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12 quai St. Jean, 67080 STRASBOURG Cedex, FRANCE
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OPPORTUNITIES FOR INTERDISCIPLINARY RESEARCH

The Human Frontier Science Program (HFSP) supports international collaborations in basic
research with emphasis placed on novel, innovative and interdisciplinary approaches to funda-
mental investigations in the life sciences. Applications are invited for grants to support projects on 
complex mechanisms of living organisms.

CALL FOR LETTERS OF INTENT FOR RESEARCH GRANTS:
AWARD YEAR 2007

The HFSP research grant program aims to stimulate novel, daring ideas by supporting collaborative 
research involving biologists together with scientists from other disciplines such as chemistry, phys-
ics, mathematics, computer science and engineering. Recent developments in the biological and 
physical sciences and emerging disciplines such as computational biology and nanoscience open 
up new approaches to understanding the complex mechanisms underlying biological functions in 
living organisms. Preliminary results are not required in research grant applications. Applicants are 
expected to develop new lines of research through the collaboration; projects must be distinct from 
applicants’ other research funded by other sources. HFSP supports only international, collaborative 
teams, with an emphasis on encouraging scientists early in their careers. 

International teams of scientists interested in submitting applications for support must fi rst 
submit a letter of intent online via the HFSP web site. The guidelines for potential applicants 
and further instructions are available on the HFSP web site (www.hfsp.org). 

Research grants provide 3 years support for teams with 2 – 4 members, with not more than one 
member from any one country, unless more members are absolutely necessary for the interdisciplinary
nature of the project, which is an essential selection criterion. Applicants may also establish a local 
interdisciplinary collaboration as a component of an international team but will be considered as 
1.5 team members for budgetary purposes (see below). The principal applicant must be located in 
one of the member countries* but co-investigators may be from any other country. Clear preference 
is given to intercontinental teams. 

TWO TYPES OF GRANT ARE AVAILABLE 

Young Investigators’ Grants are for teams of scientists who are all within 5 years of establishing 
an independent laboratory and within 10 years of obtaining their PhDs. 

Program Grants are for independent scientists at all stages of their careers, although the participa-
tion of younger scientists is especially encouraged. 

Awards are dependent upon team size and successful teams will receive up to $450,000 per year 
for the whole team. 

Important Deadlines:
Compulsory pre-registration for password: 20 MARCH 2006

Submission of Letters of Intent: 30 MARCH 2006

*Members are Australia, Canada, the European Union, France, Germany, Italy,
Japan, the Republic of Korea, Switzerland, the United Kingdom and the United States.
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http://www.hfsp.org


http://www.sciencedigital.org/subscribe


http://www.sciencedigital.org/subscribe


www.sciencemag.org SCIENCE VOL 310 23 DECEMBER 2005 1859

PERSPECTIVES
1910 EVOLUTION

Is the “Big Bang” in Animal Evolution Real?  L. S. Jermiin, L. Poladian, M. A. Charleston
related Research Article page 1933

1911 PHYSIOLOGY

The Tick-Tock of Aging?  A. Antebi  related Report page 1954

1913 CHEMISTRY

Nuclear Spin Conversion in Molecules  J. T. Hougen and T. Oka related Report page 1938

1914 GEOCHEMISTRY

A Tale of Early Earth Told in Zircons  Y. Amelin related Report page 1947

1916 RETROSPECTIVE

R. E. Smalley (1943–2005)  W. W. Adams and R. H. Baughman

REVIEW
1919 DEVELOPMENTAL BIOLOGY

Appendage Regeneration in Adult Vertebrates and Implications for Regenerative Medicine 
J. P. Brockes and A. Kumar

SCIENCE EXPRESS www.sciencexpress.org

PLANT SCIENCE: A Bacterial Inhibitor of Host Programmed Cell Death Defenses Is an E3
Ubiquitin Ligase
R. Janjusevic, R. B. Abramovitch, G. B. Martin, C. E. Stebbins

During infection, pathogenic bacteria mimic and interpolate with biochemical pathways of the host plant.

CELL BIOLOGY: Magnetosomes Are Cell Membrane Invaginations Organized by the 
Actin-Like Protein MamK
A. Komeili, Z Li, D. K. Newman, G. J. Jensen

Bacteria that sense magnetic fields arrange their magnetite-containing membrane 
invaginations along cytoskeleton-like tracks.

PHYSICS

Fermionic Superfluidity with Imbalanced Spin Populations
M. W. Zwierlein, A. Schirotzek, C. H. Schunck, W. Ketterle

Pairing and Phase Separation in a Polarized Fermi Gas
G. B. Partridge, W. Li, R. I. Kamar, Y. Liao, R. G. Hulet

Cold clouds of atoms with unequal populations of atomic spins can maintain a surprisingly robust superfluid
state, which requires paired spins. related News story page 1892

PLANETARY SCIENCE: The Second Ring-Moon System of Uranus: Discovery and Dynamics
M. R. Showalter and J. J. Lissauer 

Uranus has two additional moons and two faint rings that form a highly dynamic system orbiting beyond its
known inner rings.

GENOMICS: Metagenomics to Paleogenomics: Large-Scale Sequencing of Mammoth DNA
H. N. Poinar et al.

Recovery and sequencing of large amounts of mitochondrial and nuclear DNA from an 18,000-year-old mam-
moth support the evolution of mammoths from elephants about 6 million years ago.

BREVIA
1924 BOTANY: Torus-Margo Pits Help Conifers Compete with Angiosperms

J. Pittermann, J. S. Sperry, U. G. Hacke, J. K. Wheeler, E. H. Sikkema 
The success of conifer trees is partly a result of specialized pits in the ends of water-conducting cells that
allow efficient fluid transport equal to that of angiosperms.

RESEARCH ARTICLES
1925 PLANETARY SCIENCE: Radar Soundings of the Subsurface of Mars 

G. Picardi et al.
Mars Express radar data reveal that 2 kilometers of layered deposits rich in pure water ice underlie the North
Polar Cap, but their weight barely deforms the underlying crust.

1929 PLANETARY SCIENCE: Radar Soundings of the Ionosphere of Mars
D. A. Gurnett et al.

Radar observations from Mars Express map the bulging of the Martian ionosphere in areas where the mag-
netic field in Mars’ crust is oriented vertically.

1933 EVOLUTION: Animal Evolution and the Molecular Signature of Radiations Compressed in Time
A. Rokas, D. Krüger, S. B. Carroll

New sequences of 50 genes from 17 taxa successfully resolve fungal evolution, but not animal evolution,
because animals evolved in a series of closely spaced steps in deep time. related Perspective page 1910
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or the web. SigmaStat 3.1 now seamlessly integrates with SigmaPlot 9.0 for deeper statistical analysis within SigmaPlot’s statistics menu.

SigmaStat guides you through your analysis:
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> Checks assumptions in the data to avoid statistical error
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1938 CHEMISTRY: Separation and Conversion Dynamics of Four Nuclear Spin Isomers of Ethylene

Z.-D. Sun, K. Takagi, F. Matsushima 

Among the four discrete nuclear spin isomers of ethylene, interconversion can occur among pairs of 
like-symmetry, qualifying the abundances of these isomers in space. related Perspective page 1913

1941 CHEMISTRY: Synthesis of Imido Analogs of the Uranyl Ion 

T. W. Hayton, J. M. Boncella, B. L. Scott, P. D. Palmer, E. R. Batista, P. J. Hay 

The two oxygens that form double bonds to uranium in a common compound can be replaced with nitrogen
groups, shedding light on the nature of bonding in actinide metals.

1944 ATMOSPHERIC SCIENCE: Trading Water for Carbon with Biological Carbon Sequestration

R. B. Jackson et al.

Data and modeling imply that the use of large tree plantations to sequester atmospheric carbon dioxide
will tax water supplies and degrade soils in many parts of the United States.

1947 GEOCHEMISTRY: Heterogeneous Hadean Hafnium: Evidence of Continental Crust at 4.4 to 4.5 Ga

T. M. Harrison, J. Blichert-Toft, W. Müller, F. Albarede, P. Holden, S. J. Mojzsis 

Isotopic data from more than 100 of Earth’s oldest preserved minerals imply that Earth had significant
continental crust by 4.3 and perhaps as early as 4.5 billion years ago. related Perspective page 1914

1950 STRUCTURAL BIOLOGY: X-ray Structure of the EmrE Multidrug Transporter in Complex 
with a Substrate

O. Pornillos, Y.-J. Chen, A. P. Chen, G. Chang 

A membrane protein that transports drugs out of bacteria is an antiparallel dimer, with asymmetry between
the two subunits driving unidirectional transport.

1954 PHYSIOLOGY: A Developmental Timing MicroRNA and Its Target Regulate Life Span in C. elegans

M. Boehm and F. Slack

In the nematode, a known RNA regulator that synchronizes development also controls life span through an
insulin signaling pathway, suggesting a biological clock for aging. related Perspective page 1911

1957 DEVELOPMENTAL BIOLOGY: fgf20 Is Essential for Initiating Zebrafish Fin Regeneration 

G. G. Whitehead, S. Makino, C.-L. Lien, M. T. Keating

A newly described growth factor controls the earliest stages of limb regeneration in zebrafish, but does not
otherwise participate in development.

1960 CELL BIOLOGY: Protein Synthesis upon Acute Nutrient Restriction Relies on Proteasome Function

R. M. Vabulas and F. Ulrich Hartl 

When mammalian cells are starved of amino acids, a cellular organelle, the proteasome, degrades preexisting
proteins to supply the amino acids needed for protein synthesis.

1963 NEUROSCIENCE: Category-Specific Cortical Activity Precedes Retrieval During Memory Search 

S. M. Polyn, V. S. Natu, J. D. Cohen, K. A. Norman

Brain activation patterns characteristic of a previously observed object can be seen seconds before
subjects consciously remember that object.

1966 MEDICINE: Inducible Nitric Oxide Synthase Binds, S-Nitrosylates, and Activates
Cyclooxygenase-2

S. F. Kim, D. A. Huri, S. H. Snyder

Two important enzymes that induce inflammation in mammals physically interact and augment each other’s
activity, providing a potential target for anti-inflammatory drugs.

1970 IMMUNOLOGY: Diversity and Function of Adaptive Immune Receptors in a Jawless Vertebrate

M. N. Adler, I. B. Rogozin, L. M. Iyer, G. V. Glazko, M. D. Cooper, Z. Pancer

Lampreys insert different sequence modules into a constant gene to generate antigen-specific lymphocyte
receptors, which can protect them against infection. related News story page 1892
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genetics@perlegen.com 

Mountain View, California • 650-625-4500
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Worth Waiting For? 

The longer it takes a woman to get pregnant, the more likely she is to have a son.

Beating the Diagnostic Clock  

Chips speed synthesis of radioactive tracers for biomedical imaging.

Kill a Badger, Save a Cow? 

U.K. government to examine strategy for preventing epidemic of bovine TB.

ScienceCareers.org www.sciencecareers.org CAREER RESOURCES FOR SCIENTISTS

Related Breakthough of the Year section page 1878; Editorial page 1869

GLOBAL: Evolution—Getting in on the Action  J. Austin

NextWave talks to some of the scientists working in Science’s 2005 breakthrough field.

US: The Evolution of Butterfly Vision R. Arnette

Adriana Briscoe studies the evolution of vision in butterflies, moths, and skippers.

EUROPE/FINLAND: Evolutionary Ecology, Locally and Globally  A. Forde

Finland’s Hanna Kokko talks about her life and her career as an evolutionary ecologist.

EUROPE/SPAIN: Diversity in Evolutionary Genetics  E. Pain

Young Spanish scientists show us that there are many paths into evolution research.

CANADA: The Natural Evolution of Careers  A. Fazekas

In Canada, evolutionary science has had several good decades, but the good times may be ending.

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

REVIEW: Harnessing Hormonal Signaling for Cardioprotection  V. L. Ballard and J. M. Edelberg

The jury is still out when it comes to a beneficial role for estrogen on the heart.

NEWS FOCUS: Loose Chromosomes Sink Cells M. Leslie

Gene-silencing mechanism falters in patients with premature aging disorder.
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(…) individual dopaminergic midbrain neurons, involved in disease patterns such as drug addiction,

Schizophrenia and Parkinson’s disease. Single-cell gene expression analysis techniques including the

Leica Microdissection system are crucial for our research.”

Prof. Dr. Birgit Liss, Department of Normal and Pathological Physiology, Institute of Molecular Neurobiology,

Philipps University Marburg, Germany

“My research focuses on identifying functional
and molecular differences between (…)”
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The Zircon’s Tale
Earth’s oldest preserved continental crust dates to about 4 billion
years ago, much after Earth’s formation (4.55 billion years ago); a
major question has been how much continental crust had formed
previously and been recycled back into the mantle. Some early
rocks in Australia contain relic crystals of zircon, recycled from
earlier rocks. Zircon harbors uranium, and
these have been dated to up to 4.4 billion
years ago. Harrison et al. (p. 1947, see
Perspective by Amelin) have analyzed
lutetium and hafnium isotopes in a large
number of these early zircons. This iso-
topic system provides information on the
differentiation of major silicate reservoirs
on the Earth. The data imply that signifi-
cant continental crust must have formed
on Earth early on, perhaps by nearly 4.5
billion years ago.

Seeing the Forest for 
the Trees 
Tree plantations are a potentially valuable
tool for slowing the increase of carbon
dioxide concentrations in the atmosphere,
but they also can affect the water and soil
resources on which they depend. Jackson
et al. (p. 1944) analyze these often-
neglected effects, using a combination of
field research, regional economic and cli-
mate modeling, and more than 600 al-
ready-published observations, to show that
afforestation can dramatically reduce wa-
ter availability, as well as salinize and acidi-
fy the surrounding soil. They find that tree
plantations caused nearby streams to dry
up in more than one-tenth of the cases
studied, and that stream flow was reduced
by half, on average. These findings should help illuminate the costs
of carbon sequestration by afforestation, rather than only their
benefits.

Mars, Above and Below
The Mars Express satellite carries an instrument called MARSIS
(Mars Advanced Radar for Subsurface and Ionospheric Sound-
ing), which has been imaging Mars with radar waves. The radar
waves penetrate the surface, including the kilometer-thick polar
ice caps, to reveal subsurface features. As described by 
Picardi et al. (p. 1925, published online 30 November), the data re-

veal the base of icy
deposits near the
martian north pole,
showing that the
crust there is rigid,
and a buried circular
crater, 250 km in di-
ameter, in the Chryse
Planitia lowlands. The
radar  echoes a lso

reveal information about the martian ionosphere. Gurnett et

al. (p. 1929, published online 30 November) show that reflec-
tions occur where there are sharp changes or gradients in elec-
tron density, and with characteristic frequency signatures.
In many scans of the ionosphere, Gurnett et al. record a range
of echo types, including oblique signals in regions where the

relic magnetic field preserved in Mars’
crust is strong.

Controlled Conversion
In the absence of a magnetic field, the two
nuclear spin states of an isolated hydrogen
atom are completely equivalent. However,
in molecules with more than one hydrogen
atom, the spins interact with one another,
and the total energy changes slightly with
their relative orientations. In low-pressure
conditions, such as interstellar space, inter-
conversion of such isomers is poorly un-
derstood. Sun et al. (p. 1938; see the Per-
spective by Hougen and Oka) have used
the differential absorption of infrared light
by the four nuclear spin isomers of ethyl-
ene (C2H4) to produce a nonequilibrium
population, depleted in one isomer. By
monitoring the evolution of this gaseous
sample, they find that the isomers of simi-
lar inversion symmetry can interconvert
efficiently, but do not transform to iso-
mers of opposite symmetry.

MicroRNAs and the 
Aging Worm
MicroRNAs are present in diverse orga-
nisms, including humans, and control
processes such as cell division and cell

death. Boehm and Slack (p. 1954) now extend that repertoire
of functions to include aging. In the nematode Caenorhabditis
elegans, lin-4, a microRNA that is a key regulator of the stage-
specific timing of cell division patterns during the larval stage,
also influences the life span and the pace of aging in the adult.
The microRNA and its target, lin-14, act in insulin/insulin-like
growth factor–1 signaling pathway to influence life span and the
pace of aging. Loss of lin-4 shortens worm life span. A common
mechanism thus serves to control the timing of two processes—
development and aging.

Maintaining the Amino Acid Supply Chain
The efficiency and fidelity of protein synthesis is a key factor in
cellular survival under a variety of growth conditions. Now
Vabulas and Hartl (p. 1960) show that, under conditions of
acute restriction in amino acid supply, continued protein biogen-
esis in mammalian cells is maintained by proteasomal degrada-
tion of preexisting proteins. Amino acid deficiency leads to severe
depletion of the intracellular amino acid pool within minutes of
proteasome inhibition and, concomitantly, protein translation is
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Multidrug Transporter
Caught in the Act
Multidrug transporters are integral
membrane proteins found in bacteria,
which can expel a wide range of drugs
and thereby complicate the treatment
of a variety of bacterial infections. One
such protein, EmrE is a proton-depen-
dent transporter that confers resistance
to positively charged hydrophobic anti-
biotics, including tetracycline. Pornillos
et al. (p. 1950) now report the structure
of EmrE in complex with a translocation
substrate, tetraphenylphosphonium, at
3.7 angstrom resolution. Two EmrE
polypeptides form an asymmetric, anti-
parallel dimer with substrate bound at
the dimerization interface. The structure
suggests a mechanism in which an
asymmetric translocation pathway confers
unidirectional transport.

http://www.sciencemag.org
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impaired. Both nascent and newly synthesized polypeptides remain protected from
proteasomal degradation. At most, only a few percent of polypeptides are immediate-
ly degraded upon synthesis, indicating that, in contrast to previous estimates, protein
biogenesis is a highly efficient process.

Prospects for Limb Regeneration
Salamanders are able to regenerate a lost limb, a feature of ongoing
development sadly lost to humans. Brockes and Kumar (p. 1919)
review what is known about amphibian limb regeneration and specu-
late on how these observations could inform application of stem cell
and regenerative medicine to mammalian cases. Zebrafish as well
can regenerate their fins. Regeneration occurs through initial forma-
tion of a clump of undifferentiated cells, the blastema, which
through growth and differentiation elaborates a replacement fin.
Whitehead et al. (p. 1957; see the Perspective by Antebi) have now
identified one of the signaling factors critical to formation of the

blastema. In zebrafish the dob (devoid of blastema) mutation affects a gene that en-
codes signaling factor Fgf20, which seems to be used specifically for regeneration
rather than for normal embryonic development.

Observing the Formation and Recollection of Memories
Recent advances in analyzing the large data sets collected during functional brain
imaging studies have revealed patterns of neuronal activity that can be associated
reliably with the recall of remembered stimuli. After seeing pictures or listening to
sounds, subjects are able, when prompted, to retrieve or reactivate their memories of
these items, and brain scans taken during the retrieval period are similar to those
taken when the same items were studied directly. Polyn et al. (p. 1963) now show
that reactivation of such stored representations occurs prior to a verbal report of
recollection in a free recall paradigm, where subjects were not prompted to remember
specific items, but were reporting which of these items “resurfaced” in their memory
and when. These results provide support for the theoretical framework of shifting
brain states in dynamic cognition.

Challenging Immune Diversity Dogma
The adaptive immune system has been thought to be confined to the realm of jawed
vertebrates, where somatic mechanisms of genetic variation have evolved to generate
immune receptors in great diversity that are clonally dispersed among its lymphocytes.
However, recently jawless fish have been shown to be able to generate diversity among
immune-like receptors, and indeed some invertebrates produce diverse immunoglobu-
lin-like molecules. Extending their original discovery of variable lymphocyte receptors
(VLRs) in the sea lamprey, Alder et al. (p. 1970) now provide information on the form,
function, and potential extent of somatic genetic diversity in this system. Leucine-rich
repeats (LRRs) are randomly selected from a large bank of LRR modules by a sequential
mechanism of rearrangement so that an estimated diversity of VLRs rivaling that of
immune receptors in mammals is possible. Furthermore serial immunization of lam-
preys was found to elicit the responses expected in a developing adaptive immune re-
sponse to an antigen.

Rapid Radiation of Animals
Despite many years of effort, the relationships within and between major groups of
metazoa remain uncertain and controversial. Using substantial quantities of sequence
data from several key animal taxa, Rokas et al. (p. 1933; see the Perspective by Jermiin
et al.) find a contrast between the history of the metazoan and fungal kingdoms—
two groups that originated at a similar time in life’s history. In particular, for animals,
the lack of resolution of ancient clades is a signature of closely spaced series of clade-
generating events. This explicit molecular support for the rapid radiation of animals is
in agreement with previous inferences from the fossil record.
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W
ell, here we are again: Breakthrough time. You might wonder what could possibly top last year’s
selection of the Mars exploration; indeed it’s hard to forget that, since the rovers are still chugging
along, having outlasted their 90-day warranties by more than a year! But the Breakthrough for
2005 should not disappoint: Evolution in Action.

Wait a minute, I hear you cry. Hasn’t it been a trying year for evolution, considering the
debates about teaching evolutionary theory in science classes in the United States and the head-

lines about Intelligent Design? On the contrary; in the research community, it’s been a great year for understanding
how evolution works, through both experiment and theory.* No single discovery makes the case by itself; after all, the
challenge of understanding evolution makes multiple demands: How
can we integrate genetics with patterns of inherited change? How do
new species arise in nature? What can the new science of comparative
genomics tell us about change over time? We have to put the pieces
together, and it could not be a more important challenge: As the
evolutionary geneticist Theodosius Dobzhansky once said, “Nothing
in biology makes sense except in the light of evolution.”

Our scientist/journalist teams have compiled a splendid case for
this exploding science. One of my favorites is the European blackcap,
a species of warbler that spends the winter in two separate places but
then reunites to breed, with birds selecting mates from those who
shared the same wintering ground. Assortative mating of this kind can
produce a gradual differentiation of the two populations. Biologists
have shown that new species can arise because of geographic barriers
that separate subpopulations, but the divergent evolution shown in
this case could result in new species arising within a single range.

A favorite, if unlikely, subject for evolutionary studies is the
small fish called the stickleback. Repeatedly, sticklebacks have
moved from the sea into fresh water. When that happens, the fish
shed the rather heavy armor plates that protect them from marine
predators, freeing themselves to enjoy la dolce vita fresca. New species have been generated in each invasion,
always in the same way: by rapid evolutionary selection of the same rare and ancient gene.

The exciting thing about evolution is not that our understanding is perfect or complete but that it is the foundation
stone for the rest of biology. As such, researchers are eager to explore issues that have been seen as problems. Genes
that are now known to exert complex effects on body form at the macro level answer the commonly stated objection
that complex structures could not have evolved from simpler precursors. And so it goes: Scientific challenges are
raised, inviting answers.

Last year’s crystal ball of things to watch for wasn’t perfectly clear. For example, nothing seems to be working very
well in the area of obesity drugs. And the haplotype map of the human genome isn’t quite ready to provide us with
well-hyped individual genetic barcodes that we can take into the doctor’s office to predict our risk of developing
complex diseases such as cancer, diabetes, and mental illness.

There were some hot runners-up this time around, as well. New insights about brain disorders came from studies
showing that Tourette syndrome and dyslexia are associated with genes tied to normal neural development. It was also
a year of triumph for robotic missions sent to probe the solar system: the Cassini-Huygens mission explored the
saturnian system, including Titan;Voyager crossed the heliopause to reach the outer limit of the solar system; Deep
Impact speared a comet; and Japan’s Hayabusa visited a distant asteroid.

An especially significant runner-up was climate change. 650,000-year-old ice cores from Antarctica give a contin-
uous record of correlations between atmospheric carbon dioxide and methane and the temperature changes imposed by
glacial cycles. New information put to rest the idea, popular with those skeptical about global warming, that satellite
measurements, in contrast to ground measurements, showed cooling. One by one, holes in the global warming case are
being filled. Government actions should follow; of that, I’ll say more in the first Science issue of the new year.

Donald Kennedy

Editor-in-Chief

*AAAS is collaborating with leading scientific organizations at the AAAS Annual Meeting (16 to 20 February 2006, St. Louis, MO) to give teachers a voice
on the evolution issue and a way to tell the scientific community how best to support them.

10.1126/science.1123757
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C H E M I S T RY

A Well-Fitted Coating

Most heterogenous metal
catalysts consist of metal
nanoparticles on a ceramic
oxide support, but for systems
that exhibit strong metal-sup-
port interactions (such as
noble metals with cerium
oxide), the maximum interac-
tion might involve completely
coating a metal nanoparticle
with oxide. Yeung et al. have
used a modified microencap-
sulation method, previously
demonstrated for silica, for
encapsulating platinum
nanoparticles with ceria.
Increasing the Pt loading from
1 to 5% created particles with
larger Pt cores and thinner
coatings of ceria. The thinnest
coating (1.7 nm) increased the
band transition for ceria from
3.18 to 3.33 electron volts,
and increased the water-gas
shift (WGS) activity (H2O +
CO → H2 + CO2) from negligi-
ble CO conversion for pure
ceria to 63%. Unlike most
other noble metal−ceria cata-
lysts, these nanoparticles,
which expose few noble metal
sites, exhibit no activity for
the competing reactions of

methanation
and higher hydrocarbon 
formation. — PDS

J. Am. Chem. Soc. 10.1021/ja056102c
(2005).

M AT E R I A L S  S C I E N C E

Electrostatic Stitching

Supported lipid bilayers are
often used as model systems
for studying surface phenom-
ena because of their well-
defined planar geometry.
One interesting phenomenon
relates to the “fluid-to-gel”
phase transition that occurs
when the mobile liquid-crys-
talline ordering crystallizes as
the temperature is lowered.
However, it is difficult to
study this phase transition in
simple single-component
bilayers, such as those com-
posed of zwitterionic phos-
pholipids, because of a high
density of defects that form
in the gel phase. The defects
are most likely caused by
shrinkage of the area occupied
by a lipid molecule as the tilt
angle of the headgroup
changes on cooling. Zhang et
al. tested this hypothesis by
studying the effects of adding
cationic or anionic lipids to a

bilayer composed of a zwitte-
rionic phosphatidylcholine.
With the addition of the
cationic lipid, defects no
longer formed on gelation.
Measurements of the head-
group orientation showed
that the cationic lipid
increased the tilt angle in the
fluid phase, but that it no
longer changed on cooling.
The cationic lipid is expected
to be well dispersed because
of electrostatic repulsions,
and they may act to stitch
together the bilayer, thus giv-
ing it stability through the
phase transition. The
addition of anionic
lipids, which is
expected to be
unfavorable, led

to defects in the gel phase,
supporting the stitching
hypothesis. — MSL

J. Phys. Chem. B, 10.1021/jp055995s
(2005).

N E U R O S C I E N C E

Parkinson’s and
Potassium Channels 
Parkinson’s disease (PD)
results from the selective loss
of dopaminergic neurons in
the substantia nigra of the
brain. However, dopaminergic
neurons in nearby parts of the
brain are not affected, even
though the genes implicated
in familial inherited PD, as well
as toxins that can induce
symptoms of PD, are not
restricted in their effects.
Why then is this small region
targeted for destruction in PD?
There are hints that substantia
nigra neurons show disruptions
in mitochondrial respiratory
function. Diminished cellular
metabolism, as well as oxida-
tive stress, can in turn cause
the potassium (K)–ATP channels
of dopaminergic neurons to
open. Liss et al. investigated
the interaction between these
channels, the signals that
control their function, and
the degeneration of neurons.
The K-ATP channel mediates
dopaminergic neuron
degeneration in response to

mitochondrial complex 1
inhibition, in response to

PD-inducing treatment
of susceptible mice,
and also in the
mutant weaver
mouse, in which

dopaminergic neuron
degeneration is due to

constitutive activation of
another potassium channel.
The inappropriate function of
K-ATP channels is characteristic
of substantia nigra neurons,
but not of dopaminergic
neurons in other nearby brain
areas, in which the channels

EDITORS’ CHOICEH I G H L I G H T S O F T H E R E C E N T L I T E R AT U R E

edited by Stella Hurtley

C
R

ED
IT

S
:(

TO
P
) 

S
U

S
A

N
 F

U
H

S
/C

O
N

U
N

D
R

U
M

 C
O

N
S
U

LT
IN

G
;(

B
O

T
TO

M
) 

Z
H

A
N

G
 E

T
 A

L.
,J

.P
H

Y
S.

C
H

EM
.B

,1
0

.1
0

2
1

/J
P
0

5
5

9
9

5
S
 (

2
0

0
5

)

CONTINUED ON PAGE 1873

I M M U N O L O G Y

Not So Spineless

Sea urchins are sophisticated invertebrates whose biology holds many clues to the evolution of the
vertebrates.These organisms very effectively remove any invading bacterial pathogens and other
foreign material from within their coeloms by means of a range of macrophage-like cells. It seems
that sea urchins have a simplified version of the complement system that can mediate opsoniza-
tion of pathogens. Nair et al. have been investigating the immune responses of sea urchins
by analysis of expressed sequence tags generated from coelomocytes
and discovered that a wide range of genes are up-regulated in
response to bacterial lipopolysaccharide.What was particu-
larly interesting was a previously unknown gene family
that represented 60% of the ESTs and could undergo
alternative splicing to yield around 15 translatable
elements.The evidence suggested that these were
immune response proteins under positive
selection for diversification, and revealed a
greater level of complexity of putative
responses than anticipated for an
invertebrate group. — CA

Physiol. Genomics 22, 33 (2005) Sea urchin.

Schematics of gel-phase 
morphologies without  (main)
and with (inset) cationic lipid.
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seem to be connected to cellular metab-
olism through different signaling net-
works. — PJH

Nat. Neuro 8, 1742 (2005).

A S T R O N O M Y

Kuiper Belt Curiosity

Pluto is only one of several large bodies in
the outer solar system’s Kuiper belt.
Brown et al. describe the discovery of the
largest object in orbit beyond Neptune,
2003 UB313, whose brightness suggests
that it exceeds the size of Pluto. By tracing
the object’s motion in archival images,
they show that it follows a highly eccentric
orbit inclined 44° from the ecliptic plane,
which contains most of the objects that
are orbiting the Sun. Such an extreme
orbit may have arisen if the body formed
closer to the Sun and was scattered out-
ward by gravitational interactions. Frozen
methane is detected on the surface in
infrared spectra, with characteristics very
similar to Pluto. However, 2003 UB313 is
not as red as Pluto, suggesting that the
distribution of methane and other hydro-
carbons on its surface is different and may
even change with temperature as it
swings closer to the Sun. — JB

Astrophys. J. 635, L97 (2005).

C E L L  B I O L O G Y

Organization Without an
Organizer
Within cells, the tracks provided by micro-
tubules are important for a whole variety
of cellular processes, not least when
microtubules form into a spindle in order
to promote the separation of chromo-
somes during mitosis. Such microtubule

arrays are arranged around organizing
centers known as the centrosomes.
However, within the cell there also exist
well-organized arrays of microtubules that
form without the aid of centrosomes.
Reilein et al. describe the organizing prin-
ciples involved in producing acentrosomal
microtubule networks found in the basal
cortex of epithelial cells. Microtubules are
formed from tubulin monomers, and

microtubule networks
in a steady state con-
tain growing and
shrinking microtubules.
Typically, in order to
grow, microtubules
need to be anchored
somehow. By imaging
microtubule dynamics
in cytoplasts derived
from the base of
epithelial cells, the
authors showed that
networks of micro-
tubules form based on
microtubule-micro-
tubule interactions and
microtubule-cortex

interactions. Each type of interaction
increased microtubule stability. By
modeling the parameters involved, in
particular by including stabilizing inter-
actions, the authors could replicate in
silico the type of stable arrays observed
within cells. — SMH

J. Cell Biol. 171, 845 (2005).
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Microtubule networks (green, top) forming
over 20 min. in situ (top and middle) and in
silico (bottom); original microtubules are
yellow (middle and bottom).

β-Arrestin Regulates Notch Abundance

β-Arrestin, well known for its role in G protein–coupled receptor
regulation, is also being recognized for its roles in regulating
other types of receptors. Mukherjee et al. report that

Drosophila β-arrestin, Kurtz (Krz), is involved in controlling the abundance of the
receptor Notch. Notch is a single transmembrane receptor that is cleaved in
response to ligand binding, releasing a fragment that translocates to the nucleus to
regulate transcription. Krz was found in two different screens for proteins that inter-
acted with the Notch regulator and with putative E3 ubiquitin ligase Deltex (Dx). In
flies, loss of Krz function led to increased Notch abundance. Overexpression of both
Krz and Dx produced Notch loss-of-function phenotypes and reduced Notch protein
abundance. In transfected Drosophila S2 cells, Krz and Dx together promoted ubiq-
uitination of Notch. Notch signaling is highly sensitive to gene dosage effects, and
β-arrestin appears to be one component that contributes to this sensitivity. — NG

Nat. Cell Biol. 7, 1191 (2005).
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AstraZeneca Pharmaceuticals proudly announces the

21st Annual Excellence in Chemistry Award Winners

At AstraZeneca, we recognize that advances in medicine rely on innovations in chemistry. As a commitment to future advances,

each year we award talented academic researchers who, early in their careers, have made outstanding contributions to synthetic,

mechanistic, or bioorganic chemistry. In selecting these awardees, our senior scientists consult a world-leading chemist, who also

serves as the distinguished lecturer. This year marks the 21st year of the AstraZeneca Excellence in Chemistry Award.

With best wishes for continued innovation and excellence in chemical research, AstraZeneca congratulates this year’s award winners.

www.astrazeneca-us.com
© 2005 AstraZeneca Pharmaceuticals LP 11/05

Awardees:

Professor Dean Toste

University of California, Berkeley

Professor Phil Baran

Scripps Research Institute

Distinguished Lecturer:

Professor Scott Denmark

University of Illinois

Pictured from left are Dean Toste, David Nugiel (Committee Chairperson), Scott Denmark, and Phil Baran.
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Victorian Plant Man
The British botanist Joseph Dalton Hooker (1817–1911) served as
Darwin’s advocate, confidante, and sounding board. But he was an
influential researcher in his own right, as readers can learn at this
site from science historian Jim Endersby of Cambridge University in
the United Kingdom. Hooker’s taxonomic studies helped untangle
the species pouring in from Britain’s sprawling empire in the
mid- and late-1800s. He also ran the Royal Botanic Gardens at Kew
for 20 years and pushed to transform botany from a genteel hobby
into a profession. The site’s biography touches on Hooker’s early
collecting expeditions, which took him from New Zealand to the
Himalayas, and his struggle to find a permanent job. He didn’t land
a secure position until his father hired him to be assistant director
at Kew in 1855. Visitors can also browse a selection of Hooker’s
writings, including his description of Darwin’s botanical specimens
from the Galápagos Islands.

www.jdhooker.org.uk

W E B  T E X T

Before the Double Helix
Science historians and others interested in James Watson’s work
prior to the discovery of DNA’s structure will find a nugget here:
Watson’s 1950 Ph.D.dissertation from Indiana University,Blooming-
ton.Visitors can leaf through all 92 pages of The Biological Properties
of X-ray Inactivated Bacteriophage at the university’s digital library.

webapp1.dlib.indiana.edu/metsnav/general/navigate.do?oid=VAA2040

F U N

Spinning Spiders
Like snakes and other scary critters, spiders have
inspired more than their share of superstitions
and tall tales. At The Spider Myths Site, curator
Rod Crawford of the Burke Museum in Seattle,
Washington, squashes more than 50 common
errors about the misunderstood arachnids. Take
those well-meaning folks who “liberate” house
spiders outside. The animals often die after release
because many species that lurk indoors are as depend-
ent on our homes as we are. Then there’s the urban
legend that we each swallow four live spiders per
year during our sleep. In fact, there are no confirmed
instances of spiders climbing into someone’s
mouth, Crawford says, and it’s virtually impossible
to swallow them unwittingly.

www.washington.edu/burkemuseum/spidermyth

T O O L S

Scourge of a Continent
HIV is hammering Africa, with infection rates of more than 30%
in countries such as Botswana. Researchers will find tools for
analyzing HIV molecular data and information on the main
African strain at BioAfrica, created by virologists at Oxford Uni-
versity and the University of Pretoria in South Africa. BioAfrica
complements other HIV sites, such as the sequence bank at Los
Alamos National Lab in New Mexico (NetWatch, 23 August

2002, p. 1243), by spot-
lighting HIV’s subtype
C, the viral variant that
predominates in the
southern part of the
continent. Users can
download free software
for determining a virus’s
subtype or visit a new
proteomics section that
probes the sequences
and structures of HIV’s

19 proteins.The site also includes plenty of background on sub-
type C, including charts that follow its spread starting in the
early 1980s. Above, an AIDS patient in Zambia.

www.bioafrica.net

NETWATCH
edited by Mitch Leslie
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Information Eruption
If lava flows or ash spews somewhere on Earth, the crew at
Volcano World takes note. Hosted by the University of North
Dakota in Grand Forks, the site posts weekly updates that
describe current eruptions and lets you zoom in on the location
using the mapping program Google Earth.You can also peruse
a catalog that supplies charts, photos, and records of past
activity for volcanoes such as Rabaul in the South Pacific
(above).The ash plume from its 1994 eruption ascended more
than 18 kilometers. To learn more about volcanism, flip
through the FAQ section.Volcano World’s experts answer more
than 1000 reader queries on everything from the relation
between lava color and temperature (yellow is hotter than red)
to the effect of Krakatau’s 1883 explosion on global climate.
(The ash it ejected caused a one-quarter-degree cooling that
lasted up to 2 years.) Or for a little lava tourism, follow the
Volcano of the Week feature to an interesting peak.

volcano.und.nodak.edu

Send site suggestions to netwatch@aaas.org.Archive: www.sciencemag.org/netwatch
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The big breakthrough, of course, was the
one Charles Darwin made a century and a
half ago. By recognizing how natural selec-
tion shapes the diversity of life, he trans-
formed how biologists view the world. But
like all pivotal discoveries, Darwin’s was a
beginning. In the years since the 1859 publi-
cation of The Origin of Species, thousands

of researchers have
sketched life’s transi-
tions and explored
aspects of evolution
Darwin never knew.

