Computer
simulations show that the approximation also
holds for larger mutation rates (on the order
ol 1/M).

The outcome is notable: In the imit of rare
mutations, the svstem spends most of the time
in the homogeneous state with punishers only,

B

¢=0.08

—

=505

to transitions between homogeneous population states consisting entirely of cooperators (C),
defectors (D), nonparticipants (N), or punishers (P}. The transition probabilities p denote the
probabilities that a single mutant takes over; the conditional fixation time { indicates the average
number of periods required for a single mutant to reach fixation, provided that the mutant takes over.
(A) Voluntary participation in the joint-effort game with punishment. Parameter values are N=5,r=3,
a=1v=03p=1¢c=1, and M= 100. (B) Compulsory participation in a joint-effort game with

punishment, for the same parameter values,

Fig. 3. Punishment & A
best directed at defectors
only. (A} 5ame as in Fig.
2A, but without punish-
ers, The three remaining
strateqies supersede each
other in a rock-paper-
scissors type of cycle. (B)
Same as in Fig. 2A, but
assuming that punishers
equally punish the non-
participants. This makes
it more difficult for pun-
ishers to dominate.
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irrcspective of the initial composition of the
pepulation. For large populations (M = 1000
can be considered large lor most of our pre-
history) and small mutation rates, the system
spends most of the time in or near the punisher
state (Figs, 1A and 2A; fig. S1) The outcome
15 robust with respect o changes in o and »
(hg. S1).

The sitwation is very different in the tradi-
tional case of a public goods game where par-
ticipation is compulsory, IF only cooperators and
defectors are present, defectors obviously win.
Adding the punishers as a thind strategy does
not change the qualitative owicome: In the limit
of rare mutations, the system spends most of
the ume in or near the state with defectors only.
For the same pammeter values as belore, the
state is time dominated by defectors, and there is
hardly any cconomic benelit from the interac-
tion (Figs. 1B and 2B; fig. 82).

Volunteering in the absence of punish-

ment leads to a more cooperative outcome
than for the obligatory game, but not to the
fixation of the coopertive state (Fig. 3A).
Instead, the system exhibits a strong tendency
o cvele (from cooperation to defection 1o
nonparticipation and back to cooperation), as
a result ol a rock-paper-scissors mechanism
(O0-200 10 there are many delectors, it does
nol pay o participate in the joint enterprise,
but if most plavers refuse 1o paricipate, then
the typical group size can become sulliciently
small such that the social dilemma disappears:
Cooperators cam on average more than de-
fectors (and nonparticipants). However, this is
a Necting state only: cooperators spread quick-
ly, group size increases, the social dilemma
returns and the eyele continues.

The gist of the analvsis for small mutation
ries is capwred in Fig. 2. The effect of sub-
stantial mutation rates can only be handled by
numerical simulations (17, 22). In the absence
of punishers, defectors do worst, whereas
nonparicipants and cooperators perform com-
parably well. In the compulsory game, punish-
ers do not prevail, except for large mutation
rates, in which case mutational drift supplying
defectors keeps the punishers active and
prevents them from being undermmined by
cooperators, 10 all four types are admitted,
punishers prevail,

This result remains unallected iF we assume
that the punishers are also punishing the co-
operators (who are not punishing defectors, and
thus can be viewed as second-order defectorns).
It is well known that any nonm that includes the
rule 1o punish those who deviawe is evolutionar-
ily stable—once established, it cannot be dis-
placed by an invading minority of dissidents (%),
But how can such punishing behavior gain a
foothold in the population? The tmit has 10 be
rre, initially, and thus will incur huge costs by
ceasclessly punishing. To moded this situation, it
secems plausible to assume that for this second
type of punishment, fincs and costs are reduced
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by a factor o, with 0 < a < | (/4). Thus the
payoll for cooperators 15 reduced by afiV,.
and that for punishers by ayN,. provided that
Ny = 0 (if there are no defectors in the group,
nonpunishing behavior will go unnoticed), As it
tumns out, whether cooperators who  fail 1o
punish arc punished plays a surprisingly small
role, The paramcter o has little influence on the
dynamics (/7). The reason is that for small i,
the three types of punishers, cooperators, and
defectors rarcly coexist. Hence, punishers
cannot hold cooperators accountable for not
punishing defectors. Interestingly, experimen-
tal evidence for the punishment of nonpun-
ishers (i.e., for nonvanishing ) scems o be
lacking (23).

We could also assume that pumishers penal-
tee nonparticipants, with a fine 8@ and the cost
to the punisher &y (with O < & < 1) Although
this further stabilizes punshment once i s
established, 11 also hinders the emerzence of
punishment (Fig. 3B) (/7). It follows that re-
sorting to stricter forms ol social coercion may
not be an efficient way to increase cooperation.
Second-order punishment (a = 0) barcly aflects
the outcome, whereas punishing nonpanicipants
(6 = 0 can even lead to contrary effects. The
system responds 1o an increase in compulsion
with a decrease in cooperalion,

When punishers ane common, individual-level
selection against them is weak (because only
little punishment occurs) and may be overcome
by selection among groups (/7). Several other
models confim that the pumishment of defectors
15 stable provided that it s the prevalent norm.
This happens, tor example, if some degroe of
conformism in the population is assumed (/0);
individuals preferentially copy what is Ire-
quent. Similarly, cooperation in the public goods
game can also be stabilized through additional
rounds of pairwise interactions based on indirect
reciprocity. In this case, playvers can reward con-
tributors (24, 235} Even so, in cach case, the
emergence of the prosocial nomm remains an
open problem (26, 27),

Our medel, in contrast, shows that even
when initially rare, punishing behavior can be
advantageous and is likely to become fixed, We
consider the most challenging scenano, namely,
a single well-mixed population whose mem-
bers imitate preferentially the behavior that
fares better, not the behavior that is more coms-
mon. Onee established, group selection, con-
formism, and reputation eflects may maintain
prosocial norms and promote their spreading,
Eventually, institstions for punishing frec-riders
may arise, or genetic predispositions o punish
dissidents.

Recent experiments show that if players can
choose between joiming a public goods game
either with or withow punishment, they prefer
the former (28). The intapretation scems clears
Whoever freely accepts that defection may be
punished s unlikely 1o be a defector, For con-
tributors, it is thus less nsky to join such a

www.sclencemag.org SCIENCE VOL 316 29 JUNE 2007

growip. Plavers voluntarily commit themselves
to sanctioning rules. This voluntany submis-
sion B ool immediate, however. In the maponty
of cases, it requines a few preliminary  rounds,
Many plavers appear to have initial reservations
agaimnst the possibility of sanctions and need a
leaming phase, In another senics of experiments,
it has been shown that a threat of punishment
can deercase the level of cooperation in trust
games (29, Experimental evidence for costly
punishment can also be found in the ullimatm
pame (rejecting an unfair offer is costly o both
plavers) 7)) and in indirect reciprocity (by not
helping  defectors, players reduce their own
chances of being helped) (30). IF punishiment is
combined with rewarding through indirect
reciprocity, punishment s focused on the worst
offenders and is otherwise strongly reduced in
favor of rewarding contributors (37). In all of
these investigations, and in the expenments on
voluntary public goods games without punish-
ment (21, there is ample evidence that players
can adapt their strategy from one round o the
next, as a reaction o the current state of the
population. Our model is based on this aptitude
for social leaming.

In our framework, the joint effort represents
an innovation, a new type of interaction that im-
proves the payoll of panticipants i it succeeds,
but costs dearly if it fails. Abstaining from
such a risky enterprise does not mean living a
hermit’s life. It means collecting mushrooms in-
stead of participating in a collective hunit, re-
maining M home in licu of joining a miding
party, dispersing in the woods mther than erect-
ing a stronghold against an invader, and growing
potatoes on one’s plot of land instead of hand-
ing it over 1o a commons likely 1o be ruined by
OVCTErazing.

Our model predicts that if the joint enter-
prise is optional, cooperation backed by punish-
ment is more likely than if the joint enterprise
is obligatory. Sometimes, there is no way 1o
opt out of a public goods project-— the preser-
vation of our climaie is one example (32). In
that case, participation is obligatory, and defiec-
tion widespread.

Reports from present-day  hunter-gatherer
socictics often stress their cgalitarian and “dem-
ocratic™ features; Individuals have a great deal of
freedom (33). This creates favorable conditions
for voluntary panticipation. On the other hand,
ostraciam was probably an carly form of severe
punishment. There scems 1o be a smooth
transition between choosing not 0 take part in
a joimt enterprise and being excluded. Together,
these two alternatives may explain the emer-
genece of mule-enforcing institutions promoting
prosocial behavior, following Hardin's recipe for
overcoming the “ragedy of the commons™; mu-
tual cocrcion, mutually agreed upon (34).
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Parallels Between Cytokinesis and
Retroviral Budding: A Role for
the ESCRT Machinery

Jez G. Carlton and Juan Martin-Serrano®

During cytokinesis, as dividing animal cells pull apart into two daughter cells, the final stage,
termed abscission, requires breakage of the midbody, a thin membranous stalk connecting the
daughter cells. This membrane fission event topologically resembles the budding of viruses, such as
HIV-1, from infected cells. We found that two proteins involved in HIV-1 budding—tumaor
susceptibility gene 101 (Tsg101), a subunit of the endosomal sorting complex required for
transport | (ESCRT-1}, and Alix, an ESCRT-associated protein—uwere recruited to the midbody during
cytokinesis by interaction with centrosome protein 55 (Cep55), a centrosome and midbody
protein essential for abscission. Tsg101, Alix, and possibly other components of ESCRT-I

were required for the completion of cytokinesis. Thus, HIV-1 budding and cytokinesis

use a similar subset of cellular components to carry out topologically similar membrane

fission events.

ompletion of eviokinesis requires the
scission of a thin bridge of membrane
connecting the daughter cells. The site

of abscission is the midbody, a complex struc-
tire thal contains proteins required for eell

Department of Infectious Diseases, King's College London
School of Medicine, Londan, UK.
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Fig. 1. Cep55 binds A .5
Tsgl01l and Alix. (A) a1 5 E'@
Hela cells stably trans- ¥ g ES
duced with retroviral meh-Tsgron- -—

vectors expressing mCh
or mCh-Tsg101. Cell ly-
sates were analyzed with
w-Tsgl01 and a-Hsp%0
antibodies. Tsgl01 ac-
tivity was determined
by transfection with an
HIV-1 proviral plasmid
and analysis of cell ly-
sates and extracellular
virions by «-Gag immu-
noblotting. (B} Localiza-
tion of mCh-Tsg101 in
cells treated with the
indicated siRNA. (C) Car-
toon depicting concep-
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Hepin. e———

5 Gl ———
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P4 DA a—— -

PR4 CA- e - —C

cleavage (7). Cyvtokinesis also requires dra-
matic remodeling of plasma membranes (2},
and a number of vesicle-traflicking compo-
nents are thought o be involved in fusion
events that precede abscission (3-3), The
vesicle-tethering exocyst complex and two
members of the soluble N-cthylmalcimide
sensitive [actor attachment protein receplor
(SNARE) machinery, namely svmaxin-2 and
endobrevin/vesicle-associated membrane pro-

B

Alexa 488 a-Tubulin

salesi |80

saesi]

o<

mch-Tlmi Ma’i&
g
B
D

tein 8 (VAMP-8) (6, 7). play an essential role
in abscission, but it remains unclear whether
SNARE-promoted fusion events are sullicient
tr complete the separation of the daughier
cells. A wopologically equivalent membrane
scission event is needed o complete the last
step of cgress for enveloped viruses. Retro-
viral late budding domains (L domains) fa-
cilitate viral particle release from the infected
cell by mediating a membrane fission event
that separates the nascent virion from the plas-
ma membrane (). L domains in HIV-1, Ebola
virus, and other enveloped viruses encode an
essential Pro-Thr-Ala-Pro (PTAP) (9) moul
that mediates its activity by recruiting Tsg 101
(1120 A second type of L domamn is en-
coded by the LYPXL moul (where X 1s any
amino acid), which facilitates retroviral egress
by recruiting Alix (apoptosis-linked gene 2 in-
teracting protein X, a class E vacuolar protein
sorting (VPS) protein (/3-15). Current models
propose that ESCRT-111 1 the core machinery
reeruited by ESCRT-1 and Alix to facilitate
membrane fission (16). a lunction initially
characterized in multivesicular body (MVB)
lormation.

Isgl 0] preferentially localizes o late endo-
somal structures (/7), .;||[huq|:__'|| a cell l.‘:n-t'lt.‘
dependemt subeellular localization has been
reported (J8) To study Tsg 101 localization in
a physiological context, we replaced the en-
dogenous protein with a monomeric Chermry

—
£ B o
g =
-
£
-I.‘ £
GST- -
g Copsh g
2 a
GST

YNHIS

tual similarities between el =

viral budding and cyto- Bmﬁ(';) = I Cep55
kinesis, (D) Cep55 fused B

to the VP16 activation Q Cell abscission | g

domain was tested for g1

interactions with the hu- o

man class E VFS path- 3

way by yeast two-hybrid =

assay. [-Gal, [i-galactosidase; 0.D., optical density. (E} Coprecipitation

assay transfecting 2937 cells with plasmids encoding glutathione 0.4

S-transferase (GST) or GST-CepS5 and either YFP-CepS5, YFP-Tsg101, ZBSBSEREERSY
or YFP-Alix. Cell lysates and glutathione-bound fractions were immuno- a3 g £ g g E E E E 3

blotted with an «—green fluorescent protein (c-GFP) antibody.
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Fig. 2. Tsgl01 and Alix are re-
quired for effident completion
of cytokinesis. (A) Hela cells
stably expressing both YFP-
CepS5 and either mCh-Tsgl01
or mCh-Alix were stained with
a-tubulin and analyzed by con-
focal microscopy. (B) Hela cells
were transfected with siRMA tar-
geting Cep55, TsglOl, or Alix,
fixed, stained with w-tubulin,
and scored for multinucleation
in = 5 = S0). Representative
micrographs are given, and ar-
rows indicate cells at midbody
stage. Cell lysates were normal-
ized for Hsp90 levels and immu-
noblotted with antisera to
Tsgl01, CepS5, Alix, or Hsp90.
Luc, luciferase. (C) 2937 cells
were transiently transfected
with plasmids encoding YFP-
tagged fusion proteins and
pNLHXE HIV-1 provirus. Cell
lysates and virions were ex-
amined by immunoblotting with
i1-Gag antisera. [1-Gal assay was
performed on Hela-TZM-bl cells
infected with 2937 supernatant
(n = 4 = 50). RLU, relative light
units. (D} Hela cells transfected
with plasmids encoding YFP-
tagged fusion proteins were
fed, stained wath c-tububn,
and scored for multinucleated
cells (n = 3 + SD). Representa-
tive micrographs are given,
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(mCh) (/9 Nuorescent protein-Tsg 101 fusion
(mCh-Tsg 01 ) expressed at endogenous levels
i stable cells (Fig. LA).
mCh-Tsg 101 eells was comparable o that m
the parental HeLa cells as determimed by HIV-1
virion release assays (Fig., TA),

The most noticcable feature of mCh-Tsg 1]
its localizaton w the midbody m
stages of cell division (Fig. 1B). Specifically,
mCh-Tsg O] localized 1o the Flemming body,
a phase-dense structure containing  proteins
invalved in cell abscission (6). This localiza-
tion led us to hypothesize that Tsglo] and

Wil

perhaps other components of the ESCRT ma-

A

Tsg 101 activity in the

late

in late
A scarch for potential

chinery might play a role
1C).
mteractons with components of the cvioki-
laking
advantage of a protecome-scale map of human
profein-protein ineractions generated by yeast
two-hybrid assay (20) TsglOl was found 10
bind Cep35, a centrosomal protein that local-
tzes 10 the midbody during late stages of cyto-

slages ol
cytokinesis (Fig.

nesis machmery was performed Iy

kinesis and is required for abscission (2/, 22).
The Tsg 101-Cepd3 merction and Cepd 5 homo-
multimerization  actvity
veast two-hybrid and coprecipitation assays
(Fig.

were conlirmed by

1. D and E). .-11|_',:_',:x,',-|1i|:|_',1 that |n_'__'ii5| lo-

10
BTsgi01 OTsgi01 5158-162
E
=
=
Ty ]
g 4,
e
]
9
0.14 1
wl = o =] L L] = — -
Alexa 633 a-Tubulin Tsg101 Cep55 Merge

Fig. 3. Residues P**B-P-N-T-5%? in the proline-rich domain of Tsg101 coordinate Cep55. (A)
Tsgl0l1 or Tsgl01(6158-162) fused to the Gal4 DNA binding domain were tested for interaction
with a variety of Tsgl01-interacting proteins fused to the VP16 activation domain through yeast
(B) Hela cells transiently transfected with plasmids
encoding mCh-Cep55 and either YFP-Tsgl01 or YFP-Tsg101(6158-162) were fixed and stained

2-hybrid assay. Error bars indicate 50.

with c-tubulin.
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calization to the midbody might be mediated
through interaction with Cep55. Indecd,
pletion of CepS5 prevented TsglOl recruit-
ment 1o the mudbody (Fig. 1B) and resulied in
morphologically abnormal Flemmimg  bodies
(27}, conflinming Cep35 suppression in these

de-

cells.