Today evolution is
the foundation of all
biology, so basic and
all-pervasive that sci-
entists sometimes

take its importance for granted. At some level
every discovery in biology and medicine rests
on it, in much the same way that all terrestrial
vertebrates can trace their ancestry back to
the first bold fishes to explore land. Each
year, researchers worldwide discover enough
extraordinary findings tied to evolutionary
thinking to fill a book many times as thick as
all of Darwin’s works put together. This year’s
volume might start with a proposed
rearrangement of the microbes at the base of
the tree of life and end with the discovery of
190-million-year-old dinosaur embryos. 

Amid this outpouring of results, 2005
stands out as a banner year for uncovering
the intricacies of how evolution actually pro-
ceeds. Concrete genome data allowed
researchers to start pinning down the molec-
ular modifications that drive evolutionary
change in organisms from viruses to pri-
mates. Painstaking field observations shed
new light on how populations diverge to
form new species—the mystery of mysteries
that baffled Darwin himself. Ironically, also
this year some segments of American soci-
ety fought to dilute the teaching of even the

basic facts of evolution. With all this in
mind, Science has decided to put Darwin in
the spotlight by saluting several dramatic
discoveries, each of which reveals the laws
of evolution in action. 

All in the family

One of the most dramatic results came in
September, when an international team pub-
lished the genome of our closest relative, the
chimpanzee. With the human genome
already in hand, researchers could begin to
line up chimp and human DNA and examine,
one by one, the 40 million evolutionary
events that separate them from us.

The genome data confirm our close kin-
ship with chimps: We differ by only about
1% in the nucleotide bases that can be
aligned between our two species, and the
average protein differs by less than two
amino acids. But a surprisingly large chunk

of noncoding material is either inserted or
deleted in the chimp as compared to the
human, bringing the total difference in DNA
between our two species to about 4%.

Somewhere in this catalog of difference
lies the genetic blueprint for the traits that
make us human: sparse body hair, upright
gait, the big and creative brain. We’re a long
way from pinpointing the genetic underpin-
nings of such traits, but researchers are
already zeroing in on a few genes that may
affect brain and behavior. This year, several
groups published evidence that natural selec-
tion has recently favored a handful of uniquely
human genes expressed in the brain, including
those for endorphins and a sialic acid receptor,
and genes involved in microcephaly.

The hunt for human genes favored by
natural selection will be sped by newly pub-
lished databases from both private and public
teams, which catalog the genetic variability

among living people. For example,
this year an international team
cataloged and arranged more than
a million single-nucleotide poly-
morphisms from four populations
into the human haplotype map, or
HapMap. These genetic variations
are the raw material of evolution
and will help reveal recent human
evolutionary history. 

Probing how species split

2005 was also a standout year for
researchers studying the emer-
gence of new species, or specia-
tion. A new species can form
when populations of an existing
species begin to adapt in different
ways and eventually stop inter-
breeding. It’s easy to see how that
can happen when populations
wind up on opposite sides of
oceans or mountain ranges, for C
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Equipped with genome data and field observations of organisms from
microbes to mammals, biologists made huge strides toward understanding
the mechanisms by which living creatures evolve

BREAKTHROUGH
ONLINE
For an expanded 
version of this section,
with references 
and links, see
www.sciencemag.org/
sciext/btoy2005

Breakthrough of the Year

Chimp champ. Clint, the chimpanzee whose genome
sequence researchers published this year.

Evolution
in Action

http://www.sciencemag.org
http://sciencemag.org/sciext/btoy2005
http://sciencemag.org/sciext/btoy2005


example. But sometimes a single,
contiguous population splits into two.

Evolutionary theory predicts that this
splitting begins when some individuals in a
population stop mating with others, but
empirical evidence has been scanty.
This year f ield biologists
recorded compelling examples
of that process, some of which
featured surprisingly rapid
evolution in organisms’ shape
and behavior.

For example, birds called
European blackcaps sharing breed-
ing grounds in southern Germany and
Austria are going their own ways—literally
and f iguratively. Sightings over the
decades have shown that ever more of
these warblers migrate to northerly
grounds in the winter rather than heading
south. Isotopic data revealed that northerly
migrants reach the common breeding ground
earlier and mate with one another
before southerly migrants
arrive. This difference in
timing may one day drive
the two populations to
become two species.

Two races of Euro-
pean corn borers sharing
the same field may also
be splitting up. The cater-
pillars have come to prefer
different plants as they grow—
one sticks to corn, and the other eats hops
and mugwort—and they emit different
pheromones, ensuring that they
attract only their own kind.

Biologists have also predicted
that these kinds of behavioral traits
may keep incipient species separate
even when geographically isolated
populations somehow wind up back in
the same place. Again, examples have
been few. But this year, researchers found
that simple differences in male wing color,
plus rapid changes in the numbers of chromo-
somes, were enough to maintain separate iden-
tities in reunited species of butterflies, and that
Hawaiian crickets needed only unique songs to
stay separate. In each case, the number of
species observed today suggests that these
traits have also led to rapid speciation, at a rate
previously seen only in African cichlids.

Other researchers have looked within ani-
mals’ genomes to analyze adaptation at the
genetic level. In various places in the North-
ern Hemisphere, for example, marine stickle-
back fish were scattered among landlocked
lakes as the last Ice Age ended. Today, their
descendants have evolved into dozens of dif-
ferent species, but each has independently
lost the armor plates needed for protection
from marine predators. Researchers expected
that the gene responsible would vary from

lake to lake. Instead, they found that each
group of stranded sticklebacks had lost its
armor by the same mechanism: a rare DNA
defect affecting a signaling molecule
involved in the development of dermal bones
and teeth. That single preexisting variant—

rare in the open ocean—allowed the fish
to adapt rapidly to a new environment.

Biologists have often focused on
coding genes and protein changes, but
more evidence of the importance of
DNA outside genes came in 2005. A

study of two species of fruit flies found
that 40% to 70% of noncoding

DNA evolves more slowly
than the genes them-
selves. That implies that
these regions are so
impor tant for the
organism that their

DNA sequences are
maintained by positive

selection. These noncoding
bases, which include regulatory

regions, were static within a species
but varied between the two species,
suggesting that noncoding regions
can be key to speciation.

That conclusion was bolstered by
several other studies this year. One

experimental paper examined a gene
called yellow, which causes a dark,

likely sexually attractive, spot in
one fruit fly species. A sepa-

rate species has the same
yellow gene but no

spot. Researchers
swapped the non-
coding, regulatory
region of the spot-
ted species’ yellow
gene into the other

species and pro-
duced dark spots, per-

haps retracing the evolu-
tionary events that sepa-

rated the two. Such a genetic
experiment might have astonished and
delighted Darwin, who lamented in The Origin
that “The laws governing inheritance are quite
unknown.” Not any longer. 

To your health

Such evolutionary breakthroughs are not
just ivory-tower exercises; they hold
huge promise for improving human
well-being. Take the chimpanzee
genome. Humans are highly suscepti-
ble to AIDS, coronary heart disease,
chronic viral hepatitis, and malig-
nant malarial infections;
chimps aren’t. Studying the
differences between our

species will help pin
down the genetic aspects
of many such diseases. As for the
HapMap, its aims are explicitly
biomedical: to speed the search for
genes involved in complex diseases
such as diabetes. Researchers have
already used it to home in on a gene for age-
related macular degeneration.

And in 2005, researchers stepped up to
help defend against one of the world’s most
urgent biomedical threats: avian influenza.
In October, molecular biologists used tissue
from a body that had been frozen in the
Alaskan permafrost for almost a century to
sequence the three unknown genes from the
1918 flu virus—the cause of the epidemic
that killed 20 million to 50 million people.
Most deadly flu strains emerge when an ani-
mal virus combines with an existing human
virus. After studying the genetic data, how-
ever, virologists concluded that the 1918 virus
started out as a pure avian strain. A handful
of mutations had enabled it to easily infect
human hosts. The possible evolution of such
an infectious ability in the bird flu now wing-
ing its way around the world is why officials
worry about a pandemic today. 

A second group reconstructed the com-
plete 1918 virus based on the genome
sequence information and studied its behavior.
They found that the 1918 strain had lost its
dependence on trypsin, an enzyme that viruses
typically borrow from their hosts as they infect
cells. Instead, the 1918 strain depended on an
in-house enzyme. As a result, the recon-
structed bug was able to reach exceptionally
high concentrations in the lung tissue of mice
tested, helping explain its virulence in humans.
The finding could point to new ways to prevent
similar deadly infections in the future.

Darwin focused on the existence of evolu-
tion by natural selection; the mechanisms that
drive the process were a complete mystery to
him. But today his intellectual descendants
include all the biologists—whether they study
morphology, behavior, or genetics—whose
research is helping reveal how evolution works.

–ELIZABETH CULOTTA AND ELIZABETH PENNISI
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Scientists and engineers outdid themselves in
2005 in mounting exploratory expeditions
beyond Earth. They had spacecraft at or on the
way to the moon, Mercury, Venus, Mars, a

comet, an asteroid, Saturn, and the very edge
of the solar system. At the Red Planet, three
orbiters and two rovers beamed back terabytes
of data. The high point of a banner year, how-
ever, came on Saturn’s haze-shrouded moon
Titan. In January, the European spacecraft
Huygens drifted down to a familiar-looking
but fundamentally weird world.

The first landing on another planet’s moon
revealed a world where infrequent but drench-
ing rains of liquid methane wash low hills, cut-
ting networks of steep-sided valleys and flush-
ing icy debris and dark organic crud out into
shallow lakes. The lakes then evaporate away,

although the lander
apparently settled into
ground still soaked with
methane. The discovery of a sort of hydrologic
cycle shaping another world is a first.

A fleet of other explorers joined Huy-
gens this year. The aging Voyager 1 reported
approaching the “edge” of the solar system,
where the solar wind slows abruptly. The
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Scorecard 2004
Slam-dunks and near-fizzles gave our editors a mixed record for prophecy this year.

Recycling pays. New results confirmed that autophagy is much more than just a way for nutrient-starved cells to recy-
cle membrane components and cytoplasmic molecules. Studies indicated that autophagy helps the immune response to
bacteria and viruses and that some microbes have developed ways to counter or even exploit the cellular process.
Researchers also began to detail how autophagy is connected to both neurodegeneration and cancer.

Obesity drugs. No new drugs for obesity were approved in 2005, but rimonabant continues to show promise in clinical
trials, and Sanofi-Aventis may receive U.S. Food and Drug Administration approval for it in 2006.

HapMapping along. The International HapMap Project delivered on schedule, publishing its first version this past October.
(A finer resolution copy will come out in 2006.) A California company, Perlegen Sciences, published its own map last
February. The $138 million map also helped lead scientists to a macular degeneration gene and a gene for skin color;
how much it will help next year, and how widely it will be used, remain open questions.

Cassini-Huygens at Saturn. So far the joint U.S., European, and Italian mission to the ringed planet has been a blazing suc-
cess.Amid the smallest of glitches, the Huygens lander drifted down to Titan’s surface, revealing an icy landscape carved by
rains of liquid methane. Elsewhere in the system, Enceladus proved energetic for such a little moon, spewing ice and water
from its south pole to form the nebulous E ring. The bizarre F ring sported a spiral-necklace companion ring. And another
55 orbits of Saturn are still on Cassini’s agenda.

Paper tigers. North Korea says it will give up its nuclear weapons program, but the devil is in the details, none of which
have been worked out. Meanwhile, Iran’s new hard-line government insists that uranium enrichment is an inalienable
right, leaving little hope that negotiations will prevent Iran from acquiring the means and know-how to develop a
nuclear arsenal.

European Research Council. The ERC, an agency that would fund top basic research across Europe, has morphed in just a
few years from a scrappy grassroots movement to the darling of politicians. In April, the European Commission made the
ERC the centerpiece of its bid to double the E.U.’s research funding. And in July the commission appointed 22 high-profile
scientists to the ERC’s scientific council, which will divvy up the first grants. But political wrangling over the E.U.’s overall
budget has left the ERC in limbo. By December, the proposed doubling for research was off the table, and scientists feared
that the ERC could be left with only token funding—and disappointed applicants.

Regulating nano. Governments worldwide are working hard to develop standards for nanomaterials, come up with pro-
grams to test their safety, and regulate their use.

Drenched. Huygens
fo u n d  a  f a m i l i a r -
looking world washed
by methane rains.

Planetary Blitz2

The Runners-Up >>
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Deep Impact spacecraft plowed into comet
Tempel 1 to reveal a fluffy subsurface.
Cassini repeatedly swung by Saturn’s rings,
Titan, and other moons. SMART-1 arrived
at the moon on its ion-drive engine.
Hayabusa got up-close and personal with
asteroid Itokawa. Stardust headed home
with bits of comet Wild 2. And all the while,
MESSENGER cruised toward Mercury,
and the Mars Reconnaissance Orbiter and
Venus Express spiraled toward their targets.
Planetary scientists, for the time being at
least, are in their second golden age of solar
system exploration.

Several key molecular cues behind spring’s
burst of color came to light in 2005. In
August, for example, three groups of plant
molecular biologists finally pinned down the
identity of florigen, a signal that initiates the
seasonal development of flowers. The signal
is the messenger RNA of a gene called FT.
When days get long enough, this RNA moves
from leaves to the growth tip, where the FT
protein interacts with a growth tip–specific
transcription factor, FD. The molecular
double whammy ensures that blossoms
appear in the right place on the plant at the
right time of year.

Researchers also gained new insights into
the workings of a gene called LEAFY that is
involved in stimulating flowering. Com-
parisons of LEAFY in moss, ferns,
and cress suggest that over 
the past 400 million years,
just a few base changes
have converted the gene
from a broad-spectrum
growth stimulator—
as it still is in moss—
to one that seems to
fire up only for flower-
ing in more recently
evolved plants.

The plant hormone gibberellin helps con-
trol the later stages of flower development, as
well as other aspects of cell growth involved
in cellular expansion. In 2005, researchers
identified the receptor for this hormone in
rice, a valuable step in improving crops. Plant
biologists also pinpointed another key recep-
tor, for the essential plant growth hormone
auxin. This receptor is part of the cell’s
protein-degradation machinery that destroys
the proteins that keep auxin activity in check. 

Finally, the plant gene HOTHEAD—
important for putting the finishing touches on
flower design—proved to be quite a head-
scratcher. Alleles of this gene, found in one
generation of the self-fertilizing weed Arab-
idopsis but missing in the next, showed up
again in the third generation. The discovery
suggests that, surprisingly, cells may have a
cache of RNA from which to reconstruct the
missing allele.

Astrophysicists adore neutron stars, the city-
sized corpses of stars that pack matter into its
most extreme state. This year, new instru-
ments yielded vivid insights into the most
violent behaviors of these objects.

The fireworks started on 27 December
2004, when a 0.2-second pulse of radiation
from near the center of the Milky Way
seared detectors on more than a dozen
spacecraft. Despite its distance, the blast
was brighter in x-rays and gamma rays than
any solar eruption. Weeks of analysis
showed that the probable source was a
nearly global starquake on a “magnetar,” an
unstable young neutron star encased by the
strongest magnetic f ields known. Such
flares had happened before, but this one was
100 times more potent.

Astrophysicists proposed that giant
magnetar flares in nearby galaxies solved

part of the mystery of short gamma
ray bursts (GRBs)—random

flashes in the heavens that
telescopes had not been

quick enough to see. But
starting in May, NASA
high-energy satellites
caught several short
GRBs at much greater
distances. Ground-
based telescopes, many
of them new robotic

systems, swung to meas-
ure the fading aftermaths.

Images revealed that the
bursts were in the outskirts of

galaxies, far from nurseries of mas-
sive stars that create young neutron stars.

Moreover, the telescopes found no traces of
supernova explosions, thought to produce
longer GRBs.

The evidence matched a favored sce-
nario for short GRBs: a rapid, cataclysmic
merger of two ancient neutron stars or a
neutron star and a black hole. Researchers
can’t yet discriminate between the two
types of collisions. But that should change
as the Swift satellite and other instruments
expose more of the fleeting bursts. On the

ground, space-rippling gravitational waves
from merging neutron stars could trigger
the Laser Interferometer Gravitational-
Wave Observatory for the first time. 

Although dozens of genes have been linked to
brain disorders in recent years, connecting the
dots between genetics and abnormal behavior
has been anything but child’s play. This year,
however, researchers gained clues about the
mechanisms of diverse disorders including
schizophrenia, Tourette syndrome, and
dyslexia. A common theme seems to be
emerging: Many of the genes involved appear
to play a role in brain development.

In November, two reports put meat on
the bones of previous claims that variants
of a gene called DISC1 increase the risk of
schizophrenia. One research team found
that inhibiting DISC1 activity in mice
alters brain development, causing subtle
abnormalities in the animals’ cerebral cor-
tices similar to those seen in postmortem
brains from schizophrenia patients.
Another team linked DISC1 to molecular
signaling pathways important in brain
development and in regulating neuro-
transmitter levels, which are often out of
whack in psychiatric patients.

In October, researchers described a rare
genetic defect that appears to cause Tourette
syndrome. The mutation likely causes only a
tiny fraction of Tourette cases, but its discov-
ery may be an important lead. One gene
that’s disrupted, SLITRK1, influences branch
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Flash points. Collisions between neutron stars
(top) or a neutron star and a black hole appear
to spark most short bursts of gamma rays.

3
4

Microbouquet. False-colored
nascent cress flowers show
effects of mutant LEAFY gene.

Blooming
Marvelous

Neutron Stars
Gone Wild

Miswiring the
Brain5
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Breakdown of the Year: U.S. Particle Physics

Particle physicists in the United States would probably like to forget 2005. Budget woes
forced the cancellation of two major experiments just as researchers were about to start
construction. That leaves none in the works to replace those currently studying particles
called quarks—the sorts of experiments that have long been the heart of the field. At the
same time, the U.S. Department of Energy (DOE) asked physicists to consider which of two
existing particle colliders they would rather shut down early to save money.

Researchers around the globe fear that if U.S. particle physics withers, so will the entire
field.“We all need a vitally active U.S. community,” says Brian Foster of Oxford University in
the U.K. “That’s what’s driven particle physics in the past, and hopefully that’s what will
drive it in the future.”

Physicists got a shock in February, when DOE nixed BTeV, a $140 million experiment that
would have run at the Fermi National Accelerator Laboratory (Fermilab) in Batavia, Illinois

(Science, 11 February, p. 832).
Using beams from Fermilab’s
Tevatron collider, BTeV would
have studied bottom quarks,
heavier, unstable cousins of the
down quarks found in protons
and neutrons. BTeV researchers
were expecting to get the final
go-ahead for construction.

Less surprisingly, in August
the National Science Founda-
tion pulled the plug on the
Rare Symmetry Violat ing
Processes (RSVP) experiment
at DOE’s Brookhaven National
Laboratory in Upton, New York
(Science, 19 August, p. 1163).
RSVP would have looked for
new physics in the decays of
particles called muons and K0

mesons. But its construction costs had ballooned from $145 million to $282 million, and its
lifetime operating costs had tripled to $250 million.

In May, DOE’s Office of Science requested a study, due early next year, of the relative
merits of shutting down either the Tevatron or the PEP-II collider at the Stanford Linear
Accelerator Center in Menlo Park, California (Science, 27 May, p. 1241). The Tevatron
smashes protons into antiprotons at the highest energies achieved to make top quarks and
other particles; PEP-II collides electrons and positrons and cranks out bottom quarks.
Researchers plan to turn off PEP-II in 2008 and the Tevatron in 2009, but decommissioning
one of them earlier might free up money for future projects.

Meanwhile, researchers in Europe are assembling the Large Hadron Collider at CERN, the
particle physics laboratory near Geneva, Switzerland. Scheduled to start up in 2007, the
$7.7 billion machine might produce the long-sought Higgs boson, the particle thought to
give others their mass. At the same time, physicists in Japan have their KEK-B collider pro-
ducing bottom quarks and are studying wispy particles called neutrinos. (Fermilab is also
pursuing neutrino physics.)

But particle physicists from Europe and Asia aren’t celebrating the passing of the torch
from the United States. They say a strong U.S. program is essential for the survival of the
field, especially if they hope to build the proposed International Linear Collider (ILC), a
multibillion-dollar global facility that most see as the future of particle physics. “It is very
clear that without the participation of the U.S. it is impossible” to build the ILC, says Akira
Masaike of the Japan Society for the Promotion of Science in Washington, D.C.

On that front, at least, 2005 brought some reasons for optimism, says Fred Gilman of
Carnegie Mellon University in Pittsburgh, Pennsylvania. Physicists from the United
States, Europe, and Asia united in their commitment to the ILC as never before. “Before,
the international effort was the sum of three parts,” Gilman says. “Now there is central
leadership.” And officials in DOE’s Office of Science remain enthusiastic about the ILC,
Gilman says. Physicists plan to have a preliminary design—and a price tag—for that
dream machine by the end of 2006.

–ADRIAN CHO

formation by neurons and is active during
development in brain regions thought to be
altered in Tourette syndrome and other con-
ditions, including obsessive compulsive dis-
order. New research also links developmen-
tal genes to dyslexia, identifying three
genes—KIAA0319, DCDC2, and ROBO1—
that may cause faulty wiring in neural circuits
involved in reading.

Much of the new work suggests that
genetic miscues, rather than causing neuro-
psychiatric disorders outright, alter brain
biology in the womb in a way that pre-
disposes us to problems later in life. A better
understanding of how this happens may help
reduce the risks.

When researchers announced in June that
they had detected isotopic differences
between earthly and extraterrestrial rocks,
geochemists had to scrap their long-standing
view of how Earth formed and evolved. They
no longer believe that thoroughly mixed dust
and ice agglomerated 4.5 billion years ago to
form an Earth that has remained more or less
mixed ever since. Something more interest-
ing must have happened.

Key to the cosmochemical revolution was
new technology. In the early 1980s, researchers
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Early end? Either SLAC’s PEP-II collider (above) or Fermi-
lab’s Tevatron could shut down ahead of schedule.

Complicated.Young Earth had a more interesting
history than scientists believed.

Geochemical
Turmoil
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Flawed circuits? Many brain disorders are linked
to genes affecting development.
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measured the ratio of neodymium isotopes
both in the chondritic meteorites thought to
represent the solar system’s starting material
and in rocks derived from Earth’s interior.
The neodymium ratios were the same,
within analytical error, implying that chon-
dritic meteorites and accessible parts of
Earth still resemble the solar system’s
starting material. But advances in mass-
spectrometer technology have whittled away
at the error bars. When researchers meas-
ured the same sort of rocks this year, they
found a 20-part-per-million difference that
had been undetectable in the earlier scatter.

The minute isotopic difference has
opened a yawning chasm between cosmo-
chemists. One camp simply assumes that
Earth got its makings from a part of the nas-
cent solar system that happened to have a dis-
tinctive, nonchondritic composition. Others
believe that the presolar nebula was composi-
tionally uniform, not lumpy, but that shortly
after Earth’s formation, while its rock was
still roiling in a “magma ocean,” a portion
enriched in heat-generating elements sepa-
rated out and sank beyond geochemists’ ken.
Today, it may still lie between molten core
and rocky mantle, its heat helping generate
the core’s magnetic field and sending plumes
of hot rock toward the surface.

This year, researchers got their best look yet
at the molecular structure of a voltage-gated
potassium channel, a protein as essential to
nerve and muscle as transistors are to com-
puters. Sitting in the cell membrane, these
tiny gatekeepers open and close in response
to voltage changes, controlling the flow of
potassium ions. The new atomic-scale por-
trait should be extremely useful for biophysi-
cists seeking to understand the workings of
these crucial proteins. It may also represent a
step toward reconciling a recent debate that
has rankled the usually calm community of
ion channel researchers. Or maybe not.

It all started in May 2003, when Roderick
MacKinnon of Rockefeller University in
New York City and colleagues published the
first-ever structure of a voltage-gated potas-
sium channel and proposed a model to
explain how it worked. Everyone agreed that
the snapshot was a technological feat. But
many researchers suspected that the chan-
nel, called KvAP, had been distorted by the
preparations for imaging, and critics com-
plained that MacKinnon’s proposed mecha-
nism contradicted decades of experiments.
A flurry of angry e-mails ensued. Unpleas-
ant things were said.

This August, MacKinnon (who sub-
sequently won the 2003 chemistry Nobel)

Disasters: Searching for Lessons From a Bad Year

No doubt about it, the 12 months since the last Breakthrough of the Year issue have been
an annus horribilis. Three major natural disasters—the 2004 “Christmas tsunami” in the
Indian Ocean, Hurricane Katrina on the U.S. Gulf Coast, and the Pakistan earthquake—left
nearly 300,000 dead and millions homeless. In Pakistan, the disaster is still unfolding as win-
ter engulfs the devastated communities.

Insurance companies classify such events as “acts of God”: misfortunes for which no one
is at fault. But in their aftermath, many scientists are pointing out that natural disasters are
anything but natural: Societies can mitigate their impacts by making the right decisions
about where and how people live, how information is shared, and what kind of research to
invest in.And some are pushing new ideas to make that happen.

For example, Aromar Revi, a New Delhi–based disaster mitigation consultant to the
Indian government, envisions “a public database like Google Earth” that would allow
researchers around the world to map the “risk landscape down to the ZIP-code level.” Such
a system would enable nations with a shared risk to build better warning networks. But
there are serious hurdles to going global. For example, India refused to share data for an
international tsunami warning system because it could also reveal their nuclear tests
(Science, 9 December, p. 1604). Nor will such a network come cheap, but Revi says govern-
ments will soon realize that it “is worth every cent of the many hundreds of millions of
dollars it would cost to build and maintain.”

A disaster warning system is only as good as the science behind it. For some events, such
as hurricanes and volcanoes, science has vastly improved forecasts. But for others, such as
earthquakes, decades of research
may have illuminated how and
where they are likely to strike,
but not when.

Even with greatly enhanced
warning systems and infrastruc-
ture, natural disasters will con-
tinue to wreak enormous dam-
ages. Who will pay for it? After
the past year’s $200 billion in
damages from weather-related
disasters alone—three times
higher than for any previous
year—some economists are
calling for a radical rethink of
disaster relief. Rather than rely-
ing on the fickle charity of the
international community, coun-
tries should invest in a new kind
of disaster insurance that trans-
fers the risk to financial markets, says Reinhard Mechler, an economist at the International
Institute for Applied Systems Analysis in Laxenburg, Austria. Such a plan relies on scientists
to create a finer-grained map of the probability of various disasters and the range of their
impacts (Science, 12 August, p. 1044).

Science funding could soon feel the effects of the past year of disasters. Two months
before Hurricane Katrina struck, the U.S. president’s National Science and Technology Coun-
cil capped a 10-year study by publishing a report called Grand Challenges for Disaster Reduc-
tion. The report singled out social sciences as an area deserving a boost, citing the need for
strategies to get emergency information to populations that often distrust the authorities.
More interdisciplinary science is also needed, says one of the report’s co-authors, Priscilla
Nelson, a civil engineer at the New Jersey Institute of Technology in Newark. Because the
causes and impacts of disasters are so broad, she says, we need teams of geophysicists who
can talk fluently with epidemiologists, and engineers with psychologists.

One thing is all but certain: Even worse years lie ahead.Vulnerable urban populations of
the developing world are set to double by 2030, as are coastal populations everywhere.
Meanwhile, changing climate threatens to bring more hurricanes due to warming and
chronic coastal flooding due to rising sea levels, among other worrying possibilities. Look-
ing back over 2005, says Nelson, these disasters should be taken as “opportunities to learn.”

–JOHN BOHANNON

John Bohannon is a writer in Berlin, Germany.

Don’t blame God. Better planning could make natural
disasters much less disastrous, experts say.
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and colleagues published a sec-
ond structure—this one
of a rat  channel
called Kv1.2. The
new portrait pro-
vides an unprece-
dented look at
how the part of the
channel that detects
voltage changes couples to
the mechanism that opens
and closes the channel,
and it rights several of
the perceived wrongs with
the KvAP structure. But it
doesn’t  seem to resolve the
most contentious issue: how the voltage
sensor works.  Only t ime—and more
data—will tell.

The crescendo of evidence indicting
humans for global warming produced a
breakthrough this year. Some U.S. politi-
cians began talking and occasionally acting
as if they will have to do something sooner
or later about the growing emissions of
greenhouse gases.

The new science was much like that of the
past decade, just more insistent and more omi-
nous. In January, climate modelers announced
even higher confidence in earlier assertions that
the oceans—down to great depths—have
warmed in recent decades just as models said

they would. Each of two tropical
cyclone studies found that over

recent decades more and more
storms around the world
have grown to the most

intense levels as rising
greenhouse gases have warmed

tropical waters. At higher latitudes,
scientists announced, Arctic

Ocean ice cover had hit
another record low,

this time with the
added warning that

the feedbacks expected
to accelerate high-latitude

warming—and presumably ice loss—
seem to be taking hold. And all this climate
change is having an effect. It’s altering every-
thing from bird migration patterns in Australia
to microbial compositions in sea-floor muck.

Whether as a direct result of the mount-
ing scientific evidence or not, the mood in
the United States showed signs of shifting.
The U.S. Senate passed a resolution declar-
ing that the threat warrants mandatory con-
trols on greenhouse emissions if costs to the
country are not significant. In the Northeast,
nine states have agreed to limit emissions
from power plants there. The governors of
California, Oregon, and Washington have
agreed to jointly encourage energy eff i-
ciency. And California Governor Arnold
Schwarzenegger called for his state to cut
greenhouse gas emissions dramatically over
the next 45 years. Show biz or not, the talk is
heating up.

Make room in the lab, molecular biologists;
the engineers have arrived. Engineers have
long excelled at understanding complex
systems such as power grids and the Inter-
net by tracking how information moves
through a network. This year, that approach
took off among systems biologists working
to understand how cells respond to the myr-
iad chemical and environmental signals
bombarding them from all sides.

Molecular biologists have spent
decades teasing apart individual cell sig-
naling pathways, in the process building
up ever more complex networks. But a
static picture of those networks doesn’t do
justice to the webs of feedback loops and
other complex interactions that produce a
given output, such as the release of a par-
ticular intracellular messenger. To reveal
these dynamics, systems biologists are
now tracking multiple inputs and outputs
of these networks simultaneously.

This year, for example, researchers in
the United States used the approach to cre-

ate a model of nearly 8000 chemical signals
involved in a network leading to apoptosis,
or programmed cell death. Along the way,
they discovered new apoptosis signaling
routes. Another U.S. team used gene-
expression data to identify 40 genes that
help trigger obesity, three of which had
never been identified before. Other like-
minded teams gained novel insights into
signaling networks that control immune
cells known as T cells and CA1 neurons in
the hippocampus.

It’s still early days for systems biology.
But proponents anticipate that the emerging
dynamic view of cell signaling networks
will lead to a better understanding of com-
plex diseases such as cancer and diabetes
and to new treatments as well. 
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Less is less. Arctic ice cover hit a new low in
2005 as the world warmed.

A Change in
Climate

Systems Biology
Signals Its Arrival
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After 18 months of often bitter wrangling,
the $12 billion International Thermo-
nuclear Experimental Reactor (ITER) has
a home at last. In June, international nego-
tiators broke a diplomatic deadlock over
whether to build ITER at Cadarache in
southern France or in Rokkasho, Japan.
The winner: Cadarache.

The basic concept behind ITER—using
superconducting electromagnets to hold a
plasma of hydrogen isotopes at a tempera-
ture and pressure high enough to achieve
nuclear fusion—was born in the 1980s. But
the design effort, split among centers in
Europe, Japan, and the United States, didn’t
always go smoothly. In the late 1990s, after
the engineering design was complete, gov-
ernments balked at the price and asked the
designers to cut the construction cost by
half. The United States withdrew from the

Where are we? A dynamic approach is sorting
out the intricate signals underlying life.

New model. Biochemists described the cell’s K+

channel, but a big question remains.

10 Bienvenu,
ITER
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project in 1999, only to rejoin in 2003. By
late 2003, only one hurdle remained: choos-
ing the site. Government ministers from
the by-then six members—China, the
European Union (E.U.), Japan, South
Korea, Russia, and the United States—
gathered in Washington, D.C., for a gala
signing ceremony. But when the time came
to vote, they split down the middle.

More technical studies of the two sites
were carried out, but both sides dug in their
heels. Rumors of political skullduggery
abounded: Europeans suspected that the

United States refused to support the French
site to punish France for opposing the war

in Iraq, while other whispers suggested
that the United States had backed the
Japanese site in exchange for Japan’s

support for the war. In the end, Japan and the
E.U. hammered out a deal between them-
selves. In June this year, after months of del-
icate diplomacy, Japan withdrew Rokkasho
in exchange for a bigger share of construc-
tion contracts and a hefty European contri-
bution to a fusion research facility in Japan.

Now ITER researchers can look forward to
a few decades working under the warm
Mediterranean sun. And who knows? The
world may get a working fusion reactor at last.

–THE NEWS STAFF

Areas to Watch in 2006

Avian flu. Whether or not a pandemic kicks off in 2006, research on
flu vaccines and drugs will expand—as will debates on who should
get them first should a pandemic occur.Also look for a wealth of data
on the molecular biology, evolution, epidemiology, and even the his-
tory of influenza.And keep your fingers crossed.

Gravity rules. After years of refinements, the first phase of the Laser
Interferometer Gravitational-Wave Observatory (LIGO) has reached
its promised sensitivity. LIGO’s laser chambers in Louisiana and
Washington state will monitor the sky during most of 2006—with a
smaller facility in Germany, called GEO-600, joining the network
later in the year. If two neutron stars merge within 50 million light-
years or so, the devices could detect the death spiral. It’s a long shot,
but we’re betting they will.

RNAi-based treatments. They’re moving into human patients with
startling speed, and 2006 should offer the first hints of how well
the highly touted technique works. Company-funded trials in mac-
ular degeneration and the pediatric illness respiratory syncytial
virus are under way; another targeting hepatitis C is supposed to
launch soon, with some therapies for neurological diseases to fol-
low. Oh, and another treatment that’s coming down the pike: RNAi
for permanent hair removal.

Catching rays. The speediest atomic nuclei in the universe, called
ultrahigh-energy cosmic rays, may open a new frontier of physics.
The sprawling Pierre Auger Observatory in Argentina will near com-
pletion in 2006, offering the best chance to explore those limits.
Already, Auger’s powerful combination of ultraviolet telescopes
and water-tank detectors is measuring different aspects of the par-
ticle showers sparked by incoming rays. Early results affirm a theo-
rized energy threshold, imposed by interactions in space, that cos-
mic rays rarely cross.

Small worlds. With ever-better methods of pulling DNA from envi-
ronments such as soils and the human gut, researchers are docu-
menting the incredible microbial diversity on this planet. In 2006,
expect a flurry of papers detailing the evolution and molecular bases
of microbial communities and the relationships, both beneficial and
pathogenic, between microbes and their partners; more examples of
lateral transfer of genes between species; and—just possibly—
consensus about a microbial family tree and a much sharper picture
of how eukaryotic cells arose.

Seconding supersolidity. Two years ago, physicists reported that
solidified helium appears to flow like a liquid without any viscosity.
Theorists debate whether such “superflow” is possible in a well-
ordered crystal, and no one has reproduced the result yet. Look for
someone to confirm the observation—or shoot it down.

Homing in on high-Tc. In 1986, physicists discovered that certain
compounds laden with copper and oxygen carry electricity without
resistance, some now at temperatures as high as 138 kelvin. Twenty
years later, researchers still aren’t sure precisely how high-Tc super-
conductors work. But a variety of exquisitely sensitive experimental
techniques should cull the vast herd of possible explanations.

Bird to watch for. Early in 2005, a blurry video and new sightings
of the ivory-billed woodpecker, considered extinct for the past
60 years, wowed conservationists and birders alike. Some skeptics
remained unconvinced by the 1.2-second footage, but many later
were swayed by audio tapes of the woodpecker’s call and distinctive
“tap, tap.” Biologists are scouring the Arkansas bayou, where there
have now been more than a dozen sightings, for more evidence that
they are not seeing a ghost of a bird past.We’re betting this “ghost”
proves to be the real thing.
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Now you see it? A fleeting glimpse captured on video raised hopes that
the ivory-billed woodpecker might not be extinct after all.

Closing the circle. After 20 years of research,
fusion scientists are ready to start building the
ITER reactor.C
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Th is  We e k

Acknowledging that his team made “various
serious errors and shortfalls,” cloning
researcher Woo Suk Hwang has asked
Science to retract his celebrated paper report-
ing the creation of embryonic stem (ES) cells
from 11 patients suffering from diabetes, an
immune system disease, and spinal cord
injury. But as Science went to press, Hwang
was insisting that, contrary to the claims of a
collaborator, his team succeeded in creating
these patient-specific stem cells and that they
intend to replicate their results. 

Pressure on Hwang and his group has
been growing as scientists and the press
have raised questions about the evidence
presented in the paper, f irst published
online in May this year (Science, 17 June,
p. 1777). In another paper in 2004, Hwang
and colleagues reported the first ever pro-
duction of embryonic stem cells from a
cloned human blastocyst. In the 2005
paper,  another group led by
Hwang reported that they had
established 11 ES cell  l ines
from embryos cloned from
patients, a step toward someday
making genetically matched
replacement tissue. No lab has
replicated their results.

But in early December on a
Korean Web site, an anonymous
writer, who claims to be a life
scientist, pointed out duplications
in some of the photographs of
ES cells published in the 2005
paper. According to a Science
statement, a few hours later
Hwang notified Science’s edito-
rial offices of what he called “an
unintentional error” that led to
“about 4 pictures being used
redundantly.” More questions
arose after critics questioned
DNA traces used to demonstrate
that the cell lines were a genetic
match with the skin cells donated
by the 11 patients to create cloned
embryos (Science, 16 December,
p. 1748). On 15 December, co-
author Sung Il Roh, a fertility
expert at MizMedi Hospital in

Seoul who collected oocytes from donors for
Hwang’s work, told Korean media that
Hwang had confessed to falsifying evidence
for 9 of the reported 11 cell lines.

The next day, at a packed press confer-
ence at Seoul National University (SNU), a
defiant Hwang told reporters that he was
“surprised and taken aback” by Roh’s asser-
tion, although he acknowledged that he had
talked with Roh. Reading a prepared state-
ment, Hwang said, “I want to make it really
clear that our research team produced
patient-specific (stem cells).” He acknowl-
edged, however, that the team had problems
with their cell lines. He said that last January,
contamination with yeast had destroyed at
least six of the lines the team had created.
Based on Hwang’s statement, it’s not clear
whether any of these original six lines were
alive at the time the Science paper was sub-
mitted in March. The group was “lax in our

management and committed many mis-
takes,” said Hwang. He said they would thaw
the five remaining cell lines to try to demon-
strate that they match their donors, a process
that Hwang said could take about 10 days.

Hwang also said that MizMedi might be
responsible for mixing up cell lines from its
own research with those used in the experi-
ments that produced the Science paper, and
he called for an investigation. Roh held an
emotional press conference shortly there-
after in which he reportedly reiterated his
claims and accused Hwang of lying.

At a 16 December press brief ing in
Washington, D.C., Science Editor-in-Chief
Donald Kennedy said that Hwang and
Gerald Schatten of the University of Pitts-
burgh, who was corresponding author on
the paper, had told Science editors in a
phone call the previous day that several
aspects of the data “could not be trusted”
and asked that the paper be retracted, pend-
ing the agreement of the 23 other authors.
Kennedy said the scope of the paper’s flaws
is still unclear. Kennedy added, however,
that although the paper contains errors that
were known at the time of submission, there
is not at present evidence to conclude scien-
tific misconduct. 

When questions were first raised about
duplicated images, editors at Science said
that it appeared the duplications occurred
after the paper was accepted and when new,
higher-resolution images were substituted
for publication. But Katrina Kelner, Science’s
deputy editor for life sciences, says it now
appears there were problems in the original
submission as well. Although the four dupli-
cations that Hwang pointed out to editors
were not in the original submission, she says,
the original figure had at least one apparent
duplication that also appeared in the final
version. Figure S1 shows 68 cell photo-
graphs, which purport to show evidence of
10 of the 11 cell lines expressing up to 6 dif-
ferent protein markers typical of ES cells.
But one image labeled as cell line number 8,
expressing a marker called SSEA-4, shows
the same colony of cells, though slightly
shifted, as an image labeled cell line 7,
marker SSEA-3. Kelner says that editors
have asked the researchers to explain the
images, “but we haven’t gotten answers.”

It also seems that questions raised during
the review process may have unwittingly
helped undo the paper. In their original sub-
mission, Kelner says, the authors provided
fingerprints from only some of the cell

Cloning Researcher Says Work Is
Flawed but Claims Results Stand

S T E M  C E L L S

Serious errors. Cloning researcher Woo Suk Hwang has said
he will withdraw a landmark paper published in Science earlier
this year because of errors but says the conclusions are valid.
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lines. Reviewers asked for fingerprinting
data from the remaining lines. It is not clear
if the questionable fingerprints were in the
first submission or in the additional data the
reviewers requested. Editors declined to
specify which lines were missing in the
original submission.

The controversy has focused attention on
the peer review process used by Science and
most other scientific journals. Kelner says that
even before the problems with the Hwang
paper came to light, the journal had planned to
institute a policy early next year to systemati-
cally examine papers for “inappropriate
manipulation of images” by computer pro-
grams that leave telltale traces. But she says
such techniques can only do so much. “I don’t
think that would have picked up these prob-
lems. You had to be looking for duplications.”

Science editors acknowledge that
the paper was reviewed and published in
2 months, about half the average time from
submission to publication. But other
researchers say that even with a longer
review period, the peer review process is not
designed to detect outright falsif ication.
“I’m convinced by looking at the Science
paper that it was publishable on the basis of
data presented,” says Irving Weissman, a
stem cell scientist at Stanford University.

Even if Hwang’s team produces convinc-
ing data that it created patient specific lines,
observers have called into question other
papers by Hwang and various collaborators.
Postings on the same Korean Internet mes-
sage board claim there is similar evidence
of tampering in the supplementary data for
the 2004 paper. Others are raising questions
about a report in Nature this year describing
the f irst cloned dog (Science, 5 August,
p. 862). Critics say that the brief report
leaves open the possibility that the two
look-alike dogs resulted from embryo split-
ting—that they are essentially identical
twins. To prove the case, the researchers
should have demonstrated that that the
puppy and cloned adult carry different
mitochondrial DNA, but the paper includes
no such evidence. 

Some answers may come from investi-
gations now under way at Seoul National
University and the University of Pitts-
burgh. The SNU committee comprises
seven SNU professors, including chair
Myung Hee Chung, and two scientists
from other Korean institutions. In contrast
to some calls from the scientific commu-
nity, there are no non-Korean members. In

the initial phase of the probe, the committee
intends to check lab notes, examine existing
data, including micrographs of cells and
DNA f ingerprint traces, and interview
researchers. A second phase is expected to
involve testing, including new DNA finger-
printing of the five frozen cell lines Hwang
claims will vindicate him. The committee
may also check cell lines held at MizMedi. 

The committee has clamped restrictions
on the lab. Computer storage drives have been

seized. Researchers will not be allowed to
have access to any related data and must
receive prior permission for limited research,
which will be under surveillance. A video
camera has been set up at the culturing lab to
catch any unauthorized comings and goings.  

T h e  c o m m i t t e e  g o t  t o  wo r k  o n
18 December, summoning 24 members of
Hwang’s research team to the school for
individual questioning. The committee
reportedly intends to issue an interim report
by 24 December.  

Korean scientists are dismayed at the
spectacle but split over Hwang’s culpability.
“I’ve known Dr. Hwang for 10 years, and I
just cannot believe [the accusations against
him]; maybe I don’t want to believe them,”
says an SNU colleague who did not want to
be identified. A harsher view comes from a
senior scientist who has no connection to
Hwang or SNU: “I don’t think it makes
sense that he continues his research after
losing his credibility and integrity.” 

Sun Min Lee, a spokesperson for the
People’s Foundation for the Donation of Ova
for Research and Therapeutic Purposes,

which was set up to support stem cell
research efforts when Hwang’s work came
under fire, says they still have hundreds of
women volunteering to donate eggs. 

At least three groups have announced
plans to make their own patient specific cells,
a key step in validating the approach Hwang
reported. Alison Murdoch and her colleagues
at the University of Newcastle in the United
Kingdom announced to the press in May that
they had produced cloned early embryos but

no ES cells. Ian Wilmut of the University of
Edinburgh also has received government and
ethical approval to begin work. A group at
Harvard University is poised to start as soon
as it receives ethical approval from all institu-
tions involved. 

George Daley, a member of the Harvard
group, says it is too early to tell how flawed
the 2005 report is. “Hwang’s group was
skilled enough to be capable of doing what
they claimed,” he says. “We’ll see how much
of the Hwang methodology proves useful
when we and others attempt to incorporate it
into our own work.”

Wilmut agrees. “I very much hope that
Hwang and his group can be given time to
collect their thoughts,” he says. “I am sure
that they did make good steps forward and
derive cell lines. I hope that they can
assemble their data and present it in full
because it will help the rest of us to know
what can be achieved.”

–DENNIS NORMILE, GRETCHEN VOGEL, AND

CONSTANCE HOLDEN

With reporting by Ji-soo Kim, Mark Russell, and
Yvette Wohn in Seoul.
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Pushing forward. Hwang told a press conference that his team would produce new evidence that
they had made stem cells from cloned human embryos.
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Peach State Sticker Shock
Georgia scientists are worried that a 
U.S. federal appeals panel might side with
Cobb County school officials after the
panel heard oral arguments last week on
the content of antievolution stickers
placed in textbooks.

Georgia Citizens for Integrity in Science
Education say that a three-judge panel in
Atlanta received “erroneous” information
at its 15 December hearing.The court was
reviewing a lower court ruling that the
stickers, which call evolution “a theory,
not a fact,” unconstitutionally advance a
religious view. The court failed to
acknowledge scientific errors in the
sticker, the education group laments, and
wrongly assumed that the school board
acted before fundamentalist parents
complained, thus mooting the argument
that the stickers were a response to reli-
gious influences.The school board dis-
avows any religious motive, saying that
the stickers encourage “critical thinking.”

–CONSTANCE HOLDEN

Flu Preparedness Dealt Blows
PARIS—Efforts to wield two key weapons
against a future H5N1 influenza pandemic
have suffered setbacks. Last week, French
vaccine maker Sanofi Pasteur announced
that a prototype H5N1 vaccine containing
aluminum as an “adjuvant,” or immune
booster, appears to offer protection only
when two doses of 30 micrograms of anti-
gen each were given.

Sanofi calls the study “progress,” but
many researchers are disappointed that
the booster didn’t allow smaller doses to
protect. Because the world’s flu vaccine
manufacturing capacity is limited, they
had hoped that the addition of aluminum
might bring the dose needed all the way
down to 2 micrograms or less, enabling
vaccine makers to make billions of doses.
“[A] much better adjuvant is needed,”
says Albert Osterhaus of Erasmus Medical
Center in Rotterdam, the Netherlands.

Meanwhile, in this week’s New England
Journal of Medicine, researchers report
having isolated from two Vietnamese
patients H5N1 strains that are highly
resistant to the drug oseltamivir, stock-
piled by rich countries. Before that, only
one partially resistant H5N1 strain had
been found.An accompanying commen-
tary says the “frightening” results mean
that oseltamivir must be used wisely and
urges measures to prevent people from
hoarding the drug.

–MARTIN ENSERINK

ScienceScope

Ancient DNA has always held the promise of
a visit to a long-vanished world of extinct ani-
mals, plants, and even humans. But although
researchers have sequenced short bits of
ancient DNA from organisms including pota-
toes, cave bears, and even Neandertals, most
samples have been too damaged or contami-
nated for meaningful results. 

Now in a paper published online by Science
this week*, an international team reports
using new technology to sequence a stagger-
ing 13 million basepairs of both nuclear and
mitochondrial DNA from a 27,000-year-old
Siberian mammoth. Also this week, a Nature
paper reports using a souped-up version of
more conventional methods to sequence a
mammoth’s entire mitochondrial genome. 

Besides helping reveal the origins of mam-
moths, the new nuclear data serve as a dra-
matic demonstration of the power of the new
technique to reliably sequence large amounts
of ancient DNA, other researchers say. “The
‘next generation’ sequencer that was used [in
the Science paper] will revolutionize the field
of ancient DNA,” predicts evolutionary biolo-
gist Blair Hedges of Pennsylvania State Uni-
versity in University Park. Ancient DNA pio-
neer Svante Pääbo of the Max Planck Institute
for Evolutionary Anthropology in Leipzig,
Germany, who co-led the independent mito-
chondrial study, calls the nuclear DNA work
“really great—the way forward in ancient
DNA is to go for the nuclear genome with
technologies like this.”

To get mammoth samples for the new
method, molecular evolutionary geneticist
Hendrik Poinar of McMaster University in
Hamilton, Canada, took bone cores from
woolly mammoths found in permafrost and
stored in a frigid Siberian ice cave. When
Poinar returned the samples to his lab, he was
surprised by the amount of DNA that emerged,

particularly from one mammoth jawbone. This
specimen had been recovered from the shore of
Lake Taimyr, where very cold winters and
short, cool, and dry summers turned out to be
ideal conditions for preserving DNA. 

Poinar sent the DNA-rich sample to
genomicist Stephan C. Schuster at Pennsyl-
vania State University, University Park, who
is working with a new genome sequencer
developed by a team at Stanford University
and 454 Life Sciences Corp. of Branford,
Connecticut (Nature, 15 September, p. 376).
This rapid, large-scale sequencing technol-
ogy sidesteps the need to insert DNA into
bacteria before amplifying and sequencing
it. Instead, scientists break DNA into small
fragments, each attached to a tiny bead and
encapsulated by a lipid bubble where the
DNA is multiplied into many copies for
sequencing. Because each fragment is iso-
lated before copying, the method avoids
bias from copying large amounts of contam-
inant DNA from bacteria or humans.

The researchers were stunned by how well
the method worked on ancient DNA, which is
notoriously difficult to extract and sequence: “I
would have been happy if we got 10,000 bases
of mammoth DNA,” said Poinar. Instead, they
got 28 million basepairs, 13 million from the
mammoth itself. Their preliminary analysis
shows that the mammoth was a female who
shared 98.55% of her DNA with modern
African elephants. But mammoths were appar-
ently closest kin to Asian elephants, as shown
by Pääbo’s mitochondrial study, which
retrieved about 17,000 basepairs. 

Poinar’s team also found sequences from
bacteria, fungi, viruses, soil micro-organisms,
and plants, which the researchers say will help
reconstruct the mammoth’s ancient world. The
technique was so productive that the authors
predict it will be used soon to sequence entire
genomes of extinct animals. –ANN GIBBONS

With reporting by Michael Balter.

New Methods Yield Mammoth Samples 
A N C I E N T  D N A

Mammoth achievement.Researchers
managed to sequence a large chunk of
DNA from a Siberian mammoth.

*www.sciencmag/org/cgi/content/abstract/1123360
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Since the COX-2 inhibitor Vioxx
was yanked off the market more
than a year ago, the remaining
anti-inflammatory painkillers
have been under a cloud of suspi-
cion. Which are the safest, the
least likely to contribute to heart
attacks and strokes? And which
are the most dangerous? 

Pfizer, maker of the COX-2
inhibitors Celebrex and Bextra
(which was pulled in April), is
placing a $100 million bet on a
20,000-person, international trial
led by the Cleveland Clinic in
Ohio. But some experts are con-
cerned that the design of the trial,
announced last week, could load
the dice in Celebrex’s favor and
put patients at risk. European
Union (E.U.) countries have declined to
participate because of their concerns about
Celebrex’s safety. 

The clinical trial is unusual for focusing
on patients with heart disease, including
those who recently underwent bypass sur-
gery and those at risk of cardiac problems.
The approach is meant to mirror conditions
in the real world. “If you have arthritis and
you have heart disease, we can’t ask you to
tolerate the pain. So what do I give you?”
says Steven Nissen of the Cleveland Clinic,
who’s leading the trial. “In the absence of
knowledge, we’re just guessing.” Nissen has
criticized Vioxx and other COX-2 drugs,
although at a U.S. Food and Drug Adminis-
tration (FDA) meeting last February, he
voted to keep Bextra on the market.

Patients in the Celebrex trial will be ran-
domly and blindly assigned to receive either
Celebrex or one of two older anti-inflammatory
drugs—ibuprofen or naproxen. The trial will
end after 715 “events”—heart attacks,
strokes, or deaths—have occurred, says Nis-
sen. That’s expected to take roughly 4 years. 

But some scientists wonder whether the
study will really resolve questions about the
drug’s safety. “The important thing in sci-
ence is to make sure you’ve controlled all
your variables,” says Alastair Wood, a drug-
safety expert and associate dean of 
Vanderbilt University School of Medicine in
Nashville, Tennessee. “Here, there’s another
variable in the room that potentially could
affect some of the outcomes.” 

That variable is aspirin, used by heart

disease and at-risk patients to reduce clot-
ting. Previous trials have often excluded
those on aspirin, which will be given in low
doses to all the volunteers in the Pfizer trial
because they’re at higher risk.

The catch, says Garret FitzGerald, a phar-
macologist and cardiologist at the University
of Pennsylvania, is that aspirin reduces
clotting by acting on COX-1. That’s one of the
molecules targeted by ibuprofen and
naproxen, but mostly ignored by Celebrex.
Previous studies in animals and humans have
suggested that both ibuprofen and naproxen,
but not COX-2 inhibitors, “can interfere to
undermine the cardiovascular protection of
aspirin,” says FitzGerald. If so, a finding that
heart attacks and strokes are the same in all
three drug groups might actually mean that
Celebrex is less safe, because the cardio-
vascular benefits of aspirin may be decreased
for those taking ibuprofen or naproxen but not
for those in the Celebrex group. 

The solution, say both FitzGerald and
Wood, is to banish aspirin from the study and
give patients clopidagrel, or Plavix, a more
expensive drug made by Bristol-Myers
Squibb that has cardiovascular benefits simi-
lar to aspirin but doesn’t work through COX
molecules. Nissen disputed that approach in
an e-mail, noting that clinically, chronic clop-
idagrel use isn’t indicated for heart disease
patients, and its effects are not known. He also
said the interaction between aspirin and
ibuprofen remains speculative.

The ethics of the new trial are also get-
ting mixed reviews. Although some clinical
trials are faulted for relying on the healthiest
patients, this one has garnered criticism for
planning to enroll the sickest. “Why take the
highest-risk people?” asks Curt Furberg, an
epidemiologist at Wake Forest University
School of Medicine in Winston-Salem,
North Carolina, who suggests instead track-
ing them through health databases of hun-

Massive Trial of Celebrex Seeks to 
Settle Safety Concerns

D R U G  T E S T I N G

Scientific Drill Ship to Be Reborn
SAN FRANCISCO, CALIFORNIA—The JOIDES
Resolution ends its 20-year career as the
world’s lone deep-sea scientific drilling ship
next week. But the National Science Founda-
tion (NSF) hopes that $115 million will bring
her back into the water, better than ever.

An NSF-funded group has contracted
with the ship’s owner to rebuild and upgrade
the Resolution, beginning next fall. When
the work has been completed, it would join
the Japanese behemoth Chikyu late in 2007,
ending an 18-month drilling hiatus and
beginning the most ambitious ocean drilling
ever attempted.

The renamed ship will be more capable
and comfortable, NSF’s Assistant Director

for Geosciences Margaret Leinen told an
audience last week at the American Geo-
physical Union meeting here. The ship, rep-
resenting the U.S. contribution to the Inter-
national Ocean Drilling Program, will have
50% more shipboard laboratory space, an
enhanced drilling system, and a greater
variety of analytical instrumentation. But
the biggest applause greeted her description
of the improved creature comforts: No more
four-person staterooms or eight-person
bathrooms, Leinen promised, and there will
be a sauna. To stay on schedule, however,
NSF needs $42 million from Congress in its
next budget to complement what it has
received in the past 2 years.

The half-billion-dollar Chikyu, which dur-
ing a shakedown cruise this month retrieved
its first sediment core, will become fully oper-
ational in September 2007. Its first challenge
will be a series of holes working up to a
superdeep hole into the fault that generates
great earthquakes off the coast of Japan. But
more work lies beyond that 6-year project,
Y. Tatsumi of the Japan Drilling Earth Science
Consortium reminded the audience. He urged
the community to begin planning other ambi-
tious projects, including drilling through the
ocean’s rocky crust. An ill-fated attempt to
pierce the ocean crust (Science, 18 April 2003,
p. 410) 40 years ago gave rise to modern
scientific drilling. –RICHARD A. KERR
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Three-way race. Pfizer is putting up at least $100 million for
Celebrex to take on naproxen (above, right) and ibuprofen.
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dreds of thousands of patients like the one
kept by Kaiser Permanente. The E.U. will
not participate because its drug regulatory
agency contraindicates Celebrex for heart
disease patients.

Still, “the trouble in the real world is
that people have multiple illnesses,” says
oncologist Richard Goldberg of the Uni-
versity of North Carolina, Chapel Hill,
whose ongoing trial of whether Celebrex

could prevent colon polyps ground to a halt
earlier this year after Vioxx was pulled for
lack of new recruits. It “wouldn’t surprise
me” if this latest study faces the same prob-
lem, he says. 

But Nissen’s Cleveland Clinic colleague
Eric Topol, who is not involved in the study,
isn’t worried. “It’ll recruit very quickly,” he
predicts. “It’s not like you’re doing a trial to
hurt anybody.” –JENNIFER COUZIN
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Lawmakers Zap NASA Head
NASA chief Mike Griffin wants to refocus
all space station research on crewed
spaceward voyages. But Congress last
week agreed on an authorization bill
which demands NASA spend at least
15% of its station funds on microgravity
research not related to exploration.
Griffin, meanwhile, told a meeting of the
American Geophysical Union earlier this
month that NASA faces “some daunting
fiscal issues”amidst visions for robot miners
on Mars and a census of extrasolar planets.

–ANDREW LAWLER

Cambridge to Clamp 
Patent Rights
The University of Cambridge, U.K., is
tightening the reins on academic patents
after faculty and staff overwhelmingly
backed a plan to centralize intellectual
property under a group called Cambridge
Enterprise. Dissenters wanted to preserve
rules that gave researchers more control
over their patents (Science, 9 December,
p. 1597). Cambridge computer scientist
Ross Anderson now aims to spark a
debate on what he calls the university’s
“abuse” of authority during the debate.

–ELIOT MARSHALL

Researcher Freed in Iraq
German archaeologist Susanne Osthoff,
abducted by insurgents in Iraq on 
25 November, was freed this week.
Osthoff had tried to protect archaeologi-
cal sites from looting after the U.S.-led
invasion and was involved with a conser-
vation project in Mosul earlier this year.
Her liberation is “fantastic news,” says
archaeology writer Roger Atwood, who
visited looted sites with her in 2003.

–MICHAEL BALTER

E.U. Research Budget Set 
BERLIN—The dream of a doubling in Euro-
pean Union research funding is dead. In a
compromise worked out last week, the
leaders of the 25 E.U. member countries
agreed on a budget for 2007–2013 that is
about 16% smaller than the one pro-
posed in April (Science, 15 April, p. 342).
Instead of receiving €10 billion per year,
research funding would rise from €5 billion
to €8.75 billion in 2013. The smaller
boost “is clearly not what we wanted,”
said E.U. research commissioner Janez
Potocnik, but "it reflects today's political
reality." He said it was not clear how
much the squeeze would affect funding
for the new European Research Council.

–GRETCHEN VOGEL

Saying that academic research is the key to
a strong economy, a bipartisan group of
U.S. senators has assigned the National
Science Foundation (NSF) a central role in
a multibillion-dollar proposal to boost U.S.
competitiveness. And they’re hoping that, for
NSF, the second time around will be a charm.

The legislation, introduced last week and
dubbed the National Innovation Act of 2005,
would nearly double the NSF budget, now
$5.5 billion, by 2011. It would create hun-
dreds of new graduate fellowships, encour-
age all federal agencies to invest in high-risk
research, and revise the tax code to promote
more industrial spending on research. It rec-
ommends federal investment in advanced

manufacturing, regional economic develop-
ment, health care, and defense technologies.
It would also create an interagency Council
on Innovation to evaluate all relevant leg-
islative initiatives. 

“Whenever I meet with industry, they tell
me that supporting university-based research
is the single most important thing that we
could do to bolster U.S. competitiveness,”
said Senator Joseph Lieberman (D–CT),
co-sponsor of the proposal with Senator
John Ensign (R–NV), at a press briefing.

“It’s the raw material from which they inno-
vate.” Fourteen senators have signed on as
co-sponsors of the bill, S.2109, which
closely tracks recommendations made 1 year
ago by a blue-ribbon panel of business and
academic leaders assembled by the Council
on Competitiveness (www.compete.org).

Even as the press briefing was taking
place in the Capitol, three of the bill’s
co-sponsors were meeting at the White
House with President George W. Bush to
discuss a similar piece of legislation to bol-
ster U.S. scientific prowess being prepared
by Senator Lamar Alexander (R–TN). That
bill is expected to conform to an October
report by the National Academies’ National

Research Council (Science,
21 October, p. 423). 

Science lobbyists are
thrilled by the bill’s under-
lying message. The legisla-
tion “reflects a consensus
among the nation’s business
and academic communities
concerning actions we must
take to ensure our future
global competitiveness and
our national security,” says
the Association of American
Universities, which represents
62 research-intensive univer-
sities. ASTRA, a consortium
that lobbies for increased
spending in the physical sci-
ences and engineering, calls
the bill its number-one legisla-
tive priority in 2006.

All that support will go for naught, how-
ever, unless Congress loosens the purse
strings. Despite a 2002 law calling for a
5-year doubling of NSF’s budget, Congress
actually cut the agency’s budget last year
and gave it only a small increase this year.
Lieberman says he expects things to be dif-
ferent this time around: “There’s a new
sense of urgency and a new level of under-
standing about the importance of university-
based research. I think we can do it.”

–JEFFREY MERVIS

Bill Seeks Billions to Bolster Research
U . S . S C I E N C E  P O L I C Y

Innovation trio. From left, Senators Joseph Lieberman, George
Allen, and John Ensign unveil competitiveness legislation.
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A puff of ultracold atoms
may help physicists decipher
the weird nuclear matter in
the hearts of neutron stars.
Two groups report online in
Science this week that when
they tweaked such frigid
atoms to mimic superdense
nuclear matter, the atoms
continued to pair up and flow
without resistance, just as
electrons do in a super-
conductor. One group even
claims evidence of a new
type of resistance-free flow,
or superfluidity.

Theorists have predicted
that new forms of superfluid-
ity might exist in neutron stars,
and an atomic analog may enable them to test
those ideas directly. “To have that become
something you can study in the laboratory is
like a gift from heaven,” says theorist Frank
Wilczek of the Massachusetts Institute of
Technology (MIT) in Cambridge.

In each experiment, a gas of the isotope
lithium-6 is trapped in a laser beam and
chilled to less than a millionth of a kelvin.
Quantum mechanics dictates that no two
identical lithium-6 atoms can fill the same
energy “state,” so the trapped atoms stack into
the energy ladder of quantum states two at a
time—one spinning one way and the other
spinning the opposite way. Researchers then
apply a magnetic field to make the atoms
attract or repel one another.

When equal numbers spin each way while
the atoms repel, opposite-spinning atoms
form loose “Cooper pairs” whose connection
depends on the motion of the other atoms
(Science, 6 February 2004, p. 741). These
pairs flow through one another without
resistance, as Martin Zwierlein, Wolfgang
Ketterle, and colleagues at MIT proved in
June, when they tried to rotate the cloud of
atoms (Science, 24 June, p. 1848). Instead
of turning as a whole, it sprouted tiny
whirlpools called vortices—hallmarks
of superfluidity.

Now, the MIT experimenters report
online (www.sciencemag.org/cgi/
content/abstract/1122318) that superflu-
idity persists when atoms spinning one way
outnumber potential partners by as much as
70%. The imbalanced gas mimics the
dense soup of subatomic “quarks” at the
center of a neutron star, as there some
types of quarks outnumber others. 

Whether the particles are atoms
or quarks, standard theory forbids
superfluidity when one type of

them stacks to higher energy than the other,
Ketterle says. But, he says, the results jibe
with the notion that extra members of the
majority are squeezed to sides of the laser
trap, leveling the energy stacks in the middle.

More speculatively, Guthrie Partridge,
Randall Hulet, and colleagues at Rice Univer-
sity in Houston, Texas, claim online (www.
sciencemag.org/cgi/content/abstract/1122876)
that the lithium superfluid remains mixed at
small imbalances. Atoms spinning in
opposite directions absorb light of different

colors. By measuring the
absorption of the colors in
various parts of the cloud, the
researchers showed that the
extra atoms migrated to the
edges only when the imbalance
exceeded 9%.

No one has ever detected
an imbalanced superfluid
before, although Wilczek and
others have devised scenarios
in which one could exist. “On
the face of it, [Hulet’s result]
is consistent with the kind of
superfluid we’ve been pre-
dicting,” Wilczek says, “but
it’s by no means proof.”

The Rice researchers haven’t
shown that their gas is ever

superfluid, Ketterle says. Hulet agrees, but he
says that previous experiments show the gas is
superfluid when the imbalance is zero, and the
easiest explanation is that his team is seeing a
transition from one superfluid to another.
“Anything else, while not ruled out, would
have to be even more exotic,” Hulet says.

Future experiments will put the pur-
ported superfluid to the test. Regardless of
the outcome, however, ultracold atoms have
begun to live up to their potential as a portal
into new and exotic physics. –ADRIAN CHO

Mismatched Cold Atoms Hint at a Stellar New Superfluid
C O N D E N S E D - M AT T E R  P H Y S I C S

Jawless Fish Have Form of Adaptive Immunity
Evolution doesn’t like to do things just
once. It came up with flight three times, for
example—in insects, birds, and bats. Now
it appears that evolutionarily distinct
immune systems have exploited a similar
genetic trick to battle microbes. New
research on page 1970 reveals that the

immune defenses of
jawless f ish such as

lampreys generate
as much diversity
as the immune
system that organ-
isms from sharks
onward in evolu-
tion use. And both

employ a similar
technique: rearrang-

ing DNA.
Researchers don’t

yet know whether the lamprey’s immune
system arose before our own or if it spun
off from its own evolutionary tangent, but
they’re impressed by its sophistication.
“It’s just fascinating that there’s another
adaptive immune system,” says David
Davies of the National Institute of Diabetes
and Digestive and Kidney Diseases in
Bethesda, Maryland, who studies Toll-like
receptors, other immune proteins that
recognize pathogens. 

The immune system in sharks, mam-
mals, and other jawed vertebrates generates
antibodies—proteins that recognize very
specif ic molecular features of invading
pathogens—by rearranging DNA segments
and inducing random mutations to give rise
to a hundred million million different possi-
ble proteins. This allows the immune system
to adapt to each new infectious agent by
boosting production of antibodies specific
for the attacking microbe.

Comparative immunologist Zeev
Pancer of the Center of Marine Biotech-
nology Institute in Baltimore, clinical
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immunologist Max Cooper, a Howard
Hughes Medical Institute investigator at
the University of Alabama, Birmingham,
and colleagues knew that lampreys
responded to invading microbes by gener-
ating their own diverse set of proteins
called variable lymphocyte receptors
(VLRs). These proteins contain varying
numbers of different leucine-rich seg-
ments, which are often involved in binding
to other molecules.

But just how diverse are VLRs? In one
experiment, the team identified hundreds of
unique VLRs by immunizing lampreys with
anthrax spores and collecting the f ish’s
immune cells. Other experiments and a
close look at the predicted protein sequence
for each identif ied VLR allowed the
researchers to estimate all the possible
sequences for a VLR. They calculated that
lampreys can make as many as 1014 different
immune proteins.

Yet there’s only a single VLR gene in the
germline of lampreys, for example, and two
in hagfish. So, “we hypothesized that the
genes rearrange” in each immune cell to cre-
ate distinct VLRs, Pancer says. 

They then looked at the actual VLR gene
in dozens of lamprey immune cells and
found that each was unique, having been
formed by shuffling around nearby DNA
sequences, each of which encode short
leucine-rich segments. 

Finally, the team looked closely at the
types of VLRs in blood after the fish were
immunized. The amount of VLR protein
that could bind the anthrax rose over
8 weeks, but these same proteins did not
attach to spores from another bacterium.
This indicated that the lamprey could tailor
its production of VLRs to a particular
microbe, the hallmark of an adaptive
immune response. 

Whether vertebrates started out with a
VLR system and later gave it up for the
antibody-based immunity is anybody’s bet.
The study authors are looking both in inver-
tebrates—squid and octopus—and in bony
fish for remnants of such a system. “It may
well be that this exists in us because nature
very rarely throws things away,” says Davies.
But immunologist Gary Litman of All
Children’s Hospital in St. Petersburg,
Florida, is skeptical that VLRs represent a
forerunner to antibody-based immunity in
vertebrates. “The jawless fish are not a sim-
ple step from jawed vertebrates,” he says.
“There’s a huge transition, and the jawless
fish are highly derived and specialized.”

In any event, the lamprey work “deserves a
lot of attention,” says Litman. “It seems to be
that the [adaptive] immune system has been
reinvented by any number of mechanisms.” 

–MARY BECKMAN

Mary Beckman is a writer in southeastern Idaho.
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CAMBRIDGE,UNITEDKINGDOM—On 26 December,
a European satellite is set to lift off from
Baikonur cosmodrome in Kazakhstan and,
once in orbit 23,000 kilometers above
Earth’s surface, start transmitting time sig-
nals. Although small—roughly the size of a
freezer—the satellite GIOVE-A is the start
of something big.

The craft is the first test bed for Europe’s
answer to the U.S. Global Positioning System
(GPS) satellites. Dubbed Galileo, the Euro-
pean system, like GPS, will consist of a con-
stellation of satellites carrying atomic clocks.
A receiver can use their signals to calculate its
position to an accuracy of a few meters. Com-
bining Galileo with GPS will double the num-
ber of transmitters, and with Galileo’s updated
technology, researchers expect it to bring a

sharp improvement in quality and reliability,
which in turn will enable new studies of the
atmosphere and oceans. The system might
even provide a way of watching for tsunamis.