A subsequent screen against the human
class E VIS pathway identified the interaction
of Cep35 with Alix, a second protein required
for retroviral cgress (Fig, 1, D and E) The
Cep35-Alix binding was conlinmed by pull-
down assavs (Fig, |E) and microscopy in cell
lines \I;1l't|} g‘\['tl:n.',-min;_' a combination of }u:l-
low fluorescemt pl'uh.,'il'. (YFP} l'chF and enther
mCh-Tsgl0] or mCh-Alix at near endogenous
{Fig. 2 S1A). YFP-Cep35

as desenbed for the
and both mCh-

levels and g,
localized 1o the |1:i.il1udx
endogenous protein (2f, 22},
Tag 101 and mCh-Alix colocalized with YFP-
Cep55 in the central region of the midbody
(Fig. 2A). Localization of mCh-Alix 1o the mud-
body also abolished
cells (lig. S1B)

We then used RMA interference o determine
the roles of TsglOl and Alix in cviokinesis. In

defects in eviokinesis are manifesied

Wias Cep3s-depleted

this assay,
i'r_'. [|1u.' APPCAranCe of :|J|.||1im|u||:.'11uxl I.'I..'|.|.‘-. ‘N'uih-
Ll l'I'[ill._'.l an essemtial mle in -.'}h\ki:'l-_‘hi:\. glu.'|‘l!c|.in:|
ol Alix resulted in a 14-fold increase in the per-
centage of mulinueleated cells as comparad with
control cells (Fig. 2B). This phenotype was nearly
identical 1o that observed upon depletion of
Ceps5 (24, 220, Depletion of Tsgl01 also resulied
in an inereased proportion of multinucleated eclls
(Fig. 2B), supporting the essential role of Tsg 10|
in ahscission. Additionally, a marked wxicity was
observed in cells depleted of TsglO] (fig. S2A)
(.23), suggesting that eytokinetic defects may cone
tnbute o the reduced proliferative capacity and
embryonic lethality observed in g0 knockom
cmbryos (24,

Thus, the cellular machineries involved in
midbody abscission, MVB formation, and retro-
viral budding share some componenis and are
related.
followed a dominant-negative approach taking
advantage of VPS4, an AAA-adenosine tnphos-
phatase that mediates disassembly and recveling
of the ESCRT complexes from the endosomal
membranes, Specifically, a cawlyucally inactive
VPS4 (VPS4-DN) mbubits retroviml  L-doman
activity (/6, 25). We also lollowed a strategy
whereby components of the ESCRT machinen
exhibit a dominant-negative effect when tran-
siently overexpressed as fusions 10 heterologous
provems (£3), and we used loms ol Syntaxin-2
and Vamp-8 that lack ransmembrane regions
(STXGTM and Vamps-6TM) and arrest cell
division @t lae slages [ill'mlj,:h inhibition of mid-
Transtecuon of VPS4-DN
inducad an accumulation of multinucleated cells
comparable 1w the eflect of STX2-6TM and
VampE-6TM (Fig. 2D). In contrast, these trun-
cated SNAREs did not mhibit retroviral L-domain

functionally lo extend this notion, we

ihw.i_\ '.||‘l.~.-;1.~..~.in|'| I-':I
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as determined by measuning infectious
virus release (Fig, 20 Furthermone,
cxpression of a YFP-TsglOl fusion inhibated
L-domam activity, presumably by disrupting the
ESCRT-1 storchiometry, and a similar inlubion
wis observed in cell division (Fig, 2D), Similar w
HIV-1 budding (15}, overexpression of charged
multivesicular body protein 4 (CHMP4)- ESCRT-
[, but not ESCRT-1I subunits, inhibited cyio-
Kinesis (lig. S2B). An analogous correlation
between viml budding and cywokinesis was
observed by overexpressing a YFP-Alix fusion,
resulting in the inhibition of L-domain activity
and |,'j~l:u]».,'tl'||,';‘i,ﬁ ||'|;. 2 C and DY l.'nli'.n.::'m.']},
overexpression of Cop33, known 1o inhibit cvio-

activity

the over-

kinesis (22), also inhibied L-domaim activity
mediated by Tseld] and Alx (Fig. 2C). Thus,
L-domam activity and cytokinesis are closcly
A
10°

L
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related processes that share a requirement for key
components of the ESCRT machinery, There are
also important funcuonal differences between
both processes, as illustrated by
mhibitory activity of the Syntaxin-2 and Vamp-8
deletions in retroviral budding.

The Cep33-binding in TselOl
mapped to residucs PP-PN-T-S'%2 in Tsg101's
proline-rich region (PRR) (fig. S3A). Deletion
of mesidues 1538 w0 162 in (ull-length Tsglol
| Tag 101(6158-162)] resulted in the loss of binding
e Cep33, whercas binding of Tsgl01(6158-162)
o other ESCRT-1 components (VPS28 and
VPS3ITA-D),

EbVP40),
growth factor- regulated tyrosine kinase substrate
(Hrs), TsglOl, Alx, Tsg 101 -associated
ligase (Tal)] was unaffected (Figo 3A) T

sile Wi

viral |1rn[;.-i|:.-1 {HIV-1 Cag and

.lm,l endosomal PR l!u,"tl'lh ||lu]‘l.|1n.'_~. ¢

and

[hiese

% Cells Amested at
Midbody Stage

% Multinucleatad Cells

0
siANA- Luc Tsg Tsg Tsg Tsg Tsg Tsg

g @
Tsg101 & = -
Rescue E % 3-;5 %E EE

e s

mCh-Tsg101-

— — — —

T551 071 —
HEROM. e ——— ————

siAMA Tsg/mCh-Ma5A

the lack of

results were conlfirmed by colocalization
cxpeniments. In transiently trnstected cells, both
YFP-Tsgl0] and mCh-Cep35 exhibited a punc-
tate distribution at imtemphase and localized to the
Flemnung body at late stages of cyvtokmesis (Fig.
IB) In both siuations, a necarly complele
colocalization of TsglOl and Cep35 was
observed. In contrast, YFP-TsglO&158-162)
failed 1w colocaliee with mCh-Cep33  despite
displaying a punctate distribution in cells a
interphase similar o that presented by wild-type
Tsg 100 (Fig. 3B). More imponantly, YFP-Tsg 101
(G138-162) was not recruited 1o the midbody (Fig
iB),
Tsglol mediate i1s recruitment o the midbody
by iteracting with Cep33,

Thus, Cep35 s hunctionally lmked w0 the
ESCRET machinery through binding w Tsgl0]

.\uj__'_:_r;wlin;_' that residues 153% 1o 162 In

Fig. 4. The Tsgl01-Cep55 interaction is required for
cytokinesis but not for viral budding. (A) 2937 cells
were treated with siRNA targeting Luc or TsglO1.
pNLHXE HIV-1 provirus and YFP-encoding plasmids
or siRNA-resistant YFP-TsglOl-encoding plasmids
were included in the second transfection. 293T
lysates were examined by immunoblotting with «-GFP
antisera. Lysates and virons were examined with
antisera to Gag. [f-Gal assay was performed upon
Hela-TZM-bl reporter cells infected with 2937
supernatant. WT, wild type. Error bars indicate 5D.
(B) Stably transduced Hela cells expressing mCh or
the indicated siRNA-resistant mCh-Tsg101 plasmids
were treated with the indicated siRNA. Cells were
fixed, stained with c-tubulin, and scored for multi-
nucleation or arrest at midbody stage (n = 5 = 5D).
Cell lysates were examined by immunoblotting with
c-Tsg101 or «-Hsp90 antisera. (C) Representative
micrographs describing midbody localization of mCh
ar mCh-Tsg101 mutants in dividing cells.

5|F| MNA Tsg/

1-MO5A §158-162 A3

SIRMA Tsg/mC
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and Alix. The budding inhibition by Cep33 over-
expression confirmed this functional link but did
nid necessarly mply that Cep33 was required
for L-domain activity. To address this issue, we
depleted endogenous Tsgl01 from 293T cells by
small imerfering RNA (siIRNA) and reintroduced
it by tmnsfecting siRNA-resistant plasmids with
mutations in cither the PTAP-binding site
[Me™—Ala™ (M95A)] (26) or in the Cep3s-
binding region (6158-162). Depletion of Tsg 101
results in a dramatic reduction of HIV-1 infectious
panicle release (Fig. 4A) (/) and the L-domain
activity was rescued by transfecting w sIRNA-
resistant Tsg 101 but not with TsglOL{M95A),
Similar experiments with Tsgl01(8158-162)
showed that the CepS35-hinding region in Tsgli)]
was nol required for HIV-1 L-domain activity
(Fig. 4A). Additionally, depletion of Cep33 had
no effect on either TsglO1- or Alix-dependent
budding (Nig. S4), indicating that Cep35 15 not
required for L-domain activity.

We next determined the mle of the Cep55-
Tsg 101 interaction in cytokinesis by following a
similar depletion-replacement approach in Hela
cells. The percentage of multinucleated cells in
Tsg101-depleted cells was restored 1o normal
levels when the siRNA-resistant TsglD] was re-
introduced (Fig. 4B), showing tha the cvio-
kinesis defect observed with the siIRNA against
Tsg 101 was specific. An accumulation ol cells
arrested at the midbody stage was also observed
in Tsg 10 1-depleted cells (Fig, 4B). and midbody
momphology was nearly identical o that in con-
trol cells, with fomation of apparently nommal
Flemming bodies. Overall, the evtokinesis amest
observed in TsglOl-depleted cells is therelore
consistenit with delects in abscission. The re-
placement of TsglO1 mutants showed a par-
tial cyiokinesis defect in cells expressing
Tsg101{6158-162), and a similar paial pheno-
tvpe was observed in Tsg 1O HMYSA Fexpressing
cells (Fig. 4B), whercas a Tsgl 01 double mutant
(MY5A, 6158-162) recapitulated the phenotype

of TsglO-depleted cells (Fig. 4B). The effect of

Tsg101{6158-162) could be explained by the
lack of binding to Cep35 and recruitment to the
midbody, but TsglONWMY5A) was recruited 1o
the Flemming body (Fig. 40C), suggesting that a
downstream defect might explan its phenotype,
Altematively, ellicient Tsg 101 recruitment 1o the
midbody might occur in a complex with Alix and
Cep35. Alix binds 1o the ubiquitin E2 variant
domain of Tsg101 through a PSAP motil in the
PRE, and Tsgl 0 M95A) cannot bind Adix (1.3},
although its binding 10 other components of the
ESCRT machinery remained unchanged (fig.
53). Thus, the parial phenotype observed with
Tse 1O1(M93A) may indicate a requiremem lor
the Tsg l01-Alix imeraction 1w complete abscis-
ston, although more work s needed 1o prove this
podnt unequivocally, An additional requircment
for other components of ESCRT-1, specitically
VPS2E, was stromgly suggested by the phenoype
observed in cells expressing TsglO1(A3), which
docs not bind VPS2R (25)., TsglONA3) was

29 JUNE 2007 VOL 316 SCIENCE

recruited 1o the central region of the midbody
{Fig. 4C), and the percentage of multinucleated
cells induced by the A3 mutation fully sccouned
for the phenotype of Tsgl0 1 -depleted cells (Fig.
4B), suggesting that the Tsg101-VPS2S interac-
tion is required 1o complete abscission,

We found that Cep35, a key component of

the cellular machinery that mediates abscission,
interacts with two endosomal proteins that facil-
itate retroviml budding, namely Tsg 101 and Alix.
The cellular pathways thm mediate retroviral
L-domain activity and abscission are closely in-
terconnected, which are consistent with a model
whereby the ESCRT machinery mediates mem-
brane fission events essential [or efficient sepa-
ration of the daughter cells m the last step of cell
division. The mle of ESCRT complexes m yest
cylokinesis s unclear, but mutations in the
Arabidopsis homolog of TsglO]l induce ovio-

kinesis defiects (27), suggesting that the role of

the ESCRT machmery in abscission might be
comserved in multicellular organisms.
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HIV-1 Proviral DNA Excision
Using an Evolved Recombinase

Indrani Sarkar,'* Ilona Hauber,”* Joachim Hauber,”t Frank Buchholz't

HIV-1 integrates into the host chromosome and persists as a provirus flanked by long terminal
repeats (LTRs). To date, treatment regimens primarily target the virus enzymes or virus-cell fusion,
but not the integrated provirus. We report here the substrate-linked protein evolution of a tailored
recombinase that recognizes an asymmetric sequence within an HIV-1 LTR. This evolved
recombinase efficiently excised integrated HIV proviral DNA from the genome of infected cells.
Although a long way from use in the clinic, we speculate that this type of technology might be
adapted in future antiretroviral therapies, among other possible uses.

umrent highly active antiretroviral ther-
‘ apy (HAART) targeting the viral reverse

tmnserptase, protease, and  vinus-host
fusion (f. 2) has wransformed HIV-1 infection
ino a chronic illness and curtailed the morbidity
of infected individuals, Funhermore, new virl
targets and novel mhibition strategies are being
tested for improved control of HIV-1 (3-7), How-
ever, the curent treatment strategics only sup-
press the viml life cyele without cradicating the
infection, and new strains of’ HIV-1 are emerg-

ing that are resistant © suppressive treatments
(%) An attractive altemative would be the spe-
cific eradication of the HIV-1 provins,
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REPORTS I

A

ATAACTTCGTATA ATGTATGC TATACGAAGTTAT LoxP

ACAACATCCTATT ACACCCTA TATGCCAACATGG LoxlTR ]
ACAACATCCTATT ACACCCTA AATAGGATGTTGAT LexlTRY

ACAACKTCGTATA ACKCCCTK TATACGATGTTGT LoxlTRIa

ATAACTTCCTATT ACKCCCTA AATAGGAAGTTAT LoxLTRID

CCATGTTGGCATA ACKCCCTA TATGCCAACATGE LexLTR2

CCATCTTCGTATA ACNCCCTA TATACGAAGATGE LoxLTR2ax

ATAAGTTGGCATA ACACCCTA TATGCCAACTTAT LoxLTR2D

Fig. 1. Combinatorial directed-evolution strategy. (A} Recombinase target
sites used during the evolution process are depicted. The bases highlighted

in gray represent those different from loxP. (B) A summary of the 126
substrate-linked directed-evolution cycles is shown. The number of evolution cycles for each loxLTR subset is shown inside the arrows, with the final cycle number

shown at the arrowhead. The recombinase library activity of the first and the last cycle of the target sites is shown underneath the respective targets. The

unrecombined and the recombined bands are indicated as a line with two triangles or one triangle, respectively.
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Fig. 2. Activity of Tre recombinase. (A) Schematic
representation of the reporter assay. Site-specific
recombination leads to the removal of the E coli
promoter, resulting in ablation of LacZ expres-
sion. (B) Recombination specificity of Tre
illustrated using the indicated reporter plasmids.
Cells were plated on X-galactosidase plates
selecting for both reporter and recombinase
plasmids. White colonies are produced as a result
of the removal of the promoter driving lacZ
expression after recombination. (C) Activity of Tre
recombinase on indicated target sites. The lower
recombined band is shown as a line with one
triangle and the upper unrecombined band as a
line with 2 triangles. The calculated percentage of
recombined plasmid of each target is shown
beneath the lanes.
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Fig. 3. HIV-1 Tat transactivation assay in Hela 8 20,
cells. (A) Schematic presentation of the reporter 3 ‘o]
vector pHIVIT2/LUC that contains the loxLTR se- & -Tat +Tat +Tat
quence (denoted by a white triangle) within the U3 -Tre -Tre +Tro

region of the HIV-1 LTR. Another copy of the

loxLTR sequence, which is absent in the pHV/TL/LUC control vector, is located 3° of the luciferase gene.
Tat transactivation is reflected by increased expression of firefly luciferase. L1 and L2 denote the primer
pair used for PCR detection of recombination (black triangles). Recombination via the loxLTR sites will
delete the luciferase coding region. (B) Relative HIV-1 LTR activity after transfection of Hela cells with
the pHIWT2/LUC vector in presence and absence of Tre. (C) Relative HIV-1 LTR activity after cells were
transfected with the control vector pHIMTLLUC in presence and absence of Tre. (D) PCR detection of
Tre-mediated recombination in cells transiently cotransfected with Tat expression plasmid and the
indicated vectors, The lower band represents the recombined fragment after loss of the luciferase gene
and is only detectable in cells transfected with pHIV/T2/LUC and Tre expression vector,

Mutational and structural analyses have im-
proved the understanding of the intricate cney-
matic mechanism of site-specilic recombinases
and have pemitted the identification of variants
with altered properties |reviewed in (%) and
(/] In panticular, Cre recombinase, which has
found widespread use in mouse genetics (//),
has been intensively studied (/20 and Cre target
specificity can be aliered 0 recognize moder-
atcly altercd DNA target sites (/3-15) These
studics mise the possibility that new site-specilic
recombinases can be generated via directed evo-
lution, which recombine more divergent target

sites. More specilically, our aim was o evolve a
recombinase that would recombine a sequence
present within an HIV-1 LTR. Becuse Cre can
elliciently remove genomic sequences that are
flanked by two loxP sites (/4), we and others
have predicted that an evolved recombinase
that would recombine a sequence present in
the 3-LTR and Y-LTR of an integrated pro-
vinus could excise viral sequences [rom the
genome (13, 17-19),

To stant the evolutionary process, we first
scanned HIV-1 LTR sequences lor a sequence
with similarity 1o the canonical loxP site, The
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chosen sequence belongs w the LTR of the
primary HIV-1 stmin TZBOOO3 (20 and is
part of s modulatory U3 region. The scelected
loxLTR sie 15 a 34-bp asymmeine soequence
that has 50% sequence similarity 1o loxP, with
four mismatches in the lefi element, six in the
right element, and a completely different spacer
(Fig. 1A) This sequence was examined in
substrate-linked protein evolution in Escherncliia
colf (13} The loxLTR sequence was inserted
into the evolution vector, and Cre and an ar-
chive of muagenized Cre librries (/3) were

A
NLT2AenvPuro

5
LTR

L]

tested for recombination activity (/). Re-
combination and subscquent polymerase chain
reaction (PCR) would produce a 1.7-kb band
reflecting recombnation (fig. 51 However, Cre,
as well as the by, fled 1o recombine the
loxLTR sites, and no PCR product was oblained,
which shows that the asymmetry and the mu-
tations in JoxLTR are oo severe 1o resull in
recombination.

palindromic tanget sites loxLTR1 and loxLTR2
were created based on the oniginal symmetne
IoxLTR sequence (Fig. 1A However, when
loxLTRs | and 2 were tested lor recombination
using either Cre or the hbmary, no recombanation
was observed, Henee, the mutations in these
sites were sull too many for the stanting library
to display any activity, and this necessitated the
further splitting of loxLTRs 1 and 2 by evenly

L -n...,___”w____,..--
ACAACATCCTATTACACCCTATATGCCAACATGG
Cc

Because residual activity is requined to stan
any directed evolution process (22), we split the
orginal loxLTR target into two subsas. The

dividing the hall=sitc mutations o form four
new subsets, wnmed loxLTRs la, 1b, 2a, and 2b
(Fig. 1A) Spliting the muations (acilimaied rec-

week

mTre

tot C — & Control
¥ 8 l —_—
LTR _
A
%] = L] 5 —
—
10 HIV-1 gag
o 500 1000 41500 2000 2500 3000 3500 cOples
weel
= B Tre
4 — O Control

o 1 o
E a0 / B +
-] h~——,
1 | -
35 0y 5/3'LTR
]:: &0 L = = . e
‘g 2 1 0 1000 2000 A000 4000 S000 copies
; D
E 12
g 1.0 Control / week 4 Tre / week 4 Tre / week 6
0.8 1
g 06
0.4
02 '
0
week

Absorbance at 560 nm [T

0.2

0
Puromycin at day 0
[0.5 pgimi]

day 3

Tre / week 8 Tre / week 12 NC

Fig. 4. Tre-mediated recombination of HIV-1 proviral DNA. (A) Schematic diagram
of the NLT2AenvPuro provirus. The loxLTR sequences are depicted. The spacer
sequence is underlined. The nef coding region & substituted by the puromycin
resistance gene (gray box), and env-specific sequences were deleted (A). (B)
Detection of integrated provirus (HIV-1 gag; upper diagram) and recombination of
the 5'- and 3'-LTR region {5'/3'LTR; lower diagram) by quantitative real-time PCR of
total genomic DNA isolated from the infected and either Tre-expressing (Tred or
Tre-deficient (Control) cells at indicated weeks after transfection. (C) Analysis of

day 6

virus particle release and cell viabilities. Antigen p24™9 levels in the culture supernatants were determined by enzyme-linked immunosorbent assay (upper
diagram) at the indicated weeks after transfection. The percentage of inhibition of viral replication within the Tre-expressing culture, compared with the
control cells, is shown. Cell viabilities were simultanecusly monitored (lower diagram). (D) Detection of Gag-expressing cells {(green label) by indirect
immunofluorescence in the control culture (Control) at week 4 or in the Tre-expressing culture at weeks 4, 6, 8, and 12 after transfection. Incubation
of control cells with the secondary antibody alone served as negative staining control (NC). Nuclei were visualized by DRAQS staining (blue label). (E}
Tre-expressing cells are sensitive to puromycin. Cells from the Tre-deficient {Control) or Tre-expressing (Tre) culture of week 8 were exposed to
puromycin and monitored over time for cell viability.
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ognition by recombinases in the library  and
henee served as a starting point for subsequent
dirccted-cvolution cyveles. Renerative  dirceted-
evolution cycles resulted in enichment of the
recombinase librarics with functional candi-
dates (Fig. 1B). The numbar of evolution cycles
required to obtain clficient recombinases for
cach loxLTR vared between the subscts, but
eventually eflicient recombination activity of the
libraries was observed for all subsets,

To determine whether a combinatorial ap-
proach would now allow recombination of the
next higher subsets, we pooled and shullled the
libraries la and b, and 2a and b, and cloned
the products into the evolution vectors harboring
loxLTRI and loxLTR2, respectively. The com-
bination of mutations from the different librarics
resulted in synergistic effects and led 1o the gen-
eration of recombinases, which now recombined
loxLTRs | and 2 (Fig. 1B), demonstrnting that an
evolulionary stralegy tmversng through micrme-
diates can be used 1o achieve a desired activity.

MNext, we tried 1o address the asymmetry of

the loxLTR tarea site. A recombinase that recom-
bines an asymmetric target site has 1o recog-
nize hall=sites of varving sequence. To determine
whether this task can be accomplished through
substmte-linked protein evolution, we pooled and
shuflled librrics from loxLTR] and loxLTR2
and assayed for recombination in the evolution
vector harboring the loxLTR sequence. Very
low recombination activity was detected in the
first cveles that was enriched for functional
candidates in later eveles (Fig. 1B), demon-
strating that symmetry in the target site 15 not
a prerequisite for the site-specific recombina-
Llion reaction.

Adier a total of 126 evolution cveles, the evo-
lution process was halied and mdividual loxLTR
specilic recombinases were examined for their
recombination properties. Fifty individual recom-
binmses were functionally analveed in £ oofi. The
most active recombinase (lermed Tre) showed
efficient recombination of the loxLTR site with
some residual activity for loxP (Fig. 2. A and
B To quaniify the target specificity of Tre,
we examined its recombination properties in
the different loxLTR evolution vectors. As in the
reporter assay, Tre clficiemly recombined the
loxLTR sequence and displaved residual activ-
ity on loxP. Tre also showed eflicient recombi-
nation on loxLTR2b and residual activity on
loxLTR2, but no recombination was observed on
loxLTR Ia, loxLTRI1b, loxLTRI, and loxLTR2a
(Fig. 2C). This is unexpeeted when taking into
consideration that Tre evolved from these
subsets (compare figs. 52 and 53). The reason
for this target specificity is currently unknown,
However, this observation confinns  previous
findings that wrget specificity s regained after
initial relaation in directed evolution over many
genertion cyeles (13, 14, 23),

Evolved recombinases from all subscts were
sequenced to monitor the evolution process, The
sequences revealed custering of mutations ansing

from the different subscts that were combined
through the course of evolution and comple-
mented by novel clusters in the higher subscts
(fig. 52 and table S1). In toal, Tre has 19 amino
acid changes when compared with Cre, with
many mutations onginating from different sub-
scts (lg, 53).

Mext, we examined the recombination prop-
ertics of Tre in mammalian cells, Hela cells
were cotransiected with recombinase expression
and reporter plasmids, and recombinase activity
was evaluated 48 hours alier vansiection. As in
the £, cofi assays, Cre efficiently recombined
the loxP reporter but did not recombine loxLTR.
Tre showed eflicient recombination on the
loxLTR reporier and some residual activity on
loxP (fig. 54, A and B). To investigate whether
Tre can recombing ils targel in a genomic
context, a stable loxLTR reporter cell line was
tested for recombination alter transtection with
a Tre expression plasmid. PCR assays and 5
palactosidase activity measurements demon-
strated that Tre recombines loxLTR sequences
packaged in chromatin (fig. 54, C and D).

To address the question of whether recombi-
nation mediated by Tre is occurring within the
context of an HIV-1 LTR, reponer constructs
responsive 10 the HIV-1 Tat imnseriptional reg-
ulator were generated and tested (24) (Fiz. 3A).
When Hela cells werne cotransfected with a Tre
expression vector along with the Tat vector and
pHIV/TYLUC, luciferase activity decreased
by a factor of three (Fig. 3B). In contmst, no
decrease in luciferase expression was detected
when the same expenment was performed using
the pHIVITI/LUC control, comaining only one
loxLTR site (Fig. 3C). We performed PCR. anal-
ysis 10 prove that the observed decrease in lucil=
crase expression was a result of recombination
and not of blocking Tat-mediated transcrip-
tion from the LTR promoter by the recom-
binase. This experiment demonsirated that
the reduction of Tat activation was indeed
due 1o Tre-mediated excision of the lucilerase
cassette (Fig. 3D). Gel exiraction of the PCR
fragments followed by sequencing conlirmed
the precise excision of the loxLTR-anked
sequence,

To examune whether Tre can excise the pro-
virus from the genome of HIV-1-infected hu-
man cells, we produced loxLTR containing viral
pscudotypes that were used 10 infect Hela
cells, A wirs panicle-releasing cell line was
cloned and sbly translected, cither with a
plasmid expressing Tre or with the parental con-
trol vector. The respective cell pools were moni-
tored with respect 10 recombinase activity and
virus production. All assays performed demon-
stred the efficient deletion ol the provirus from
the infected cells without obvious eviotoxic ef-
fects (Fig. 4, A o E)

These data reveal that it is possible 10 evolve
a recombinase to specilically target an HIV-1 LTR
and that this recombinase is capable of excising
the respective provirus from s chromosomal

REPORTS

integration site. Using substrate-linked protein
cvolution, we demonstrated that target recog-
mition by Cre recombinase can be adaptad to a
target site that is asymmetric and very remote
from s orginal site. Given the relative case
with which we have altered Cre specificity, it is
likely that additonal recombinases could be
generted that arget other sequences present in
LTRs (fig. S5) We accept that this approach is
unlikely to be of immediate therapeutic use and
that considerable obstacles would need 10 be
overcome belore an engineered  recombinase
could be practically used in any clinical seiting.
The most imponant, and likely most difficull,
among these s that the emeyme would need
efficient and sale means of delivery and would
have 1o be able 10 function without adverse side
effects in relevant tapet cells, Neverthelss, the
results we present offer an carly proof of principle
lor this type of approach, which we speculate

ighit fi seful basis for the development of
mughit fonm a useful basis or the development of

future HIV therapies.
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Restriction of DNA Replication to the
Reductive Phase of the Metabolic
Cycle Protects Genome Integrity

Zheng Chen,” Elizabeth A. Odstrcil,? Benjamin P. Tu,” Steven L. McKnight™

When prototrophic yeast cells are cultured under nutrient-limited conditions that mimic growth in
the wild, rather than in the high-glucose solutions used in most laboratory studies, they exhibit a
robustly periodic metabolic cycle. Over a cycle of 4 to 5 hours, yeast cells rhythmically alternate
between glycolysis and respiration. The cell division cycle is tightly constrained to the reductive
phase of this yeast metabolic cycle, with DNA replication taking place only during the glycolytic
phase, We show that cell cycle mutants impeded in metabolic cycle—directed restriction of cell
division exhibit substantial increases in spontaneous mutation rate, In addition, disruption of the
gene encoding a DNA checkpoint kinase that couples the cell division cycle to the circadian
cycle abolishes synchrony of the metabolic and cell cycles. Thus, circadian, metabolic, and cell
division cycles may be coordinated similarly as an evolutionarily conserved means of preserving

genome integrity.

velic biological oscillstors operate in

numerous life processes over broad time

scales (/). Two cardinal biological
oscillators, the cell division cyele and the cir-
cadian rhythm cvele, are temporally coupled
(2, 5). et the biological significance of this cou-
pling is poorly understoond. The budding yeast,
Saceharomyees corevisiae, 15 nol subject o oa
eycle of cireadian dimensions, When grown in
glucose-rich medium, 8 cerevisiae prelerentially
fenment glucose in the absence ol respiration o
support rapid growth. In contrast, when grown
under nutrient-limited conditions in continu-
ous culture, they undergo oscillation between
glveolviic and respiratory metabolism (6 9).
Comprehensive studics of a - 1o 3-hour yeast
meiabolic cyele (YMCO ) demonstrated that this
cyele facilitates temporal compartmentaliza-
tion of cellular processes in a manner reminiscent
of circadian rhythm (9). Cell division has been

shown 10 be restricted 1o the reductive phase of

the ¥YMC when oxvaen consumption is minimal
(7, 9 which suggests that temporal segregation
of DNA replication away from respimtion might
shield DNA from oxidative damage.

To explore the relation between the YMC and
the cell division cyele (CDC), we first used a
sensitive and temporally precise bromodeoxy-
undine (BrdLl)-labeling assay w0 momior the
progression of DNA replication throughout the
YMO () Nuclear DNA replication started at
the very beginning of the reductive building (RB)
phase when respimtion began o cease (time
point T, reached peak levels at T and TI2,
and diminished shaply thersalier (figs. S1 and
S2). This time fame of DNA replication co-

‘Department of Biochemistry, University of Texas South-
western Medical Center, 5323 Harry Hines Boulevard,
Dallas, TX 75390, USA, zﬂaﬂnr University Medical Center,
Dallas, TX 75246, USA,

*Ta whom correspondence showld be addressed. E-mail:
Steven.McKnight@UTSouthwesternedu
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incides precisely with a sharp increase in ethanol
concentration, indicative ol a highly glycolvtic,
nonrespimtory environment for replicating cells
(9 1

We next asked whether the YMC-directed
restriction of the CDC might be compromised in
cell evele mutants. To test this, we constructed 25
mutant strains, cach bearing a disruption in 2
gene known o regulate the CDC (table 51). Mu-
tanis that failed to affeet log growth mte in
glucose-rich medium also Failed 10 affeet the
length or amplitude ol the YMC (Fig. 1, A and B).
In contrast, mutants that slowed growth in
glucose-rich medium shortened  the  wemporal
durmtion of the ¥YMC by varving deprees. Al-
though imperfieet, a general comelation was
observed: slower growth in the high-glucose
state corresponded 1o more substantial truncation
in metabolic ovele length (able S1). No correla-
tion wis observed between the distingt CDC
phases prolonged by the mutation and the degree
of YMC truncation, Consistent with morpholog-
ical assays of budding as a function of the YMC
(%, Brdl incorporation studics indicated that
roughly hall’ of the cells progress through the
CDC per metabolic cyele for the wild-type (WT)
CEN.PK straun, as well as for mutants exhibiing
nomal growth and YMC, c.g., efafA (Fig. 1C).
In contrast, we observed a reproducible decrease
in the percentage of cells in the CDC per
abbreviated YMC in growth-retarded  mutanis.
When comected lor overall time, all of the strmins
tested allowed replication of 100% of the cell
population in a perod of 3 to 8 hours, For
example, iF 30% of the parental CEN.PK cells
divide per 3.9-hour metabolic cycle, the strain

can be predicted o require 7.8 hours for 1000 of

is cells 1o wansit the CDC, Likewise, 1000
replication estimates for bub A, cdltd A, bem2A,
swifih, and sicdA cormesponded 10 7.4, 7.2, 6.7,
6.1, and 5.2 hours, respectively. We tentatively
conclude that slower-growing mutants can main-

tain homeostatic cell density in the fermentor by
abbreviating the temporal dumtion of the YMC.
We next investigated whether the CDC mught be
cquivalently restncted to the reductive phase ol
the YMC in stmins exhibiting an abbreviated
metabolic cyele, Brdl was fed to cach strin for
briel periods corresponding 1o the oxidative, RB,
or reductive charging (RC) phase of the YMC
(Fig. 2A) Mutant strains having a normally
timed YMUC, such as cladA, revealed tight re-
striction of the CDC w0 the RB phase of the
Y MO, Strains exhibiting imenmediate reductions
in YMC cycle length, such as bubdA, adhfA,
hem2A, and swigd, showed partially impained
temporal constraimt of the CDC (Fig. 2A and lig.
831 sicd A the strn with the shortest metabolic
eyele (1.2 hours) had almost equivalernt BrdL!
labeling of nuclear DNA in the three phases of
the YMC, Consistent with this impaired restric-
tion of the CDC, Muorcscence-activated cell
sorting (FACS) and quantitative real-time poly-
merase chain reaction (PCR) analyses also
revealed inercasingly diminished differences in
the number of dividing cells (Fig. 2B) and cell
evele gene expression (lig. S4), at differemt YMC
lime poinls.

Having observed replication oulside the RB
phase, particularly during the oxidative phase of
the abbreviated YMC, and knowing that replicat-
ing cells are valnerable to DNA damage (/2 14),
we evaluated the spontancous mutation rateat the
CANT locus, When the CANT gene is mutated,
colonies can grow on selective plates containing
the toxic argimine analog, canavanine (/5-17).
All strains were grown under two conditions
either in glucose-rich medium, where yeast cells
do not respire, or under nuirient-limiting con-
ditions in comtinuous culure, where they cvele
back and forth between glyeolviic and respiratory
metabolism. No o sitistically signilicant differ-
ence was observed in spontancous mutation ries
at the CANY locus among all sirains when grown
under nonrespiring conditions (Fig. 2C) (/%). In
contrast, mutants with an abbreviated metabolic
cyvcle, especially those that permitted substantive
DNA replication duning the oxidative phase of
the YMC, accumulated substantially  higher
levels of spontancous mutations than the parental
CEN.PK stmin during continuous culture, We
hypothesized that the enhanced munation mie n
uncoupled mutants results from DNA synthesis
in the oxidative, respiratory phasc of the YMC. It
is formally possible, however, that enhanced mu-
tation rates result from DNA replication in the
RC phase of the Y MC,

Progression of the YMC from the oxidamive 1o
the RB phase marks a sharp tansition wward a
more reductive metabolic environment (4, 9),
which supgests that alteration in redox stale
might be crucial in the gating of the CDC
DNA replication to preserve genome integrity.,
To further explore the mole of redox in the pro-
gression of these two cyeles, we weated for-
mentor cultures with briel pulses of hydrogen
peroxide (HaOn ) at different times throughout the
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YMCO (F0), HaOs failed o aflect YMUO progres-
sion when added dunng the exidative phase and
led to only modest phase delay alier transition to
the RB phase (Fig. 3. Aand B In contrast, Ha(

pulses elicited dramatic phase advancemen of

the YMC when administered dunng the RC
phase. This oxidant-induced phase-response
curve (Fig. 3B) is analogous to the light-induced

Fig. 1. Growth-retarded cell cycle
mutants exhibit shortened metabolic

phase-response curve of the circadian cvcle
(24, 22) wheren the zeitgeber can cither advance
ordelay a phase in the eyele according to the time
of admmstration.