Satellite navigation is simple in principle:
The spacecraft (24 for GPS, 27 for Galileo
when it is fully operational around 2010)
transmit regular signals that give each craft’s
identity and the precise time of transmission.
A receiver which can pick up signals from
four different craft is able to calculate its posi-
tion in three dimensions.

GPS receivers have become so cheap that
they’re widely used by hikers and drivers. But
GPS remains a military system, and the Pen-
tagon can degrade or even turn off the signal
in times of crisis. Galileo, in contrast, has
been designed with business in mind. “Guar-

antee of service is the basic difference,” says
Dominique Detain of the European Space
Agency, which is developing Galileo jointly
with the European Union.

GPS receivers have already become a
common research tool, providing position
data points in survey work and monitoring
movement of tectonic fault lines. In the late
1980s, atmospheric researchers realized they
could use GPS signals to probe Earth’s atmos-
phere. A GPS signal that passes through the
atmosphere as it travels from a GPS satellite
to a satellite equipped with a receiver will be
refracted. This refraction gives a detailed ver-
tical profile of the atmosphere between the
two craft, revealing temperature and pressure.

This information is “really very valuable
for climate benchmarking,” says physicist

James Zumberge of NASA’s
Jet Propulsion Laboratory in
Pasadena, California, which
has pioneered the technique. It
would be highly valued by
weather forecasters, too,
except that they need continu-
ous and global coverage. A
single receiver in low Earth
orbit is only in the right config-
uration to pick up a signal pass-
ing through the atmosphere a
few times per day. Galileo,
however, will double the num-
ber of signal sources, and a
joint U.S./Taiwanese project
called Cosmic, which will
launch next spring, will add six
GPS-receiving satellites. 

Researchers are also excited
about a technique that detects
satellite navigation signals
bounced off the ocean surface.

A team from the University of Surrey in
Guildford, U.K., demonstrated the technique
earlier this year, deriving sea surface rough-
ness from reflected GPS signals. But the
Galileo signal has extra features that may also
allow researchers to measure wave height and
the height of the ocean surface. Radar satel-
lites can already make such measurements,
but they are large, expensive, and narrowly
focused. A satellite with a navigation receiver,
in contrast, could weigh just 10 kilograms.
“You could put up a whole load of them and
get global coverage at low cost,” says Martin
Unwin of the Surrey team. Such a constella-
tion could even provide an efficient tsunami
early warning system. “People are looking
into it,” says Zumberge. 

–DANIEL CLERY

Europe’s Answer to GPS Could Be a
Boon for Research

S AT E L L I T E  N AV I G AT I O N

Global upgrade. Galileo will have enhanced capabilities.
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Imagine one of your car’s headlights winks
out, but instead of simply replacing the bulb,
you attach a third headlight. That’s typically
how genetic engineering works today. When
molecular biologists want to boost a plant’s
drought resistance, for example, or repair the
cells of a patient with an inherited disease,
they paste a new gene into a random spot on
a chromosome and hope it does the job.
Nobody has yet figured out a good way to
directly repair a cell’s defective genes.

Now a technology is emerging that could
enable scientists to much more readily repair
or alter a cell’s existing genes. The key is an
engineered protein called a zinc f inger
nuclease that latches onto a specific gene
and snips its DNA. The cell then heals
the broken strand using copies
of a replacement gene that
researchers also supply—
in the case of gene ther-
apy, the copies would
lack the disease-
causing mutation in
the original.

I n  t h e  p a s t
3  years, researchers
have shown that zinc
finger nucleases can
successfully modify
existing genes in fruit
flies and plants. They’ve
even fixed, in a lab dish at
least, human cells bearing a
mutation that causes a deadly
inherited immune disease. Although no dis-
ease gene has yet been repaired in a mammal,
much less in a person, researchers are hopeful
that the work will lead to clinical applica-
tions. The ability to routinely edit genes in
lab-grown cells, animals, and plants would
also be a boon for basic scientists exploring
gene function. “This would be a phenomenal
research tool. It could change the way we do
science,” says molecular biologist Matthew
Porteus of the University of Texas Southwest-
ern Medical Center in Dallas. 

There remain several obstacles to this
vision for zinc finger nucleases. For one, they
must be tailored for each target gene, which
only a few labs can do at the moment. Several
of these groups are gearing up to make the
customized proteins more widely available,
hoping to get around the fact that one
company owns the broadest collection of zinc
finger nucleases as well as sweeping patents
on their use. Some biologists are concerned
that this firm will stifle the field’s progress.

Finally, like other gene-therapy strategies,
the use of zinc finger nucleases poses serious
safety questions. “It’s a very exciting
approach,” says Richard Mulligan of Harvard
University. But he cautions, “As an old gene-

therapy person, my view is this runs
the risk of moving too quickly,

leaving out too many biolog-
ical details, and suffering

the same fate as the
gene-therapy f ield
overall.”

Product placement

Gene therapists and
other biologists would
like to be able to
modify a cell’s exist-

ing genes because
simply inserting a new

gene into a cell’s genome
poses problems. First, that

new gene may not function in
the same way as
the one it’s meant
to replace. The
introduced gene
usually lands in
a random loca-
tion, far from the

promoters and other noncoding regions that
control the natural gene. That often means the
cell makes too much or too little of the added
gene’s protein product. 

Moreover, the random nature of the gene
insertion has led to serious side effects. In

the first clear success in gene
therapy, scientists in the past 6 years have
apparently cured nearly two dozen children
with severe combined immunodeficiency
disease (SCID) by stitching a corrective
gene into patients’ blood cells. But three
patients with X-linked SCID developed
leukemia, seemingly because the retrovirus
carrying the corrective gene inserted its
package of DNA near an oncogene. In
theory, says Mulligan, repairing the
endogenous gene that causes X-SCID
should be much safer.

Scientists have tried to exploit one of the
cell’s natural repair mechanisms to edit
genes, but with limited success. When a
chromosome is damaged, cellular enzymes
can restore it using a corresponding strand
of DNA as a template, usually from the
cell’s other copy of the chromosome—a
process called homologous recombination.
Scientists can piggyback on this natural
repair system by tricking the cell into per-
forming homologous recombination using
added DNA as the template instead.
Although this strategy works well enough in
yeast and is routinely used to make “knock-
out,” or transgenic, mice, the rate of
repair—one in a million cells—is too low to
be useful in other species. Another gene-
repair technique, chimeraplasty, has not
proven to be easily reproduced, if it works at
all (Science, 13 December 2002, p. 2116). 

More recently, researchers seeking a
way to make gene repair via homologous
recombination work better turned to zinc
fingers, discovered by Aaron Klug’s group
at the Laboratory of Molecular Biology in
Cambridge, U.K., in 1986. Molecular struc-
tures containing about 30 amino acids and
held together by a zinc ion, they’re key com-
ponents of many proteins involved in tran-
scription, the process by which a gene’s
information is converted from DNA into
RNA. Indeed, zinc fingers determine where
so-called transcription factors bind. Each C
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The struggling field of gene therapy could regain its momentum
if proteins called zinc finger nucleases live up to their promise 
of efficiently and safely repairing mutations

Putting the Fingers
On Gene Repair

News Focus

Glowing success. Human
c e l l s  b e ga n  t o  s h i n e
after zinc finger nucleases
repaired a gene for green
fluorescent protein.

Fingered.A three-finger
zinc protein (green)
bound to DNA (blue).
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finger nestles into the DNA helix at a spe-
cif ic set of three bases (such as GCG),
allowing a transcription factor to turn on a
specific gene. Klug’s lab and others next
showed that they can mix and match differ-
ent zinc f ingers to latch onto specif ic
sequences of DNA—there are 64 possible
three-base combinations. 

Researchers then began exploiting zinc
fingers to ferry molecules to a unique posi-
tion along a chromosome—for example, fus-
ing them to proteins that turn genes on or off
so that such proteins would regulate a specific
gene. And that inspired the idea of zinc finger
nucleases as a way to spur homologous
recombination. The strategy is to attach zinc
fingers to enzymes called endonucleases that
make double strand breaks in DNA. When
these enzymes are added to a cell, the usual
rate of homologous recombination—1 in a
million cells—rises to at least 1 in 1000. In
1996, Srinivasan Chandrasegaran’s group at
Johns Hopkins University in Baltimore,
Maryland, reported that by attaching three
different zinc fingers to these DNA-snipping
enzymes, they could cut a piece of a free-
floating DNA at a precise location. (The
researchers add two nucleases that first land
on each side of the point they wish to cut
and then combine to snip the DNA.) With
Dana Carroll’s group at the University of
Utah, Salt Lake City, they later showed that
when new DNA was inserted into frog eggs
and cleaved by a zinc finger nuclease, the
cells then fixed the break.

The next step was to see whether zinc
finger nucleases could alter specific genes
in a cell’s chromosomes. In 2002, Carroll’s
group showed in fruit fly larvae that the
nucleases could mutate a gene that controls
the insect’s color. Some of the resulting
flies had patches of yellow where they
would normally be dark. 

That work didn’t attempt to replace the
cleaved portion of the color gene, but
Carroll’s team reported doing that in 2003 in
Science (2 May 2003, p. 764). In addition to
the zinc finger nucleases, they added copies
of a different version of the color gene into
the fly larvae and showed that the larvae
incorporated that variant via homologous
recombination. In the same issue, Porteus
and David Baltimore of the California Insti-
tute of Technology in Pasadena reported a
similar success. They showed for the first
time in human cells that zinc finger nucle-
ases could be used to repair a mutation in
the gene, albeit a nonhuman reporter gene
inserted into the cells. 

The first proof of principle that zinc fin-
ger nucleases can correct a human disease
gene came this spring. In the April online
edition of Nature, Porteus and scientists at
Sangamo BioSciences Inc. in Richmond,
California, showed that such nucleases

could make a one-base change in a func-
tional copy of IL2Rγ, the gene that causes
X-SCID, in human cells. The zinc finger
nucleases worked with relatively high effi-
ciency—18% in primary blood cells and
5% in T cells, the cells that would need to be
targeted in X-SCID patients. 

Sangamo also intends to use zinc finger
nucleases to correct mutations in other blood
diseases, such as hemophilia. The general
strategy is to isolate bone marrow or other
blood-forming stem cells from a patient,
correct the mutation in the cells in lab dishes,
and put the stem cells back.

And in a twist on repairing disease genes,
Sangamo is also testing whether zinc finger
nucleases can treat HIV patients by dis-
abling the gene for a protein, called CCR5,
that the HIV virus uses to enter cells. In
2006, Sangamo and collaborators hope to
begin clinical trials in which a person’s HIV-
susceptible immune cells would be replaced
with bone marrow cells that have had their
CCR5 genes knocked out. 

Delivery problems

Whereas Sangamo may be optimistic that
zinc finger nucleases will soon enter the
clinic, others say the technology needs to be
mature. “It’s certainly not going to be a slam
dunk. There’s a huge number of things stand-
ing in the way,” says Michael Blaese of the
Institute for Inherited Disease Research in
Newton, Pennsylvania.

One of the first hurdles is to get enough
zinc finger nucleases into the right kinds of
cells. Scientists don’t just add the proteins to
cells. Instead, DNA encoding an engineered
nuclease is coaxed into cells with a jolt of

electricity. But the immature T cells that
researchers would like to target in X-SCID
patients are too fragile for such electroshock.
The company is now working on ferrying
DNA encoding the zinc finger nucleases into
cells using disabled lentiviruses. “It’s perfect
for our technology,” says Sangamo Vice

President of Research Philip Gregory. The
team hopes to show they can this way repair
the IL2Rγ gene in cells extracted from an
X-SCID patient by next summer. 

Yet safety issues remain. Zinc f inger
nucleases can create double strand breaks at
DNA sequences other than the target gene,
which in theory could lead to cancer. Sangamo
says it has greatly reduced that risk by using
very specific nucleases, ones with an extra
zinc finger. They’re also using nucleases that
cannot pair up in wrong combinations. “It’s a
very neat solution,” says Carroll, who collab-
orates with Sangamo. With this technique,
the company sees only a minimal increase
over the background rate of double strand
breaks, says Gregory. Mulligan, who has
tested many zinc finger nucleases for off-
target effects, is skeptical that this solves all
the problems, however. 

Despite such safety issues, the flurry of
successful experiments with zinc f inger
nucleases has created a demand for the pro-
teins among many other groups. “People are
lining up,” says Daniel Voytas, a plant biolo-
gist at Iowa State University in Ames. Plant
scientists, for example, are keenly interested
because some critics of engineered foods
containing foreign genes may be more will-
ing to accept crops made by tweaking an
existing gene. Voytas’s group reported in a
November issue of The Plant Journal the
first demonstration of gene modification
using zinc finger nucleases in plants. 
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Still, the problem, says Porteus, is that
the work is so challenging that you have to
be an experienced zinc finger biologist to
craft nucleases that work well. The simplest
way to create a nuclease that targets enough
DNA sequence to hit a specific gene is a
“modular design” approach, favored by
Carlos Barbas of The Scripps Research
Institute in San Diego, California, that
yokes together three different zinc fingers
and a nuclease to home in on a nine-
nucleotide sequence of DNA. But there is
debate about whether these nucleases will
work in all cases. If a nuclease isn’t specific
enough, many cells die from off-target
breaks, and efficiency is low; only a tiny
fraction of cells receive the desired change.
Others optimize their nucleases—that is,
they try out many design variations to iden-
tify the best one. Harvard’s J. Keith Joung,
for example, generates libraries of  zinc fin-
ger combinations that vary slightly and then
tests them in cells.

Sangamo, which has published some of
the zinc fingers it uses to make nucleases
and maintains a huge proprietary library of
other zinc fingers generated by a company
Klug founded, also optimizes the proteins
but declines to publicly reveal exactly how.
Selecting a zinc f inger nuclease “is the
beginning of the design problem, not the
end,” Gregory says. The company’s Nature
paper shows the benefits of the tweaking, he
says—the nuclease used became five times
more eff icient after optimization. “That
process is not easy,” Gregory says, defend-
ing the company’s decision to keep its tech-
nology confidential. Klug, whose institution
licensed his work to Sangamo and could
receive royalties, agrees, adding that the
company is still refining zinc fingers. “I
wouldn’t release the technology until it’s
fully developed,” he says. 

Sangamo CEO Ed Lanphier also points
out that the company collaborates with
dozens of academic labs and has no objec-
tions to independent efforts to develop the
technology. “If they want to go out and work
hard in this area, that’s great,” he says. 

But some say Sangamo is hindering
progress. For instance, last year, Voytas
attempted to license one of Sangamo’s
zinc f inger nuclease patents in order to
launch his own plant biotech firm, but the
two sides failed to reach an agreement.
Barbas, too, contends that Sangamo is
“inhibit[ing] the technology from prolifer-
ating.” He says that the company recently
called Scripps to question a Web site he
created where biologists can type in a gene’s
DNA sequence and learn how to create
zinc fingers to target it (www. scripps.edu/
mb/barbas/zfdesign/zfdesignhome.php).
(Sangamo’s Lanphier said he could not
comment on the matter.) 

Other researchers agree that without more
involvement from academic researchers, the
technology will never mature. Chandrasegaran
at Johns Hopkins is seeking funding for a
multi-institution collaboration that would
design zinc finger nucleases to target 30 dis-
ease genes. Meanwhile, Joung, Voytas, Por-

teus, and Andrea Cristani of Imperial College
London have formed a consortium to publicly
share zinc finger nuclease technology. The
group has posted a Web site (www.zincfingers.
org), and it expects, by next year, to disburse at
a nominal cost materials that will allow others
to make and test the nucleases. 

The consortium will also seek to answer
questions such as whether using more zinc
fingers—six on each nuclease rather than the
usual three or four, for example—improves
specificity. “My interest is not to circumvent
Sangamo’s patents. I just want to make the
technology available, easy to use, efficient,
and robust,” Joung says. If that happens, gene
therapists trying to repair disease genes may
have finally found the tool they’ve sought.

–JOCELYN KAISER
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Transplanted to New York City, the tallest
tree in the world would shade the Brooklyn
Bridge. Moved to Pisa, it would be twice the
height of the Leaning Tower. At 113 meters,
this record California redwood begs a ques-
tion: Why do some trees grow so tall? Sci-
entists, of course, see the question from a
different perspective: Why don’t trees grow
even taller? “This is one of the big mysteries
in plant growth,” says Brian Enquist, a
functional ecologist at the University of
Arizona, Tucson. 

Genetics clearly has something to do
with tree height variations: You don’t see
many towering dogwoods, and conifers
tend to top hardwoods. The environment
also plays a key role; that redwood would-
n’t be so giant in scrubland. But neither
genetics nor environment can fully explain
why, no matter the species, as a tree gets
taller, its growth rate slows, sometimes dra-
matically. In Australia, mountain ash
(Eucalyptus regnans) saplings can sprout
more than 2 meters per year. By age 90, the
tree is inching up just 50 centimeters per
year, and by age 150, upward growth has
ceased. And the gradual stalling of tree
growth is not just an academic issue.
Foresters care because maximum tree
height is a good predictor of a stand’s pro-
ductivity, and environmentalists want to

know the role of tree height and forest
growth in the regulation of climate changes.

The obvious answer to why trees stop
growing is that they simply get old and
“feeble.” But new evidence seems to dis-
count this cause, at least to some degree.
Now, researchers—some of whom have
been hoisted to canopies with construction
cranes to take a look at what happens at the
tops of trees—are focusing on water trans-
port and photosynthesis. Newly published
and unpublished results suggest that the
function of water-conducting cells declines
as a tree pushes ever higher. “Thanks to this
work, the state of the field is changing rap-
idly,” says Karl Niklas, a plant biophysicist
at Cornell University. 

Size matters

Maurizio Mencuccini, a forest ecologist at
the University of Edinburgh, U.K., has
been retrieving the growing tips of old trees
to test whether age-related genetic changes
are at the root of maximum tree heights. He
and his colleagues have just f inished a
study of ash, sycamore, Scots pine, and
poplar trees to tease apart the effects of a
tree’s age and size on growth, as the two are
intimately connected. 

Mencuccini hypothesized that if age is
the primary reason growth slows, an elderly

The Sky Is Not the Limit
Trees can live thousands of years but can’t grow hundreds of meters. Tree biologists
are discovering why

Tree  Growth

Spreading the word. Scripps’s Carlos Barbas
launched a Web site to share zinc-finger technology
with the academic community.
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tall tree’s growth tips should still grow
slowly when grafted onto young rootstock.
Leaves and needles should look “old” as
well. However, if tree size itself is the key to
the changes seen in “aged” trees, then an old
graft on young roots should resume grow-
ing fast and have the leaves of a much
younger tree. As Mencuccini’s group
reported in the November Ecology Letters,
growth tips from old trees resumed normal
growth when grafted onto the rootstock.
“Basically, it’s size that matters, not
absolute age,” says Mencuccini. But “we
still don’t fully grasp why size is so impor-
tant in affecting tree physiology,” he adds.  

Other tree researchers have been reeval-
uating a proposal dating back 50 years that
looks to photosynthesis as the arbiter of
tree height. At that time, the rationale was
that extensive root or wood growth and res-
piration would eventually outpace the
leaves’ ability to produce enough energy to
sustain those tissues. If that were the case,
growth would become so slow and incre-
mental that the tree couldn’t keep up with
natural losses such as die-back of the crown
and would get stuck at a particular height.
In the past decade, however, experiments
have shown these energy-deficit explana-
tions to be flawed. Neither roots nor woody
growth hogged as much energy as
researchers had thought. 

In the 1990s, Michael Ryan, a forest
ecologist now at the U.S. Department of
Agriculture (USDA) Forest Service in Fort
Collins, Colorado, and his colleagues found
that leaves on smaller, younger trees are much
more photosynthetically productive than
leaves at the tops of taller trees. The reason,
they surmised, might be that the higher leaves
lack sufficient water, so he and Barbara Bond,
a forest ecologist at Oregon State University,
Corvallis, proposed what they called the
hydraulic limitation hypothesis. “As a tree
grows taller, it gets harder to pull water to
the top,” and that shortfall curtails photo-
synthesis, summarizes Bond. Friction is the
problem, she adds: The farther the water has
to travel, the more resistance it encounters. 

To check out their hypothesis, Ryan and
Bond focused on stomata, tiny pores on the
leaf ’s surface that can close to slow water
loss that comes about as evaporation sucks
water up the tree and into the air, leaving the
leaves high and dry. But stomata also take
in the carbon dioxide necessary for photo-
synthesis, and Ryan and Bond found that the
stomata on the uppermost leaves close fre-
quently, presumably because the top of the
tree isn’t getting sufficient water and needs
to limit further loss through evaporation.
This curtails needed carbon dioxide intake.
As a result, “trees stop growing when their
ability to transport water to their leaves
becomes insufficient [for photosynthesis],”

explains Roland Ennos, a biomechanicist at
the University of Manchester, U.K.

Less water at the top of a tall tree also
means lower hydrostatic pressure, or turgor,
within cells, which is necessary for plant
cells to expand. At some point, water pres-
sure inside cells at the tops of trees may
drop enough to stop cell growth directly.
Bond, as well as Frederick Meinzer and
David Woodruff, plant ecophysiologists at

the USDA Forest Service in Corvallis, were
among the first to show that this decrease
in pressure might affect tree growth. And
the role of hydrostatic pressure was borne
out in 2004—at least in the world’s tallest
trees. George Koch, a tree biologist at
Northern Arizona State University in
Flagstaff, and his colleagues reported that
redwoods need hundreds of kilograms of
water a day to keep their cells thriving, and
turgor in 110-meter-high needles was half
that in 55-meter-high needles. Based on this
trend, his team calculated that redwoods
could not exceed 130 meters in height.

Others are f inding that connections
between water-conducting cells may affect
the ultimate height of trees. Unpublished
data by Jean-Christophe Domec and his col-
leagues at Oregon State University, Corvallis,
indicate that pores in these connections
shrink to cope with the increased water ten-

sion. If the pores get too small, tree growth
stalls. But, as Jarmila Pittermann and col-
leagues at the University in Utah, Salt Lake
City, report on page 1924, the height at
which resistance reaches this tipping point
differs between conifers and hardwoods.
The relatively larger pores in these connec-
tions in conifers allow for more water flow,
potentially giving conifers a chance to tower
over other types of trees. 

But water-transport problems can’t be
the whole story. Ryan and his colleagues
tracked photosynthesis, water flow, growth,
and other parameters of eucalyptus
seedlings in Hawaii for almost 7 years. The
older, 25-meter trees grew much more
slowly than the younger ones, Ryan and his
colleagues reported last year. The work did
demonstrate that photosynthesis slowed, but
water was too plentiful to be the cause. “Our
simple idea that getting water to the tree top
limits height growth is not correct for all
trees,” says Ryan.

Although it’s clear from all these stud-
ies, says Ryan, “that taller trees are differ-
ent physiologically from shorter, younger
trees,” he and his colleagues still don’t
know how these differences stop tree
growth. Solving that mystery remains a
tall order. 

–ELIZABETH PENNISI
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Green giant. At 113 meters, this northern California redwood is the world’s tallest known tree.
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Drillers have punched kilometers
down through the San Andreas
fault for the f irst time. A f irst
glance at this “natural earthquake
machine” reveals that the fault is
relatively weak but not what weak-
ened it, researchers reported at
the meeting. In their quest to
understand how quakes get
started and why almost all
fizzle out, investigators will
drill straight through the
heart of San Andreas quakes
as  they  bui ld  the  San
Andreas Fault Observatory
at Depth (SAFOD).

The SAFOD drill  bit
broke through the fault zone in
central California last summer,
just north of last year’s moder-
ate Parkfield earthquake. Drillers
were extending the hole begun
west of the fault by bending
the hole toward the east and
through the fault at a depth of
almost 3 kilometers, close to a
100-meter patch on the fault
that was breaking every 2 years
in magnitude-2 quakes.

Before they divert drilling
toward their ultimate target, the
quake patch, SAFOD workers are
looking around a bit, reported geo-
physicist Mark Zoback of Stanford
University in California. He is a
co–principal investigator of the
SAFOD component of the EarthScope project
(Science, 26 November 1999, p. 1655) funded
by the U.S. National Science Foundation.
Zoback and his colleagues are particularly
curious about the stress that builds along a
fault and eventually drives fault rupture.

SAFOD workers had two ways to get at
fault stress. In one, they gauged the stress
response of surrounding rock by sending
sonic signals out from the hole. The changing
orientation of the stress across the fault
matched the pattern theorists had predicted for
a weak fault—one that slips under relatively
slight stress. When Colin Williams of the U.S.
Geological Survey in Menlo Park, California,
and USGS colleagues measured temperature
and thermal conductivity down the hole, they
found that the fault is not a source of heat.
That’s another sign of a weak fault. (Because
of their high friction, strong faults generate

lots of heat when they slip.) Other researchers
had suggested that the San Andreas is weak
(Science, 6 March 1992, p. 1210).

Why the weakness? So far, no one knows.
Many geoscientists suspect that pressurized
fluids—most likely salty water trapped within
the fault zone—pry apart the opposite sides of
the fault, reducing the amount of stress needed
to make it slip. But “right now we see no evi-
dence of overpressurization,” Zoback says.
The SAFOD researchers did not detect any
pressure surge when they hit the fault zone,
and seismic waves passing along the fault to
the drill hole showed none of the expected
effects of overpressurization, he said.

To get to the bottom of how a weak, nor-
mally pressurized fault generates earth-
quakes, in 2007, SAFOD will drill short spurs
off the main hole, targeting the fault patch that
slips in small quakes. Researchers hope to

learn how it does that and perhaps whether
big quakes work the same way. The view from
inside even a small earthquake machine, they
say, is proving far more informative than the
view from outside looking in.

When the Opportunity rover found the salty
sedimentary remains of standing water on
Mars, the prospects for early life on another
planet brightened considerably. Although
acid-laden, those early waters were nothing
that martian life couldn’t have adapted to.
It’s harder to imagine life originating under
such conditions, however. Now, by analyz-
ing the infrared “colors” of the martian sur-
face, planetary scientists have identified
clayey rocks that mark an even earlier warm
and wet era, one more persistently wet and
blessedly less acidic. The origin of martian
life now looks brighter too.

Key to ref ining the water history of
Mars was the powerful OMEGA spectrom-
eter aboard the orbiting Mars Express
spacecraft. OMEGA can probe the ground
in enough detail and in the right range of
infrared wavelengths to identify the distinc-
tive absorption peaks of clays and sulfate
salts (Science, 6 August 2004, p. 770).

Since announcing the first firm detec-
tion of martian clay last March, OMEGA
team members have formed a clearer pic-
ture of how clays fit in the geologic history
of Mars, reported OMEGA team leader
Jean-Pierre Bibring of the University of
Paris South in Orsay. Clays and the sulfate
salts that mark the Opportunity deposits do
not generally occur together, they found.
And clays seem to have formed in a time
before martian acid was corroding rock to
produce the sulfate salts. In the Nili Fossae
region, for example, clays appear beneath—
and therefore were deposited earlier than—
fresh, unweathered rock rich in olivine.
They may even have formed before the early
giant Isidis impact of some 4 billion years
ago. All in all, clays appear to have formed
within hundreds of millions of years after
the planet did, and before the sulfates
formed, said Bibring, about the time life
could have been appearing on Earth.

San Andreas Drillers Find a
Strangely Weak Fault

SAN FRANCISCO, CALIFORNIA—Almost 12,000 earth
and planetary scientists (a new record) of every
stripe met here 5 to 9 December to discuss
topics as varied as the inner workings of the
San Andreas fault and ancient muck on Mars.

An Early, Muddy Mars
Just Right for Life

Meeting   American Geophys ica l  Union

Deep reach. Scientific drilling into the San Andreas found a
weak fault and retrieved altered and deformed fault rock (inset).
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That timing—first clay, then sulfate—
boosts the prospects for life on Mars by
providing it with a possible birthplace
other than the later acid bath. “The kind
of chemical reactions we think were
important to giving rise to life on Earth
simply could not have happened” under
the conditions Opportunity found, says
paleontologist Andrew Knoll of Harvard
University, a rover team member. The pH
1 sulfuric acid that leached rock to pro-
duce Opportunity’s sulfates would have
worked against the evolution of increas-
ingly complex organic compounds that
could lead to life. And it wasn’t even
always wet. The Opportunity landing site
wasn’t  a  “shal low sea,” as ini t ia l ly
assumed, but a salty sand sea with inter-
mittent puddles between the dunes, team
members write in a set of papers in the
30 November issue of Earth and Planetary
Science Letters.

Clay, on the other hand, connotes a
more hospitable environment, Bibring
noted. The earlier clay era was “probably
most favorable to have hosted the emer-
gence of life,” he said, “and could still
host biorelics.” On Earth, the smectite
clays identif ied by OMEGA form under
the mild, more continuously wet, and far
less acidic conditions of the midlatitudes.
OMEGA data are “pretty good evidence”
of “more Earthlike conditions” on earliest
Mars, agrees planetary geologist James
Head of Brown University. Now planetary
scientists must decide where to send their
next, far more capable rover: to the well-
characterized and safe Opportunity site,
one of the newly enticing but poorly
understood clay sites, or somewhere else
found by the upcoming Mars Reconnais-
sance Orbiter?

Planetary geologist Michael Malin brought a
long-standing, almost personal, problem to a
joint planetary sciences/hydrology meeting
session. Despite years of contemplating images
returned by his camera now orbiting on Mars
Global Surveyor, Malin can’t for the life of him
figure out how hundreds of impact craters on
Mars were filled with some sort of sediment,
some to overflowing, and then partially emp-
tied of kilometers’worth of fill. Perhaps the ter-
restrial geologists in the audience could help?

Malin’s prime example was 160-kilometer
Henry Crater near the equator in the ancient
highlands ofArabiaTerra.A broad mound now
covers much of the impact crater’s floor and

rises nearly as high as the crater’s rim. The
mound shows flat-lying layers, often monoto-
nously uniform in thickness, which match lay-
ers in material still adhering to the crater wall.

To a geologist, it looks as if Henry was once
filled to the top with sediment—40,000 cubic
kilometers of it—and then was largelyemptied.
Some other craters were buried well above their
rims, to judge by the height of lingering sedi-
ment piles. “We’re pretty confident it hap-
pened,” said Malin, of Malin Space Science
Systems Inc. in San Diego, California. “We
don’t know how it happened.”There is no obvi-
ous high ground that could have eroded to pro-
duce the sediment and no apparent gaps or
channels through which running water might
have carried sediment into or out of the crater.
In fact, there’s no sign of whaterosiveagentwas
at work.And there is no clue to where the kilo-
meters of missing sediment have gone.

Malin has some ideas, of course. Rhythmic
climatic variations—perhaps paced by the
nodding of Mars’s rotational axis over the mil-
lennia—probably turned sedimentation on and
off to produce the layering. With no clear signs
of wind-deposited layers, the sediments might
initially have been laid down in seas, says
Malin, although no one else has suggested seas
up to several kilometers deep in the highlands.
And wind is the leading candidate to whisk
dust-size sediment particles from craters, but
today’s wispy atmosphere hardly seems up to
the task. “It’s hard to wrap your imagination
around it,” says planetary scientist Robert Sul-
livan of Cornell University, “whether it was all
water, all wind, or a combination. I remain as
puzzled as Mike.”

The audience could offer no immediate
solutions either, forcing Malin to fall back on
the next probe to Mars. The Mars Reconnais-
sance Orbiter arrives in March, bringing far
sharper eyes to bear on the cryptic half-full
saucers of Mars. –RICHARD A. KERR
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Mars Saucer Mystery
Baffles the Experts

Towering remains.This 1-kilometer-tall pile of sediment (digitally stretched vertically) is taller than the
surrounding crater rim, suggesting that sediment once covered the entire crater.

N E W S F O C U S

Snapshots From the Meeting

Double whammy. Folklore has it that “earthquake weather” in California is sultry, but in
Taiwan it really is blustery, according to seismologists Selwyn Sacks and Alan Linde of the
Carnegie Institution’s Department of Terrestrial Magnetism. While they were monitoring
the strain within boreholes in easternTaiwan during the second half of 2004, nine typhoons
passed over, they reported. During five of them, so-called slow earthquakes swept unfelt
across the deep, inclined fault below. Sacks and Linde reason that the low atmospheric
pressure at the heart of typhoons can relieve some of the pressure squeezing the fault and
keeping it from slipping. Under the reduced pressure, the fault slips, helping rapidly push up
Taiwan’s coastal mountains several centimeters per year.

Not so hot. Earlier this year, some climate researchers warned that the climate system
could be so sensitive to rising greenhouse gases that the next century would see truly
scorching heat (Science, 28 January, p. 497).At the meeting, climate modeler Reto Knutti of
the National Center for Atmospheric Research in Boulder, Colorado, and colleagues
reported that such extreme warming is “very unlikely.” In simulations with extremely high
sensitivities, they found unrealistically large temperature swings between winter and sum-
mer region by region. The best agreement with the seasonal cycle came at climate sensi-
tivities that would warm the world by 3°C to 3.5°C when carbon dioxide doubles, the sort
of moderately large sensitivity many researchers had been coming to favor. –R.A.K.

http://www.sciencemag.org
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An analysis of ancient Brazilian skulls has
lent new weight to the controversial theory
that not one but two distinct populations
from Asia colonized the Americas.

Scientists have long believed that
starting about 12,000 years ago, the
ancestors of present-day American Indians
migrated from northeast Asia across the
Bering land bridge. But in recent years,
Walter Neves of the University of São
Paolo in Brazil has argued that these
immigrants were preceded by people 
from Southeast Asia who came from 
the same stock that settled Australia 
and Melanesia.

Last week, Neves and his colleague
Mark Hubbe claimed new support for this
idea from an analysis of 81 skulls, ranging
in age from 7500 to 11,500 years, found
in the Lagoa Santa region of southeast
Brazil. Detailed comparisons revealed 
that the skulls did not resemble people
from northeast Asia, who tend to 
have short, wide skulls with relatively
flat faces, but rather took after 
present-day people from Australia
and Melanesia, whose skulls tend to
be long and narrow with projecting
faces. Because other, similar ancient skulls
have been found in North and South
America, Neves and Hubbe concluded in a
paper published online in the Proceedings
of the National Academy of Sciences
that two distinct populations probably
colonized the New World.

Physical anthropologist Clark Larsen of
Ohio State University in Columbus cautions
that changes in diet over time can modify
the jaw muscles in ways that also alter
skull shape, without major genetic

changes. Nonetheless, says archaeologist
Tom Dillehay of Vanderbilt University in
Nashville,Tennessee, “Neves is building a
more solid case.”

What’s in a Tooth?
The male narwhal has long fascinated whale
researchers, who have puzzled over the 
function of the 2.5-meter-long spiral tusk
that juts out from its upper jaw, like the horn
of the mythical unicorn. Now dentist Martin
Nweeia, who teaches at Harvard School of
Dental Medicine in Boston, has revealed that
the tooth is not an icebreaker or a weapon
as some have thought, but a sensor.

At the 16th Biennial Conference on
the Biology of Marine Mammals in San

Diego, California, last week, Nweeia
reported from lab studies and narwhal
observations in the Canadian Arctic that
the tooth has an extremely sensitive sur-
face with millions of tiny nerve endings.
It can detect changes in water tempera-
ture and pressure, and chemicals that
enable the whales to gauge salinity—
an indication of ice formation—and find
fish to eat.

Nweeia now plans to put water-filled
plastic gaskets around 45-cm lengths of

teeth on Arctic narwhals and monitor—via
brain and muscle electrodes as well as
hydrophones—the whales’ responses to dif-
ferent salinity levels.

Signs Support Chomsky
A study of several deaf people who
improvised a form of sign language to
communicate with their families lends
weight to what linguist Noam Chomsky
first argued in the 1950s: that grammar 
is innate rather than learned.

The study, by cognitive scientists
Marie Coppola and Elissa Newport of 
the University of Rochester in New York,
focused on three young deaf adults, each
raised in an isolated area of Nicaragua
with no contact with anyone who knew
formal sign language.

To see if the three so-called home sign-
ers employed the grammatical concept of
“subject,” Coppola showed them 66 video-
taped events in which subjects were either
active (such as “John”) or inanimate (such
as a door).The signers were then asked to
describe to a family member what had hap-
pened.The signers nearly always began their
description with the subject—an indication
to Coppola and Newport that they had
incorporated this grammatical concept.