To mvestigate whether phase advancement of

the YMC might also advance the phase of the
CDC. we performed BrdU labeling o examine
the onset of DNA replication in either mock-

REPORTS I

treated or HaOs-treated fermentor culiures (/).
DA replication in cultures treated with HaOs in
the RO phase was first observed at TT and peaked
at TR, which mdicated an HaOs-mduced phase
advancement of the CDC by three full time
intervals (1 hour) relative 1o the mock-treaed
culture (Fig, 3C). To rule out a possible mole ol a
mitogenic effect of HaOy m this observed ad-

cycles. (A) Representative metabolic 40, (%) Metabolic cycle  High glicase E: e
cycle profiles for the WT and six mu- kength (hrs)  growth rate (hrs) ‘,
tants each bearing a deletion in a cell o ) 19 1.20 st b
cycle gene. For each profile, the y axis WT i\i qu \.tr- i,; 40 A
is dissolved 0, (dO,). (B) Median re- i ﬁ
ductions in metabolic cycle length of &
25 cell cycle mutants. Symbols (4,  €inlA r\\r‘ Nl"ﬂr_\u e o i'E. o =i "!'
and X denote reductions of various = e s
mutant strains in metabolic cycle |I"||"|||"' al r‘[ :-‘.r anke
length relative to the average WT cycle bubta ANV AV s 1.5 - wodae m
length of 3.9 hours. (C) Fewer cells un- AAA '1{ m\k c [ T
dergo cell division during shortened  edhlA [ \ 21 1.53
metabolic cycles. BrdU was added to nqﬂ'hd m v “ o4
the culture during the oxidative phase,
and cells collected at the same pointof  hem2A r'wwwm 2.4 1.57 . o
the next cycle were analyzed by £ i
fluorescence staining. - =
swioa \NADNADNARAN 21 186 s 2 3
siclA = YWWYWWWWY 1.2 1.68 0 =N - o 0
f T T T 1 \5‘# \bi"“ '\7':;&» ‘:Fé" N-"*-“E\b
1] ] 12 18 24 hr
Bl Meabolic oycle Length
Time FZA % of Labeled Cells
Fig. 2. Mutants that allow DNA A B
replication during the oxidative 0 T? Tio T T4
phase have increased spontaneous ot
point-mutation rates. (A) Percent- £ _
ages of replicating cells during the £ wT L l L LL h h h L LL |
three phases of the metabolic E T
cycle; standard deviations are ol
shown as error bars. Cells were ~ on W i 0 aos | LR K b bbb L
labeled for ~20 min with BrdU at o g W gVt e - == —_—
three different time intervals L LL L ka k u LL
corresponding to the oxidative E E E eblA {
{0z}, RB, and RC phases. (B} FACS
analysis of DNA content at 12 time c 18 _
points over one full metabolic A LLLLuLhuhh
cycle. (C) Mutation rate compar- 4 :
isons normalized to those of WT: ] |
standard deviations are shown as - ; "n bem2 kk k L h kk L hkkk
error bars. s £ - !
TE b |
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Fig. 3. The YMC exhibits a redox response curve and limits entry into the cell cycle. (A) Ho 05 induces differential
phase responses when pulsed at different imes of the YMC Hz0; was added at the indicated time points, which
immediately caused a spike in the dO; content (y axis) in the metabolic cycle traces. (B) The phase-response curve
(PRC) of the YMC to Hx0,. The phase shifts were calculated as the difference in cycle length between the cycle
before and after the time of H,0; pulses. Phase delay and phase advancement are denoted as negative and
positive time changes, respectively {y axis), (€} Phase advancement of the metabolic cycle accelerates cell
cycle entry. Fermentor cultures were treated with mock (H,0) (top), H;0; (middle), and methicnine
{Met) (bottom) at T4, T4, and Té l(arrows), respectively. BrdU was then pulsed at the next time point (red
dots) when H,0. was fully depleted, and cells were subsequently collected and subjected to BrdU
fluorescence staining. (Left) The metabolic cycle profiles, The onset and peak of DNA replication as
evidenced by BrdU staining is denoted by light and dark green dots, respectively. (Right) Representative
images of the BrdU staining: (tops) fluorescein isothiocyanate fluorescence staining; (bottoms) dif-
ferential interference contrast (DIC).

Fig. 4. A conserved DNA checkpoint kinase is
required for synchrony of both the metabolic \ ey
cycle and the cell cycle. (A) Metabolic cycle 7 '

profiles of smiiA (top) and red534A smi1A i \ I‘f T "“““
(bottom) mutants. (B) FACS analysis of DNA i 5 ”T‘ﬁ
content at 12 time points over a typical - 4 \
metabolic cycle of the smi1A mutant (top), the &
initial full cycle of the rad53A smilA double & e

-

mutant (middle), and after the metabolic cycle of \\
the double mutant was disrupted (bottom). (C) g

Mutation rate comparison. Mutation rates were 0.
normalized to those of the WT strain and are ’
presented with standard deviation (error bars). .
u L] L) LJ 1
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vancement., we applied methionine pulses at
different imtervals of the YMC and again ob-
served clear evidence of advancement from the
RC to the oxidative phase (/7). A methionine
pulse administered at To significanly advanced
the phase of the YMC, and replicating cells were
detected at TS immediately alier BrdU! addinion a
T7. which mdicated phase advaneement of cell
cycle entry by two full tme ntervals (40 min)
(Fig. 3C), Taken together, these observations are
consistent with the hypothesis that the metabolic
evele gaes cell evele entry, I is likely, however,
that HxO> (an oxidanm) and methionine (a
reductant) act through distinet mechanisms
advance the phase of the YMC (f0),

Fungal gencticists have recently  demon-
strted that, i Newospora crassa, the pro-4
gene, which s invalved i the control of cireadian
rhyihm, encodes a DNA checkpoint kinase tha
prevents cell ovele progression i response o
damaged DNA, suggestive of a mole in coupling
the cell eyele w cicadian rhythm (23). Dis-
ruplion ol the onhologous RANDIS gene m 8
cerevisiae is lethal, but the organism can be
rescued by concomitant disruption of the SMLJ
locus (23, 24). No difference was observed
between parental cells and the smllA single
mutant in continuous culure (Fig. 4). By con-
trast, cells of the rad53A smffA genolype
sustained no more than three or four metabolic
cveles before completely losing oscillatory be-
havior. FACS analysis of the double mutant gave
evidence of partial CDC restnction during the
initial metabolic eveles, but CDC synchrony 1o
the ¥YMC was Tully abolished after cessation of
mctabolic oscillation (Fig. 4B). The rad53A
smlfA double mutant also sullered the highest
spontancous pomt-mutation  frequency ol any

C
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Microplate Luminometer

The Spectramax L is a next-generation microplate luminometer for flash and glow lumi-
nescence assays. It features a new optical system that provides increased sensitivity and
greater dynamic range, making it suitable for life sciences research and diagnostic assays,
The system leatures an injector module that enables researchers to perform dual injection
in both 96-well and 384-well microplates, For multi-user laboratories, the instrument
contains AutoWash, an automated injector maintenance routine. SoftMax Pro data analy-
sis software provides complete data analysis for more than 120 assay protocols. Ultra-fast
photon-counting technology allows a high signal-to-noise ratio and low crosstalk.
Throughput can be increased to up Lo 50 plates per batch with the integration of the

optional StakMax plate stacker.

Molecular Devices For information 408-747-3533 waw.moleculardevices.com

Automated Molecular Imaging System
The Kodak Image Station 4000MM Pro is for fluo-
rescent and chemiluminescent imaging in life sci-
ence research and drug discovery applications.
This multi-modal digital imaging system is capable
of precisely recalling and replicating all imaging
setlings from session to session. New features
include a state-of-the-art precision automated lens
and excitation and emission filter systems. The pre-
cision automated lens system records the precise
f-stop, 10 zoom, and focal point parameters of
each session. The proprietary design includes a
selectable wavelength xenon epi-illumination light
source, 10 automated excitation filters ranging
from 380 to 780 nm, and four automated wide-
angle emission filters ranging from 440 to 830 nm.
The precision filter systems combine with other
advanced automation features lo minimize setup
time and maximize workflow. The versatile system
is suitable for imaging chemiluminescent, selec-
table multi-wavelength fluorescent, and chro-
mogenic labels in gels, blots, plates, extracted tis-
sue samples, and more, It is capable of radioiso-
topic and in vivo x-ray imaging with the addition of
aptional modules and accessories.

Eastman Kodak For information 877-747-4357
wnw kodak,. comigoimalecular

Large-Volume Sample Pooling

An innovation in solvent evaporation technology
enables scientists o pool and concentrate large-
volume sample fractions directly into a single stan-
dard sample vial. Methods that can reduce analyti-
cal work speed up high-throughput applications
including compound storage, drug development,
and environmental analysis. Available in three sizes
(50 ml, 125 ml, and 300 ml), the SampleGenie's
patented design enables Genevac's popular EZ-2
and HT series centrifugal evaporators to accelerate
the pooling of multiple large volume fractions into

29 JUNE 2007 VOL 316 SCIENCE

a single small sample vial. Constructed in a choice
of glass or stainless steel, it can cope with most sol-
vent types. Using SampleGenie, a HT-4X evaporator
was able to dry 24 samples in parallel, each con
taining 50 ml of water, in less than 9 hours.
Genevac For information +44 1473 240000
www.genevac.com

Gene-Based Search Tool

Your Favorite Gene is a new comprehensive, Web-
based search tool that matches genes of interest
against thousands of Sigma-Aldrich research prod-
ucls. This flexible search engine is one of the most
inclusive in the industry, matching 150,000 short-
hairpin RNAs; 725,000 small-interfering RNAs;
4,000 antibodies, proteins, and kits; and 1,000
bicactive small molecules to specific genes of
interest. Your Favorite Gene enables life science
researchers Lo perform customized searches for
human, mouse, or rat genes and oblain gene infor-
mation and infermation on Sigma-Aldrich’s vast
array of life science research producls associated
with the gene of interest, The tool also provides
integrated links to a variety of public databases
such as Compendia Biosdence, Human Protein Ref-
erence, National Center for Biotechnology Informa
tion's Entrez Gene, and Cytospace. Researchers can
use a wide range of search terms, including name,
description, gene symbol, and altemnate symbols.
Sigma-Aldrich For information 314-286-7616
www.sigma-aldrich.com

Microplate Shaker

The PHMP-4 Microplate Shaker is three instruments
inone. It can be used asa microplate thermoshaker,
a compact benchtop incubator without shaking,
and a microplate shaker without temperature con-
trol. Combining the mixing operation with the incu-
bation phase can reduce both reaction process
times and operator workloads and increase the effi-

ciency of procedures. In addition toits suitability for
enzyme-linked immunosorbent assays, the PHMP-4
can be used in a number of applications including
molecular biology (for microbial cell cultivationand
DNA analysis), cytochemistry (for in situ reactions),
biochemistry (for enzyme and protein analysis),
molecular chemistry (for malrix analysis), immuno-
chemistry, and molecular diagnostics. It provides a
heating range from ambient plus 5°C to 60°C (with
an option to go higher) and orbital shaking speeds
from 250 to 1200 rpm. The compact unit has a low
profile and small footprint.

Grant Instruments For information
908-431-3028 www.grantsci.com

Light for Fluorescence Microscopy
Colibri is a new light source for fluorescence users
in biomedical research that features light-emitting
diodes (LEDs) instead of a traditional source. Each
individual LED delivers a predsely defined spectral
range. No undesired light is emitted, so there is no
need to suppress il, Colibri is especially suited for
the examination of sensitive living specdimens.
Designed for applications from simple to complex,
it features precise adjustment of intensity for opti-
mum sample protection and fast, microsecond
swilching times. The LEDs can be used separately,
sequentially, or in various combinations simulta-
neously, for example, to search for cells with multi-
ple combinations of fluorescence markers.

Carl Zeiss Forinformation 800-356-1090

WNW.ZE155.00M

Newly offered instrumentation, apparatus, and laboratary
materials of interest to researchers in all disciplines in aca-
demic, industrial, and government organizations are featured
in this space. Emphasis ©s given to purpose, chief characteris-
tics, and availability of products and materials. Endorsement by
Science or RARS of any products or materials mentioned is not
implied. Additional infermation may be abtained from the
manufaciurer or supplier,
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POSITIONS OPEN

MATHEMATICAL BIOSCIENCES INSTITUTE
SEEKS a NEW DIRECTOR

The Machemarical Biosciences Institure (MBI) lo-
cared ar the Ohio Stare University seeks candidares
for the posiion of Director, to be appointed ef-
fective August 2008, The mission of this Narional
Science Foundaton (NSF)-funded Instrute is 1o
develop mathemarical theories, starstical methods,
and computational algorithms for the solution of
fundamental problems in the biosciences; to involve
mathematical scienbsts and bio-scientists in the solu-
tions of these problems; and to nurture and grow a
community of scholars through education and sup-
parnt of smdents and rescarchers in marhemarical
biosciences, This need stems from the revolutionary
advances in basic science and rechnology. The
resulting deluge of experimenral dara has challenged
scientists o produce mathematical solutions 1o an-
alvang and structuring this daa in a meaningful
way. To support this mission, the MBI reinforces
and builds upon existing research efforts in mathe-
matical bioscience and encourages human and in-
tellectual growth in this arca. The structure under
which these goals are achieved includes emphasis
year programs, current topics workshops, education-
al programs, and sponsored rescarch projecrs. The
role of the Dirceror is 1o provide scienrific and ad-
minisreanive leadership to the Institure,

The suecessful candidate will have a substantial in-
ternational scientific reputation and a distinguished
record of rescarch, teaching, and service in the math-
ematical and for hk:lugicai sciences, 5o as to also be
qualified for a renured PROFESSOR appointment
at Ohio State. Nominations or letters of application
along with cumiculum virae and five letrers of refer-
ence should be senr o

Mathematical Biosciences Institute Director

Search Committee
c/o Dr. Richard E. Freeman
Dean and Distinguished Professor
of Mathematical and Physical Sciences
1947 College Road, Room 425
Columbus, OH 43210

E-mail inguiries can be sent to Teresa Hagerman,
e-mail: hagerman. 1@ osu.edu. The review of appli-
cations will begin immediately and continue unal
the position is filled. For more information about
the MBI, please see our website: http: //mbi.osu.
edu/. The Scarch Committee includes: Professor
Lisa Fawci, Department of Mathemartics, Tulane
Uriversity, Committee Chair; Professor Peter
Curtis, Chair, Depanment of Evolution, Ecology,
and Organismial Biology, the Ohio State University;
Professor David Goss, Chair, Department of
Mathemarics, the Qhio Stare University; Dr. Kirk
Jordan, [BM Strategic Growth Business/Decp
Computing; Dr. Hans Kaper, Program Dircctor,
Applied Mathematics Program, Division of Mathe-
matical Sciences, Nauonal Science Foundation;
Professor James Keener, Department of Mathe-
matics, University of Utah; Professor John Rinzel,
Center for Neural Sacnee and the Courang, Institute
of Mathematical Sciences, New York University;
I'rofessor John Tyson, Department of Biology,
Virginia Polvrechnic Instituoe and Srare University;
Professor Doug Wolfe, Chair, Department of
Statistics, the Ohio State University. To build o diverse
workforae Cifvie State eonconmges applications frome fandividile
with disabilities, minonitics, veterans, and women, Flecible
Tee -|IJ'IJ.I.|J.ILI- arvaifable, I:'..llm.lﬂ I'.-qu-‘upunu 'r.]{"'h.l'.l‘l'rlllr.]';'-"
Affirmative Action Emploper,

NIH-funded POSTDOCTORAL POSITION
available in the Molecular Pharmacology Rescarch
Center at Tufts-New England Medical Center in
Boston, Massachuscrrs, Dreasopliifa mutant lines are
being utilized to dentify novel genes regulating feed-
ing and far deposition. Follow-up characterizanion of
comesponding  mammaban homologs as candidate
l-'l'll.H]uthJl".l of metabolic funcrion indudes biochemi-
cal and molecular pharmacologieal approaches in vitro
and m vivo. Expenence with Dvesophila required.
Please send curnculum vitac and names of three ref-
crences to Alan Kopin, MDD, e-mail: akopin@iufis-

NEmMc.org. TJ_(!.-‘ MNEMC a5 an Egurd Cywprortunity Esnployer,
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POSITIONS OPEN

IPHYSICIAN SCIENTISTS

The Department of Medicine ar the Menn-
sylvania Stare University College of Medicine
and the Milon 5. Hershev Medical Cenrer is
actively recruiting Phyvsician-Scientists with ex-
pertise inany of the following areas: metabolic
bone disease, diabetic nephropathy, micaro-
biology, virology or immunology, health care
delivery foutcomes research, hepatology,
hemostasis,/thrombosis. Successtul candi-
dates will be Physician-Scientists (M.D. or
M.D./Ph.D) with demonstrable expertisc
and a record of scholarly achievement inves-
tigating basic, rranslational, or clinical aspects
of discase. Tenure-track appointments ar all
ranks arc available, based on expericnce. Com-
petiove salary and startap packages will be
offered. Intercsted candidates should send
curriculum vitae and a statement of rescarch
micreses

Robert C. Aber, M.D., Chair
Department of Medicine
Penn State College of Medicine
500 University Dirive
Hershey, PA 17033
or e-mail: raberl @hmc psu.edu.
Tie J"rjm_trfnrlrr.: Kpare | Iﬂrl'l'l'_ﬂ.]j' and e Mifron
5. Hershey Medical Cenrer s im0 Affimrative Adtion /
Equal Cpportiensty Empleyer, Women and suinontics
are enconraged o apply

CARDIAC 10N CHANNELS RESEARCH

The University of Wisconsin ( UW)-Madison Divi-
gon of Cardiovascular Mediane secks candidares
with a P'h.D. in physiology, biophysics, or molecular
biology with three to four vears of postdoctoral ex-
perience to join our collaborative rescarch efforts in
aspects of cellular and molecular electrrophysiology
involving cardiac ion channels and cell signaling, This
is a tenure-rrack oppormunity with the UW School of
Medicine and Public Health ar the ASSISTANT or
ASSOCIATE PROFESSOR level, depending on
qualifications.