To make sure, the researchers did a sec-
ond study in which they showed vignettes
depicting events in which characters
changed from being active agents to being
the “topic”of an action (for example, a
woman arranges some flowers, then a man
kisses her.) Again, the signers always put the
subject at the beginning, the researchers
reported online last week in the Proceedings
of the National Academy of Sciences.

“Home signers could get their message
across” without using grammatical con-
cepts, says psychologist Ann Senghas of
Barnard College in New York City.
But this study shows that even when
people make up their own sign language,
“language-learning and language-
processing mechanisms kick in.”
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RANDOM SAMPLES
Edited by Constance Holden

Ice Ages as History
“Anthropogenic climate change will

basically produce another planet. …

Earth won’t have another ice age

until humans go extinct.”

—James Hansen of NASA Goddard

Institute for Space Studies in New York

City on 6 December at the meeting of

the American Geophysical Union in 

San Francisco

Mayan 
Masterpiece
This detail is from what
archaeologists say is the
earliest known Maya paint-
ing , a large mural dated
from 100 B.C.E. The January
issue of National Geographic
will describe its discovery
at  the site of San Bartolo
in Guatemala.

The First Americans

http://www.sciencemag.org
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Brain of the month. 2003
physics Nobel Prize–winner
Anthony Leggett—and his
brain—appear as Mr. January in
a new calendar produced by the
Beckman Institute for Advanced

Science and
Technology
at the Uni-
versity of
Illinois,
Urbana-
Cham-
paign.“Big
Brains on
Campus”
features a
dozen

staff members to showcase the
institute’s magnetic resonance
imaging resources.The image of
Leggett’s brain highlights his
cerebral cortex, a potential well-

spring of his ingenuity.A scan 
of women’s basketball coach
Theresa Grentz, Ms. March,

zooms in on her limbic system, a
possible source of her passion
for the game.See www.beckman.
uiuc.edu/bigbrains.html 

• John O’Keefe of University
College London and Lynn
Nadel of the University of 
Arizona in Tucson are the joint
winners of the $200,000
Grawemeyer psychology
award, given by the University

of Louisville in Kentucky.
They receive the honor for
their work on the brain’s
mapping system.

• Darrell Kirch has been
chosen to be the next presi-
dent of the Association of
American Medical Colleges
(AAMC). Currently senior

vice president for health affairs
at Pennsylvania State Univer-
sity, University Park, Kirch will
assume the post when current
AAMC president Jordan Cohen
steps down in June 2006.

Out of state. Political opposi-
tion to human embryonic stem
(ES) cell research in Missouri has

produced a windfall for Harvard
University developmental biolo-
gist Kevin Eggan. It comes as a
5-year, $6 million grant from
Jim and Virginia Stowers,
founders of the Stowers Insti-
tute for
Medical
Research
(SIMR) in
Kansas
City, that
will be
channeled
through
the newly
incorpo-
rated Stowers Medical Institute
in Cambridge, Massachusetts.

Eggan is the first university
researcher to receive funding
from the Stowers, whose previ-
ous gift of $2 billion has been
used only at SIMR. Some Mis-
souri legislators want to outlaw
research on ES cells and somatic
cell nuclear transfer, and SIMR
officials hope that Eggan’s grant
will help persuade Missouri resi-
dents to support a constitu-
tional amendment to protect
such research. Eggan says the
money will go toward his work
on human ES cells, including
efforts to create new cell lines
using nuclear transfer.
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PEOPLE
Edited by Yudhijit Bhattacharjee

David Page has spent his entire career at the Whitehead Institute for
Biomedical Research in Cambridge, Massachusetts, which shares
faculty with the Massachusetts Institute of Technology (MIT) but is
run by its own board. This month, the 49-year-old geneticist was
named its fourth director.

Q: An “artist colony extraordinaire” is how you describe
Whitehead.Are you serious?

A: Absolutely. We live by the credo of academic freedom. We
hire people, invest in their careers, and let the
faculty chart their own paths.We identify the
most creative people and let ’em loose.

Q: There are rumors that MIT might try
to absorb Whitehead. Would you back
such a move?

A:That’s news to me! I do not report to the
president of MIT; we have our own board of
directors. In terms of day-to-day academic life,
we are joined at the hip with MIT.That relationship is a tremendous
benefit, since we can turn on a dime. No, I wouldn’t change that.

Q:Whitehead is now quite literally in the shadow of Novartis,
the MIT McGovern Institute,and the new Broad Institute founded
by former Whitehead researcher Eric Lander.Does that leave you
feeling anxious?

A: I’m amused by a lot of the conversation about biomedical
research models, since the premise is that there surely is one
right model. I’d suggest that we want to see a diverse portfolio
and different business plans.And our business plan is to maintain
the best artist colony we can.

Amazing racer.What a year it has been for William Tan.The 48-year-old
neuroscientist took time off from his research to compete in wheelchair
races around the globe,including a grueling marathon spanning all seven
continents. In the process, he raised $1.5 million to establish a profes-
sorship in pediatric oncology at his alma mater, the National University
of Singapore (NUS).

Stricken with polio at age 2 and paralyzed from the waist down,Tan
has been a marathoner since 1980 and has raised more than $14 million
for charitable causes around the world, including children with disabili-
ties, needy patients requiring dialysis treatments or prosthetics, and
victims of the 11 September 2001 terrorist attacks.The seven-continent
challenge—which Tan completed in 10 weeks—included a harrowing
ride across Antarctica’s alternately steep,rocky,and slushy terrain.“At one
point, I sank 2 feet into the … slush and had to be pulled out by five run-
ners,” he says. Still, he finished the 42-kilometer race.Tan’s tenacity and
energy are “incredibly inspiring,”says NUS president Shih Choon Fong.

With his marathon year drawing to an end, Tan will return to
St George Hospital in Sydney, Australia, as a resident in internal
medicine. He also plans to continue neuroscience research.

P I O N E E R S
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Retraction

WE WISH TO RETRACT OUR REPORT “REQUIRE-
ment of voltage-gated calcium channel β4
subunit for T lymphocyte functions” (1).
The conclusions of our paper were based in
part on electrophysiological data. We now
believe that the data in Fig. 4B (prepared by
S.B.) are erroneous, and that the conclu-
sions of the electrophysiological results can-
not be relied upon. In the interests of scien-
tific integrity and the scientific literature,
we believe the appropriate response is to
retract this paper in its entirety.

RICHARD A. FLAVELL,1 LEONARD K. KACZMAREK,2,3

ABDALLAH BADOU,1 EMILE L. BOULPAEP,2

ROOMA DESAI,3 SRISAILA BASAVAPPA,2,4

DIDI MATZA,1 YOU-QING PENG,4 WAJAHAT Z. MEHAL1

1Section of Immunobiology, Howard Hughes

Medical Institute, 2Department of Cellular and

Molecular Physiology, 3Department of

Pharmacology, Yale University School of Medicine,

New Haven, CT 06520, USA. 4Digestive Diseases

Unit, Department of Medicine, Pharmacology and

Physiology, University of Rochester School of

Medicine, Rochester, NY 14642, USA.
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Human Embryonic

Stem Cells

THE RECENT TRIAL IN THE PRESS OF THE ETHICS

and scientific validity of publications on
human somatic cell nuclear transfer
(“Evidence of a pluripotent human embry-
onic stem cell line derived from a cloned
blastocyst,” W. S. Hwang et al., 12 Mar. 2004,
p. 1669; “Patient-specific embryonic stem
cells derived from human SCNT blasto-
cysts,” W. S. Hwang et al., 17 June 2005,
p. 1777) highlights the hopes people place in
this emerging area of science to meet thera-
peutic needs and the high standards the scien-
tific community must bring to the field. 

Accusations made in the press about the
validity of the experiments published in
South Korea are, in our opinion, best
resolved within the scientific community.
In 1998, following the publication of suc-
cess in producing a cloned mammal using
somatic cell nuclear transfer (1), there were
accusations that it was a scientific fraud. In
response to these charges, Sir Alec Jeffreys
of the University of Leicester offered to
independently verify that the animal was
indeed a clone by directly obtaining source
tissue from the Hannah Research Institute
and blood from Dolly. Sir Alec’s laboratory
then performed DNA fingerprinting and

microsatellite analysis conf irming that
Dolly’s DNA, that of the cells banked at the
Institute, and the original adult tissue were
one and the same. 

It may not come as a surprise that, in a
similar vein, charges of fraud would be
levied against Hwang’s laboratory. We wel-
come the facts that Hwang has called for an
assessment of the work in his laboratory and
that the National University has started to
make the arrangements. As we (I.W. and
K.C.) confirmed the validity of our work by
cooperating with an independent study, we
encourage Hwang’s laboratory to cooperate
with us to perform an independent test of his
cell lines to determine their nuclear and
mitochondrial genotype in comparison with
the donors of the original cells. 

Many patients and family members of
patients with degenerative diseases place
great hopes in regenerative medicine. This
trust and the monies that many public agen-
cies are investing in the science underscore
the sobriety the scientific community should
bring to the publications of scientific results.
In addition to a willingness to facilitate the
independent verif ication of published
results, it may be helpful to institute an
Internet database to publish the DNA finger-
printing and microsatellite data on new lines
to ensure against the cross-contamination of
cell cultures or scientific misconduct.
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Editor’s Note: As we went to press, Hwang
had stated his intention to retract the 17 June
2005 paper.

Inka Accounting

Practices

WE ARE DELIGHTED THAT G. URTON AND C. J.
Brezine have discovered concrete examples

of khipus indicating the existence
of an accounting hierarchy simi-
lar to those previously postulated
(“Khipu accounting in ancient
Peru,” Reports, 12 Aug., p. 1065).
Nevertheless, we would like to
amplify various points raised by
their Report. 

We were surprised that the
authors recounted the theory of
the Inka administration’s deci-

mal structure without mentioning works
that express serious doubts about the con-
crete application of this kind of administra-
tion at the regional level (1–4). It appears
that the system was rarely exact even when
a decimal vocabulary was used (5–7). The
population of the Inka province of Huayla,
for example, consisted of 12 guaranga (the
Quechua term for a group of 1000), which
were split into 4 units of 3 guaranga. Yet, on
the eve of Spanish conquest, two of the
guaranga in a known unit had approxi-
mately 750 taxpayers and one had 950 (5).

Urton’s and Brezine’s discovery of iden-
tical khipus accords well with previous
accounts of exact copies of khipus shown to
Spanish administrators and judges in the
16th century (8, 9). Nevertheless, Spanish
transcriptions and translations of khipus do
not support Urton and Brezine’s hypothesis
that the khipu system was flexible, tolerat-
ing inexact counts and matches. Colonial
testimonies argue unanimously for the
exactitude of the system (10).

We have demonstrated previously that
when khipus were read, every now and then
±1 errors occurred on whichever decimal
level (10). Nevertheless, we consider it
unlikely that almost half of the summation
numbers would have been encoded erro-
neously, as proposed for khipu UR068.
There may be various explanations other

LETTERS
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than that of Urton and Brezine for the close-
ness of the summation numbers. In early
colonial khipus, this kind of variation can
be found, for example, in the annual fulfill-
ment of earlier taxation requirements
known as the Spanish tasa (10).

Finally, Urton and Brezine argue that the
khipus of the upper hierarchy include place
identifiers. Indeed, toponyms and personal
names have previously been treated as part of
khipu texts (2, 11). We also have argued that
the main towns of the Inka State had specific
numeric values that were encoded in khipus,
and furthermore, that more complicated sys-
tems seem to have been used to encode the
names of minor villages and the many per-
sonal names that appear in various decoded
khipu texts in Spanish historical records (5,
10). To us, it seems that Urton and Brezine
have applied our hypothesis to their specific
case. Unfortunately, they do not manage to
prove anything and the statement continues
to be an unproven hypothesis. 

MARTTI PÄRSSINEN AND JUKKA KIVIHARJU

Latin American Studies, Ibero-American Center

(Renvall Institute), University of Helsinki, Post

Office Box 59, Helsinki FI-00014, Finland.
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Response 
PÄRSSINEN AND KIVIHARJU’S COMMENTS

and references point out a number of impor-
tant issues we were unable to cover in our
Report because of space constraints. 

It is our understanding that both precise
decimal administration and variations on this
concept existed in the Inka empire. Colonial
informants, especially those in the former
capital Cusco (1–4), presented decimal
administration as a complete, ideal system,
although it is clear that the reality in the
provinces was quite different from that ideal.
Pärssinen and Kiviharju question the inaccu-
racy of the Puruchuco khipu; it is our belief

that such inaccuracy is precisely the sort of
variance from ideal decimal values that may
have characterized Inka decimal administra-
tion at the provincial or local level. The prin-
cipal task in interpreting pre-Hispanic and
colonial record keeping in the Andes remains
one of attempting to understand the causes
and the significance of differences between
colonial informants’ testimony about Inka
administration in comparison to the informa-
tion actually recorded (often from khipu
transcriptions) in colonial censuses and other
statistical records. While we were not sur-
prised that the decimal ideal was not
reflected in the numbers and sums recorded
in the Puruchuco khipu, we still believe that
describing the ideal is essential to gaining a
full picture of Inka administrative practices. 

Although much of the material discussed
in our Report is based on analysis of numeri-
cal values on the khipu, we were led to that
analysis through other structural similarities
within this group of artifacts: pendant cord
spacing, color repetitions, and relative posi-
tion of numerical magnitudes within their
pendant groups. Therefore, our hypothesis of
an accounting hierarchy is not based solely on
the numbers, which indeed do not represent
exact summations between levels I and II. 

We regret that we did not specifically
mention work on the referencing of toponyms
and personal names in the khipu (5, 6), and we
appreciate the inclusion of additional refer-
ences in their Letter. 

Finally, we take this opportunity to
remind readers that complete data on all
of the khipu discussed in our Report
a r e  available on our Web site, http://
khipukamayuq.fas.harvard.edu/. 

GARY URTON AND CARRIE J. BREZINE

Department of Anthropology, Peabody Museum,

Harvard University, 11 Divinity Avenue, Cambridge,

MA 02138, USA.
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STAR Collaboration 

THE MEMBERS OF THE STAR COLLABORATION

at the Relativistic Heavy Ion Collider
(RHIC) were disappointed by the article
“Dueling experiments close in on source of
proton’s spin” (A. Cho, News of the Week, 4
Nov., p. 757). The article provides a descrip-
tion of the recent results from the PHENIX
and COMPASS experiments on the contri-
bution that gluons make to the spin of the
proton but does not mention that the STAR
experiment has yielded important, comple-
mentary new results that bear directly on
this question as well.

STAR, like PHENIX, measures asym-
metries in high-energy polarized proton
collisions. The STAR results, like the
PHENIX and COMPASS results, argue
against the extreme model that the gluons in
the proton are fully polarized. 

In the language of perturbative quantum
chromodynamics (pQCD), the STAR and
PHENIX measurements involve the same ini-
tial states—a mixture of quark+quark,
quark+gluon, and gluon+gluon collisions—
but different f inal states. Interpreting jet
asymmetries such as those measured by
STAR introduces less theoretical uncertainty
regarding final-state effects. Furthermore, the
STAR results extend to considerably higher
transverse momentum, where the applicabil-
ity of pQCD for interpreting the observed spin
asymmetries is believed to be quite reliable. In
contrast, the reported PHENIX and COM-
PASS measurements that provide the greatest
discriminating power among competing mod-
els of the proton involve rather low transverse
momentum pions and quite low momentum
transfer di-hadrons, respectively, where ques-
tions still remain regarding the reliability of
the corresponding pQCD calculations that
have been performed to date.

All three experiments are complementary.
Each involves a unique mix of theoretical
uncertainties, so the fact that they lead to a
consistent conclusion is far more convincing
than is the case for any subset of them.

TIMOTHY HALLMAN*

Department of Physics, Brookhaven National

Laboratory, Upton, NY 11973, USA.

*Spokesperson of STAR
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I
first became interested in hormones and
social behavior while conducting an exper-
iment on birds in the field. My colleagues

and I were studying the evolution of male
parental care by comparing the reproductive
success of two groups of female dark-eyed
juncos (Junco hyemalis), those
rearing young with the assis-
tance of a male and those forced
to rear young alone because we
had captured their mates. We
reasoned that any difference
between the two groups could
be attributed to the male’s help,
giving us a quantitative meas-
ure in numbers of offspring of
what that help was worth. As it
turned out, however, our exper-
iment was not so simple. Removing males led
to the appearance of “replacements” whose
presence had not been anticipated but whose
behavior proved fascinating. Some replace-
ment males fed the female’s offspring, while
others chased and courted the females but
ignored the offspring (1). I had to know what
underlay these different male behaviors. Did
an individual’s experience of having been a
parent in the past, or of having copulated with
a particular female, make him more or less
likely to care for his neighbor’s young? If
there were selective advantages to adopting,
why did only some of the males adopt? Was
parental behavior latent in all male birds
owing to its early origin within the clade? And
what was the role of hormones such as testos-
terone and prolactin?

In Hormones and Animal Social Behav-
ior, Elizabeth Adkins-Regan addresses the
roles played by hormones in the social life
of animals. The author, a behavioral
endocrinologist at Cornell University, aims
her book at researchers who seek a greater
understanding of behaviors whose prof-
itability to the actor depends on how other
animals respond. Social behavior includes
fighting, mating, signaling, pair bonding,
and parenting. Adkins-Regan explores how
hormones connect variation in these behav-
iors to variation in fitness, life history, alter-
native phenotypes, sex, and evolution. In so
doing, she takes the reader sledding from
brain to behavior and from hormones to

gene expression, up and down through lev-
els of analysis that often change within a
single sentence. 

Adkins-Regan’s approach to hormones
and behavior is one part common sense and
one part rigor. The common sense is

expressed in an informal writ-
ing style that sometimes
makes you smile. For exam-
ple, when she describes the
ability of one individual’s
behavior to alter gene expres-
sion in another, she refers to
the power of animals to “tickle
each others’ genomes.” And
when she summarizes the role
of hormones in the develop-
ment of insect castes in which

an individual’s caste develops not as dic-
tated by its genes but by
its nutritional and social
environment, she writes
that “queens are made,
not laid.” The author cou-
ples her conversational
style with insistence on
the most rigorous stan-
dards for knowing. She
frequently points out how
confined our knowledge
is by the small number of
species studied and ham-
mers home the point that
it is not safe to assume
that what is true for one
species is true for another. 

One of Adkins-Regan’s
many accomplishments in
the book is her successful integration of Niko
Tinbergen’s celebrated four questions.
Tinbergen was awarded a Nobel Prize for his
seminal contributions to ethology, the most
lasting of which may be the roadmap he pro-
vided for the study of animal behavior.
According to Tinbergen (2), a full under-
standing of any behavior requires that we
know how it develops, how it is mediated by
underlying mechanisms, how it contributes
to fitness, and how it evolved. Many have
cited the importance of this approach, but
to my mind Adkins-Regan is the f irst to
have achieved a true synthesis, and she has
done so by putting hormones front and,
importantly, center. To oversimplify, the
environment acts on the animal from the
outside to stimulate hormone release, while

genes work from the inside to produce the
enzymes that synthesize hormones and the
receptor proteins that respond to them in
target tissues. The hormone in the center
stimulates or represses behaviors that influ-
ence fitness, causing the hormonal mecha-
nisms that mediate behavior to evolve as
social behavior evolves. 

Deep understanding of the role of hor-
mones in the expression and evolution of
behavior is nevertheless challenging. In the
relatively easy cases (for example, aggres-
sive behavior in male chickens), you
castrate and the behavior goes away; you
provide hormone replacement, and the
behavior comes back. More often, however,
in the strictest sense hormones cannot be
said to cause behavior, because the orga-
nism can produce the behavior in the
absence of the hormone. That is, the behavior
is “there” in the animal, and the hormone’s
role is to facilitate, mediate, coordinate,
suppress, and otherwise alter the likelihood
of the behavior’s expression. Consequently,

hormones often rise in the circulation after
a behavior is expressed, as a response to the
cues from the environment that elicited the
behavior. Hormones may thus function to
prepare the organism for future encounters
with these same cues. Relying on an
expected correlation between past and
future can spare the animal drawbacks of
expressing a behavior like aggression when
it is not called for. The immune system and
the development of acquired immunity pro-
vide a good analogy.

The evanescence of hormones and their
loose connection with behavior can be frus-
trating to ecological and evolutionary biolo-
gists who were drawn to hormones because
of their association with fundamental ques-
tions in sexual selection: sex differences,

B E H AV I O R

Hormones in the Middle
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exaggerated displays and ornaments, female
choice, male-male aggression, and male
parental care. Wattles and plumes are evi-
dence that sexual selection has occurred and
measuring them is a straightforward affair,
but the hormonal systems that promote their
development are less a fixed property on
which selection can act. More often these
systems are plastic or flexible attributes of
an individual that respond to changes in the
environment; to obtain meaningful results,
the attributes must be measured in relation
to those of other individuals with which the
organism interacts. 

Is there potential for selection on this kind
of hormonally mediated trait? Certainly.
Individuals vary in hormonal response to
cues from the environment and in sensitivity
to the hormones they produce. This nexus of
sensitivity and response can be acted on by
selection, giving rise to differences in aggres-
sion, bonding, and fighting. But as Adkins-
Regan so clearly explains, we are just begin-
ning to understand how. For example, we
know very little about how different traits
come to be regulated by the same hormone
and even less about how they might escape
such control. In well-studied cases like the
links among testosterone, aggression, and
parental behavior, the hormone is known to

facilitate the coexpression of adaptive char-
acters to form suites or syndromes. Such hor-
monal pleiotropy can help to explain genetic
correlations that cause characters to respond
to selection in a coordinated way. But what
happens when one or a few of these
co-occurring correlated characters are no
longer beneficial? How, in a mechanistic
sense, are correlations broken and short-term
constraints overcome? Answers are currently
elusive, but the guideposts Adkins-Regan
provides to young researchers should make
them more attainable.

At least two practical applications of the
perspective provided by the book broaden its
appeal. First, it offers insight regarding how
animals are likely to respond to climate
change. Many seasonal organisms employ
hormones to coordinate their breeding to the
time when conditions in the environment are
appropriate. The cues that trigger hormone
secretion and behavioral and physiological
response differ by species and sex, but in
general they have proven to be reliable pre-
dictors over time. Alternative cues that are
better predictors of the new realities brought
by climate change will surely be available,
and over time selection will favor those indi-
viduals that adjust the timing of their breed-
ing. But the unit of selection may be the

coordinated hormonal responses of males
and females, and such adjustments may take
some time, whereas the rate of environmen-
tal change may be rather rapid. A second
practical application concerns endocrine-
disrupting chemicals in the environment,
and here organisms may have less opportu-
nity to adjust. Some of these chemicals
hijack ancient and fundamental mechanisms
that cannot be readily revamped. Although
understanding hormonal mechanisms can
again enhance predictions regarding out-
comes, the ability of selection to fix the sit-
uation may be far more limited.

My only criticisms of Adkins-Regan’s
book are really requests for more. More
illustrations would have been useful
throughout, more extensive treatment of
invertebrates and plants would have been
welcome, and certain passages would have
benefited from more citations. My overrid-
ing conclusion, however, is that Hormones
and Animal Social Behavior is a highly illu-
minating book that is also a pleasure to read.
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G
rowing Public is an ambitious
attempt to disentangle the complex
interaction between social spending

and economic growth in the developed
countries since the 18th century. There is no
doubt that Peter Lindert’s book will have a
long-lasting impact in the social sciences,
both for its substantive conclusions and for
its methodological contributions.

Over the past 30 years, Lindert (an econ-
omist and economic historian at the
University of California, Davis) has pub-
lished articles and reference books on long-
running trends in income and wealth distri-
bution in the United States and the United
Kingdom and on the quantitative history of
social spending. Drawing on his past work
as well as an impressive array of archival
material and new research, the author offers
a fresh look at two old questions: Why did
the uses of taxes for social programs evolve
the way they did in Western Europe and
North America over the past three cen-

turies? And what was the
impact of such social
spending on economic
growth and development? 

The author’s key conclu-
sion can be summarized as
follows: modern welfare
states are the fruit of democ-
racy, not of bureaucracy, and
democratic markets are basi-
cally efficient. According to
Lindert, and contrary to a
view commonly held (espe-
cially in the United States),
this explains why the rise of
social spending—from less
than 1% of the gross domes-
tic product (GDP) in the United Kingdom
and the Netherlands in 1750 to over 30% of
GDP in Nordic countries in 2000—has had
no long-term negative impact on economic
growth in these countries. Instead, the effect
might even have been a positive one. In
particular, Lindert persuasively demon-
strates that countries with large welfare states
have always been careful enough to finance
their social spending using a distortion-
minimizing tax mix. For instance, tax pro-

gressivity (the increase in average tax rates
with increasing income) has typically been
more modest in the Nordic countries than in
the low-spending Anglo-American world.
More generally, countries with large welfare

states have created substan-
tial tax exemptions to
encourage savings and capi-
tal accumulation. These
countries have also relied
extensively on proportional
taxes on labor income (pay-
roll taxes and social contri-
butions) and consumption
(especially of goods that are
addictive, used in leisure
activities, or threaten health
or the environment, such as
tobacco, alcohol, and gaso-
line). In addition, the struc-
ture of spending in the large
welfare states has been

designed to minimize negative effects on pro-
ductivity—for example, through an emphasis
on public health and education or on pro-
women and anti–old-age labor supply policies. 

Lindert argues that this careful f ine-
tuning of the structure of taxes and spending
in modern welfare states is not accidental. It
is instead largely due to functional democ-
racy: democratic political markets provide
checks and balances that allow control of the
costs of social spending. Lindert’s emphasis
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on the workings of democracy is what makes
his book much more than yet another liberal
attempt to convince conservatives that social
expenditures are useful. Lindert turns the
standard free-market argument on its head
and shows that modern welfare states actu-
ally go hand in hand with income growth and
well-functioning political markets. Drawing
lessons for the developing world from his
historical tour of Western democracies,
Lindert aptly concludes: “The safe predic-
tion…is that by 2050 most countries cutting
the share of GDP spent on social transfers
and public education will be troubled coun-
tries. The way to keep social spending from
rising over the first half of the twenty-first
century would be to have no growth in aver-
age real income, no gain in life expectancy,
and no shift toward democracy.” In the same
vein, reviewing the empirical evidence on
the causal relationship between taxes and
growth, the author shows that cross-country
regressions that conclude social spending
has a negative impact on growth are largely
driven by the inclusion of Third World, high-
spending nondemocracies such as Robert
Mugabe’s (current) Zimbabwe or Joseph
Désiré Mobutu’s (former) Zaire: “The fact
that such kleptocracies were bad for eco-
nomic growth tells us nothing about
Europe’s welfare states.”  

As part of his political perspective,
Lindert analyzes the intricate relation
between the structure of democracy and
the evolution of social spending during the
18th and 19th centuries. For instance, he
attributes the United Kingdom’s early
leadership in income transfers (to aid the
lower classes) to the influence of the

landed elite and its interest in keeping the
rural labor force in the countryside. He
views the fall of U.K. poor relief after the
1830s as a consequence of the ascent of
the urban elite following electoral reform
and political centralization. Conversely,
Lindert sees German and U.S. leadership
in public education expenditures over most
of the 19th century as a result of the oppor-
tunities that political decentralization
offered to local, progressive communities.
(In Germany and the United States, the
rise of universal suffrage and centraliza-
tion came after a national consensus on
public education had emerged). Equally
illuminating are Lindert’s careful data col-
lection and comparisons of private giving
between the time of church charities (less
than 0.2% of GDP during the 18th and
19th centuries) and in the modern period
(over 2% in GDP in 2000).

The author’s arguments are basically
sound and convincing. Some readers
might look for extra material on the non-
democratic historical genesis of the distor-
tion-maximizing tax mix used by Europe’s
high-spending countries. (War shocks
played a major role in the development of
capital exemptions, and tax competition
has done so in the recent past.) Others
might wish to find more on the virtues of
tax progressivity per se. (With purely pro-
portional taxes funding large-scale social
spending, and no tax progressivity at all,
excessive concentration of wealth might
reappear in the long run). But given that
the book already includes such an impres-
sive set of quantitative and qualitative evi-
dence covering three centuries of social

spending and political processes, such
complaints would be misplaced.

Most of the book’s critics will probably
choose to focus on methodological issues. As
one might expect, it is hard to address
grandiose historical questions of the kind
Lindert raises while at the same time main-
taining a rigorous approach to issues of
causality. The author’s methodological
approach does not fall into any particular
existing category but can be described as
“pragmatic quantitative history.” After
exhaustively gathering available evidence on
a given issue, country, or time period (with
an emphasis on quantitative data whenever
possible), he runs regressions and computes
correlations in all possible directions. (The
second volume of the work, intended for spe-
cialists in social science, provides detailed
descriptions of his analyses and the data. And
Linder has made his major underlying data
sets available at www.econ.ucdavis.edu/faculty/
fzlinder.) He supplements his statistical
analyses with historical accounts and well-
chosen anecdotes in order to derive strong
(and generally plausible) conclusions. The
book appears at a time when most economists
and a growing share of social scientists are
converging toward fairly stringent criteria for
how causality relations should be established
in the social sciences (especially in the area of
policy evaluation). That methodological con-
sensus emphasizes identification issues, nat-
ural and controlled experiments, and a lim-
ited set of well-defined policy issues that can
be addressed properly. It is, to a considerable
extent, the opposite of Lindert’s approach,
which proceeds through “reverse engineering
from the historical facts back to a set of

model predictions and only then to the
assumptions of the model.” Many
economists will probably be worried
about this; at the very least, they
would prefer to see more detailed and
rigorous empirical testing of a number
of specific hypotheses raised in the
various chapters. The key question is
whether Lindert’s pragmatic method-
ology is sufficiently constrained so as
to be reproducible. To put it bluntly:
Lindert can carry it out, but can my
doctoral students do so? 

Such questions are legitimate, but
at the end of the day they are proba-
bly misplaced. Growing Public has
an incomparable merit. At a time
when many social scientists focus on
narrow and local issues (those for
which causality relationships can be
rigorously established), Lindert
reminds us that they can (and
should) also offer clever thinking on
big questions.

10.1126/science.1101319
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Infrastructure. A Field Guide to the
Industrial Landscape. Brian Hayes.
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Although it doesn’t fit in a hip
pocket, this guide will help any tech-
notourist to identify structures
commonly encountered (if often
overlooked) in outdoors urban habi-
tats and industrial landscapes.
Through his striking photographs
and informative text, Hayes explains
what the manufactured objects are
called and what they do. He covers
hardware of mining, waterworks,
agriculture, energy, communication,
transportation, and waste dis-
posal—such as oil-filled switches
(left), used at substations to quench
the arc that forms when a large elec-
tric current is interrupted.
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I
n recognition of the tensions between
science and society (1), and as research
increasingly enters value-laden areas,

proposals have been made for scientists to
engage with other
communities on
the ethical, legal,
and social impli-
cations of science

and technology (2) and for the “public
voice” to be brought into the formative
stages of decision-making (3). Such meas-
ures, it is argued, should result in socially
viable paths for scientific innovation.

As a contribution to this debate, we present
findings from representative and compara-
ble social surveys (4) in the United States (n
= 1200), Canada (n = 2000), and the
European Union (n = 25,000) on who the
public thinks should make decisions on sci-
ence policy and what criteria should guide
such decisions. We then investigate how
positions on science policy relate to peo-
ple’s opinions about the utility and regula-
tion of technological innovation.

Survey respondents were asked two
forced-choice questions (4). First, should
decisions about technology be left to the
experts or based on the views of the public?
Second, should decisions be made on the
basis of scientific evidence or on moral and
ethical considerations? Clearly, forcing a
choice between the pairs of options precluded
a middle way. But we wanted to find out in
whom and in what type of evidence the pub-
lic had most confidence. The responses to
these questions allowed us to divide the pub-
lic into four “groups” reflecting different
principles of governance: scientific elitists
opted for decisions taken on expert advice
based on scientific evidence; moral elitists

opted for decisions taken on expert advice
based on moral and ethical criteria; scientific
populists opted for decisions based on aver-
age citizen’s views of the scientific evidence;
and, moral populists opted for decisions
based on the average citizen’s views of the
moral and ethical issues.

The distribution of peo-
ple in the United States,
Canada, and Europe who
opted for each principle of
governance is shown in the
table (p. 1909). The scien-
tific elitists were the largest
group in the United States,
Canada, and Europe (54,
49, and 52% respectively).
Overall, two-thirds opted
for a scientif ic basis to
decision-making and just
under three-quarters want-
ed experts to be in the driv-
ing seat. This can be read as
a vote of conf idence in
“sound science.” But is it a
ringing endorsement? Just
over a third of respondents
valued moral and ethical
considerations over scien-
tific evidence; one-quarter
of respondents preferred
the public over experts in
decision-making.

Were these different
positions on the gover-
nance of science related to
people’s views about the
utility of science? Survey
respondents were asked
whether they were optimistic or pessimistic
about the prospects for society of three
technologies—computers and information
technology, biotechnology, and nanotech-
nology (see chart, this page).

For each technology, the scientific elit-
ists were more optimistic than the other
groups, with the exception of the Canadian
moral elitists on nanotechnology. The moral
elitists were generally more optimistic than
the scientific populists about nanotechnol-
ogy and biotechnology. Finally, the moral

populists were always the least optimistic of
the four groups.

Furthermore, there were marked differ-
ences in optimism both between the scien-
tific elitists and the moral populists, and
among the United States, Canada, and
Europe. The mean difference between sci-
entific elitists and moral populists (across
the United States, Canada, and Europe) was
13% for computers and IT, 18% for nano-
technology, and 26% for biotechnology.
Thus, although the utility of computers and
IT was relatively consensual, judgments
about the societal contribution of biotech-
nology (and to a lesser extent nanotechnol-
ogy) were more strongly associated with
views on the governance of science.

A transatlantic divide was also apparent.
The mean difference in optimism between
scientific elitists and moral populists for the
three technologies was greater for the United
States (26%) and Canada (20%) than for
Europe (9%). By implication, disagreements
about the value implications of these tech-
nologies were stronger in North America
than in Europe.

But is this plausible given the continued
political conflict in Europe over the introduc-
tion of genetically modified (GM) crops and
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food? We think so, and have
argued as such elsewhere (5).
The survey question asked
about “biotechnology” not GM.
Since the de facto moratorium
on GM crops was introduced in
Europe in 1999, media coverage
across Europe on the issue has
declined (6) and the continued
discussions in Brussels (includ-
ing an unofficial lifting of the
moratorium in 2004) have gone
largely unnoticed by the public.
Europeans have become more
positive about biotechnology
(4), seemingly associating it
with the human genome project
and medical applications, rather
than agriculture and food biotechnologies.

What are the implications of the princi-
ples of governance for people’s views on
regulation? Both GM food and stem cell
research have stoked controversies about
risks and benefits, moral and ethical issues,
public consultation, and regulation. To
determine how the different groups viewed
the regulation of these technologies,
respondents were given a brief description
of stem cell research and GM food, and
asked to choose one of the following alter-
natives: approve, approve with tight control
and regulation, approve only in special
cases, and not approve in any circumstances
(4). For this analysis, we combined the first
two of these response alternatives, because
few chose unqualif ied approval, and the
first two approximated current regulations.

Among the United States, Canada, and
Europe, we found a relatively consistent
pattern of response for stem cell research
and GM food when comparing the scien-
tif ic elitists and the moral populists (see
table). The former were more likely to
approve the applications than the latter. But
even given tight regulation and control,
Europe’s scientific elitists were less likely
to support the two applications than the
same groups in the United States or Canada.

In the last column of the table, we show
a “controversy index,” which is the ratio of
approval offered by the scientific elitists
and the moral populists. As this index
increases, it is more probable that the tech-
nology is controversial or likely to be so. On
this criterion, stem cell research was more
controversial than GM food, and for both
technologies, the United States had the
highest score.

For stem cell research, in both the
United States and Canada, it seems that
being critical of the reliance on scientific
evidence (moral elitists) reduced the extent
of support far less than being critical of the
reliance on experts (scientific populists).
For GM food, being critical of either scien-

tific evidence or of experts appeared to have
a similar impact in terms of declining sup-
port. By contrast, in Europe, moral elitism
was associated with a greater decline in
approval than scientific populism for both
stem cell research and GM food. The per-
ceived absence of moral and ethical consid-
erations in decision-making seems to be a
greater concern in Europe than the absence
of public participation. In summary, among
the critics of sound science, it appears that
in the United States and Canada, it is who
decides rather than on what basis that is
most important, while in Europe, it is the
reverse—the grounds are more important
than who makes the decision.