Ourstanding diversity and quality hite stvle is 1o be
cnjoved in an academic medical center in a top 10
rated city. To ensure full consideration, apply with a
letter of mterest and curnculum vitae to:

Marthew K. Wolft, M.D.

Chief, Division of Cardiovascular Medicine
University of Wisconsin
School of Medicine and Public Health
600 Highland Avenue
G7/339 CS5C (3248)
Madison, WI 53792
E-mail: mrw@medicine. wisc.edu

Website: http:/ /www.medicine . wisc.edu

The Division of Surgical Oncology ar Columbia
University is secking an IMMUNOLOGIST for AS-
SISTANT or ASSOCIATE PROFESSOR faculty
posinons ar a rank commensurate with expericnce.
Mrospective candidates must possess Ph. D). or equiv-
alent degree with an cutstanding track record of
orginal rescarch in molecular or cellular mmunal-
ogy. Successtul candidates should have an indepen-
dent focus of basic science rescarch and a history of
successful cxtramural funding is highly desirable.
Primary responsibilitics will include supervision of
catablished rescarch projects in preclinical and clin-
ical mimor vaccine development, limited teaching of
doctoral and postdoctoral students, and conducting
independent research. Direct inguiries, including
curriculum vitac, statement of rescarch intcrests,
and a list of three references should be sent to:
Dr. Howard Kaufman, M.D., Chief, Division of
Surgical Oncology, 177 Fort Washington Avenue,
MHBEB 75K-12, New York, NY 10032, Columbia
Univewity takes Affirmranioe Action fo ensre Equal Employ-
nigttl Chppormnely.
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Working for a healthier world™
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Imagine tuuuiung the lives of millions of pmple everywhere. Imagine reaching beyond the ordinary and
impacting something greater than the bottom line. Imagine influencing some of the most critical issues
facing healthcare today.
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We are Plizer Global Research & Development, Pfizer's visionary discovery and development division and the
largest pharmaceutical research organization in the wordd. Our mission s to discover and deliver a growing
variety of medieines and impraove the health and qualily of life for people around the world. Every day, we strive

' to daserve our reputation as the most valued company to patients, colleagues, investors, business partners,
and the communities where we work and ive.

aluqm JS:OU' slrateqy, our purpose, and our governance. To this end, we have gathered a community of
edscientific mipds,and we encourage cross- discipline cooperation, collaboration with academia, and an
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;‘.'.""! . ?Wmamﬂmre wf're"eéuwde a’rr:oumged and critical f::u guality science to be discovered.
- We are trained to be problem solvers, " shrs 355 £
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Our search for new treatments spans hundreds of research projects doross jl’4"r1|h|!1 iple disease groups and
... therapeulic areas—more thanany other -::anparwﬂn the _q_lma Biutharma.ﬂms@u}ne has grown from a single
development project in 199610 six markeled prodlicts and dozens of research projects today.

Everylhingthal Pfizer does—and strves for —begins in our research organization. Generaling new ideas for
drug theraples; synthesizing new chemical entities; developing biotherapeautical compounds; evaluating
these compounds for activity, safety and efficacy; and ultimately Pragucing crug candicates with exceptional
phammaceutical and pharmacokinetics qualities are the cornerstong of'What we do.

While we focus on areas of significant medical need, our commitmeant tovesearch and our deep pool of
resqurces allow u§ to pursue a broad range of therapeulic areas, With state-of-the-art lechnology and a

‘ l community of extracrdinary scientists, our scientists enjoy unparalleledresourees thatgranl them thedreedom
o explore

Your talent can change the world. Join us and help turn science into a cure.
-

To learn more about our people, our products, and our
plans for the future, visit

| We're proud to ba an agual opportunity amployer and welcoma applications from
g people with different experiences, backgrounds and ethnic origins.
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National Institute of Arthritis and Musculoskeletal and Skin Diseases
l\ Health Scientist Administrator, GS-601-12/13/14

I Extramural Program

The National Institute of Arthritis and Musculoskeletal and Skin Discases (NIAMS) is secking candidates to work with the Rheumatic Discases
Branch staff to plan and direct the Institute’s research program in the arcas of genetics, clinical trials, health services, and biopsychocial aspects
of autoimmune and inflammatory rheumatic discases, As a Health Scienuist Administrator in the Extramural Program at the NIAMS, the selectee
will joun a team of professionals responsible for advancng basic, translational and chinical research, rescarch traming. and information programs
on many of the more debilitating diseases affecting the American people.

There are several Health Scientist Administrator vacancies open in the Rheumatic Diseases Branch. of the NIAMS in Bethesda, Marvland. Benefits
of the position includes: working in a dynamic rescarch organization and challenging environment: significant involvement in long-range scientific
planning and priority-setting; and on-going opportunities for professional development through seminars, formal coursework, and attendance at
national meetings.

Salary is commensurate with qualifications and professional experience, and itincludes a full Federal benefits package (which ncludes retirement,

health, life and long-term care insurance, Thrift Savings Plan participation, etc.).

For qualifications required. evaluation criteria, and application instructions. view the vacancy announcements at:
http:/iwww. johs.nih.govisciencejobs.asp or at http://www.usajobs.gov. For additional information on application procedures. please call Esther
Weiss at 301-5%4-2156. Applicatons must be received by August 3, 2007,

National Institute of Arthritis and Musculoskeletal and Skin Diseases website:

http:/'www. niams.nih.gov

NIEHS

National Institute of
Envirenmental Health Sciences
Mational Imstitutes of Health

The National Institute of Environmental Health Sciences of
the National Institutes of Health is seeking an exceptional
candidate to fill the position of Director, Division of
Extramural Research and Training. The incumbent of this
sition wil direct the Institute’s Extramural Research
ogram, which is organized into seven branches and
centers and is composed of 5 FTEs. DERT is respansible
for approximately 755 research grants for a total of $388
million. This dynamic and diverse grants portfolio covers a
variety of scientific discipines in suppart of research and
research traming in environmental health. The Division
of Extramural Research and Training supports research
that spans the entire spectrum, from basic mechanistic
research to clinical studies. The Division supports transla-
tional research on the role of the environment in children’s
health, breast cancer, Parkinson's and other neurodegen-
erative diseases, respiratary diseases including asthma
and reproductive health, to name just a few. Additionally,
the Division is actively engaged in developing the next
generation of environmental scientists through our training
and career development programs, and the Director
should be someone committed to this objective. The
uppnm:nit'gr may be available for the incumbent to have
his or her own intramural research program depending
on scientific accomplishments and interests.

Research Triangle Park, North Carolina

The position of Director, DERT, is one of the top five senior
level positions reporting directly to the Director, NIEHS.
The Director, DERT also serves as a principal advisor

to the Institute Director on scientific affairs affecting

the extramural community, develops and recommends
procedures and policy for the execution of the research
program; determines effectiveness of current programs
and recommends new research programs in order to meet
national environmental health nee ds. The incumbent is
also expected to lead the staff and develop collaborations
and relationships with other Federal agencies and also
with advocacy groups and industry.

Candidates must have either an M.D., Ph.D. or equivalent
degree in a discipline relevant to envimnmental health
science. Candidates should be accomplished research-
ers in environmental health science, as evidenced by a
publication record. Applicents should be aware of current
trends, research directions and needs in emvironmental
health sciences and be conversant with the policy
implications of the research. Candidates should have a
proven track record of administrative experience and
scientific program development. Familiarity with NIH
procedures and programs is helpful. Salary will be com-
mensurate with level of expenence.

Director, Division of Extramural Research and Training (DERT)

Please forward questions regarding the position to:

Dr. Stephanie London, Search Committee Chair
National Institute of Enviranmental Health Sciences
111 Alexander Drive, 0. Bax 12233, Maildrop A3-05
Research Trizngle Park, NC 27709

919-541-5772

London2@niehs.rih, gov

Interested persons should submit a curriculum

vitae, a statement regarding reasons for interest

in the position and unique qualifications by

August 24, 2007 to;

Ms, Stephanie Jones (Vacancy HHS/NIH-2007-DERT-01)
Office of Human Resources

National Institute of Environmental Health Sciences

P.0. Box 12233, Maildrop NH-01,

Research Trizngle Park, NC 27709
JonesT78mal. i gov

hittp:/ fwrvewi.niehs.nib.gov/dert/

DHHS and NI are Equal Opporumity Employers

This position s subject o 8 W 5
Dackground vestigation {‘-.,. acﬁ:




e NATIONAL INSTITUTES OF HEALTH

Tenure-Track Positions
Liver Diseases Branch

NIDDK &)

New Research Initiative = Fatty Liver Discase & Obesity - Tenure Track Position:

The Liver Diseases Branch of the Natienal Institute of Diabetes and Digestive and Kidney Diseases (NIDDK ), National Institutes of Health
(NIH) nvites applications for one tenure track position from scientists interested in basic and/or climical research involving non-alcoholic fatty
liver disease and metabolic syndrome. Specific areas of research interest include pathogenesis and mechanism of metabolic derangement in non-
alcoholic fatty liver disease and its pathophysiological link to insulin resistance and obesity. Priority will be given to applicants at the Assistant
Profiessor level in traditional universities or those finishing their post-doctoral fellowship positions.

New Research Initiative = Liver Stem Cells - Tenure Track Position:

The Liver Diseases Branch of the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK ), National Institutes of Health
(NIH) invites applications for one tenure track position from scientists interested in basic and'or clinical research involving mammalian adult
stem cells. Specific areas of research interest include functional differentiation and mechanism of development of adult tissue-derived stem cells,
especially those of the liver, and potential clinical application of stem cell therapy in liver discases. Priority will be given to applicants at the
Assistant Professor level in traditional universities or those finishing their post-doctoral/ fellowship positions.

The applicant must have a proven record of accomplishments and will be expected to propose and pursue an independent research program in one
of these fields. The position offers unparalleled opportunities for interdisciplinary collaboration within NIDDK and throughout NIH. The Liver
Diseases Branch of NIDDK is located on the main intramural campus of the NIH in Bethesda, Maryland, a suburb of Washington, D.C.

Interested applicants should send a Curriculum Vitae and list of publications, copies of three major publications, a summary of research accom-
plishments, a plan for future research, and three letters of recommendation to Ms Michelle Brown, Search Committee, Liver Diseases Branch,

NIDDK, Building 10-9816, NIH, Bethesda, MD. 20892-1800. Application deadline: September 15, 2007,

Tenure-Track Principal Investigator
Laboratory of Experimental Immunology
Cancer and Inflammation Program

i Iy
m] IF

The Laboratory of Experimental Immunology (LEL http:/cor.cancer. gov/labs/lab,
aspTlabid=¥1, Cancer and Inflammation Program, Center for Cancer Besearch, NCI-
Frederick, invites applications for a tenure track or lenure eligible principal investgator
position inthe arca of research on the role ofinflammation, innate resistance and adaptive
immunity i immunosurveillance immunoediting and in regulaling carcinogenesis,
tumeor progression, growth, and dissemmation. The LEI together with the Laboratory of
Molecular Immvmoregulation hittp:/cer.cancer.gov/labs lab.asp?labid=68, constilutes the
major immunologic component of the CCR's inflammation and cancer inititive which
spans the NCI's iwo major campuses in Frederick and Bethesda. This initiative seeks 1o
parner NCI's expertise in inflammation and immunology with its cutling dge program in
cancer ctiology and carcinogencsis. Applicants should have a PhoD, and'or M.D, degree,
a strong publication record, and & demonstrated potential for imnovative rescarch, Salary
will be commensurate with education and expenence. Applicant will direet a research
group of postdoctoral fellows and technicians funded by the NClintramural program and
will be provided sulficient space, equipment and budget lor supplies. A one- o lwo-page
statement of research imterests and goals, three letters of recommendation, and a curriculum
vitae should be submitted wo: Ms. Lisa Virts, Administrative Officer, NCI-Frederick,
PO Box B, Bldg. 578, Frederick, Maryland 21702-1200, Tel 301-846-5079, FAX
301-846-6053, E-mail: virts] @ mail.nib.gov.

Applications must be received by September 10, 2007, The Kational Cancer Institute is
an Equal Opporunily Employer, Selection for this position will be based solely on meril,
with no discrimination for non-mernt reasons such as rce, color, religion, gender, mational
origin, politics, marital status, physical or mental disability, age, sexual orientations, or
membeership or non-membership in an employee onganaation

NIDDK &)
HEALTH SCIENCE POLICY ANALYST
(Two Positions Available)

The National Institute of Diabetes and Digestive and Kidney Discases
(NIDDK) is seeking applications from individuals who are currently in
post-doctoral positions in biomedical research laboratories, but who wish
to make a career change from a laboratory setting. Particularly encour-
aged to apply are individuals with post-doctoral experience in molecular
biology, coupled with demonstrated writing and other communication
skills. Incumbent will develop a wide range of documents that analyze
and present the scienlific accomplishments and plans of the NIDDK
to public policy makers, voluntary health organizations, and other lay
audiences. Incumbent must thus be able to convey in understandable,
scientifically accurate, and meaningful terms the contributions of bio-
medical research to human health. Total salary is competitive and will
be commensurate with the experience of the selectee.

Position requirements and detailed application procedures are provided
on Vacancy Announcement Numbers: NIDDK-07-197281-DE and
NIDDK-07-197281-MP, which can be obtained by accessing WWW,
USAJOBS.GOV. All applications must be received by 07/20/07.

For additional information contact Karen Page, Human Resources
Specialist at (301) 496-4232.

THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS




PIONEER.
. A DUPONT COMPANY

THE
WORLD DEMANDS
AND YOU DELIVER

Pioneer's legacy
of excellence

is reflected

in its people.

www.pioneer.com

DuPont’s significant investment in its Agriculture & Nutrition Platform, including Pioneer Hi-Bred International, has created
challenging, cutting-edge career opportunities for you, Pioneer wants you to be a part of our industry-leading plant
genetics and biotechnology organization. You will join a team of talented, dedicated professionals. A large number

of research opportunities exist at our 90+ worldwide research facilities, including our headquarters in Johnston, lowa.

As the leading developer and supplier of advanced plant genetics, our international presence and affiliation with our
parent company, DuPont, will give you the opportunity to expand your career, join a growing industry and make a

positive, global impact.

The World Demands... Can You Help Us Deliver?
Learn more about Career Opportunities at hitp://www.pioneer.com/careers
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ASSISTANT PROFESSOR
California State University, Chico

The Department of Biological Sciences
at the California State University, Chico
mvites applications for full-time, tenure-track
faculty positions at the level of ASSISTANT
PROFESSOR in cell biology and molecu-
lar genetics 10 begin Fall 2008, Applicams
should have a strong background in animal
cell phvsiology, molecular biology, penetics,
or cell iology, The success ful candidate will
be expected 1o pursue an externally funded
research program invelving undergraduate
and Master’s students and contrnibute to the
high quality of instruction in the biology
curriculum.

Applicants must have a Ph.D. and a record of
rescarch accomplishments, Postdoctorl expe-
nence is prefemed. Submit copies of a letterof
application, statement of teaching philosophy.
curriculum vitae, complete academic tran-
seripts (student copy acceptable), represen-
tative reprints, and three letiers of reference
1w Cell Biology Molecular Genetics Scarch,
D Adlsie MeEnteggart, Chair, Department
of Biological Sciences, California State
University, Chico CA 959290515, Review
will begin September 4, 2007. Application
materials submitied electronically must be in
PDF format. For full announcement: http:
Hesucareers.calstate.edu.

For disability-related accommodations, 530-
HOE-6192.