Finally, we explored the characteristics
of people who opted for the different princi-
ples of governance. Common to the surveys
were indicators of education, religiosity,
age, gender, and a measure of institutional
trust based on trust in politics and trust in
the media. These characteristics were used
as predictors of the groups using multino-
mial logistic regression. Here, one group—
the scientific elitists—was used as the ref-
erence category, and we determined
whether each of the three other groups dif-
fered significantly on any given characteris-
tic, holding the other factors constant (4).

By comparison with the scientific elit-
ists, the other three groups had lower insti-
tutional trust. Furthermore, with the excep-
tion of Canada, these three groups have
lower educational achievement. Of particu-
lar note was the contrast between the
United States on the one hand, and Canada
and Europe on the other. In the United
States, religious beliefs were strongly
related to critical attitudes to science and
technology. For both the scientif ic and
moral populists in the United States, it was
the combination of strong religious beliefs,
lower educational achievement, and lower
generalized trust that most clearly distin-
guished them from the scientific elitists.
Although Miller (7) showed that in the past

the U.S. public consistently
reconciled conflicts between
science and faith in favor of
science, is this still true?

In summary, we found a
majority in favor of current sci-
ence policy, with this group see-
ing more utility in technology
and more likely to approve tech-
nologies within current regula-
tions. We also found a minority
in favor of ethically informed
decision-making and public
engagement in science, with
less positive views about tech-
nology, in particular emerging
and controversial technologies.

What are the implications
for science policy? Some might argue that
because current policy achieved majority
support, the status quo should prevail. But
such an approach might be shortsighted for
the following reasons.

First, there is the risk of alienating the
more moderate sections of the minority,
whose position finds support in influential
journals, including Science (2). A positive
response to their desire for greater involve-
ment and more consideration of the moral and
ethical issues may make a significant contri-
bution to building trust in science policy.

Second, people ask: “What sort of society
do we want, and how can new technology
help in achieving it?” These are questions
about ethics and social values; science alone
cannot answer them. The public expect and
want science and technology to solve prob-
lems, but they also want a say in deciding
which problems are worth solving. This is
not a matter of attracting public support for
an agenda already established by science and
scientists, but rather of seeing the public as
participants in science policy with whom a
shared vision of socially viable science and
technological innovation can be achieved.
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PERCENTAGES APPROVING STEM CELL RESEARCH AND GM FOOD

WITH TIGHT CONTROL AND REGULATION

Scientific Scientific Moral Moral Controversy
elitists populists elitists populists index*

Stem cell approval (%)

EU 62 56 51 43 1.44

Canada 91 75 91 61 1.49

US 90 53 85 38 2.37

GM food approval (%)

EU 48 41 36 37 1.30

Canada 62 44 51 45 1.38

US 76 54 57 40 1.90

*The ratio of the percentages of scientific elitists and moral populists
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T
he origin and evolution of animals
have remained hotly debated issues
ever since Darwin drew attention to

the relative paucity of fossils from the
Precambrian, which ended 543 million
years ago (Mya) (1). On the one hand, a
growing collection of exquisitely preserved
fossils of soft-bodied animals from the
Cambrian has highlighted the existence of
Cambrian representatives of most of the liv-
ing animal phyla (2). This has given rise to
the “Cambrian Explosion” hypothesis (3)
that most animal phyla arose ~543 Mya
within a short period (see the figure). On
the other hand, studies of increasingly large
molecular data sets suggest that many of the
same phyla arose in the Precambrian (4–6),
leading to considerable and occasionally
intemperate debate on the timing of diver-
gence of animal phyla. The article by Rokas
et al. (7) on page 1933 in this issue presents
a new aspect to this controversy.

Motivated by the desire to resolve the
early evolution of animals, while accounting
for insufficient data from some taxa, Rokas
et al. used an alignment of 12,060 amino
acids, encoded by 50 genes, to infer the
phylogeny of 16 representatives from nine
animal phyla. Eleven of these were from
Porifera, Cnidaria, Platyhelminthes,
Mollusca, Annelida, and Priapulida. These
six phyla have not been adequately repre-
sented in recent molecular studies of early
animal evolution (4–6). Given the aligned
data, Rokas et al. inferred a phylogeny with
several distinct speciation events that were
consistently supported by the data, but with
a conspicuous polytomy (multiple, concur-
rent divergence events) involving the proto-
stome phyla, and another involving the
bilaterate, cnidarian, and poriferan lineages.
Recognizing that a polytomy may be due to
rapid speciation, or to poor or insufficient
data, Rokas et al. then explored whether

convergence, “rogue” sequences, composi-
tional heterogeneity, missing or inadequate
data, or mutational saturation could have
affected the phylogenetic estimate, and
found that none of these were likely. In the
absence of other explanations, they con-
cluded that their data support rapid specia-
tion during the early evolution of animals.

This conclusion is significant because
it is consistent with the Cambrian
Explosion hypothesis. Whereas previous
molecular studies have concluded that the
divergence of animal phyla occurred grad-
ually over a period stretching hundreds of
millions of years into the Precambrian
(4–6), the present study suggests that two
episodes of multiple divergence events
occurred, each over just a few million
years. This conclusion is consistent with a
phylogeny based on fossil data (see the fig-
ure), thus reconciling a key difference in
opinion between evolutionary biologists
and paleontologists. However, Rokas et al.
did not date these episodes, so corrobora-
tion of the Cambrian Explosion hypothesis
is conditional on future estimates of the
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lution of animals. (Top)
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beginning of the Cambrian
(C) period. The thick lines
represent the known
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represent an amalgam of
three conservative estimates of the inferred metazoan phylogeny (4–6). (Bottom) Demonstration of the
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divergence dates not falling well within the
Precambrian.

Is the conclusion drawn by Rokas et al.
sound? At first glance, it appears so, but
can their conclusion stand up to closer
scrutiny? Accepting that the genes ana-
lyzed by the authors evolved without gene
duplication and that the amino acids are
aligned correctly, most phylogenetic meth-
ods assume that the evolutionary dynamics
of the 12,060 amino acid sites are inde-
pendently and identically distributed, and
that they evolved under the same station-
ary, reversible, and homogeneous condi-
tions (8). The assumptions arise from the
need to render phylogenetic methods
tractable and easy to use, and they are
unlikely to be realistic. To account for the
observation that the sites in a gene may
evolve at different rates, some phyloge-
netic methods are able to model rate het-
erogeneity across sites using a Γ distribu-
tion (9). Rokas et al. used this approach for
the whole alignment but did not consider
that different parts of the alignment may
require different Γ distributions. Nor did
they consider that some sites may vary
nonindependently (10) and that the distri-
bution of variable sites may vary across
lineages and through time, an issue that is
notoriously difficult to resolve (11). A logical
extension to the work would be to partition
the alignment and estimate the evolutionary
rates for different genes separately.

Violation of the assumed stationary,
reversible, and homogeneous conditions
may lead to compositional differences in the
aligned amino acid sequences and hence to
errors in phylogenetic estimates (12). Rokas
et al. recognized this potential source of
error but used a test that is known to be
flawed, even though better tests are known
(13). Furthermore, they chose a  phyloge-
netic method that, while it accounts for com-
positional variation in the sequence align-
ment, is unsuitable: It assumes that the sites
are independently and identically distrib-
uted, which they have already shown not to
be the case. Moreover, they used a single
Markov (probabilistic) model to analyze the
alignment of amino acids, in effect using a
“one size fits all” approach, where it would
have been better to use several Markov mod-
els to capture gene-specific differences in
the evolutionary processes (14).

Rokas et al. used nonparametric boot-
strap and posterior probabilities to gauge
support for the pattern and order of specia-
tion events (branches in their phylogenetic
tree). The former is widely recognized to be
statistically unwise. Bootstrap values are
estimates of the expected frequency with
which speciation events (internal branches)
occur in the optimal tree, using data con-
structed from the original alignment by sam-

pling sites with replacement (15). It is not a
measure of accuracy or confidence, but of
data consistency. Further, the increase in
bootstrap value when more genes are
included may be misleading, because longer
sequences naturally tend to have higher
bootstrap values (see the figure). The poste-
rior probabilities of speciation events being
correctly identified are also prone to error
when the phylogenetic assumptions are vio-
lated in the sense described above.

In light of these concerns, are the conclu-
sions of Rokas et al. justified? Should we
ignore their study? Most certainly not,
because they have produced a wealth of data
and have shown that it might just be possible
that the fossil record can be reconciled with
molecular data. This, in itself, should be
cause for celebration and an incentive to
acquire sequence data from the remaining 26
animal phyla. Likewise, it should encourage
development of methods that assess when
data violate phylogenetic assumptions, and
that cope with such data. To achieve these
goals, we need to know more about the struc-
ture and function of gene products before we
can develop models that appropriately
address the early evolution of animals. 
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T
he relationship between organismal
development and aging has long been
a matter of intense debate. It seems

natural to posit that developmental timing
mechanisms that culminate in reproductive
maturity continue to affect post-reproduc-
tive biology, with consequences for total
organism life span. On the other hand, evo-
lutionary theories of aging discount regu-
lated aging per se, because the force of
selection declines with age and drops pre-
cipitously after reproductive potential ends.
In other words, a program that actively ages
the organism is unlikely to be selected for in
evolution. Instead, aging is thought to entail
the passive stochastic accumulation of
damage to molecules, cells, and organs,
leading to loss of fertility and organismal
demise. Therefore, the notion that regulated
intrinsic biological timers control aging
seems superficially untenable. 

Just this possibility, however, has been
raised by Boehm and Slack on page 1954 of
this issue (1). The have found that compo-

nents of a nematode’s (Caenorhabditis ele-
gans) heterochronic circuit—namely the
lin-4 microRNA and its target, the nuclear
protein encoded by lin-14—not only perturb
developmental timing but also influence
organismal life span. They do so by regulat-
ing insulin/IGF-1 (insulin-like growth fac-
tor–1) signaling, a cellular regulatory path-
way whose modest decrease in activity leads
to increased longevity across taxa (2).

Just as each cell in a developing organism
has a positional identity that is determined
by gradients of morphogens and hierarchies
of transcription factor activity, cells also
have a temporal identity dictated by regula-
tory signaling cascades. Pioneering work in
C. elegans led to the discovery of the hete-
rochronic loci (3), which constitute a regula-
tory circuit that confers temporal identity to
the various tissues. These genes determine
cellular programs of division, migration, and
differentiation that are appropriate for a spe-
cific developmental stage. In addition, the
interactions among these heterochronic loci
ensure the proper succession of larval tem-
poral fates. Normally, C. elegans develops to
adulthood through four larval stages, L1 to
L4. Worms with mutations in the het-
erochronic loci inappropriately express cel-
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lular programs at the
wrong stage that could
result, for example, in
the expression of adult
features in the juvenile
or conversely, juvenile
features in the adult. A
molecular analysis has
revealed that most het-
erochronic loci are evo-
lutionarily conserved.
Perhaps most striking
are the examples of lin-4
and let-7 microRNAs,
short 21- to 24-nucleo-
tide RNAs that post-
transcriptionally regu-
late gene expression
(4–6). First discovered
in the worm, orthologs
are found conserved
across species, includ-
ing human (7). This
spawned the discovery
of large families of simi-
lar molecules whose
diverse functions are only just beginning to
be explored. As part of an early larval timer,
a rise in lin-4 microRNA expression triggers
larval stage L2 and later developmental pro-
grams by decreasing the expression of a
molecular target, lin-14. It does so by bind-
ing with imperfect complementarity to
sequences in the 3´-untranslated region of
the messenger RNA (mRNA) that encodes
lin-14, inhibiting translation and mRNA sta-
bility (4, 5). A decrease in the expression of
lin-14 mRNA and protein is seen in the
developing worm, but expression persists in
some tissues in the adult.

However, the role of lin-14 and other
heterochronic loci in the adult worm has
been little explored, largely because cells of
the adult are postmitotic (except for germ-
line cells) and therefore do not display any
overt stage-specif ic cellular programs.
Clearly, though, adult animals undergo
germline maturation, growth, homeostasis,
and metabolic changes, as well as seem-
ingly coordinated shifts in gene expression
(8). Conceivably, such changes could arise
from intrinsic timing mechanisms at work
in the adult. Hence, Boehm and Slack
sought to test the hypothesis that the het-
erochronic loci influence adult longevity. 

Remarkably, they found that overex-
pression of lin-4 microRNA results in a
modest increase in adult life span (by 15%),
and conversely, that loss of a functional
lin-4 gene shortens life (by 53%). These
adult phenotypes, as in larvae, depend on
lin-14. Worms lacking a functional lin-14
gene (loss-of-function mutants) were long-
lived (by 28%), whereas those that overexpress
lin-14 (gain-of-function mutants) were short-

lived (by 63%). In worms lacking both lin-
4 and lin-14, the long-lived lin-14 pheno-
type largely prevailed (a life span 14%
longer than wild type), suggesting that lin-
4 works at least in part through lin-14.
Similarly, the developmental phenotypes of
lin-14 mutants (precocious) prevail over
lin-4 (delayed) in the lin-4 lin-14 double
mutant worms. The fact that the same
epistatic relations hold for lin-4 and lin-14
in both the developing larva and aging
adult supports the idea that a similar regu-
latory pathway is at work. 

The question then arises as to whether
longevity is determined by developmental
events or adult events. To address this,
Boehm and Slack took advantage of condi-
tional manipulation of lin-14 expression.
By using a temperature-sensitive allele,
they bypassed developmental defects and
performed shifts to the nonpermissive tem-
perature that caused a decrease in lin-14
expression in the adult. Interestingly, post-
developmental temperature shifts still
caused extended life span. Accordingly,
decreasing lin-14 expression by RNA inter-
ference in adults also extends life, which
suggests a function independent of develop-
ment and specific for adults. As correlates
of longevity, lin-14 loss-of-function
mutants were found to be more resistant to
heat stress and slower to accumulate lipo-
fuscin, a marker of aged tissues. 

Molecular genetic studies first identi-
fied insulin/IGF-1 signaling as a key modu-
lator of nematode life span (9, 10).
Remarkably, the same was later shown to be
true for flies and mice (2). Specif ically,
decreased insulin/IGF-1 signaling results in

the nuclear translocation of a transcription
factor called DAF-16/FOXO. This tran-
scription factor turns on genes for stress
resistance, DNA repair, innate immunity,
and heat shock, and, as a consequence, the
worm’s life span is doubled. 

Given the central role of insulin/IGF-1
signaling in aging, Boehm and Slack asked
whether lin-4 and lin-14 impinged on this
pathway. Indeed, they found that worms
with a mutation in daf-16 as well as in
hsf-1, a longevity gene encoding a tran-
scription factor for turning on heat shock
proteins, abolished longevity mediated by
lin-14. Moreover, longevity of a worm
with a mutation in daf-2, the gene encod-
ing the insulin-like receptor, was not fur-
ther increased by a loss-of-function muta-
tion in lin-14. Finally, a short-lived lin-4
mutation largely suppressed the longevity
of the daf-2/insulin-like receptor mutant,
placing lin-4 activity downstream or paral-
lel to that of the receptor. These genetic
studies argue that lin-4 and lin-14 could
somehow regulate daf-16 via insulin/IGF-1
signal transduction or a parallel signaling
pathway (see the figure). 

The union of signaling pathways that
control developmental timing and life span
is not without precedent, because the worm
nuclear hormone receptor DAF-12 oper-
ates in both (11). However, if a conserved
microRNA and its target converge on DAF-
16/FOXO to influence adult longevity, this
raises the intriguing notion that intrinsic
developmental clocks can modulate aging.
Alternatively, lin-4 and lin-14 may have
undescribed metabolic outputs somewhat
independent of a timer. Notably, the hete-
rochronic circuit is initialized by food cues,
with nutrient inputs at distinct points of L1
and L3 diapause, periods of arrested
development entered under conditions of
starvation. In particular, both lin-4 and
daf-16 are required for entry into the L3
dauer diapause, which is a long-lived
stress-resistant stage.

In either scenario, the results of Boehm
and Slack raise a myriad of questions. How
do lin-4 and lin-14 converge on daf-16?
What tissues are involved? Is this a mecha-
nism of regulation observed in the wild-type
worms under some conditions? What other
signaling pathway components are involved?
Do microRNAs regulate longevity in higher
animals? If so, what are they and what are
their targets? 

Finally, how might the paradox of intrin-
sic timers and “regulated” aging be recon-
ciled with the evolutionary theories of
aging? One possibility is that the tempo of
reproductive development needs to be coor-
dinated between the tissues, as well as with
nutrient availability and the environment.
Under conditions of adversity, regulatory
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Regulation of adult life span by the lin-4 microRNA. (Left) When lin-
4 microRNA activity is high, expression of lin-14 mRNA and protein are
low. Hence, the DAF-16 transcription factor is active and promotes long
life. (Right) When lin-4 activity is low, lin-14 activity is high, and DAF-16
is inhibited, resulting in short life. lin-4 and lin-14 gene products may
work downstream of, or in parallel to, DAF-2 (the insulin-like receptor) to
modulate DAF-16. Proteins are depicted as oval shapes.
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signaling pathways that delay reproduction
and increase somatic endurance could
adaptively retard organismal decline. When
exercised in the adult, such mechanisms
could secondarily extend life. Another
notion is that developmental timing mecha-
nisms that determine a species’ life plan
may somehow influence the life span.
Perhaps the great natural variation in animal

life spans is determined by such global tem-
poral regulators.
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M
olecules with identical nuclei hav-
ing nonzero spin can exist in differ-
ent states called nuclear spin modi-

fications by most researchers and nuclear
spin isomers by some. Once prepared in a
particular state, the arrangement of spins
can in principle convert to another arrange-
ment. The concept of nuclear spin modifi-
cations in molecules (1) is intriguing to
chemists because interconversion between
different spin states is often slow enough to
be considered negligible for many pur-
poses. This in turn allows one to treat dif-
ferent spin modifications as though they
were different molecules both in terms of
spectroscopy and collision dynamics. In
addition, these spin modifications are asso-
ciated one-to-one with different rotational
levels in the molecule. In fact, however, the
interconversion rates are not zero, so the
scientific questions become: How can these
extremely slow rates be measured, and how
can these rates be explained by theory? On
page 1938 of this issue, Sun et al. (2) pre-
sent answers to both of these questions in
the case of the ethylene molecule.

In the case of hydrogen, it is well known
that rotational levels with even and odd J
quantum number belong to the para (where
the nuclear spins are aligned in opposite
directions and I = 0) and ortho (the spins are
parallel and I = 1) nuclear spin modifica-
tions, respectively (I is the total nuclear spin
angular momentum of the two H nuclei).
Furthermore, nearly pure para-H2 can be
readily prepared by cooling hydrogen to
low temperature on a paramagnetic catalyst

as initially shown by Bonhoeffer and
Harteck in 1929 (3). Once prepared, a para-
H2 sample can be preserved for months at
room temperature in a glass container with-
out converting to ortho-H2. This remark-
able stability of a single spin modification
was ascribed by Wigner to the smallness of
the nuclear spin interaction term that mixes
ortho and para states (4).

Spin modifications are relevant also for
polyatomic molecules with two or more
identical and equivalent nuclei. Thus, for
example, H2O, H2CO, etc., have ortho (I = 1)
and para (I = 0) species; NH3, CH3F, etc.,

have ortho (I = 3/2) and para (I = 1/2)
species; and CH4 has ortho (I = 1), meta (I =
2), and para (I = 0) species. More compli-
cated molecules such as C2H4 have more
than three spin modif ications, and their
symmetry is used to label different spin
modifications, as reported by Sun et al. (2).
Polyatomic molecules have faster intercon-
version rates than H2, not because their
magnetic interactions are larger but
because their rotational levels are closer.
This is particularly true for spherical-top
molecules in which levels are clustered and
some levels with different spin modifica-
tions are very close. Thus, Ozier et al.
observed a spectrum between ortho and

para CH4, by shifting an ortho level close to
a para level with a magnetic f ield, and
determined the small mixing term (5). For a
heavy spherical top like SF6 with very high
rotational level (J = 53), the levels are so
close that Bordé and colleagues naturally
observed transitions between different spin
species (6).

The theory for spin conversion in poly-
atomic molecules by collision was first for-
mulated by Curl et al., who enumerated
mixing terms in the spirit of Wigner’s the-
ory—that is, choosing those nuclear spin
interaction terms that are invariant with
respect to exchange of the entire sets of
nuclear coordinates but are not invariant to
exchange of spin coordinates alone (7).
They identified levels belonging to differ-
ent spin modifications that are accidentally
close and surmised that interconversion
occurs through those pairs of levels. The
validity of the theory of Curl et al. has been
demonstrated by a series of beautiful exper-

iments by Chapovsky and his collaborators
since 1980. They introduced the method of
light-induced drift developed in the former
Soviet Union (see the f igure) and suc-
ceeded in separating ortho and para species
of CH3F, the first such separation since H2
and D2 were separated several decades ago.
[Readers are referred to an excellent review
by Chapovsky and Hermans (8) for more
details of history, experiments, and theory
of the field.] This is the technique used by
Sun et al. in their studies.

The exciting aspect of the experiment by
Takagi and colleagues. (2) is that ethylene,
C2H4, has symmetry with higher dimension
than that of other molecules so far studied,
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and there are four nuclear spin modifica-
tions with different symmetry. This has
allowed them to demonstrate yet another
subtlety of the interconversion. Because the
parity (the symmetry of the wave functions
with respect to an inversion in space) is rig-
orous in atomic and molecular physics, the
parity selection rule, unlike the ortho/para
selection rule, should not be violated in
these experiments. In other words, the
nuclear spin interaction considered by
Wigner and enumerated by Curl et al. may
mix different spin species but cannot mix
parity. This is clearly demonstrated in figure
2 of Sun et al. (2). Figure 2A (2) shows that
there is an interconversion between the B2u
and B3u species, and figure 2B shows that
there is no interconversion between the B2u
and Ag species. The symbols g and u repre-
sent symmetric and antisymmetric states
with respect to the molecule-fixed inversion
operation, i.e., interchange of two pairs of H
nuclei and inversion of space. However, all
rotational functions are g with respect to
this operation, and thus it turns out for a pla-
nar molecule like ethylene that g and u
nuclear spin functions are associated with
rotational–nuclear-spin wave functions of +
and – parity. Thus, B2u ↔ B3u conversion in
ethylene is parity allowed but B2u ↔ Ag is
parity forbidden, as indeed shown in figure
2 of Sun et al. (2).

This leaves an interesting problem to be
solved. The authors should be able to deter-
mine the magnitude of the interaction term
from the observed interconversion rate. In

order to do this, the authors need to locate a
pair or pairs of levels with the B2u and B3u
symmetry that are accidentally or systemat-
ically (9) close through which the conver-
sion proceeds. They also need to estimate
collision cross sections that are temperature
dependent. Experimentally, it will be inter-
esting to measure the temperature depen-
dence of the conversion rate. Also measur-
ing the conversion rate caused by other
gases will be interesting, especially para-
magnetic gases such as oxygen. It is well
known that para-H2 converts to ortho-H2
much faster in the presence of O2. The
mechanism of such conversion must be
different from that considered by Curl et al.

Which other molecules will be interest-
ing to study? Benzene, C6H6, has spin mod-
ifications with six different symmetries:
A1g, A2g, E2g, B1u, B2u, and E1u. Here also,
the molecule is planar, so one might expect
that the parity selection rule will be equiva-
lent to g ↔ g and u ↔ u. Because rotational
levels in this symmetric-top molecule with
K = 6n (where n = 0) systematically consist
of very nearly degenerate B1u-B2u nuclear
spin pairs, rotational levels with quantum
number K = 6n + 3 consist of very nearly
degenerate A1g-A2g nuclear spin pairs, and
the E nuclear spin functions do not cluster,
one can further speculate (9) that conver-
sion rates within the nuclear spin A species
or within the B species will be much faster
than rates between A and E or between B
and E species. Ethane, C2H6, has spin mod-
ifications with seven different symmetries

A1, A4, E1, E2, E3, E4, and G. Because the
molecular symmetry group of ethane does
not have any element corresponding exactly
to inversion in space, the connection
between symmetry species and parity is
more complicated than for the planar mole-
cules mentioned above. One can thus won-
der if permutation-inversion symmetry
species together with systematic level clus-
tering will in the end provide a more unified
way of discussing allowed nuclear spin con-
versions than parity together with acciden-
tal degeneracies does. In any case, a study
of nuclear spin conversion rates in other
highly symmetric molecules will almost
certainly reveal further subtleties of the
mechanism. However, the experiments will
become more challenging as one goes to
heavier molecules because of the larger
rotational partition function. 
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N
o rock or mineral record has been
preserved from Earth’s “dark age”—
the mysterious time after accretion of

the planet about 4560 million years ago.
Thanks to a continuous effort to find the old-
est pieces of our planet, however, the duration
of this unknown era is becoming shorter and
shorter. Following the development of mod-
ern isotopic dating, the extent of the dark age
was established at about 800 to 1000 million
years by the discovery of exceptionally old
rocks in western Greenland (1). The discov-
ery of still older grains of zircon (zirconium
silicate, a common if not very abundant com-

ponent of crustal rocks, and an extraordinar-
ily resilient mineral) in archean sedimentary
rocks in Western Australia reduced the dark
age to 400 to 300 million years (2, 3) and
recently to less than 200 million years (4), a
mere 5% of Earth’s life span. That this was an
eventful time is clear from studies of the
Moon and Mars, where internally driven
magmatism and differentiation ceased
quickly or slowed down. We know that the
processes that shaped further evolution of
these bodies—large-scale mantle differentia-
tion and formation of the primary crust—
were occurring within the first few hundred
million years.

On page 1947 of this issue, Harrison et
al. (5) report their use of some of the oldest
known zircons to explore the prehistory of

the source rocks of these minerals. Their
approach relies on the slow radioactive
decay of the rare isotope 176Lu to 176Hf
(half-life 37 billion years). This decay
process increases the ratio of 176Hf to other
isotopes of hafnium, usually expressed as
176Hf/177Hf. The rate of growth of the
176Hf/177Hf ratio is proportional to the
Lu/Hf ratio. In geochemical studies, the
176Hf/177Hf ratio in a mineral or rock is
expressed as a deviation from this ratio in
bulk silicate earth (thought to be broadly
similar in composition to, and determined
from, chondritic meteorites). This deviation
is measured in parts per 10,000 and is
denoted as εHf(T), where T is time. When
primitive mantle differentiates to form con-
tinental crust (a cover of less dense alu-
minum- and silicon-rich rocks) and
depleted mantle (the more dense and refrac-
tory magnesium- and iron-rich residue left
after extraction of crust-forming melts), the
depleted mantle acquires a Lu/Hf ratio sev-
eral times that found in crustal rocks. As a
result, the 176Hf/177Hf ratio in the mantle
grows faster than in the crust and εHf(T)
becomes positive, whereas the complemen-
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tary crust develops more and more negative
εHf(T). When a melt derived from ancient
crust or depleted mantle crystallizes and
zircon is formed, the 176Hf/177Hf ratio in the
melt is imprinted in the zircon and remains
nearly unchanged over billions of years,
owing to the low Lu/Hf ratio and high con-
centration of Hf in zircon (about 1%). If we
measure the present-day 176Hf/177Hf and
Lu/Hf ratios in the zircon crystal and deter-
mine the age of the zircon by decay of ura-
nium isotopes to lead, we can trace the
growth of the 176Hf/177Hf ratio backward
and determine when primitive
mantle separated into crust and
depleted mantle. Alternatively, if
the time of mantle differentiation
is estimated independently, we can
calculate the Lu/Hf ratios in the
crust and depleted mantle, and try
to infer the nature of these early
Earth reservoirs by comparing
these ratios to the Lu/Hf ratios
measured in younger rocks of var-
ious compositions.

Most 176Hf/177Hf values deter-
mined by Harrison et al. (5) are
close to or slightly below the prim-
itive mantle evolution line, as
would be expected for crustal
rocks extracted from the mantle
shortly before formation of the zir-
cons. Some of the oldest zircon
grains, however, plot well above or
below the primitive mantle evolu-
tion line and require extreme frac-
tionation of lutetium and hafnium
and very early separation of their
source rocks from the primitive
mantle, probably around 4500 mil-
lion years ago—less than 100 mil-
lion years after the accretion of
Earth. This result is interpreted by the
authors as evidence for large-scale mantle
differentiation and possibly an onset of
plate tectonic activity between 4500 and
4400 million years ago. Whether the plate
processes operated on a global scale or
locally remains to be determined.

The report by Harrison et al. opens up
many new questions. The first is the possi-
bility that εHf(T) in zircon can be erro-
neously high or low if the zircon crystal
includes domains that grew at different
times (see the f igure). Coexistence of
domains with different ages within one
crystal, very common in zircon, is the oppo-
site side of the exceptional resistance of this
mineral. If a zircon gets into magma, new
layers can grow around the original crystal.
The new zircon layer can have a chemical
and isotopic composition different from the
composition of the original crystal.
Because the concentration of uranium and
radiogenic lead (the decay product of ura-

nium) can be quite different between the
two domains while the concentration of
hafnium remains relatively constant, the
ages of the two components in a complex
zircon crystal do not mix in the same pro-
portion as their hafnium isotopic ratios. The
176Hf/177Hf ratio in zircon is ar rested
because of low Lu/Hf, but the 176Hf/177Hf in
the reference reservoir (primitive mantle)
evolves more rapidly. Hence, the use of a
wrong age produces an erroneous εHf(T)
that can mimic mantle differentiation. To
avoid this problem, we need to study the

internal structure and age distribution in
ancient zircon in great detail. More reliable
hafnium isotope data could be obtained
from crystal domains that are shown to be
homogeneous. However, analysis of these
small crystal domains produces less precise
data. Further progress in early Earth studies
thus requires more sensitive and precise
mass spectrometers for measuring
176Hf/177Hf ratios.

A fundamental uncertainty is whether
the bulk silicate Earth indeed has the same
Lu/Hf and 176Hf/177Hf ratios as the accepted
reference that is based on analyses of chon-
drites. Recent discovery of a difference in
the Sm-Nd isotopic system (a geochemical
cousin of Lu-Hf) between chondrites and
Earth (6) raises the possibility that our
planet and undifferentiated asteroids (the
source of chondritic meteorites) were
assembled from different reservoirs of mat-
ter that never completely mixed with each
other. Moreover, the Lu/Hf ratios in chon-

drites are variable (7, 8), and this makes
choosing the accurate reference value for
the bulk Earth even more diff icult. The
choice of bulk silicate Earth parameters
would not change the spread of the earliest
hafnium data, but it would change the pro-
portion of those that show enriched crustal
versus depleted mantle signatures. It also
affects the mass balance of known reser-
voirs in the present-day Earth. Currently
accepted parameters imply that these reser-
voirs are not in balance, which suggests
either that the parameters are wrong or that
there is an unknown reservoir that has
sequestered lutetium and hafnium. Thus,
the key to understanding the evolution of
Earth’s mantle and continents over time is
establishing the precise chemical connec-
tion among Earth, meteorites, and the solar
system as a whole, represented by the com-
position of the solar photosphere (9).

A f inal and perhaps most intriguing
question is the mechanism whereby the sig-
natures of extreme differentiation in the
mantle-crust system during the first 500
million years were almost completely
erased. Although there is some evidence for
early differentiation in the oldest rocks, the
average 176Hf/177Hf evolution curve defined
by most mantle-derived rocks over the rest
of Earth’s history diverges from the chon-
dritic curve at about 4 billion years, which
is when the rock record begins (10).
Something reset the clock on a planetary
scale. On the basis of the lunar record, a
period of massive meteorite bombardment
is thought to have occurred at that time. If
so, it must have induced homogenization of
mantle and crust on a scale vastly greater
than can be explained by recent plate tec-
tonic processes. We are indeed fortunate
that the fragmented memory of an earlier
time has survived in the form of zircon
crystals.

References and Notes
1. L. P. Black et al., Earth Planet. Sci. Lett. 12, 245 (1971).
2. D. O. Froude et al., Nature 304, 616 (1983).
3. W. Compston, R.T. Pidgeon, Nature 321, 766 (1986).
4. S. A. Wilde, J. W. Valley, W. H. Peck, C. M. Graham,

Nature 409, 175 (2001).
5. T. M. Harrison et al., Science 310, 1947 (2005);

published online 17 November 2005 (10.1126/
science.1117926).

6. M. Boyet, R. W. Carlson, Science 309, 576 (2005);
published online 16 June 2005 (10.1126/
science.1113634).

7. M. Bizzarro et al., Nature 421, 931 (2003).
8. P. J. Patchett et al., Earth Planet. Sci. Lett. 222, 29

(2004).
9. E. Anders, N. Grevesse, Geochim. Cosmochim. Acta

53, 197 (1989).
10. J. D. Vervoort, J. Blichert-Toft, Geochim. Cosmochim.

Acta 63, 533 (1999).
11. Some ideas discussed in this paper were kindly con-

tributed by D. W. Davis, Geology Department,
University of Toronto. The text was also improved by
his comments and by comments from W. J. Davis,
Geological Survey of Canada.

10.1126/science.1121536C
R

ED
IT

:P
.H

U
N

T
/G

EO
LO

G
IC

A
L 

S
U

R
V

EY
 O

F 
C

A
N

A
D

A

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

www.sciencemag.org SCIENCE VOL 310 23 DECEMBER 2005

100 μm

3972 ± 10

3954 ± 34
3647 ± 34

Messenger from an early era. This zircon crystal from Jack
Hills,Western Australia (length 0.3 mm) contains a rim that
is younger than the central part by 300 million years. The
brightness in this image, taken in backscattered electrons,
reflects the difference of average atomic mass (heavier is
brighter) due to variable concentration of hafnium, ura-
nium, thoriuim, and rare earth elements—the most com-
mon minor components of zircon. The ages (in millions of
years) were determined by SHRIMP (sensitive high-resolu-
tion ion microprobe) U-Pb analysis, similar to the dating
technique of Harrison et al. (5). (The black spots are sites of
the ion microprobe analyses, where the charge-dissipating
gold coating was removed by ion bombardment.)
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R
ichard Errett Smalley, who died on 28
October 2005 after a 7-year fight with
cancer, unselfishly used his stature

and wisdom to inspire a worldwide nan-
otechnology revolution. His breakthroughs,
his inexhaustible enthusiasm for exciting
young people about science, and his awak-
ening the world to possible nanotech solu-
tions to the energy crisis have all left an
enduring legacy. In only 40 years of apply-
ing his powerful intellect to science and
technology, his work led to entirely new
types of materials and fields of study, revo-
lutionary apparatus for scientific investiga-
tions and commercialization, and a deep
understanding of behavior on nano and
molecular scales. Along the way he shared
the 1996 Nobel Prize in Chemistry for
codiscovering the soccer-ball shaped C60
fullerene molecule.

Born in Akron, Ohio, on 6 June 1943,
Smalley’s interest in science began in his
early teens as he and his mother collected
single-cell organisms from a local pond and
studied them with a microscope. He learned
from his father how to build and f ix
mechanical and electrical equipment and
from his mother mechanical drawing, so
that he could be more systematic in design
work. Many decades later, Rick’s passion
for creative design was still evident on his
office walls—diagrams showing his most
recent improvements on equipment for pro-
ducing carbon nanotubes. Although his con-
tributions to physics and engineering were
landmarks, chemistry was his first love. The
detailed periodic table of the elements that
he drew on rafters in the attic where he stud-
ied as a youngster marked his early fascina-
tion with chemistry. 

He pursued this love, from under-
graduate studies at Hope College and
the University of Michigan to the Shell
Chemical Company, where he worked as a
quality control chemist in a polypropylene
plant. Rick said, “These were fascinating
days, involving huge volumes of material,
serious real-world problems, with large
financial consequences.” He learned about
industrial-scale processes and the impor-
tance of efficient catalysts, which were use-
ful much later when he initiated scale-up of

carbon nanotube synthesis. After 4 years, he
resumed academic studies and earned his
Ph.D. in 1973 from Princeton University,
focusing on the chemical physics of con-
densed phase and molecular systems with
thesis adviser Elliott Bernstein. 

During postdoctoral study with Donald
Levy and Lennard Wharton of the
University of Chicago, and later with
Daniel Auerbach, Rick helped develop a
powerful technique: supersonic beam laser
spectroscopy. As a result, chemical physi-
cists can now drastically simplify the spec-
troscopy of complex molecules. Using
the coldest part of the expanding gas,
researchers could achieve temperatures
below 1 K, thereby freezing the rotations of
moderate-sized molecules and complexes.
After joining the faculty of Rice University
in 1976, Smalley worked together with
Robert Curl to produce a sequence of pio-
neering advances applicable for making and
characterizing very cold supersonic beams
of large molecules, radicals, and atomic
clusters having precisely known numbers of
atoms.

In August 1985, Smalley and Curl were
joined by Harold Kroto from the University
of Sussex for a short summer project to
study interesting carbon cluster distribu-
tions found by Andrew Kaldor at Exxon
using an apparatus constructed by Smalley’s
group. After a legendary late night of taping
together cardboard cutouts of hexagons and

pentagons on his kitchen table, using
Kroto’s insights into the importance of five-
carbon rings, Smalley presented the carbon
“soccer ball” as the only sensible way that
60 carbon atoms could be assembled to pro-
duce the observed spectra. A new field of
scientific investigation was thus born, and
then fueled by a seemingly continuous bar-
rage of exciting new results from both
Rick’s laboratory and others across the
world, which showed the diversity of carbon
cage types, how their production could be
scaled up, the diverse ways they can be
modif ied, and their novel physical and
chemical properties. 

In 1993, Rick redirected much of his
group’s work to carbon nanotubes, which
can be viewed as cylindrical versions of the
carbon cage molecules, and Rick and his
co-workers became leaders in the field. His
experimental skills were again critical as his
team developed the laser ablation and the
high-pressure carbon monoxide processes
for making single-walled carbon nanotubes.
Rapid worldwide scientific progress was
assisted by Rick’s providing access to these
high-quality nanotubes, first through a non-
profit effort at Rice University, and then
through the successful company he founded
in 1999, Carbon Nanotechnologies, Inc.

Many call Rick the grandfather of nan-
otechnology. He was the most cited author
in nanotechnology in the last decade, and
his pivotal scientif ic and technological
breakthroughs have inspired worldwide
commercialization efforts. Because of
Rick’s key role in creating the National
Nanotechnology Initiative, he was the only
academic invited to the November 2003
Oval Office signing ceremony. His vision of
using nanotechnology to help solve the
energy crisis and to improve health through
nanomedicine is motivating governments to
fund effective programs. Many will dedi-
cate themselves to a goal that Rick focused
upon during his last 4 years of life: a carbon
nanotube quantum wire cable much
stronger than steel that would carry a cur-
rent 10 times as high as that carried by cop-
per wire and weigh one-sixth as much. 

With his passing, the world lost a great
intellect in chemistry, physics, and engi-
neering, but we also lost a great advocate for
science and technology and a great educator
and mentor. Robert Curl said that “Rick was
a visionary, and his charisma and logic
made those he worked with buy into the
vision. Rick convinced us that we could be
better, stronger, and take more chances if we
just tried. I hope that we don’t forget—then
his legacy…will make a lasting transforma-
tive difference.” In his humble way, Rick
simply said that science and life go on.
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John P. Holdren is an expert on global
environmental change, energy technology and
policy, international science diplomacy, and
nuclear arms control and nonproliferation. He
has been a physicist, a professor, and a White
House adviser, and he delivered the 1995
Nobel Peace Prize acceptance speech on be-
half of the Pugwash Conferences
on Science and World Affairs. 

In February, when he assumes
the presidency of AAAS, he
hopes to bring his broad multi-
disciplinary vision and experi-
ence to bear on some of the most
urgent problems facing humanity.

“I believe strongly in the pow-
er of partnerships, across institu-
tions, sectors, and countries, for
addressing the great challenges at
the intersection of science and
technology with the human condition—the
challenges of poverty, disease, weapons of
mass destruction, environmental impoverish-
ment, climate change, terrorism, and more,”
Holdren said recently. “I also believe strongly
in the power of education—of students, of
professionals, of publics, of policy-makers—
in increasing the capacity of society to meet
and surmount these challenges.”

Holdren, 61, is director of the Woods
Hole Research Center, as well as Teresa and
John Heinz Professor of Environmental Poli-
cy and director of the Science, Technology
and Public Policy Program at Harvard Uni-
versity. He served as a member of President
Bill Clinton’s Committee of Advisors on
Science and Technology from 1993 to 2001.

From an early age, Holdren remembers,
he was equally fascinated with the natural
world, with technology, and with people. As
a high school student, he became persuaded
“that many of the most interesting and im-
portant challenges facing the world—among
them overpopulation, poverty, hunger, and
weapons of mass destruction—could be
solved only by combining insights from the
natural sciences and technology with per-
spectives and approaches from the social
sciences and the humanities.”

This idea set him on a course to MIT,
Stanford, Livermore, Caltech, the University

of California-Berkeley, and Harvard, and
helped position him for a career of remark-
able influence at the intersection of science,
technology, and society. 

Holdren’s MIT and Stanford degrees
were in aeronautics and astronautics and
plasma physics. In 1973 he co-founded the

interdisciplinary graduate pro-
gram in Energy and Resources at
Berkeley, which he co-led until
1996. Since moving to Harvard
that year, his work has focused
on the causes and consequences
of global climate change, chal-
lenges, and opportunities with
advanced energy technologies
and international cooperation to
address problems of environ-
ment, development, and security. 

He is a member of the Nation-
al Academy of Sciences, the National Acad-
emy of Engineering, the American Academy
of Arts and Sciences, and the Council on
Foreign Relations, and is co-chair of the
bipartisan, foundation-funded National
Commission on Energy Policy. 

Holdren was first invited to the Pugwash
Conference in 1973, joining some of the
world’s leading thinkers for discussions
about nuclear arms reductions and coopera-
tive solutions for global problems. He was
chair of the Pugwash executive committee
when the organization won its Nobel, and
he was chosen by his colleagues to give the
acceptance speech.

He used the occasion to explore the con-
nections between poverty, energy, environ-
ment, and security: “Either we will achieve
an environmentally sustainable prosperity
for all, in a world where weapons of mass
destruction have disappeared or become
irrelevant, or we will all suffer from the
chaos, conflict, and destruction resulting
from the failure to achieve this.”

Holdren will assume the presidency of
AAAS at the close of the Annual Meeting in
St. Louis, Missoui, on 20 February, replacing
Gilbert S. Omenn, who will become chair-
man of the AAAS Board of Directors.

In his candidacy statement, Holdren
praised AAAS’s diverse and wide-ranging

P R O F I L E

Holdren: Expand S&T Efforts to

Meet Urgent Global Challenges 

AAAS NEWS AND NOTES
edited by Edward W. Lempinen

programs at the intersection of science and
technology with public policy. At the same
time, he urged further strengthening of all of
these efforts, arguing that as productive as
the efforts of American science and engineer-
ing societies have been, they are still “not re-
motely commensurate with the challenges.”

Above all, he said in the statement,
“AAAS should continue and expand its ef-
forts…to promote a more vigorous national
discussion about the links between S&T and
the human condition, and about the respon-
sibilities of scientists and technologists and
of government to work more thoughtfully
and effectively to increase the societal bene-
fits from S&T and to reduce the liabilities.”

2 0 0 6  A N N U A L  M E E T I N G  

Evolution Event Will Rally

Support for U.S. Teachers

The campaign against the teaching of evolu-
tion has put many public school science
teachers in a difficult position: They want to
teach science and preserve the integrity of
science, but they sometimes risk objections
and protests from students, parents, or
school board members. 

In collaboration with the National Re-
search Council and many other leading U.S.
scientific associations, AAAS is organizing
a half-day special event at its upcoming An-
nual Meeting in St. Louis to give science
teachers a voice on the issue and to give
them aid in their schools and communities.

“Evolution on the Front Line,” set for
Sunday afternoon 19 February, will feature
talks by the Rev. George Coyne, a Jesuit
priest and director of the Vatican Observato-
ry; U.S. Rep. Russ Carnahan of Missouri;
and Linda Froschauer, president-elect of the
National Science Teachers Association
(NSTA). Teachers have been invited to talk
about the pressures they face and the
support they would like to receive from the
U.S. science and technology community.

“K–12 teachers are the front line of ef-
forts to preserve the integrity of science and
evidence-based understanding of the physi-
cal and biological world. They are its unsung
heroes,” said AAAS President Gilbert S.
Omenn. “We and they recognize how impor-
tant math and science at all levels are to
preparing our students for a knowledge-
based, globally competitive economic future.
We also respect the importance of religion
and spirituality—in the home and places of

John P. Holdren
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worship. Many teachers have told us that
they would welcome help. We want to hear
about their successes and stresses, share
ideas, and offer them all the support we can.”

The battle over evolution and the integri-
ty of science has flared recently in at least
33 states, according to the National Center
for Science Education, with Pennsylvania,
Kansas, and Georgia most prominent
among them. A 2005 NSTA survey
indicated that nearly a third of teachers feel
pressured to include creationism, intelligent
design, or other nonscientific evolution
alternatives in their science classrooms; a
similar number reported pressure to de-
emphasize or omit evolution.

Ray Cummings, who taught biology for
11 years in St. Louis public high schools
before going on leave last year, said the
pressure against evolution has become more
acute in recent years, making teachers’ jobs
more difficult. Since students often come to
class with a strong faith-based explanation
for life’s origins and development, the art of
a teacher’s work is in respecting students’
beliefs while teaching them science and the
scientific method.

“I’m a person of faith, but it doesn’t mean
that I’ve abandoned my faith because I can
explain and accept the science of evolution,”
said Cummings, currently vice president for
political education–St. Louis Teachers &
School Related Personnel Union Local
420–American Federation of Teachers.

The AAAS Annual Meeting—the biggest
general science meeting in the world—will
bring thousands of scientists, educators, jour-
nalists, and others to St. Louis from 16 to 20
February. The Sunday evolution forum is
considered especially important in light of
events in neighboring Kansas and other
heartland areas. 

Carnahan is slated to give the keynote ad-
dress. Froschauer, an eighth-grade teacher
from Westport, Connecticut, will speak on
the scope of the challenge facing public
school teachers and administrators. New York
Times science writer Cornelia Dean will
moderate a panel of scientists who will ex-
plore teachers’ questions on evolution facts
and fiction. Omenn, professor of medicine,
genetics, and public health at the University
of Michigan, will moderate the event.

The evolution session will be tailored
especially for St. Louis–area teachers, but is
expected to attract educators from around
the country. For example, the Geological
Society of America (GSA) is underwriting
travel expenses to St. Louis for science
teachers from Dover, Pennsylvania; Cobb
County, Georgia; and other hot spots.

“Members of the Geological Society of
America understand very well the critical
importance of teaching evolution and main-
taining the integrity of the definition of sci-

ence,” said GSA Executive Director John W.
Hess. “As a scientific society that includes
K-12 teacher members, we are committed to
supporting efforts that encourage the very
best in science education.”

For more information, see www.
aaasmeeting.org/evolution.

S C I E N C E  C O M M U N I C AT I O N

Study Probes “Open Access”

and Scholarly Publishing 

Open access journals are changing the land-
scape of scholarly publishing, but an ambi-
tious new study suggests that with 40% of
them operating in the red, the future of the
no-subscription journals is uncertain.

“The Facts About Open Access,” co-
sponsored by the AAAS Project on Science
and Intellectual Property in the Public Inter-
est (SIPPI), is the most comprehensive study
to date on the revolution that is unsettling
the world of traditional, subscription-based
journals while attracting interest from some
scholars and government officials. 

Backed by data from extensive surveys
and interviews, the report concluded that
more than 1000 journals now embrace the

philosophy that scientif ic and medical
information should be provided freely to
readers. Many, however, are struggling
to attract authors and make ends meet. At
the same time, open-access and online pub-
lishing generally are forcing traditional
journals to address fundamental financial
and philosophical challenges. 

“Business models are changing,” the
report said. “Access models are changing.
Experimentation is the order of the day.”

Mark S. Frankel, co-director of AAAS’s
SIPPI Project, which helped fund and co-
ordinate the study, acknowledged that it
provides only a snapshot of a rapidly
changing landscape. 

Still, Frankel said, “Policy, whether made
by government or the science journal com-
munity, should not rest merely on anecdotes,
yet that has been the case. This study offers
an initial foundation on which to make in-
formed decisions about the future of journal
publishing in science.”

Other sponsors of the study were the
Association of Learned and Professional
Society Publishers and HighWire Press; the
Association of American Medical Colleges
also provided data. The full report is avail-
able at www.alpsp.org.

S C I E N C E  J O U R N A L I S M

Winning Stories from the Universe of Science

Stories spanning the realm of nature—from cosmology and climate to extinct Siberian
mammoths—were named winners in AAAS’s prestigious Science Journalism Awards for 2005.

Large Newspaper (Circulation >100,000): Dennis Overbye, The New York Times, for
“String Theory, at 20, Explains It All (or Not),” 7 December 2004; “Remembrance of Things
Future: The Mystery of Time,” 28 June 2005; and “The Next Einstein? Applicants Welcome,”
1 March 2005.

Small Newspaper (Circulation <100,000): Richard Monastersky, The Chronicle of Higher
Education, for “Women and Science: The Debate Goes On,” 4 March 2005; “The Hidden
Cost of Fish Farming,” 22 April 2005; and “Come Over to the Dark Side,” 3 June 2005.

Magazine: Elizabeth Kolbert, The New Yorker, for “The Climate of Man,” 25 April 2005; 2 May
2005; 9 May 2005.And Atul Gawande, The New Yorker, for “The Bell Curve,” 6 December 2004.

Television: Joseph McMaster, Martin Williams, Lara Acaster, and Alex Williams, NOVA-
WGBH, for “The Wave that Shook the World,” 29 March 2005.

Radio: John Nielsen, National Public Radio, for “Dolphin Necropsies,” 21 March 2005.

Online: Daniel Grossman, wbur.org, for “Fantastic Forests: The Balance Between Nature &
People of Madagascar,” 3 June 2005.

Children’s Science News: Elizabeth Carney, Scholastic’s SuperScience, for “Mammoth
Hunters,” March 2005.

The awards are sponsored by Johnson & Johnson Pharmaceutical Research & Development,
L.L.C. The competition attracted 386 entries, including 69 in the new children's category—
32 of them from international reporters.
EARL LANE CONTRIBUTED TO THIS REPORT.

http://www.sciencemag.org
http://www.aaasmeeting.org/evolution
http://www.aaasmeeting.org/evolution
http://www.alpsp.org
http://wbur.org


Appendage Regeneration in Adult Vertebrates
and Implications for Regenerative Medicine

Jeremy P. Brockes* and Anoop Kumar

The regeneration of complex structures in adult salamanders depends on mechanisms
that offer pointers for regenerative medicine. These include the plasticity of differ-
entiated cells and the retention in regenerative cells of local cues such as positional
identity. Limb regeneration proceeds by the local formation of a blastema, a growth
zone of mesenchymal stem cells on the stump. The blastema can regenerate autono-
mously as a self-organizing system over variable linear dimensions. Here we consider
the prospects for limb regeneration in mammals from this viewpoint.

T
he goal of regenerative medicine is to

restore cells, tissues, and structures

that are lost or damaged after disease,

injury, or aging. The current approaches are

influenced by our understanding of embry-

onic development, of tissue turnover and re-

placement in adult animals (1–3), and by

tissue engineering and stem cell biology (4).

The regeneration of organs and appendages

after injury occurs in diverse animal groups and

provides another important viewpoint, in ad-

dition to the demonstration that complex adult

tissues can be rebuilt. The lessons of biological

regeneration have not been extensively assimi-

lated, in part because this attribute appears re-

mote and exceptional from a mammalian

perspective. This Review is concerned principally

with lessons from regeneration in salamanders,

the species of adult vertebrates that possesses the

most extensive abilities (5, 6). We identify three

properties of regeneration in salamanders—

autonomy, scaling, and plasticity—and discuss

some of the cellular and molecular mecha-

nisms underlying them. It may be desirable to

implement these properties in the context of

mammalian regeneration.

Regenerative medicine currently uses three

approaches (Fig. 1) (4): the implantation of

stem cells to build new structures, the implan-

tation of cells pre-primed to develop in a given

direction, and the stimulation of endogenous

cells to replace missing structures. Each of the

different aspects identified in the first two

examples—the generation of an appropriate

cohort of regenerative cells, their regulated

division and differentiation, and the restoration

of the appropriate part of the structure—must

be evoked from endogenous cells in the third

approach. These processes operate in adult

animals that regenerate, and in addition, the

regenerative response must be initiated by sig-

nals responsive to tissue injury or removal.

One candidate signal in salamanders is the lo-

cal activation of thrombin, a regulator of

hemostasis and other aspects of the response

to injury, as well as an activator of S phase

(the phase of chromosome replication) reentry

in differentiated cells (7–9).

A salamander can regenerate its limbs and

tail, upper and lower jaws, ocular tissues such

as the lens and retina, the intestine, and small

sections of the heart (10–13). The various

contexts for regeneration do not present an

equivalent degree of difficulty. To restore the

intricate and discontinuous pattern of the ver-

tebrate limb is a different proposition from

replacing a patch of cardiac tissue in the

ventricle. Nonetheless, recent efforts at tissue

engineering of heart muscle have underlined

that even in the heart, it is quite challenging to

achieve an appropriate vascular and electro-

mechanical integration after implanta-

tion (14). The salamanders are unusual

among adult vertebrates in their abil-

ity to regenerate an entire limb from a

blastema, and this property is a par-

ticular focus here. Regeneration of

the digit tip in fetal mammals does

not proceed from a blastema but rather

from progenitor cells in the nail bed

(15). The limb blastema consists of a

mound of mesenchymal stem cells

at the end of the stump (Fig. 2A).

The critical questions for research into

limb regeneration are concerned with

the blastema, and its properties offer

a distinct perspective for regenerative

medicine.

Autonomy of the Blastema

If a blastema is removed from its limb

by transection at the amputation plane

and is transplanted to an appropriate loca-

tion, such as the anterior chamber of the eye

or a tunnel bored in the connective tissue of

the dorsal fin (Fig. 3A), then it forms a nor-

mal regenerate (Fig. 3B) (16, 17). The blas-

temal cells derived after amputation at any

level on the proximodistal (PD) axis give rise

precisely to the distal structures—wrist-level

cells regenerate a hand, shoulder cells regen-

erate an arm. This property is stably expressed

by blastemas transplanted to the fin or eye

and is called positional memory. The limb

blastema, as illustrated in Fig. 2A, is a self-

organizing system that is independent of any

templating or inductive activities from the limb

stump (18). The significance of this property

can be illustrated by contrasting different strat-

egies for the repair of a bone lesion resulting in

a gap. The approach of tissue engineering de-

pends on the implantation of a scaffold seeded

with appropriate stem cells (Fig. 3C) (19, 20).

The salamander has no mechanism for local

tissue regeneration of such a gap, but if the

limb is amputated at an appropriate level, the

blastema will reconstruct the distal skeletal

elements (Fig. 3D). This outcome is indepen-

dent of the presence of elements proximal to

the amputation plane, as expected from blas-

temal autonomy (21). This property is a tanta-

lizing one for attempts to regenerate complex

structures in mammals, because it suggests that

the isolation or engineering of a cell functionally

REVIEW

Department of Biochemistry and Molecular Biology,
University College London, Gower Street, LondonWC1E
6BT, UK.

*To whom correspondence should be addressed.
E-mail: j.brockes@ucl.ac.uk

Fig. 1. Schematic of three approaches to regenerative
medicine. (A) Implantation of stem cells (light green)
from culture leads to the restoration of the structure.
(B) Stem cells are provided with a scaffold (triangle) in
order to guide restoration. (C) The residual cells of the
structure are induced to make a regenerative response.
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equivalent to a salamander blastemal cell could

obviate the necessity for much further interven-

tion. What are the mechanisms that endow the

limb blastema and its cells with this ability?

Blastemal cells are derived by dediffer-

entiation from adult mesenchymal cells at the

plane of amputation, and they derive critical

cues about their identity and potentiality from

their precursors. Such cues include limb identity,

and indeed when regenerative cells are trans-

planted between different tissue contexts in the

salamander, they retain their original identity

(18, 22). The regenerative territories for forelimb,

hindlimb, and tail identity have been mapped by

inserting a peripheral nerve branch into the

vicinity of a superficial wound at

different locations on the body and

observing the identity of the re-

sulting appendage (23). The reten-

tion of such specification in adult

differentiated cells may be one ma-

jor step for the loss of regenerative

ability in other vertebrates. The

most striking example of local cues

in blastemal cells is the specification

of transverse and PD axial identity

in limb regeneration (24, 25). Posi-

tional memory is a critical aspect

for the autonomy of limb regener-

ation, because it specifies the ini-

tial population of blastemal cells

in relation to the extent of the axis

to be regenerated. An understand-

ing of its molecular basis is gener-

ally important for our appreciation

of how stem cells are specified

to give rise to different structures,

rather than to different cell types.

When blastemal cells from dif-

ferent PD levels are juxtaposed in

experimental configurations, this

leads to the activation of cell di-

vision, movement, and adhesion

(26, 27). This mechanism operates

even when single cells or small

groups of cells in a distal location

are respecified to a more proxi-

mal identity and then relocated

over the distances characteristic of

an adult salamander limb (28, 29).

The view that limb morphogenesis

is driven by local differences between cells

(30) has led to the hypothesis that PD identity

is encoded by a molecule or molecules at the

cell surface, possibly as a graded level of ex-

pression along the PD axis. This is consist-

ent with the ability of retinoic acid (RA) and

precursor retinoids such as vitamin A to re-

specify distal blastemal cells to a more proxi-

mal identity. Such respecification from wrist

to shoulder levels occurs continuously over a

2.5-fold range of retinoid concentration, sug-

gesting that the differences in gene expression

that underlie PD identity may be relatively

small (31, 32).

These considerations have led to the iden-

tification of Prod 1, a gene that is regulated by

PD location and RA. Prod 1 encodes a small

protein that is linked to the cell surface by a

glycosylphosphatidylinositol (GPI) glycolipid

anchor (33). It is apparently the newt ortholog

of mammalian CD59, as evidenced by the

prediction of secondary structure. The differ-

ence in expression at mRNA and protein levels

is shown for mid-humerus and mid-radius

blastemas, as well as for the gradient of

expression in the normal limb (Fig. 4, A to

C). The CD59 protein in mammals is asso-

ciated with the inhibition of the terminal phase

of complement activation, and it is also able to

mediate activation of intracellular nonreceptor

tyrosine kinases (34–36). When proximal and

distal blastemas are confronted in culture (Fig.

4, B and C), the proximal member repro-

ducibly engulfs the distal, and engulfment is

selectively blocked by two antibodies against

the protein Prod 1 (33). Compelling evidence

for its relevance to PD identity has come from

electroporating a Prod 1 expression vector into

distal cells of the limb blastema of the larval

axolotl. Whereas labeled cells in control

blastemas maintain their distal location and

give rise to tissues in the regenerated hand,

labeled cells in the contralateral blastema re-

ceiving the Prod 1 vector relocate and contrib-

ute to the upper arm (Fig. 4D) (28). Taken

together, the evidence suggests that Prod 1 is a

cue for local cell identity that is expressed in

the normal limb and persists in blastemal cells.

Questions remain as to which extracellular and

surface ligands may interact with it and how it

mediates cell interactions based on differences

in expression between neighbors. We have sug-

gested that neighbors may titrate the relative

expression of Prod 1 by homophilic adhesion

between cells, leaving spare Prod 1 molecules

on the proximal cell to interact with ligand

(33). This mechanism may dictate the extent of

growth, movement, and adhesion during pattern-

ing and hence define the morpho-

genetic autonomy of the blastema.

Scale of Regeneration

There can be a major difference in

the scale of limb development and

adult limb regeneration (Fig. 2A),

or of larval and adult limb regen-

eration (Fig. 2B). The difference

in the time taken to generate the

limb between members of each

pair is only about twofold. In larger

axolotls, there is a tendency for

the cross-sectional area of the blas-

tema to be smaller than the stump

from which it arose (37); but none-

theless, regeneration can occur on

a scale close to that of the limb

bud or on the scale of an adult

limb with a linear dimension that

can be 10-fold greater. This prop-

erty is important, because it would

be inappropriate to regenerate a

larval limb on an adult stump,

but the mechanisms underlying it

are not fully understood. One as-

pect of developmental mechanisms

that is particularly hard to recon-

cile with scaling is the activity

of morphogens, in particular, the

principle that spatial localization

can be derived from an extracel-

lular diffusion gradient in conjunc-

tion with concentration thresholds

(38, 39). It seems difficult to imple-

ment this principle in the context of

an adult limb, and historically, this has led to a

substantial divergence in the mechanisms pro-

posed for limb development and regeneration.

These differences between development

and regeneration can be accommodated by

recent findings in relation to the activity of RA

on the PD axis and of sonic hedgehog (Shh) in

digit specification on the anteroposterior (AP)

axis. It has been proposed that an RA gradient

operates in mouse limb development as a

consequence of its synthesis near the midline

of the animal and its degradation by the product

of the Cyp 26 gene, expressed at the distal end

of the limb bud (40). If this mechanism

Fig. 2. Scaling differences in limb regeneration and development. (A) An
adult newt (Notophthalmus viridescens) limb blastema (left) (arrowheads
mark the original plane of amputation) next to a newt embryo (right)
showing the developing limb bud (arrowed). The specialized epithelium
surrounding the blastema is called the wound epidermis. (B) An adult axolotl
limb blastema (left) (from an animal 16 cm in length) next to a 4-cm
larval axolotl limb blastema (right) (arrowheads mark the amputation
plane). The scale bars apply to the pair of (A) or (B) images, respectively.
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operates in salamander development, it appar-

ently leads to a stable gradient of expression of

Prod 1/CD59 in the adult limb, as discussed

above (Fig. 4A), so that regeneration may con-

verge with development at a stage after the

action of a putative extracellular gradient of

RA. In the case of Shh, there is evidence that it

is required in regeneration just as in develop-

ment, because misexpression at the anterior

margin of the axolotl blastema or treatment

with the antagonist cyclopamine give the same

phenotypes as the chick or mouse limb bud

(41, 42). Digit identity may depend on the

time of exposure to Shh as cells move away

from the source and their responsiveness is

regulated, as opposed to a spatial gradient

of Shh protein (43, 44). These remarks are

directed at the derivation of tissue

pattern in the regenerate from extra-

cellular concentration gradients, but

not at the activity of diffusible lig-

ands in general. The division of

blastemal cells is dependent on sig-

nals provided initially by regener-

ating axons that ramify throughout

the blastema (45–47) and later by the

wound epidermis, a transient struc-

ture that surrounds the early regen-

erate (Fig. 2A) (48).

Plasticity of
Differentiated Cells

One contribution to a mechanism

that is able to operate at different

scales is the founder population of

blastemal cells, which is recruited

from differentiated mesenchymal

cell types across the amputation

plane. The plasticity of differentiated

cells is a notable feature in different

contexts of non-neural regeneration

in salamanders, but this term en-

compasses a range of phenomena

(49). The regeneration of sections

of the adult heart depends on the

ability of cardiomyocytes to reenter

the cell cycle in the vicinity of the

lesion (50). Dissociated cardiomyo-

cytes from the adult newt ventricle

reenter S phase in culture, and about a third

of the cells progress through mitosis and

may enter successive cell divisions, in contrast

with their mammalian counterparts. This is

accomplished without major loss of differen-

tiated properties, and cells promptly resume

beating after cytokinesis (51). In lens regen-

eration, pigment epithelial cells at the dorsal

margin of the iris reenter the cell cycle after

removal of the lens, lose their pigmentation,

and transdifferentiate into lens cells (52–54).

In limb and tail regeneration, multinucleated

myotubes or striated myofibers undergo cellu-

larization to give rise to mononucleate progeny

that resume division (55–58). In experiments

where cultured myotubes are labeled by selec-

tive microinjection or by retroviral integration

and then implanted into the limb blastema,

transdifferentiation to labeled chondrocytes

occurs only at a frequency of about 0.1% of

mononucleate cells. The nuclei in multinucle-

ate muscle cells may also reenter S phase,

although this is apparently not required for

cellularization to occur (59, 60). The range

of responses shown by these three cell types

could occur for different mesenchmal cell types

recruited into the limb blastema. For example, a

critical contribution to tissue patterning comes

from the connective tissue fibroblasts of the

dermis, and the degree of change in their dif-

ferentiated status is still unclear (61, 62).

The plasticity of differentiated cells presents

an interesting alternative to the familiar per-

spective for mammalian regeneration based on

embryonic and adult stem cells. Salamanders

can sustain an indefinite number of successive

cycles of limb regeneration, and the renewable

unit is the combination of a differentiated cell

type and its derivative blastemal cell (or

several cells for multinucleate muscle) (49).

One example of mammalian regeneration that

depends on the plasticity of differentiated cells

is in the liver (63), where the retention of

function by cycling hepatocytes resembles that

of cardiomyocytes in the salamander. Another

example is the regeneration of peripheral nerve,

which depends on the ability of Schwann cells

to reenter the cell cycle, lose their differentiated

properties such as myelin expression, and

acquire a phenotype that facilitates axonal re-

generation (64). The mammalian Schwann cell

is a regenerative cell in the sense familiar in

salamander regeneration, and the pathways

leading to its reversal of differentiation are

currently under investigation (65). Current

interest in differentiated cells as a target for

mammalian renewal and regeneration is exem-

plified by evidence for renewal of rennin syn-

thesizing cells (66) or pancreatic b cells (67)

and by evidence for the division of adult post-

mitotic auditory hair cells after the removal of the

retinoblastoma gene (68). The retinoblastoma

protein in salamanders is a critical target for

inactivation and S phase reentry in myotubes

(59, 60), cardiomyocytes (51), and iris epithelial

cells (69). Another approach has been to screen

combinatorial libraries for small mol-

ecules that are able to reverse the

differentiated state in cultured mouse

cells (70). For example, this has led

to the identification of myoseverin,

a substituted purine able to fragment

myotubes into viable mononucleate

cells (71, 72).

Implementation in Mammals

These examples indicate that certain

aspects of the regenerative mecha-

nism in salamanders may become

accessible in mammalian contexts,

but what are the prospects for a more

radical change in our potentiality,

such as the regeneration of a limb?

It is not understood why some ani-

mals are able to regenerate and

others apparently are not (73, 74);

but even from our present limited

perspective, there appear to be a

number of differences between mam-

mals and urodeles that prevent or

limit regeneration, rather than any

single defect or aberrant pathway.

For example, mouse myotubes are

refractory to the action of the throm-

bin pathway that leads to S phase

reentry in newt myotubes, although

mouse nuclei do respond in a mouse/

newt heterokaryon (75). In another

case, the Hox gene C6 is turned off after limb

development in the mouse, but its expression

persists into the adult newt forelimb and limb

blastemal cells (76–78). One aspect of adult

wound healing in mammals that has been dis-

cussed in relation to the curtailment of regen-

eration is the occurrence of fibrosis, and also of

immune and inflammatory responses (79, 80).

These are all potential targets for genetic and

other manipulations. Existing variation in mouse

strains and transgenics encompasses marked

ability in tissue regeneration. For example,

the MRL strain has the ability to heal punch

wounds in the pinna of the ear (81), whereas

transgenic mice expressing elevated levels of

the muscle insulin-like growth factor–1 isoform

Fig. 3. Morphogenetic autonomy and its implications for regenera-
tion. (A) A limb blastema from a salamander transplanted to the fin
tunnel. (B) The limb structures formed from the blastema of (A). (C)
Repair of a bone gap by grafting an artificial scaffold seeded with
stem cells; an example of the approach of Fig. 1B. (D) Repair of a
bone gap in a salamander by formation of a blastema and subsequent
autonomous reconstruction of the distal skeletal elements.
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show enhanced recruitment of bone marrow

cells and augmented repair mechanisms after

injury (82). Nevertheless, it would be surprising

if such approaches, even in combination, were

to confer regeneration on a structure such as

the limb.

Here we have outlined some of the dis-

tinctive properties of the limb blastema in

salamanders, and a critical step forward for

mammalian regeneration would be to engineer

the equivalent of a founder blastemal cell. This

goal should be facilitated first by increasing our

understanding of stem cells in other contexts,

including planarian regeneration (83) as well as

limb development (84), which should help to

define critical aspects of cellular regulation

(85). Second, we need a better appreciation

of how dedifferentia-

tion operates to gen-

erate progenitor cells

retaining local cues and

specification. For ex-

ample, the effects of

cell cycle reentry in

this process can be

explored both in am-

phibian cells and in a

mammalian context,

such as the Schwann

cell. In principle, it is

possible that the blas-

temal phenotype could

be approached either

by modification of a

generalized mesenchy-

mal precursor, or by

reversal from more dif-

ferentiated cells. Third,

we need a more ex-

tensive inventory of

the properties of limb

blastemal cells that

takes advantage of

the recently completed

salamander expressed

sequence tag (EST)

projects (86, 87). Fi-

nally, the approaches

of systems biology

should allow an inte-

grated theoretical and

experimental program

to model the proper-

ties of blastmal cells.

The value of such mod-

els as design tools

has been noted pre-

viously (88), and this

may allow for the der-

ivation of a mamma-

lian counterpart. This

approach, although ob-

viously challenging,

seems more realistic

than attempts to regu-

late externally the myriad processes of limb

morphogenesis after beginning with relatively

unspecified cells.
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Torus-Margo Pits Help Conifers

Compete with Angiosperms
Jarmila Pittermann, John S. Sperry,* Uwe G. Hacke,

James K. Wheeler, Elzard H. Sikkema

Efficient water transport in plants allows for

increased photosynthetic uptake of CO
2
for a

given vascular investment and should im-

prove fitness through enhanced growth and

reproduction. The evolution of long, multi-

cellular xylem vessels from short, unicellular

tracheids reduces the number of times water

must flow through high-resistance pits that

link conduits end-to-end. Accordingly, the

tracheid-based wood of conifers should have

much higher flow resistance per length

(resistivity) than the vesseled wood of an-

giosperms. However, despite the presumed

tracheid handicap, conifers dominate many

of the world_s ecosystems and include the

tallest plants (Sequoia sempervirens) and the

oldest living organisms (Pinus longaeva). Just

how handicapped is

conifer xylem trans-

port relative to that

of angiosperms?

We found that

conifers had lower

sapwood-area resis-

tivity than did angio-

sperms for the same

average conduit di-

ameter (Fig. 1A) (1).

Even on the basis of

an individual conduit,

conifer tracheids aver-

aged only 1.2 times the

resistivity of vessels

for the same diameter

(1, 2). Although ves-

sels achieve a greater

maximum diameter,

in many species they

are as narrow as tra-

cheids (Fig. 1A). The

similarity in resistivi-

ty is striking because

the conifer tracheids

were 910 times short-

er than vessels of sim-

ilar diameter (Fig. 1B).

Compared with ves-

sels, conifer trache-

ids must have low

flow resistance through

their end-walls, be-

cause these are encountered much more fre-

quently as water ascends the tree.

Tracheid end-walls must have either a large

area of connecting pits or have pits with a low

flow resistance for their area (pit-area resistance).

Total pit area was actually much lower in

tracheids (0.016 T 0.003 mm2) than in vessels

(0.95 T 0.51 mm2) (1, 2). Instead, the pit-area

resistance of conifers was 59 times lower than

the angiosperm average (Fig. 1C) (2). This

compensates for short tracheid length and low

pit area and results in comparable resistivities

of conifer tracheids and angiosperm vessels.

These findings indicate a function—minimal

hydraulic resistance—for the unique torus-

margo anatomy of the conifer pit membrane

(Fig. 1, D and E). The large 0.1-mm–scale

pores in the margo (Fig. 1D) are responsible

for the reduced flow resistance. Low margo

resistance more than compensates for the

impermeable torus, which blocks much of the

membrane. The torus is required for sealing

the pit against the air seeding of cavitation

(Fig. 1, F and G). In contrast, the angiosperm

pit membrane is uniformly microporous (Fig.