FWEOQEANADA.

mlinm
Hertie-Institut
fur Klinische Hirnforschung

New Department
al the
Hertie Institute for Clinical Brain Research (HIH)
University of Tiibingen www hih-tuebingen.de

The Hertie Institute for Clinical Brain Research (HIH) (www. hih-tuebingen.de),
which currently consists of 4 departments (Cellular Neurology, Cognitive
Newrology, General Neurology and Neurodegenerative Diseases) is planning
its expansion by adding vet another department. This department is currently
conceived to focus on novel approaches in neurorchabilitation. tightly
interacting with the existing groups at the HIH and other institutes of the
University of Tiibingen. the MPI for Biological Cyvbernetics Tiibingen and the
Fraunhofer Institute 1PA. Stutigart. In order 1o explore the potential of such a
research direction and to identify candidates wanting to contribute to such a
department, as head but also at a more junior level, the HIH will stage an

International Symposium on
Mitigating Brain Dysfunction —
Neuroprosthetics, Neuwroplasticity and Newral Repair

in Tiibingen from October 19-21. 2007. This symposium will bring together
several invited keynote speakers, defining the scientific framework and a group
ol selected candidates, whose applications we invite to be submitted until July
31, 2007, Applications should comprise a CV, a list of the most important
publications as well as an outline of their scientific program to be sent as a PDF
to the business manager of the HIH, W. Pfaff (wolfzang.pfaff@ med.uni-

tuehingen.de).

online @sciencecareers.org
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GNS Science, Te Pu Ao, is a Crown
Research Institute, Our core purpose is to
understand earth systems and physics-
based technologies and to transform
this knowledge into economic and social
benefits for New Zealand.

Quaternary paleoclimate scientist

Seientist/Senior Scientist

We are seeking an experienced paleoclimate scientist
to contribute to, and ultimately lead, multidisciplinary
team based research into the causes and
consequences of climate change in the New Zealand

region over the last one million years.

This research will be a key component of a well
established long term research programme that
is closely integrated with New Zealand university
research and international programmes, such as
ANDRILL and INTIMATE.

The successiul applicant will have:

«  Specialist skills in biological or geochemical
emvironmental proxies

«  Proven track record in carrying out, completing
and publishing research

«  Proven ability in integration and interpretation of
multidisciplinary datasets

«  Established networks and collaborations

«  Knowledge of Southwest Pacific and Southern

Ocean climate systems

Further information can be obtained from our website
or by phoning Andrea McLiver. Please send a covering
letter, CV and completed application form to Human
Resources or emall us at careers@gns.crinz

Applications close on 31 July 2007.

GNS Science, PO Box 30 368,

Lower Hutt, New Zealand
T +64 4 570 1444, F+64 4 570 4748,
www.gns.cri.nz/careers
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UsIVERSITY OF MISSOURI- KAMSAS CITY
SCHOOL OF BIOLOGICAL SCIEMCES

Professor and Senior Leadership Position
Division of Cell Biclogy and Biophysics

Applications are invited for a senior leadership position in the Division
of Cell Biology and Biophysics at the School of Biological Scienees,
University of Missoun-Kansas City. The successful candidate should
have a proven record of sustained externally funded rescarch, scholarly
activity, and leadership potential. The candidate will be expected 1o
participate in graduate and/or undergraduate teaching, faculty men-
torship, and work closely with the Dean on decision-making matters
pertaming to the growth and development of the School. The School of
Biological Sciences is positioning itself o become a regional leader in
the arcas of strectural biology and molecular cell hiology and welcomes
applications from qualified candidates in these rescarch areas; however,
outstanding scientists from all areas of basie life sciences research are
encouraged o apply, The sucocssful candidate will receive a competitive
12-month salary, renovated research space, a start-up package com-
mensurale with rank, and the availability of excellent research support
facilities within the School of Biological Sciences. Candidates should
have a 'h.D. degree and currently be in a tenured academic position
al the rank of Professor,

Please dircet all inguines or nominations to Dr, Lawrence A, Direvfus,
Dean, School of Biological Sciences (dreyvluslimumke.edu), To apply,
please submit electronically (M35 Word or pdf) a CV, a statement of
present and future research interests, and the names and addresses of 3
references to: drey sl umke.edu. All materials will be handled with
strict confidentiality, The position will remam open until filled,

~

UsIVERSITY ©F MISSOLIRE- KANSAS CITY
SCHOOL OF BIOLOGICAL SCIENCES

Marion Merrell Dow Endowed Chair
in Biological Sciences

Apphcations are mvited for the Marion Merrell Dow Endowed Chair
in Biodogical Sciences at the School of Biological Sciences, University
of Missouri-Kansas City. An outstanding scientist will be recruited to
fill this prestigious position and lead a robust and dynamic research
program. The successful candidate will also participate m graduate
and/or undergradumte eaching, faculty mentorship, and work closely
with the Dean and the Head of Cell Biology and Biophysics on matiers
pertaining to the growth and development of the School. The School of
Biological Sciences is positioning itsell to become a regional leader in
the arcas of structural biology and molecular cell biology and welcomes
applications from gualified candidaes in these research arcas; however,
outstanding scientists from all arcas of basic life sciences research are
encouraged to apply. The Chaired Professorship is supported by an
endowment currently exceeding 33 million. The successful candidate
will also recewve a competitive 12-month salary, renovated research
space. a start-up package commensurate with the prestige of this posi-
tion, and the avalability of excellent research suppont facilitics within
the School of Biological Sciences. Successiul candidates should have
a Ph.D. degree and currently be in a tenured academic position at the
rank of Professor.

Please direct all inguiries or nominations 1o Dr. Lawrenee A, Drevius,
Drean, School of Biological Sciences (dreviuslimumke.edu). To apply,
please submit electronically (MS Word or pdf) a CV, o statement of
present and future rescarch inerests, and the names and addresses of 3
references to: drevlusla umke.edu, All materials will be handled with
strict confidentiality. The position will remain open until filled.




.(é University at Buffalo
The State University af New York

CHAIR

Department of Pharmacology
and Toxicology

The School of Medicine and Biomedical Sci-
ences, University at Buffalo, The Swate Lin-
viersity of New York (LB), invites nommations
and applications for the position of Professor
and Chair of the Department of Phammacol -
ogy and Toxicology. The new Chair will be
expected to provide the scientific vision and
direction for a major expansion of the Depan-
ment, Ample resources, in the form of new
faculty limes and startup packages ane available
to implement this growth.

The Department presently includes 14
full-time, tenure-track faculty, and trains
undergraduate, graduate and postdoctoral
mvestigators. Modern, well-designed labo-
mtory space is available, and renovation of
additional rescarch space in the Biomedical
Sciences complex 15 scheduled to begin during
the 2007 academic year. Cutting edge rescarch
cores in the arcas of genomics, proleomics,
microscopy/imaging, macromolecular crystal-
lzation, and transgenic animals are in place
and open to all UB investigators.

The University at Buffalo is entering the
second vear of implementation of the UB2020
strategic plan. Departments in the School of
Medicine and Biomedical Sciences play major
roles i the UB2020 srengths in Molecular
Recogmition in Biological Svstems, Bioinfor-
matics, and Health and Wellness across the
Lifespan, and the new Chair will be expected
toy coordinate the Department’s activities with
one or more of these strengths. In addition,
diverse opponunities for collaboration exist
at the nearby Roswell Park Cancer Institute,
the Hauptman-Woodward Medical Rescarch
Institute, and the New York Center for Bioin-
formatics and Life Sciences, UB s the SUNY
system’s comprehensive campus, and the
Health Sciences complex includes the Schools
of Dental Medicine, Pharmacy, Pubhic Health
and Health Professions, and Nursing i addi-
tion to Medicine and Biomedical Sciences.

The successful candidate wall have a Ph.D.,
M., or equivalent degree, and a well-funded
and imternationally recogmized program of
research in the broadly defined area of Pharmu-
cology and/'or Toxicology, In addition, strong
leadership and administrative skills are essen-
tial attributes. Beyond maintaining a strong
rescarch program, responsibilities ofthe Chair
mclude administration of the Department and
its teaching programs, as well as defining its
scientific vision and overall directions.

Applications, in the form of a single pdf file,
should be addressed to Dr. Kenneth Blu-
menthal, Chairman; Pharmacology Chair
Search Committee, School of Medicine
and Biomedical Sciences and submitied 1o
www.ubjobs.bulTalo.cdu (posting number
D601468), Nominations or nguirics may be
sent electronically to Kblumenda bulTalo.edu.
Applications should be received by August 31,
2007, to receive full consideration.

The University ar Buffalo is an A ffirmative
Action'Equal Opportumity Emplover

Fa Department of Health and Human Services
i ﬁ National Institutes of Health é
- National Heart, Lung and Blood Institute -
Postdoctoral Position in Developmental Biology and Gene Regulation
The Laboratory of Developmental Systems Biology in the intramural research program of the National
Heart, Lung and Blood Institute seeks a postdoctoral fellow who has obtained a PhoD. and/or M.D.
degree within the past 2 vears, This individual will join a research group that investigates the genetic
regulatory networks involved in hean and body wall musele development in the Drosophila embryo.
Current work integrates computational and wet laboratory approaches to understand cell fite specification,
cellular differentiation and tisswe morphogenesis at a svstems level, OF particular interest are genome-
wide strateges for wentifving the cis-regulatory modules that control cell type-specific gene expression,
and the molecular mechanisms by which co-expressed genes and their protein products function together
in developmental pathways,
Previous experience in a combination of disciplines including genetics, penomics, bioinformatics,
developmental biology, cell biology, molecular biology, and/or biochemistry is highly desirable.
Relevant publications describing the group s recent work include:
* PL0S Genet. 2(2): el6 (2006)
httpzdwww.pubmedeentral.nib. pov/aniclerender. fegifool=pubme d&pubmedid= 16482229
* PLoS Comput. Biol. 2(5): ¢53 (2006)
hittp:wewow. pubmiedeentralnth. gov anticlerender. fegi™Mool=pubmed&pubmedid= 16733548
* Dev. Biol, in press (2007) doi: 100101064, vdbio 2007, 04.045
Applicants should submit their curriculum vitae along with a statement of interest, and amange for three
letters of recommendation to be sent directly to:
Alan M. Michelson, M.D., Ph.D.
Associate Director for Basic Rescarch
Scnior Investigator, Laboratory of Developmental Systems Biology
National Heart, Lung and Blood Institute
National Institutes of Health
31 Center Drive, Room SA4RC, MSC 2490
Bethesda, MD 20892
E-mail: michclsonami nhibi.nih.gov
Applications will be considered as they are received, but it is prefermed that they be submutted by
September 1, 2007,
DHHS and NIH are Equal Opportunity Emplovers.  Applications from women, minonties, and persons
with disabilities are strongly encournged. The NHLBUNIH is a smoke-free work place.
The MNIH s dedicated 1o building a diverse community in its traiming and employment progrms,

U.S. Department of Energy
Office of Science
Deputy for Programs
Announcement #SES-SC-HQ-013 (kd)

The US, Depanment of Energy’s (DOE) Office of Science is seeking highly qualified candidates
with outstanding scientific achievements to fill the Deputy for Programs position. The Office of
Science i1s the single largest supporter of basic research i the physical sciences in the United States,
with a 2007 budget of $3.8 billion. It oversees the Nation’s research programs in high-enengy and
nuclear physics, basic and fusion energy sciences, and biological, environmental amd computational
scienees, The Office of Saence 15 the Federal Government s largest single funder of materials
and chemical sciences, and it supports unigue and vital parts of US. research in elimate change,
geophysics, genomics, life sciences, and science education. The Office of Science also manages 10
world-class laboratories and oversees the construction and operation of some of the Nation's most
advanced R& D user facilities, located at national laboratories and univ ersities. These inelude panicle
and nuclear physics accelerators, synchrotron light sources, nonoscale science rescarch cenlers,
neutron scattening facilities, ho-¢nergy rescarch centers, supercomputers and high-speed computer
networks, More information on the Office of Science can be found at http:/fscience.doe.gov.

The Deputy for Programs provides scientific and management oversight of the six program offices
by ensuring program activities are strategically coneeived and executed: formulating and defend-
ing the Office of Science budget request; establishing policies, plans, and procedures related 1o
the management of the program offices: ensuring the research portfolio is integrated across the
program offices with sther DOE program offices and other Federal agencies: and representing the
organizition and make commitiments for the Department in discussions and meetings with high-level
government and private sector officials. The position is within the ranks of the ULS. government’s
Senior Executive Service (SES) members of the SES serve in key positions just below the wp
Presidential appomtees.

jobsearch.usajobs.opm.gov/sesasp under the vacancy announcement of #SES-SC-HQ-013 (kd).
Crualificd candidates are asked to submit their online applications by Aupust 29, 2007,
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o The Pew Larin American Fellows Program in the Biomedical ﬁ :

@ SRR i g enciss T Maria Fernanda Ceriand, Ph.D., Chair
= Sciences provides support for young scientists from Latin America Fuundaridn Insricus Leboir

o for post-doctoral eraining in the United Seares. Phone: (541 (113 52387500 Exx. 3109
o Faoc (540 4113 $ 3387501

au Z gr!-ighnqnth class of Fellows will be selecred in 2008, An E-euail: ieran 6 ledoir ofg ar

b award of $60,000 will be provided as a salary stipend for the BRAZIL

fellow during the period of mraining (2 years) and will be ad minstend
by the sponsorng LS. institution, The sponsofing insticution is
revuired oo supplement the salary stipend with at lease $3.000 0 yer
and to provide full medical benefits for the fellow. Following the two P (33) (21) 13909450
year fellowship, ehe Program will ssee an addicional $35 000 award o E~ail: phomeioc Gocras be
the sponsoring istitution ro purchase equipmens and supplies for ehe CHILE

fellow to establish a laboratory in his or her home counry. M'"".E""h Andrés, Fh.D, Chaie
Pontificia Universidad Cadleca de Chile
Phone: (362} 3534-2559

Fax: {$6:2) 354- 2660

E-mail: mandee @ genes. biopuc.d

Patrscia T. Boss, Ph D}, Chear
Fundacan Oswaldo Cruz
Phooe: (%% (¥ 1) 25084402 Eax. 22|

amerian FELLOWS
PROGRAM in the

BIOMEDICAL
SC-I=E-N-C-E-§

o

Applicants must have held a Ph D, andior M.D, degree, or equivalent, for no more than five yars

asof July 1, 2008, Applicants who received eheir degree from schools ouside of Lanin America, will not be
accepted. Applicants may not have had previous poss-doctoral training outside of Lazin America, nor may they have
begun a post-docroral pesicion i the TS, prior oo July 1, 3807, Applicants are not required to have a commitment MEXICO

Heeminia Lozs-Tavera, Ph)., Chair
Lnaversilad Ma e Aurdnomas de Moo
Phone: (32) (3:5) 5622-5260

Fax: (52 (55) 56225329

E-maarl: hliowas & sy idhor unam. mx

All Other Countries

Salvia Monano de _Iumérm_ MPA

The Pew Lavm Amserwan Fellows Program
4333 Calofornia Seeeee, Susee 410

San Francisco, CA 9118

Phone: {415 4765116

Fa: (41%) 5024542

E-mail: meon tanod thiveneeracsledu
Iﬂ"lh&tl‘: hl I"‘: L 3 F‘I I.. ||1I'r][uw|. Lomy!

of a pisition and biborasory space after ehe fellowship. However, applicanes muse submie a written statement of
incent o fecuen to Latin America Fellows muse accept a pisition and have confirmed liboratory space in Lacin
America by the end of the fellowship period in order o obein che $35.000 portion of the award.
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Fellows will be selected on the basis of their promise as ovtstanding investigarors, ss well as the scienzific menit of
their research propoal, their record of eraining and how well their interests comncide with the biborrtory of dheir
sporsor in the United States. If potennial applicanss nevd assisrance wich the identificarion of an appropriace
spomsonng laboratory in the United Seates, they may contace the Program Office before Auguss 1, 2007, The
program will accept applications from Mexico, Centeal and South America. Applicasions may be obeained from
the Regsonal Committee contmat listed here for each country or from our websice ac wwrw.pewlatinfellows.com

The application deadline s Ocrober 1, 2007, Winners will be notified in Aprl 2008 and the fellowship should
begin no karer than Augus: 2008,

APPLICATION DEADLINE IS OCTOBER 1, 2007.

Faculty position ol multiple
disciplines at Shantou University

Faculty Fosition. &y Medical School, China

Systems Biology of Disease

ryl
Adl

m Shantou University Medical School — a
rapidly growing medical schoeol located
in coastal Guangdong Province of China
(o 40-minute flight from Hong Kong),
= A Ph.D. or M.DUPh.D. systems biolagist from an appropriote discipling inlérested in constructing jointly funded by the Chinese

integrated network views of the progressive events leading to human disease states, with an emphasis gm'q:n;mum and Li H'.*.-!"ihjng Foundation.

The Crump Institute for Molecular Imaging at UCLA is recruiting for an assistam professor position in
the tenure-track series.

on identifying molecular targets for imaging, diagnostics, and personalized therapy.

Candidates should have a strong publication record, ot least two vears of postdoctoral experience, the
potential to develop an independens interdisciplinary research program, and the desire to integrate with
team efforts o develop new-peneration molecular imaging probes, in vitre disgnostics and molecular
therapeutics. Academic appointments will be wath the Depariment of Molecular and Medical Pharmacol-
ogy or another department if better matched to the applicants research interests,

The Crump Institute is a scicnce and technology institute that focuses on integrating molecular imaging,
nanotechnologies and systems biology toward the defimition, detection, and monitonng of disease states.
The Institute includes faculty in the areas of molecular imaging, integrated microfluidics for chemistry
and biology, nanotechnology-based approaches for high-throughput mimaturized biological assays, and
systems biology approaches to elucidating normal and discase cellular and mtercellular networks. The
Crump Institute is designed and owtfitted to facilitate innovation and collaboration. As part of the UCLA
David Geffen School of Medicine the Crump Institute is immersed i a continuum from basic science 1o
translational rescarch (www.erump.ue laedu).

In the fall of 2007 the Crump Institute will relocate 102 new 188,000 square foot space in the California
ManoSystems Institute building 1o join faculty and students from engincering, mathematical, physical,
biological and medical seiences with a birge array ofhigh technology centers in computation, nanotechnol-
ogy fabrication, molecu lar screening, and imaging instrumentation — from single molecule to mouse.

Applicants should send 3 copies of their curriculum vitae, a 3-5 page description of research accomplish-
ments and their fulure research plan, and arrange to have 3 letiers of recommendation sent (o; Systems
Biology Faculty Search Committee Chair, Crump Institute for Molecular Imaging, David GellTen
School of Medicine at UCLA, 700 Westwood Plaza, Crump Institute, Room 1220, Box 951770, Los
Angeles, CA 90095-1770. Elecironic submissions will nod be considered.

UC is an Affirmative Action/Egual Cpportunity Emplover:
Al gualified condidotes are encorraged fo apply.

i recruiting full or pan time faculties at
different levels of any basic medical or
clinical discipline. 10-30 foreign
faculties will be hired, Must have a very
good command of English language and
teaching, research or clinical experience.
Master of Chinese language is desirable
but not required. Will participate in
teaching medical school and graduate
students and biomedical research, Retired
professors or physicians or those on
sabbatical leaves are welcome. Will have
extensive interaction with bright
students. The medical school will provide
successful candidames with decent salary
and comfortable accommodation. The
school alsoe invites bright scientists under
45 years old to be hired as Cheung Kong
Scholar with generous salary and start up
package. Interested candidates may
contact Ms Yipa Lie for more
information and application form.
Email:yxy @siu.edu.cn Tel: (86 T54)
8900463 Fax: (86 754) 8557562




Post-Doctoral Fellows

We have immediate openings for qualified and highly motvated researchers o pursue post-doctoral training. GIS provides a rich academic environment for posi-
docs (o engage in research that applics cutting-edge technologics in genomics, genetics, proteomics, and bioinformatics to address questions in the biology of
stem cells, cancer, and immunity, Post-doctoral fellows receive internationally competitive funding and travel allowasnees to attend scientific conferences. Current
openings are described below. Please visit our website www.gis.a-staredusg for a complete listing ol our faculty and exciting areas of research. A PhD degree
and a strong record of research excellence are required.

Stem Cell and Developmental Biology: We have multiple openings for post-doctoral fellows o perform functional genomics on embryonic stem cells and in
carly embryonic development, The genes and signaling pathways that regulate cell fate decisions and reprogramming are being explored. You will use tools in
genomics, cell biology, and developmental biology to dissect the regulatory networks that control cell dilferentiation and proliferation in vitro and i vivo,

Transcriptional Networks: You will use comprehensive approaches to cormelate gene expression with the epigenetic status of stem cells. You will learn and apply
new chromatin immunoprecipitation lechnologies to assess transcription fector occupancy across the genome. In addition, you will evaluaie hisione and DNA
muodifications to build a more complete picture of the tanscriptional regulatory networks that impact stem cell biology, The ideal candidate will have experience
and continued interest in applying molecular biology and biochemical approaches to study gene expression.

Human Genetics (Infections’ Autoimmune Disease): You will work with a mulidisciplinary human genetics group to explore the underlyving molecular basis
of the host response W infectious discase, andfor the vulnerability o autoimmunitics. Gene targets will be identified from genome-wide amnd candidate gene
association studies that are ongoing &t GIS. Your role will be 1o apply skills in genetic epidemiology. molecular, and/or cell biology to characterize the novel
functions of the implicated genes, and to discover their relationship to the disease process.

Human Genetics (Breast Cancer): You will work with a multidisciplinary human genetics group on a genetic epidemiological study of breast cancer, The study
employs both genome-wide and candidate gene-based approaches (o identify genetic risk factors for breast cancer. The study is o collaboration between GIS and
the Karonlinska Institute at Sweden and is also a part of the imernational Breast Cancer Association Consontium (BCAC). You will lead the effort of the genetic
epidemiological analysis and will be involved in the functional characterization of the implicaed genes, Strong research background in breast cancer and genetic
epidemiology is required, and sdditional skills and experience on molecular andior cellular biology and functional genomics are desired.

Systems Biology: Projects for qualified individuals are available to explore biology via a systems-based approach. You will mine our proprictary data sets from
genomic and genetic studies to identify candidate genes that are involved in human disease. Computational approaches will drive the selection of disease genes,
which will then be evaluated by experimental strategics you design. Experimental biologists with basic computational skills are encouraged to apply. Positions
are also available for experienced bioinformaticists interested in gene expression networks, statistical genetics, and comparative genomics,

If you are interested in joining o highly talented research team situated in a unigue location with a global vision, please forward a cover letter. curriculum vitae
and a list of three referenees to:

Office of Research Affairs, Genome Institute of Singapore
Genome, 60 Biopolis Strect, #02-01, Singapore 138672
Email : gisrecruit@ gis.a-star.edu.sg
{Omly shortlisted candidates will be notified. )

G<LDBELT RAVEN

UNIVERSITY OF TORONTO

Department of Pharmacology

Due to continued growth, Goldbell Raven,
LLC, hasan immediate need forexperienced
rescarch personnel primanily in Fredenick,
M.

=
2.

We are accepting applications for up to three tenure-track faculty positions at the level of Assis-
tant or Associate Professor in the Department of Pharmacology at the University of Toronto.
Our goal is to recruit outstanding academic scientists with areas of rescarch expertise that

Cvou're interested in joining the G q| ; : i i . i ; ;
LEYou'ie: lsrasiod-m g o Ceolbal align with one or more of the Department’s central themes, with particular interest in epilepsy

Raven team, please submit your resume (o
our Scieniific Recruiter, Teri Mazzuca at
tmazzmca@camsoftine.com or call 703-
4355110,

Candidates with BS/MS in Microbiology/
Muolecular Biology/Virology and several
vears of rescarch experience with select
agents in a BSL-3/ 4 environment are
encouraged to apply!

Biological Lab Technician {(67)
» 3+ years of recombinant DNA methods
expenence REQUIRED in BSL3/4 lab
Veterinarian (231)
» DWVM degree; 1+ year experience in vet
clinic/research setting
Scientist Manager
« M5 in a scientific diseipline; Pharmaceuti-
cal management expenience
Clinical Research Coordinators/Nurses

Al positions reguive UK. Citizenship amed
possible secority clearance.

research, neuropharmacology, receptor phammacology, signal transduction, drug metabolism and
pharmacogenetics. The ideal candidate has a Ph.D. and significant post-doctoral experience in
pharmacology or a related discipline, demonstrates an emerging record of research achievement
together with superior potential for establishing an independently funded rescarch program, and
is interested in contributing significantly to undergraduate, graduate and professional education
in pharmacology.

The University of Toronto and its affiliated teaching hospitals and research institutes comprise one
of the world's largest and most productive biomedical research environmenis, ranking first among
North American public universitics in the number of research publications by its scientists. Many
opportunitics for collaboration and interdisciplinary research are available. The city of Toronto is
also a vibrant, inviting, safe and multicultural environment in which to live and work.

Interested apphicants should forward eleetronie versions (Microsoft Word or PDF files) of: (1)
a covering letter of application; (2) a Cumiculum Vime: (3) an overview of current and future
rescarch interests; (4) a summary of teaching expenience and philosophy: and (5) the names and
contact information of at least three referees to: The Chair, Search Committee, Department of
Pharmacology, University of Toronto, at pelsearchio utorento.ca. Evaluation of applications
will commence on September 1, 2007, and applications will be considered until the positions
are hilled,

The University of Toronte is strongly committed 1o diversity within its community. The
University especially weleomes applications from visible minority group members, womnen,
Aboriginal persons, persons with disabifities, and others wha may comtribute to further
diversification aof ideas, ANl candidates are t'm.'ﬁh!'ugct.l’ fip Hp;i.l‘jl.',' however, Canadians and
pernanent residents will be given priorin.
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The University of Georgia

Faculty Positions in Infectious Diseases

The University of Ceorga s expandhng sigmbicantly its recarch program in infecnons ducases, recnuiting to il
seven tenure track or tenured faculty positions in this area. The expansion coincides with the development
of few, 'l\.ul:l;-nrI the-art bio-comtamnment facthnes for audses of amimal and human healeh, a new Ge l’i!:iil
Bescarch Alliance iitatve focusing on vaccine development, the frmation of 3 Faculty of Infectious
Dhseases, and expansion in the new College of Public Health, The Univ ersity sccks 1o butld wpon exsting
strengths by recruting faculey in the Bllowing areas:

» Malecular mechanisms of pathogenesis of emerging and re-emerging
infectious agents in human and veterinary ['I::]:g

* Host immune responses and vaccine development

* Host / pathogen metabolomics

* Evolution, adaptation, and host range in emerging infectious diseases

* Infectious diseases of the respiratory tract

* Food- and water-borne discases

* Ecological and anthropogenic aspects of infectious diseases

* Public Health: epidemiology and health policy
Successful candidates will have the opportunity to participate in a nch meerdisciplinary and collegial eav
roament provided by the center and institute structure ar UGA (deseribed ar wwwongaedu/research/

centersLheml ), and to benefit from partnerships invedving nearby institutions, including the CIDC, the
Medical College of Gex wgia, Georga Tech and Emory University.

Applicants fior these poesitions must have an advanced degree (Phld, DVAL MD or equivalent), Successful
candidates will be expected to establoh manoaally recogmized, cxternally funded rescarch programs and
contribuge to texching in undergraduate, graduate and/oe professional training programs. Applicants should
submat 1 statement of research plans, curncubum vitse, and names and contact information for a least three
relerences by the closing deadline. Applications recened before Augus 20, 2007, are assured full consdera

VICE CHAIR
Department of Pharmaceutical and
Biomedical Sciences

USC Campus, South Carolina
College of Pharmacy

The South Carolina College of Pharmacy
(SCCP) s seeking an individual for the position
of Viee Chair of the Department of Pharmaceu-
tical and Biomedical Sciences, We are secking
an accomplished academic scientist who will
lead the pharmaceutical science faculty at LISC.
The Candidate's specific field of research may
be within a broad range ofareas including drag
discovery, medicinal chemistry, pharmacology,
drug metabolism, or pharmacogenomics. High-
est prionty will be given to a candidate in the
field of cancer. The Candidate should have a
substantial record of scholarly sccomplishment,
national recognition, and be motivated to build a
program of scientific and educational excellence
bridging the University of South Carolina and
the Medical University of South Caroling.

Interested individuals are encouraged to apply
Iy submitting a curriculum vitoe, siatement of
academic and research imterests and accom-
plishments, and a minimum of three names
of references 1o: Dr, Douglas Pittman, Chair,
Vice Chair Search Committee, College of

tion. These positions will be available as early as Jamuary 2008,

Submit applications to

Infecuions Discases Search Comminee

609 Bovd Graduare Studses Bescarch Center
|._.'|'||"|.'c|'\.i!:.' |.|IL G;mgi’.‘l, .-1|.I|b¢m.,_ i_;,"ln .'“H]E

The Universy of Geonga is an Affirmanive
Armon and !‘:\lll.q,l l‘.lﬁh::ﬂqll:lil!:. l':m]'ill::rr#r.

rye&s

Pharmacy, USC Campus, 715 Sumier Sireet,
Columbia, SC 29208, Email applications can
e sent to: pittmand ' cop.se.cdu. Evaluation of
apphcants will begin Augast 15, 2007 and wall
continue until the position is filled.
The Universiny of South Caroling is a EQ/AA
Emplaver and enconrages applications from
minarities amd women

Waseda Institute for Advanced Study
Tenure Track Program

Waseda Institute for Advanced Study is cumrently recruiting researchers
{fixed-term faculty) for the tenure track program outlined below.

B Research Fields to be invited:
Computer Science
Interaction, Parallel & Dstributed Processing, Robolics
Maodern Mechanical Engineering:
Syslam Infegration. Safety, Dependability. Robolics, Bioangineering. Environment
Civil and Environmental Engineering:
Sustainable Infrastructura, Disasier Prevention and Mitigation, Life Span Systam,
Infrastructure and Area Managameant
Physics & Applied Physics:
Condensad Matler Physacs, Pholonics and Information Enginearng, Mathemalical
and Stabistical Physics, Astrophysics, Nuclear and Particle Physics, Biophysics.
Applied Chemisiry;
Energy Chamistry, Functional Matenals Chemistry, Functional Malanals
Enginaating
B Period of appointmeant:
From November 1, 2007 {planned) to March 31, 2010
It can ba renewed annually {(up to March 31, 2012 at the longest) depanding upon
thee results of performance reviews. In FY2011, if the researcher is judged o be
eligible following final appraisal, they will ba amployed as tenured (fulltime)
taculty from April 2012,

Applicants must have a doctorate or equivalent However, it is desirable
for the doctorate 10 have been obtained within 10 years of November 1,
2007. Further datails and application forms can ba obtained from our
website: www.waseda.jp/wias/english

Contact: wias-info@@list.waseda.jp

Applications should be sent to the following address:
Waseda Institute for Advanced Study
attention: Researcher Employment
1-6-1 Nishiwaseda, Shinjuku-ku,
Tokyo 169-8050, Japan

Closing Date: July 24, 2007
Spm (Japan time)

www . waseda.jp/wias

100 years of lving science

100

Imperial College
London

Chemistry Department

PhD Studentship
in Nanofluidics

A DTA funded 3 year PhD studentship
in nanofiuidics is now available.

You will work in the group of
Professor. M. Quirke. The group
works on problems associated with
nanofluidics using molecular
simulation, theory and expenment.
Details of the research carried out by
the group are available at
hittp:/Maww.ch.ic.ac.uk/quirke/

This studentship is available to UK
residents only.

Please send CVs to n.quirke@ic.ac.uk

Valuing diversity and committed 1o
equality of opportunity




UCC

Coldiste na hOliscoile Corcaigh, Eire
University College Cork, Ireland

College of Medicine & Health

CHAIR IN ANATOMY

The Department of Anatomy is @ dynamic and
expanding department, with a strong research
programme in Neuroscience. This Department
confributes to undergraduate and postgraduate
programmes in the College of Medicine and Health
and the Colege of Science, Engineering and Food
Sclence. The Department delivers teaching in
Anatomy and Neuroscience to students taking
Medical, Dental, Clinical Therapies, Nursing,
Pharmacy and Science degrees. The Departrment is
responsible for co-ordination of the BSc programme
in Neuroscience and is committed to the ongoing
development and expansion of Neuroscience
research in UCC.

The University wishes to invite applications for this full-
fime permanent post. Applicants should have a PhD
or equivalent gualification, o medical degree is
desirable but not essential. The successful candidate
wil have a strong research profile bosed on an
outstanding record of achievernent in Neurcscience
or a related area. An outstanding record of
teaching and curiculum development and a
commitment o excellence in teaching and an
international reputation in Neurcscience or a related
areq s required. The appointee will have a record of
developing interactions with industry and of seeking
funding for research and teaching initiatives. S/he
should have the vision to lead curiculum
developments within the context of UCC and to
enhance research in the Department.

The post-holder will lead the Department of
Anatomy in research and curriculurn development
at undergraduate and postgraduate level and will
lead the Department’s contribution to the
disciplinary and professional development of
Anatomy and Neuroscience nationally and
internationally. $fhe wil oct os Heod of Departmeant,
subject to relevant University legisiation.

Website: httpi/fewwuccielenianatormy/

For informal discussion contact: Dr. Aideen Sulivan,
e-mai: gsullivan@ucc e

Tel: +353 21 4902385 [ 49022456

Salary scale (new entrants): €109.104 - €140,385
per annum.

Closing date: Friday, 24 August 2007

Application forms must be completed and are
availlable together with further detalls on our

website at itpi//hrucc je/EmplovmentQpportunities
or Department of Humaon Resources.

University College Cork, Ireland.

Tel: 00 353 21 490 3073/ Fox: 00 353 21 427 &995 /
Email: fecruitment@perucco

University College Cork is an

Equal Qpportunities Emplover

CONFERENCE

October | 7-19, 2007
Chateau Frontenac, Québec City, Canada

Contact person: Carol Anne Esnard
www.genomecanada.ca/conferences
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THE CHINESE UNIVERSITY OF HONG KONG

Applications are invited for:-

Department of Physiology

(1) Assistant Professor

(Ref Q75063 W21 (Closing dare: July 16, 2007 |

Applicanis should have {1} a relevant PhD degree plus three io four years” postdocioral experience; and (i)
a strong track record in newrosciences and bran rescarch, cardiovascular lology and medicine, or stem
cell biology and molecular endocrinology. Appointment will nomally be made on contract basis for up o

three years imtially commencing August 2007 or as soon as possible thereafter, leading to longer-temn
appointment or substantiation later subject to mutual agreement,

(2) Research Assistant Professor

{Ref. OF/1360665 ¥2) ( Closing dare: Julv 16, 2007)

Applicanis should have (1) a medical qualification (approved for registration with The Medical Council of
Hong Kong): and (i} & strong rescarch track record in Gl cardiovascular biology and medicine,
neuroscicnees and braim rescarch, or stem cell biology and molecular endocanology. The appoantee will
{a} teach undergraduate and postigraduate courses; and (b) apply hisfher expertise in one of the
aforementioned aness soas (o complement and strengthen the Department’s existing research and tesching
sctivitics. Appointment will nn’muﬂ}' be made on contract basis for up o three yvears initially commencing
August 2007 or as soon as possible thereafter, leading o longer-ierm appoiniment or substantiation laer
subject to mutual agreement.

Salary and Fringe Benefits

Salary will be highly competitive, commensurate with qualifications and expenence, The University offers
a comprehensive fringe benefit package, including medical care, plus a contract-cnd gratuity for
appointments of two years or longer: housing benefits for eligible appomniecs.

Further miormation about the University and the gencral terms of service for appointments is avo lable
http ook edi ibfpersormel. The terms mentioned herein are for reference only and ane subject to
revision by the University.

Application Procedure

Flease send full resume, copies of academic credentials, a publication list and/or absiracis of selected
published papers. together with names, addresses and fax numbersie-mail addresses of three referces o
whom the applicants’ consent has been given for their providing references (unless otherwise specified), to
the Personncl Office, The Chinese University of Hong Kong, Shatin, N.T., Hong Kong (Fax: (852)
2603 6852) by the closing date. The Personal Information Collection Statement will be provided upon
reguest, Please quote the refenenoe number and mark A pplication - Confidential” on cover.

"

Chicl, Applications Development and
Solutions Delivery Section, P-4

Deadline for application: 22 July 2007
Organization: United MNations Office at Nairobi
Duty Station: Nairobi, Kenya

VA Number: 07-1ST-UNON-414286-R-Nairobi

Position Summary: The post is located in the

Applications Development and Solutions

Delivery Section of the Information and

Communications Technology Service (ICTS) in

the United Nations Office at Nairobi (UNON ).

Under the guidance of the Chief, ICTS, the

incumbent will manage the activities of the

section, which include:

* Planning and directing major sysiems projects
or major components thereol for UNON and
s Clients, which impact entical operations
and large or multiple user groups.

* Providing expen advice, training and detailed
technical presentations on complex systems
analysis and design.

* Providing leadership in introducing
technological changes and work direction to
the project ieam.

* Planning and preparation of budget and work
PrOgram.

Remuneration: This post is at the P-4 level.

Depending on professional background,

experience and family situation, a competitive

compensation and bepelits package is offered.

Please visit the website for salary scale and other

details - hup:/lwww.un.org/Depis/OHRM/

salaries_allowances/index. himl
For the full vacancy announcement text and
o apply, log-on to: jobs.un.org

AYAAAS

Featured Employers

EDITOR-IN-CHIEF

The American Association for the Advancement of Science
IAAAS), publisher of Science, 1s initiating a scarch for Editor-
in-Chief. The journal is published weekly with worldwide cir-
culation to members of the AAAS and institutional subscribers,
mcluding libraries. Sefenee serves as a forum for the presentation

and discussion of important issues relating to the advancement of

science, with particular cmphasis on the ineractions among sci-
ence, technology, government, and society, [tincludes reviews
and reports of rescarch having interdisciplinary impact.

In selecting an editor-in=-chicf, the Board of Dircctors will
attach special weight o evidence ol sigmilicant achievement in
scienific research, editorial experience and creativity, awareness
of leading wrends in the scienulic disciplines, and managerial
abilities,

Applications or nominations should be accompanied by com-
plete curriculum vitae, including refereed publications, and
should be sent 1w Gretechen Seiler, Executive Secretary,
Search Committee, 1200 New York Avenue, NW, Washing-
ton, DC 20005, Salary is negotiable based on qualilications and
experience. Application materials should be sent by August
15, 2007.

The AAAS &s an Equal Opportunity Emplover.

Search ScienceCareers.org for job postings
from these employers. Listings updated
three times a week.

Abbott Laboratories www.abbotl.com
Amgen www.amgen.com

Elan Pharmaceuticals www.elan.com/careers
Genentech www.gene.com

Invitrogen www.invitrogen.com/careers
Kelly Scientific Resources

www. kellyscientific.com

Novartis Institutes for BioMedical Research
www.nibr.novarlis.com

Pfizer Inc.

www.plizer.com

Philip Morris
www.cantbeattheexperience.com

Pioneer Hi-Bred

Www,pioneer.com

IF you would like to be a ScienceCareers.org
;e;;u;ggg;?;ﬂﬁl. cal | We know soience Rlaans




Alexander von Humboldt
Stiftung/Foundation

Seeking outstanding research talents

Sofja Kovalevskaja Award - Cutting-edge research award for the best

junior researchers from abroad

The Alexander von Humbaoldt Foundation is now inviting
applications for the Sofja Kovalevskaja Award 2008, one
of the maost valuable academic awards in Germany. Award
money of up to 1.65 million euros allows excellent
researchers to carry out academic work under unique con-
ditions: For a period of five years, they are able to work -
independently and virtually unaffected by administrative
constraints — on their own research projects at an institute
of their own choice in Germany and set up their own

working groups. Scientists and scholars from all disciplines
from abroad who have completed their doctorates within
the last six years are eligible to apply. The award targets
outstanding talent and a creative approach to research.

The closing date for applications is 4 January 2008.
Further information can be found on our website:
www.humboldt-foundation.de/kovalevskaja

Exzellenz verbindet —
be part of a worldwide network.

Alexander von Humboldt Foundation
lean-Paul-Str. 12

53173 Bonn

Germany

E-Mail: info@avh.de

www.humboldt-foundation.de
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POSITIONS OPEN

UNIVERSITY of PENNSYLVANIA
Department of Chemistry

The University of Pennsvlvania secks a senior
nonacademic Officer to serve as EXECUTIVE DI-
RECTOR in the Department of Chemistry within
the School of Ars and Sciences. The Execurive
Dircetor, who reports to the Chair, has overall
supenvisory responsibility for all nonacademic fune-
tons, to mclude scientific staff, rescarch facilitics,
and all administrative and logstic support. The
position provides high-level policy, scientific, tech-
nical, and academic support to the Chair and senior
academic leadership at both the graduvate and
undergraduare levels, The Excoutive Dircctor also
reports to the School of Arts and Sciences Vice Dean

for Finance and Administration and is a member of

the Viee Dean's senior staff, participanng in School
and University-level initiatives.

Qualificavions: The ideal candidate wall have an
advanced degree (Ph.D. strongly preferred ) in cheme-
istry or a dosely related ficld. Minimum of five vears
of cxperence and demonstrated success in a large
and complex research enterprise, preferably in an
academic scrting. Extensive expericnoe in budgeting,
and management of personnel, granes, and research
facilitics is highly prefomed. Excellent communica-
tion skills, wrinten and oral, are essential. Thorough
undemstanding of laboratory safety regulations, in-
cluding expenence with implementation of regula-
tory requirements is required.

Applicants should send their cumicalum vitae 1o
Executive Director Scarch Committee, Depart-
ment of Chemistry, University of Pennsylvania,
Philadelphia, A 19104-6323 or c-mail: scarch@
chem.upenn.edu. Consideration of applicanions wall
begin immediately and continue until the position is
filled. The University of Pennsylanta i an Eqreal Opporti-
nity/ A ffimuative Action Employer

POSTDOCTORAL ASSOCIATE POSITIONS
Fox Chase Cancer Center, Philadelphia, Pennsybvania

Two Postdoctoral Associate Mostions are cur-
rently available for work focused on novel immuno-
manosensors and immunonanopartide  conjugares
for the detection and treatment of cancer. The suc-
cessful applicants wall participate in a highly transla-
tional, multidisdplinary, and collaborative rescarch
program involving the Fox Chase Cancer Center,
Direxel University, and the NanoTechnology Insti-
tute on the development, in vitro, and in vivo charac-
rerization of these agenes, The ideal candidares will
have strong organizational, interpersonal, and pre-
sentation skills,

The firse position requires a recent PhuD. in bio-

chemistry or a related ficld and a solid knowledge of

conjugation chemistry. This position is in the Labo-
ratory of Gregory Adams, 'h.D. To apply for this
position go online to website: hrtp:/ Swww . fece,
edu. Please apply to Postdoctoral Associare, reguisi-
tion number O7-0195.

The second position requires a recent Ph.D. in
immunology with a strang T cell immunology cm-
phasis and a solid knowledge of monoclonal an-
bodies and their mechanisms of action. This position
is in the Laboratory of Hossein Borghaei, D.O. To
apply for this position please go online 1o website:
http:/ Swww. fococedn, Please apply to Postdoctoral
Associate, requisition number 07-0196.

Egual Owppostunsty Emploper,

RESEARCH ASSISTANT PROFESSOR

Candidates must have strong record of scholarly
rescarch and publications in stem cell research. The
applicant should be able to work in highly collabo-
rative, interdisciplinary environment with interests
complementary to and enhancing those of stem cell
rescarch group in Department.

Candidates should have experience i stem cell/
gene therapy, molecular and immunobiology tech-
niques, and cardiac physiology. Minimum  quali-
ficanons: M. D /Ph.D. with experience in stem cell
rescarch. To apply for position #27UC0461 sce
wiehsite: hﬂrfjww“iuhrs:lrucm The University
._:,I Cincionaty &8 an AAffranative Acton /Bl Chpportiand ty
Employer, U0 i o anekefre convroniment,

1938

POSITIONS OPEN

DIRECTOR, INSTITUTE of NEUROBIOLOGY
University of Muerto Rico
Medical Sciences Campus

The University of Pucrto Rico-Medical Scicnees

Campus is sccking a Director for the Institute of

Neurobiology, The Institute of Neurobiology is an
interdepartmental, interdisciplinary rescarch faciliey
established i 1967 by Professor Jose del Casrillo,
Its members carry out basic rescarch in neuroscience.
The Director is responsible for the administration
and leadership of the Institute’s rescarch effores and
the professional development of its faculty.

The Director should qualify for a Bculty appoint-
ment at the FULL PROFESSOHR level in an appro-
priate academic depanment. The appointment camics
an administrative stpend. Strong administracive and
leadership capabilities, a superior record of rescarch
and grant support, and good communication skills are
essential. The rescarch expertise of applicants is apen
in the neurosciences field.

Letter of application, cqurniculum vitae, and the
names, postal addresses, telephone numbers, and
c-mails of three references should be sent via mail
to: Jonathan M. Blagbum, Ph.D., Directorship
Search Committee, Institute of MNeurobiology,
San Juan, PR 00901, Or clecrronically o e-mail;
jblagburn@gmail .com. Application review will be-
gin on October 1, 2007,

For general information on the Institute of

Neurobiology see website: hitp:///www.neuro.upr.
edu or contact Jonathan Blagburn at the above e-muail
address or at e-mail: jblagburn@remaupr.edu.

LUPR-MSC i !':'|1Ir|.hl {J]IIIln':Hrrlrr]'-".'.!ﬂ?ﬂr].!!fl'«.' Action
Emplivyer,

ASSISTANT/ASSOCIATE SCIENTIST paosi-
ton is immediately avalable in the Phyvsiology De-
partment at Temple University. Applicants should
have an M.D. and/or Ph.D. degree with a strong
background in cell and molecular biology, bic-
chemistry, or related disciplines. Preference will be
given to those with significant expericnce in deci-
phering the signaling pathways and cell transfec-
on/infection asavs. Expericnce with small animals
and protenomic approaches s a plus. Applicants
should have demonstrated scienrific producrivity,
have good interpersonal and communicarion skilks,
and be able o conduct independent research. Salary
will be commensurate with experience and skills,

Mease send a copy of vour curniculum vitae, a brief

statement of rescarch interests, and contact informa-
tion tor three references to: Satya Kunapuli, Ph.D.,
Professor of Physiology, 3420 N. Broad Street,
Philadelphia, PA 19140, E-mail: spk@temple.edu.

Applicants who are considered will be sent infor-
mation regarding the online application process.

Tewnple University @5 an A ffimnatioe Action/ Egual Oppor-
rurui: I]purﬁr,q: 1r.l|'4;.f fI'I,IH_I|'|I]' CTCOIIRAS J_‘I’I.II.'.JFI..I"_I _ﬁ-mq
wanrelt aund ininoritics.

HSSISTANT PRDFESSURSH[[’E

Infectious Diseases, Yale University
The Section of Infectious Discases in the De-
partment of Intermal Mediane at the Yale University
School of Medicine s undergoing an expansion.
Multiple tenure-track faculty positions are available
at the level of Assistant Professor, Apphcants should
have an M.D.,, M.D./Ph.D}., or Ph.DD., training in
infecnious discases, and exceprional potential for a
career in academic medicine. Successful candidates
are expected o establish independent, extramurally
funded rescarch programs in basic, wranslational, or
clinical rescarch, and participare in the dinical and /
or educational activitics of the seetion. Interesved
applicants should send ther curdculum vitae and a
brict synopsis of future plans to: Dr. Erol Fikrig,
Chief, Section of Infectious Diseases, ¢ /o Ms. Lynn
Gambardella, e-mail: lynn.gambardella@yale.edu

by January 1, 2008, Yale Unfresiy i an Affmnatie Ae-
tion, Egual Chypwsninity Epiloper, Applications from sowses
dind iningnities ane covconmaged.

POSITIONS OPEN

MICROBIAL GENETICIST

Tepure-track ASSISTANT PROFESSOR. I'h.12,
in microbiology, genetics, or other appropriate sub-
discipline in biology complered by July 31, 2008,
Graduare coursework and /or rescarch experience in
microbiclogy and genetics required, Preference given
to appheants wath broad rraming in biology. A strong
commitment to college teaching, prior teaching at
the college level, and eapenience working with di-
verse groups desired. Duties will incude teaching in
departmental courses such as general microbiology,
general generics, and introductory biology; develop-
mg and Sor teaching courses in arca of specializaton
{e.g., virology, bininformarics, molecular evolurion);
engaging in scholady activities; serving on Depart-
ment and University commitioes; engaging in com-
munity service; and academic advising. Duties may
also indude supervising undergraduare and Master's
student rescarch and participation in Department and
University programs designed  to recruit and retain
students i science. Submut curriculum vitae, all tran-
scripts, along with c-mail addresses and telephone
numbers of three references, and statements of teach-
ing and scholarly interests. Applicants must also have
three leters of recommendanion sent to: Nicholas
Ewing, Chair, Biological Sciences, California
State University, Sacramento, CA 95819-6077,
Website: http:/ /www.csus.edu /bios,/. To cnsurc
consideration, .E;'-phu::um should be received by
September 14, 2007; position open untl filled, Af

_.IFr:Irl.irrn' Aation 'F.".iu.r.r I’Jplp;lrfmml' I:'m_lllfnrpu

FACULTY POSITION
University of Wisconsin-Madison
Veterinary Histology

A tenure-track faculty position (any rank | is availa-
ble in the Department of Comparative Biosaences,
Scheol of Veterinary Medicine. Qualifications include
Ph.D. or equivalent, postdoctonl cxperience, com-
mitment toexcellent teaching, and development ofan
extramurally funded research program. Preference
given to research areas complementing, existing de-
partmental strengths. Teaching responsibilities include
panticipation in veterinary histology instruction. To
apply, send curnculum vitae, bricl statements of re
scarch interests and teaching philosophics, and three
letters of reference o: Gordon 5. Mitchell, Chair,
Department of Comparative Biosciences, Univer-

sity of Wisconsin, 2015 Linden Drive, Madison,
WI 53706, Apply by August 6, 2007, For addition-
al informanion, see website: hop:/ Swww.vetmed.
wisc.eduSjobs.html. el Cpportoitg A finmarie Ae-
tion Employer.

MARKETPLACE

perd KlenTaq 125
L q
Driginal h.m
mﬂ H‘(
US Pol #5434, 149 e-maik abpep s@men com
Coll- Ab Peptides | =800+3833362
Fax: 314#958+0988  www.abpeps.com

EZBiolab www.ezbiolab.com

Custom Peptide10mg 30%: $19.59/aa
AB Production $785 peptide included
Gene Synthesis $1.20/bp
siRNA 20 nmol PAGE purified: 5285

L Specialty CPG Supports
L Linkers, Spacers, & Modifiers
¥ Bulk Reagent Pricing Available

BIOSEARCH  +1,800.GENOME.1
LPNOENEEY wewbtisynthesis.com
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Believe it! 7 48

Ly 2 per reaction.
’

* Read length up to 900 bases.

* High quality electropherograms.

* Fast turnaround.

* Plasmid and PCR purification available.

Polymorphic exclusively uses ABI 3730XL sequencers.
Data delivered via secure FTP, email or CD.

$2 5 0 No charge for standard sequencing primers.
. 384 sample minimum order.

per rea ction! 96 well plates only—no tubes.

POLYMORPHIC

e FPolymorphic DNA Technologies, Inc.

WWW.po lymo rphi_cdna.cnm 888.362 2 0888

info@polymorphicdna.com

1125 Atlantic Ave., Ste. 102 . . .
Alameda, CA 94501 For more information please visit

www.polymorphicdna.com

For research use only. © Polymorphic DNA Technologies, 2005



THE KEYS TO HIGH PERFORMANCE

Novel

KODAK X-SIGHT
Imaging Agents &
Antibody Conjugates

NOW AVAILAELE .
i & - r-\_-
The New KODAK Kodak Molecular Imaging Systems
. The latest addition to the powerful Image Station line, the IS4000MMm Pro
Image Station = = % . .
brings precision automation and ease of use to an entirely new level.

4000MM Pi’O Automated filters for outstanding fluorescent imaging sensitivity and
flexibility from 380nm to 830nm

10x optical zoom, auto-focus lens, and high resolution CCD for precise
and repeatable results

For imaging a wide range of in vitro assays including gels, blots, plates,
tissue samples, and more. Optional in vive module available.
For reproducible and quantitative imaging of chemiluminescent,
fluorescent, chromogenic, and radioisotopic labels, the Image Station
4000MM Pro provides the optimal combination of precision,
performance, and versatility.

1-877-747-4357, exp. code 7
www.carestreamhealth.com/go/molecular

Caresiream Heall b and E-Sight are trademaris of Canestream Heakh, [nc HEAL
Fodak tmdemaik and trade diess ane wied under [iCense lrom Kodal
Printed in LSA.  &°07 Cassfream Mealth, bsc., 3007
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