1D). The narrow, nm-scale pores create high

resistance to flow when the pit is conducting,

but are required to seal the pit effectively by

capillary force because there is no torus (Fig. 1,

F and G). We found no difference in the range

of cavitation pressure between conifer trache-

ids and angiosperm vessels (Fig. 1C) (1, 2).

The torus-margo pit not only has less flow

resistance, but it is just as safe from air seeding

as the angiosperm pit.

The superior hydraulics of the conifer pit are

crucial for minimizing sapwood resistivity. If

conifer tracheids had the pit resistance of

angiosperms, their sapwood resistivity would

increase by 38-fold (Fig. 1A, crosses) (1). This,

added to the narrow diameter range of tracheids,

would make it much more difficult for conifers

to compete effectively with angiosperms.

The reduction in resistivity achieved by the

torus-margo pit membrane is equivalent to a

7.7-fold increase in conduit length. This would

require a tracheid to be as long as a vessel of

equal diameter (Fig. 1B, crosses) (1). We

conclude that the evolution of the torus-margo

membrane within the gymnosperm lineage

from homogenous pits was equivalent to the

evolution of vessels within the angiosperms.

The towering redwoods and the sweep of the

boreal coniferous forest exist in no small part

because of this clever microscopic valve.
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Fig. 1. (A) Sapwood-area resistivity versus average conduit diameter for
conifer tracheids with torus-margo (þTM) pit membranes and for angiosperm
vessels with homogenous pit membranes. Crosses are tracheids substituted
with angiosperm pit resistance (–TM). (B) Average conduit length versus
diameter. Crosses show the tracheid length required to compensate for the
substitution of angiosperm pits. (C) Flow resistance through pits on a
membrane-area basis versus cavitation pressure. (D) Scanning electron
microscope image of pit membranes with secondary wall removed. (Left)
Torus-margo membrane of conifer tracheids; (right) homogenous pit
membrane of angiosperm vessels (3). (E) Schematic side view of conducting
pits. (F) Conduit network with pits conducting water and sealed against air
entry. (G) Side view of pits in sealed and air-seeding position. Air leakage
nucleates cavitation in the xylem sap.
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The martian subsurface has been probed to kilometer depths by the Mars
Advanced Radar for Subsurface and Ionospheric Sounding instrument aboard
the Mars Express orbiter. Signals penetrate the polar layered deposits, probably
imaging the base of the deposits. Data from the northern lowlands of Chryse
Planitia have revealed a shallowly buried quasi-circular structure about 250
kilometers in diameter that is interpreted to be an impact basin. In addition, a
planar reflector associated with the basin structure may indicate the presence
of a low-loss deposit that is more than 1 kilometer thick.

The subsurface of Mars is unexplored territo-

ry. Glimpses of the third dimension of mar-

tian geology have been obtained by study of

exposures on crater and valley walls (1) and

by construction of cross sections inferred from

geologic mapping of the surface (2, 3). How-

ever, no direct measurements of the unex-

posed crust below a few meters depth were

possible before the activation of the Mars Ad-

vanced Radar for Subsurface and Ionospheric

Sounding (MARSIS) (4) onboard the Europe-

an Space Agency_s Mars Express (5) orbiter in

June 2005. We report here on radar echoes

obtained by MARSIS from the deep subsur-

face, to more than 1 km depth.

The MARSIS instrument and data.
MARSIS is a multifrequency, synthetic-aperture,

orbital sounding radar. Data are collected when

the elliptical orbit of Mars Express brings the

spacecraft to an altitude of 250 to 800 km above

the surface; this condition is met during about 26

min of each 6.7-hour orbit. In its subsurface

modes, MARSIS operates in four frequency

bands between 1.3 and 5.5 MHz, with a 1-MHz

instantaneous bandwidth that provides free-space

range resolution of approximately 150m. Lateral

spatial resolution depends on surface roughness

characteristics, but for most Mars surfaces, the

cross-track footprint is 10 to 30 km and the

along-track footprint, narrowed by onboard

synthetic-aperture processing, is 5 to 10 km.

Peak transmitted power out of the 40-m dipole

antenna is È10 W. Coherent azimuth sums are

performed onboard on È100 pulses taken at a

pulse repetition frequency of 127 Hz, with a

resulting signal-to-noise ratio for a typical Mars

surface of 30 to 50 dB. The data described here

were acquired during the commissioning and

initial routine data-collection phases of the

MARSIS experiment, in June and July 2005.

During this period, the close approach of the

orbit occurred near the evening terminator.

MARSIS’s sounding signals will not reach the

surface when the ionospheric plasma frequency

is close to or above the sounding frequency. The

frequency bands were therefore chosen to

minimize distortion by the ionosphere; typically,

bands centered at 1.8 and 3.0 MHz were used on

the nightside, and bands centered at 4.0 and 5.0

MHz were used on the dayside. Here we discuss

data collected on orbits 1855, 1892, and 1903, on

26 June, 6 July, and 9 July 2005, respectively.

Data were collected in a MARSIS subsurface-

sounding mode, which returns complex spectra of

summed pulses from three synthetic-aperture

channels for each of two frequency bands. Once

received on the ground, the spectra are trans-

formed from the frequency domain to the

time domain. Processing includes a correction

for phase distortion in the ionosphere (6, 7).

North polar layered deposits. Surround-
ing the north pole of Mars are the north polar

layered deposits (NPLD) that consist mainly of

an upper stratigraphic unit, thought to be

dominated by water ice, which is typically fine-

ly layered because of varying fractions of in-

cluded dust (1, 8–12). A second, lower unit that

is absent at some longitudes contains a sub-

stantial sand component that is probably ice-

cemented (10–12). Previous compositional and

stratigraphic interpretations of these deposits

have been based on imaging, spectral, thermal,

and topographic measurements. In an early

MARSIS orbit, 1855, the NPLD were briefly

observed in the longitude range from10- to 40-E

from altitudes of 800 to 900 km, on the night-

side, in the frequency bands centered at 3.0 and

5.0 MHz. The radargrams show the surface

reflection splitting into a pair of strong

reflectors as the ground track passes from the

northern plains onto the layered deposits (Fig.

1). The lower reflector extends to the end of the

track, where it occurs at a time delay of 21 ms

relative to the surface reflection. The interpreta-

tion of radar sounding data requires discrimi-

nating between signals arising from subsurface

interfaces and those coming from surface to-

pographic features at the same time delay (sur-

face ‘‘clutter’’). A high-fidelity model of the

expected contribution of off-nadir topographic

clutter, based on gridded Mars Orbiter Laser Al-

timeter (MOLA) data (13–15), shows no visible

surface topographic feature that explains this

reflector pair. Hence, we conclude that the sec-

ond reflector is a subsurface (‘‘basal’’) reflector.

The time delay to and the relative echo

strength of the basal reflector are consistent with

the overlying material (away from the boundary)

having a dielectric constant and loss tangent (16)

similar to that of fairly pure water ice. This is in

accord with the absence of the lower, sandy

stratigraphic unit in this region of the NPLD, as

inferred from its lack of exposure in troughs in

the longitude range from 290- to 90-E (10, 12).

RESEARCH ARTICLES

1Infocom Department, ‘‘La Sapienza’’ University of Rome,
00184 Rome, Italy. 2Jet Propulsion Laboratory, California
Institute of Technology, Pasadena, CA 91109, USA.
3Alcatel Alenia Space Italia, 00131 Rome, Italy. 4Lunar
and Planetary Institute, Houston, TX 77058, USA.
5Fakultaet fuer Elektrotechnik und Informationstechnik
Ruhr-Universitaet Bochum, D-44780 Bochum, Germa-
ny. 6NASA/Goddard Space Flight Center, Greenbelt, MD
20771, USA. 7Dipartimento di Scienze della Terra,
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The basal reflector time delay increases, with

respect to the surrounding plains, as it proceeds

inward from the NPLD boundary (Fig. 1). This

is due to the slower velocity of the NPLD ma-

terial relative to the martian atmosphere (ap-

proximately free-space velocity). Converting

time to distance using a dielectric constant of

pure ice (È3) brings the maximum basal re-

flector depth up to about the level of the plains;

i.e., the depth to the reflector is approximately

the height of the NPLD above its surroundings

(about 1.8 km at the right edge in Fig. 1). Either

this is a coincidence or the material in this

region of the NPLD is dominated by ice sitting

directly on the underlying plains material.

The wave attenuation properties strengthen

the case for nearly pure ice. Among plausible

geological materials, only pure or slightly dirty

water ice has a sufficiently low value of loss

tangent to explain the strength of the subsurface

reflection observed. Simple two-layer modeling

has been applied to estimate the loss tangent of

the È1.8-km NPLD layer. The two interfaces

considered are one at the atmosphere/surface ice

boundary and a second at the ice base at È1.8-

km depth. The MARSIS-measured ratio of the

reflected power from these two interfaces at 5

MHz is approximately –10 dB. This ratio is

consistent with an ice-layer dielectric of 3, an

underlying material dielectric of 4.5 (basaltic

regolith), and an ice-layer loss tangent that must

be low, below 0.001 (conductivity G10j6

siemens/m). The low loss tangent of the 1.8-

km-thick ice layer gives rise to relatively low

attenuation of MARSIS radar signals, thereby

allowing the base to be easily detectable. Ice

conductivity is temperature-dependent (17–19).

The low loss and low conductivity of the ice

indicate that it cannot contain more than a trace

(2%) of impurities, and suggest a bulk temper-

ature below 240 K. These observations are

inconsistent with the presence of a melt zone at

the base of the NPLD.

The NPLD will act as a load on the under-

lying elastic lithosphere and should cause a

flexural/membrane downward deflection of

the plains. In order to leave a residual deflec-

tion after the velocity conversion, the dielec-

tric constant of the NPLD would have to be

less than 3, which we deem unlikely. An elastic

thickness in excess of 150 km would produce a

deflection of 500 m or less (20), which is well

within the resolution of our interface detection.

Thus, a very thick elastic lithosphere (and a

low crust/upper mantle temperature gradient) is

implied for the north polar region.

Detection of ring structure. The mid-

latitude northern lowlands region known as

Chryse Planitia (Fig. 2) has long been rec-

ognized as a locus of deposition of sediments

delivered in outflow flooding events from

multiple sources in the highlands (21–25). In

image data and MOLA topography, the sur-

face is characterized by textures ranging from

smooth to hummocky, with numerous iso-

Fig. 2. Location of the ring structure, northeast Chryse Planitia, in MOLA topographic data
(positive east longitude). The inset at top left shows the location of the detailed map on a globe of
Mars. Ground track positions are shown as vertical lines (1903 and 1892). Traces of ring structures
that match in the two orbits are shown in red (1892) and white (1903).

Fig. 1. (A) MARSIS
data in radargram for-
mat for orbit 1855 as
it crossed the margin
of the NPLD. (B) Sim-
ulated MARSIS data if
echoes are only from
the surface (nadir and
off-nadir clutter). (C)
MOLA topography
along the ground track
(red line); elevation is
relative to mean plan-
etary radius. MARSIS
data at 5 MHz show a
split of the strong re-
turn into two as the
ground track reaches
the NPLD (higher ter-
rain to the right). Max-
imum time delay to
the second reflector is
21 ms, equivalent to
1.8-km depth in water
ice.
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lated knobs, several subdued wrinkle ridges,

and highly degraded or buried crater forms. In

northeastern Chryse Planitia, surficial units of

Late Hesperian and Early Amazonian age

(based on crater counts) have been interpreted

primarily as aqueous sediments, though some

workers did not rule out an origin as lava

flows (26). The area has been mapped recently

as the ‘‘interior unit’’ of the Vastitas Borealis

Formation (VBF), near its southern contact

with Hesperian channeled plains material (25).

The materials underlying the VBF that resur-

faced Chryse Planitia and much of the ancient

crust of the northern lowlands appear to be

volcanic in origin, based on numerous partial-

ly buried wrinkle ridges similar to those found

in exposed volcanic plains in the highlands

(27). Using MOLA data, numerous large (tens

to hundreds of kilometers in diameter) subtle

circular features were identified in the area

(28, 29) and were interpreted as surface ex-

pressions of a population of ancient degraded

and/or buried impact craters. However, no

structure corresponding to the feature de-

scribed below has been identified previously.

MARSIS observed part of the Chryse

Planitia region on two orbits (1892 and 1903),

at 30- to 40-N latitude, 330- to 340-E longitude,

when the spacecraft altitude was È335 km (near

periapsis) and the solar zenith angle was within a

few degrees of 90- [the terminator (Fig. 2)]. The

higher frequency band for each dual-frequency

observation obtained the best data, which for

orbit 1892 was the band centered on 3 MHz and

for orbit 1903 the band centered on 4 MHz. A

distinctive collection of echo structures arriving

at time delays later than the surface echo were

seen in both orbits, centered at a common

latitude of about 36-N (Fig. 3). The structures

include multiple parabolic arcs in each orbit,

with a common axis of symmetry and an ad-

ditional planar reflector parallel to the surface

trace, 160 km in length along-track, seen only in

orbit 1903. The time delays of the arc features

relative to the surface echo range from nearly

coincident to delays up to 180 ms. Such long

delayed echoes are not expected from the nadir

subsurface at these frequencies, because they

imply implausible penetration depths as great as

15 km. Rather, these echoes are likely a form of

off-nadir clutter. The model of topographic clut-

ter (Fig. 3), however, shows no features corre-

sponding to the arcs or planar feature in these

orbits.We therefore attribute the arc echoes to off-

nadir clutter, but from a source below the surface.

The radargrams, which are in a time-delay

geometry (‘‘slant range’’) were transformed into

a ground-range geometry, assuming that the de-

tected features are at shallow depth. The

ground-range projection transforms the parabol-

ic echoes into arcs of constant curvature sug-

gesting large circular features. Such a projection

has a natural left/right ambiguity. The two orbit

ground tracks are separated by about 50 km and

provide a ‘‘stereo’’ viewing geometry. When

the projected data are overlapped, some echoes

from both orbits align (Fig. 2), suggesting that

MARSIS imaged the same features twice and

that the model of a near-surface structure is ap-

proximately correct. Thematching arcs appear to

trace out portions of several quasi-circular

features. We interpret these rings as the rims of

one or more buried impact basins, with a maxi-

mum diameter of È250 km. A schematic rep-

resentation of the detection of such a feature by a

radar sounder is similar to the signature seen in

the data (Fig. 4). We attribute the signature in the

MARSIS data to reflections off of favorably

oriented crater walls or related structures (such as

rim-wall slump blocks or peak-ring features),

where a contrast in electrical properties exists

between the wall material and the basin fill or

overlyingmaterials.We note that no single circle

or set of concentric circles exactly matches the

ground range projection of the detected rings.

This may be due to multiple overlapping

structures, propagation effects not accounted for

in the projection, or other unrecognized effects.

The planar reflector seen in orbit 1903

(Fig. 3) differs from the arc reflectors in several

ways. First, it was seen at a remarkably uniform

time delay from the surface echo (a mean delay

of 29 ms, with a standard deviation of G2 ms in

26 measurements). Second, the intensity of the

echo is significantly higher than that of the arcs,

with a value of 16 T 6 dB below the surface echo

power in the same profiles. There is no obvious

counterpart to this reflector in orbit 1892,

although a subtle, shorter, early subhorizontal

feature is observed that may be related. Here we

explore the possibility that the feature in orbit

Fig. 3. MARSIS data for
orbits (A) 1892 (3-MHz
band) and (B) 1903 (4-
MHz band). Note the mul-
tiple arc-shaped reflectors
near the center of each
panel, and the planar re-
flector associated with the
arcs in orbit 1903 (arrow).
(C) Model of the nadir
surface and off-nadir clut-
ter for orbit 1903. No arc-
like or planar features are
predicted in the clutter
model. (D) MOLA topog-
raphy along the ground
track of orbit 1903.
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1903 is a deep subsurface interface directly

below the ground track of orbit 1903. This is

consistent with the expected relationship of the

geometric elements of a flat-floored circular

basin when observed by a radar sounder (Fig. 4).

We again apply a simple two-layer model,

in which the lower reflector occurs at the in-

terface between a uniform upper layer and a

lower layer of differing dielectric constant.

The time delay translates to a depth to the

interface of 2.0 to 2.5 km, for a plausible range

of martian materials. The ratio of echo power

between the two interfaces implies very low

attenuation in the upper layer, with a loss tan-

gent G0.005. This raises the intriguing possi-

bility that a large volume of low-loss material,

possibly ice-rich, at least partially fills the ba-

sin. The depth of the feature is roughly con-

sistent with the observed depths of exposed

200- to 300-km-diameter basins on Mars. Thus,

the feature could be the basin floor or a bound-

ary between layers of basin fill. We cannot

completely rule out the possibility that it is a

‘‘hidden’’ planar clutter structure that fortu-

itously lies almost exactly parallel to the or-

bital ground track. The putative interface

extends È160 km along-track, yet is not seen

in the adjacent orbit 50 km to the east. Further

observations are needed to understand this

discrepancy. One possibility is that the eastern

part of the basin floor was disrupted by a

smaller, later impact event that formed a È30-

km-diameter crater (now degraded) that lies

close to the ground track of orbit 1892 (Fig. 2).

The ring feature and planar reflector occur

near a crustal magnetic field anomaly (30).

Our analysis does not show a major influence

of the magnetic field on the radar signature,

with the exception of some decorrelation (left

side of Fig. 3) where there is a large gradient

in the magnetic field (31).

Discussion and conclusions. MARSIS

has demonstrated a capability to detect structures

and layers in the subsurface of Mars that are not

detectable by other sensors, past or present. In its

only observation of the NPLD, the sounder has

apparently penetrated 91 km of the ice-rich

deposits, probably imaging the basal contact.

The low attenuation observed in the NPLDs

indicates a composition of nearly pure cold

water ice. The lack of a significant deflection of

the plains surface below the NPLD implies a

very thick elastic lithosphere in this region. In the

mid-latitude Chryse Planitia, MARSIS has de-

tected a circular structure È250 km in diameter,

presumably of impact origin. Embedded in this

structure is a continuous reflector that may be the

basin floor beneath a thick volume of low-loss

material, although other explanations cannot be

ruled out. Data described here from the first

month of MARSIS observations indicate that the

experiment holds promise to address a number of

issues in Mars geology through subsurface

probing. For example, if further observations of

the polar layered deposits show comparable

penetration to that seen in the example here, we

can expect to map in detail the base of the

layered deposits and to obtain better estimates of

the deposits’ volume. The detection of a large

buried impact basin suggests that MARSIS

data may be used to further expose the pop-

ulation of impact craters hidden beneath the

surface in the northern lowlands and else-

where on the planet.
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Fig. 4. Schematic
showing the geometric
relationships of a crater
rim and floor in oblique
view (left) and as seen
in a sounder radargram
(right). Note the ap-
pearance of multiple
parabolic arcs and an
associated planar re-
flector in the radar-
gram. Compare with
the radargram of or-
bit 1903 in Fig. 3.
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Radar Soundings of the

Ionosphere of Mars
D. A. Gurnett,1* D. L. Kirchner,1 R. L. Huff,1 D. D. Morgan,1

A. M. Persoon,1 T. F. Averkamp,1 F. Duru,1 E. Nielsen,2

A. Safaeinili,3 J. J. Plaut,3 G. Picardi4

We report the first radar soundings of the ionosphere of Mars with the
MARSIS (Mars Advanced Radar for Subsurface and Ionosphere Sounding)
instrument on board the orbiting Mars Express spacecraft. Several types of
ionospheric echoes are observed, ranging from vertical echoes caused by
specular reflection from the horizontally stratified ionosphere to a wide
variety of oblique and diffuse echoes. The oblique echoes are believed to arise
mainly from ionospheric structures associated with the complex crustal
magnetic fields of Mars. Echoes at the electron plasma frequency and the
cyclotron period also provide measurements of the local electron density and
magnetic field strength.

The Mars Express spacecraft (1), currently in

orbit around Mars, carries a low-frequency

radar (2) called MARSIS. Here, we present

the first ionospheric sounding results from

MARSIS. Spacecraft radar sounders were orig-

inally developed in the 1960s to study Earth_s

ionosphere (3–5) and have proven to be a

powerful tool for studying ionospheric physics.

Currently, most of our knowledge of the Mar-

tian ionosphere comes from radio occultation

measurements, which provide an average elec-

tron density along a line of sight from Earth to a

spacecraft in orbit around Mars (6–9). The

MARSIS measurements nicely complement

these measurements by providing better spatial

resolution and the ability to make observations

in regions where radio occultation measure-

ments cannot be made. Because of geometric

constraints imposed by the orbits of Earth and

Mars, radio occultation measurements are re-

stricted to solar zenith angles from about 48-

to 132-.

A horizontally stratified ionosphere pro-

vides an almost perfectly reflecting surface for

radio echo sounding. The reflection (Fig. 1)

occurs because free-space electromagnetic ra-

diation cannot propagate at frequencies below

the electron plasma frequency (10), which is

given by fp 0 8980
ffiffiffiffiffi

ne
p

Hz, where n
e
is the

electron number density in cm–3. The MARSIS

ionospheric soundings are carried out by

transmitting a short pulse at a frequency f and

then measuring the time delay, Dt, for the echo

to return. The time delay is measured as a

function of frequency by sequentially stepping

the transmission frequency over the frequency

range of interest. Three types of echoes usual-

ly occur (Fig. 1). The first is a very strong

Bspike[ at the local electron plasma frequency,

f
p
(local). This response is caused by excitation

of electrostatic oscillations at the electron

plasma frequency (10). The second is an echo

from the ionosphere that extends from f
p
(local)

to the maximum plasma frequency in the

ionosphere, f
p
(max), above which the radio

wave can penetrate through the ionosphere to

the surface. The third is a surface reflection

that extends from f
p
(max) to the maximum

sounding frequency. The ionospheric echo

and the surface reflection come together in a

sharply defined cusp, centered on f
p
(max).

The cusp occurs because the propagation speed

of the wave packet (i.e., the group velocity) is

very small over an increasingly long path

length as the wave frequency approaches

f
p
(max).

Observations. The Mars Express space-

craft is in an eccentric orbit around Mars with a

periapsis altitude of about 275 km, an apoapsis

altitude of about 10,100 km, an orbital in-

clination of 86-, and a period of 6.75 hours. A

typical MARSIS ionospheric sounding pass

lasts about 40 min and starts at an altitude of

about 1200 km on the inbound leg, extends

through periapsis, and ends at an altitude of

about 1200 km on the outbound leg. Because

of gravitational perturbations, the local time

and latitude of periapsis evolve rather rapidly.

Most of the data collected so far (June to

October 2005) have been from the day side of

Mars, although a small amount is available

from the night side near the evening termina-

tor. The ionospheric soundings are typically

displayed in the form of an ionogram, which is

a plot of the echo strength versus frequency

and time delay. Two ionograms (Fig. 2) have

been selected to illustrate the range of phe-

nomena typically observed. The closely spaced

vertical lines in the upper left corner of the first

ionogram (Fig. 2A) are at harmonics of the

local electron plasma frequency and are caused

by the excitation of electron plasma oscilla-

tions, in this case at a frequency that is slightly

below the low-frequency cutoff (100 kHz) of

the receiver. Even though the fundamental of

the plasma frequency is not observed directly

in this case, the plasma frequency can still be

determined from the spacing of the harmonics

and is f
p
(local) 0 44 kHz. At somewhat higher

frequencies, from about 0.5 to 1.7 MHz, a

strong, well-defined ionospheric echo can be

seen with time delays ranging from about 4 to

5 ms. At even higher frequencies, from about

1.7 to 5.5 MHz, a strong reflected signal from

the surface of Mars is apparent. The maximum

plasma frequency in the ionosphere, f
p
(max),

can be identified from the cusp and is 1.71
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Fig. 1. The top panel shows a representative
profile of the electron plasma frequency fp in
the martian ionosphere as a function of
altitude z, and the bottom panel shows the
corresponding ionogram, which is a plot
of the delay time Dt for a sounder pulse
at a frequency f to reflect and return to
the spacecraft. The intense vertical ‘‘spike’’
at the local electron plasma frequency,
fp(local), is caused by electron plasma os-
cillations excited by the sounder pulse. At
frequencies from fp(local) to the maximum
frequency in the ionosphere, fp(max), an
ionospheric echo is detected, followed at
higher frequencies by a reflection from the
surface. The ionospheric echo trace and the
surface reflection trace form a cusp cen-
tered on fp(max).
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MHz. An unexpected feature is the presence of

a second ionospheric echo with time delays

ranging from about 6.3 to 7.1 ms. This echo

has to arise from an oblique reflection, because

the apparent range (cDt/2, where c is the speed

of light) given on the right side of the spec-

trogram is substantially greater than the

distance to either the ionosphere or the surface.

The origin of such oblique echoes will be

discussed later.

Another unexpected effect, consisting of a

series of echoes equally spaced in time, is seen

along the left edge of the second ionogram

(Fig. 2B). Comparisons of these echoes with

the magnetic field model of Cain et al. (11)

show that the repetition rate of these echoes,

1/T
c
, is almost exactly the local electron

cyclotron frequency, f
c
0 28 B Hz, where B

is the magnetic field strength in nT. Because

of the close relation to the electron cyclotron

frequency, these echoes are called ‘‘electron

cyclotron echoes.’’ Such echoes are very

common and are usually present whenever

the magnetic field strength is greater than a

few tens of nT. We believe that these echoes

are caused by electrons accelerated by the

strong electric fields near the antenna during

each cycle of the transmitter waveform. The

cyclotron motion of the electrons in the local

magnetic field then causes these electrons to

periodically return to the vicinity of the an-

tenna, where they induce a signal on the an-

tenna. For this process to occur, the magnetic

field strength must be reasonably uniform over

a spatial region comparable to the cyclotron

radius. For a magnetic field strength of 100

nT, which is a typical crustal field strength at

the spacecraft, and a voltage of 500 V, which

is the typical antenna voltage, the cyclotron

radius is about 1 km. Because the crustal

magnetic fields have scale sizes of hundreds

of kilometers, this condition is easily satisfied.

In contrast to the first ionogram (Fig. 2A),

no surface reflection can be detected in the

second ionogram (Fig. 2B). The intensity of

the surface reflection is found to be highly

variable, a topic of considerable importance

for subsurface sounding. Some of this varia-

bility can be attributed to solar activity. For

example, surface reflections disappeared com-

pletely about 2 days after a class X17 solar

flare that occurred on 7 September 2005 and

did not reappear until 23 September, nearly 2

weeks later. Although further analysis is

needed, it seems almost certain that the ab-

sorption is caused by energetic charged par-

ticles produced by solar flares. The onset of the

absorption is usually delayed by a day or more

after a flare and tends to last many days, much

longer than the typical time scale for decay of

the ultraviolet and x-ray radiation associated

with a flare. At Earth it is well known that en-

ergetic protons from solar flares cause en-

hanced ionization and absorption of radio

waves in the lower levels of the ionosphere

(12), and a similar process may occur at Mars.

In addition to the solar flare control, the ab-

sorption also appears to increase with de-

creasing solar zenith angle. Even during

periods of low solar activity, surface reflections

are rarely observed when the solar zenith angle

is less than about 40-.

Ionospheric density models. To com-

pare the MARSIS ionospheric soundings to

various ionospheric models, it is necessary to

convert the soundings to usable electron density

profiles. Although a rough estimate of the

density profile can be obtained from the ap-

parent range to the reflection point, for accurate

measurements it is necessary to correct for

dispersion, which is the effect the plasma has on

the propagation speed of the wave. For vertical

incidence on a horizontally stratified iono-

sphere, the round-trip delay time as a function

of frequency, Dt( f ), is given by the integral

Dtð f Þ 0
2

c

Z

zsc

zð fpÞ

dz
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 j

f 2p ðzÞ

f 2

q ð1Þ

where the integration is carried out from the

reflection point altitude, z( f
p
), to the spacecraft

altitude, z
sc
. Because Dt( f ) is known from the

ionospheric echo trace, the basic problem is to

invert the integral to obtain z( f
p
), i.e., the

altitude of the reflection point as a function of

the plasma frequency. Once this is known, the

equation fp 08980
ffiffiffiffiffi

ne
p

can be used to obtain

z(n
e
). Although the mathematical techniques

for carrying out this inversion are straightfor-

ward, there are sometimes practical difficul-

ties. For example, the ionospheric echo trace

often does not extend down to the local plasma

frequency (Fig. 2). In such cases it is necessary

to make a reasonable guess as to how the echo

trace extends from the lowest frequency mea-

sured to the local plasma frequency. Normally

the inversion is not very sensitive to this choice,

because the correction to the propagation speed

becomes quite small when the plasma frequen-

cy is well below the wave frequency.

An example of an electron density profile

obtained by inverting Eq. 1 is shown (Fig. 3A).

This profile was obtained by using both the

ionospheric echo trace and the surface reflec-

tion trace (Fig. 2A). Our approach was to

select a theoretical model for the density pro-

file and then adjust the parameters in the

model to give the overall best fit to the mea-

sured time delays. For a density model, we use

the following equation from Chapman (13)

ne 0 n0 exp

�

1

2

n

1 j

z j z0

H
j

Chðx; cÞexp j

z j z0

H

� �o

�

ð2Þ

where z is the altitude, n
0
is the maximum

electron density at the subsolar point, and z
0
is

the altitude of this maximum. The function

Fig. 2. Two ionograms selected
to illustrate typical features
found in the MARSIS ionospher-
ic soundings. The ionograms
display echo strength (color
coded) as a function of frequen-
cy f and time delay Dt, with
time delay plotted positive
downward along the vertical
axis. The apparent range to the
reflection point cDt/2, where c
is the speed of light, is shown on
the right. Ionogram (A) was
obtained near the evening termi-
nator at a solar zenith angle of c 0

89.3- and an altitude of 778 km.
Ionogram (B) was obtained on the
day side at a solar zenith angle of
c 0 47.9- and an altitude of 573
km. Electron plasma oscillation
harmonics can be seen in both
ionograms, as well as strong
echoes from the ionosphere. Iono-
gram (B) has a series of horizon-
tal, equally spaced echoes along
the left side. These echoes occur
at the electron cyclotron period
and are called electron cyclotron
echoes. They are believed to be
caused by the cyclotron motion
of electrons accelerated by the
transmitter pulse. Although a
strong surface reflection is pres-
ent in (A), no surface reflection is
present in (B). Surface reflections
are seldom seen at solar zenith

angles less than about 40- or during periods of intense solar activity.
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Ch(x, c) is called Chapman’s grazing incidence

function and takes into account the absorption of

the solar radiation as it passes obliquely through

the atmosphere. This function depends on the

solar zenith angle c and a dimensionless param-

eter x 0 (R
M
þ z

0
)/H, where R

M
0 3396 km is

the radius of Mars, and H is the scale height of

the neutral atmosphere. Ch(x, c) can be com-

puted from a power series (13) or from a table

provided by Wilkes (14). The fit to the top-side

electron density profile is very good (Fig. 3A).

The maximum electron density, n
max

0 3.58 �

104 cm–3, and the altitude of the maximum,

z
max

0 195 km, are in reasonable agreement

with radio occultation results at this solar

zenith angle (6, 7). Although the bottom-side

electron density profile cannot be expected to

represent complicated features such as multiple

density layers, the model does accurately

represent the top-side electron density profile

near the peak and the total electron content

(TEC) through the ionosphere, which is de-

termined by the dispersion of the surface

reflection. The total electron content is defined

as the integral Xn
e
dz along a vertical line

through the ionosphere and, in this case, is

TEC 0 3.7 � 1011 cm–2. The deviation of the

measured electron densities from the model at

altitudes above about 300 km is probably caused

by upward diffusion of plasma away from the

region of photochemical equilibrium described

by Chapman’s model.

To study the dependence of the maximum

electron density n
max

on the solar zenith angle

c, the maximum frequencies of the ionospheric

echo traces have been measured for 12 ran-

domly selected passes from 5 July to 10 Oc-

tober 2005. During this time, the solar zenith

angle at periapsis systematically decreased

from 98- to 16-, thereby providing a good

sampling of solar zenith angles. A scatter plot

of the measured f
p
(max) values is shown (Fig.

3B) as a function of solar zenith angle. As can

be seen, the maximum plasma frequency has a

very clear systematic dependence on solar

zenith angle, varying from about 3.9 MHz near

the subsolar point to less than 1 MHz on the

night side. A scale showing the corresponding

electron density values is given on the right

side of the plot. These electron densities are in

good agreement with the results from radio

occultation measurements (6, 7) but slightly

higher than the in situ Viking 1 and 2 mea-

surements (15), which were obtained during a

less active phase of the solar cycle.

The solar zenith angle dependence (Fig.

3B) can be compared directly with the pre-

dictions of Chapman’s electron density model.

In Chapman’s model, the maximum electron

density in the ionosphere is given by

neðmaxÞ 0 ðq0=aÞ
1=2

=Chðx; cÞ
1=2

ð3Þ

where q
0
is the ionization rate at the subsolar

point and a is the recombination rate. The best

fit of this equation to the measured n
e
(max)

values is shown by the red line. This fit uses

the same basic parameters as in the first fit

(Fig. 3A), with the exception of the parameter

(q
0
/a)½ 0 1.98 � 105 cm–3, which has been

adjusted to give the best overall fit. The fit has

been purposely selected near the most dense

cluster of points, ignoring the outlying points.

The outlying points are almost certainly in-

fluenced by solar events. For example, the

sharp peak in the density that occurred during

a pass at a solar zenith angle of about 34-

coincides with a class X1.1 solar flare that

occurred at 08:30 UT (Universal Time) on 15

September 2005. The enhanced electron den-

sities during this event are almost certainly

caused by an intense burst of ultraviolet ra-

diation arriving from the Sun. Other large en-

hancements, well above the electron densities

predicted by Chapman’s equation, can also be

seen on the night side at solar zenith angles of

98- and 104-. These events are not associated

with any known solar flare activity. The ion-

ospheric echoes in this region are often very

diffuse and sometimes have unusual character-

istics, such as a surface reflection that extends

below the ionospheric echo trace. Such echoes

are impossible in a horizontally stratified ion-

osphere and are suggestive of considerable

small-scale structure, possibly consisting of

low density ‘‘holes’’ like those that have been

observed on the night side of Venus (16).

Oblique echoes. Oblique ionospheric

echoes (Fig. 2A) are a common feature in the

MARSIS ionograms. Inspection of successive

ionograms shows that the range of these echoes

systematically either increases or decreases

with increasing time and sometimes merges

with the vertical echoes. A good way to study

these echoes is to make a plot of the echo

strength at a fixed frequency as a function of

time and apparent altitude (Fig. 4). Apparent

altitude is defined as the spacecraft altitude

minus the apparent range. In this display, the

vertical echo is the nearly horizontal line at an

altitude of about 120 km. The oblique echoes

almost always have the shape of a downward-

facing hyperbola, sometimes consisting of both

branches, but more frequently consisting of

only one branch or part of a branch. Some-

times the apex of the hyperbola merges with

the vertical echo, as in the event marked A. In

a radar display of this type, hyperbola-shaped

echoes are characteristic of relative motion

between the radar and an off-vertical target.

The asymptotic slopes of the hyperbola-shaped

echoes are consistent with the motion of the

spacecraft relative to a feature that is fixed

with respect to Mars. We have verified this

hypothesis by comparing repeated passes over

the same region of Mars. Such comparisons

show that nearly identical hyperbola-shaped

features often reappear over the same region.

The ones that do not show a good pass-to-pass

correlation often occur in very complicated

regions with many overlapping echoes, such as

near the center of Fig. 4.

Strong evidence exists that most of the

oblique ionospheric echoes are related to iono-

spheric density structures caused by the crustal

magnetic fields discovered by the Mars Global

Surveyor spacecraft (17–19). In a comparison

(bottom panel of Fig. 4) with the crustal

magnetic field computed at an altitude of 150

km using the global magnetic field model de-

veloped by Cain et al. (11), the oblique echoes

are seen to occur in the region where strong

magnetic fields are present. Inspection of other

Fig. 3. Two illustrations compar-
ing electron densities obtained
from ionospheric soundings to
the Chapman (13) ionospheric
density model. The diamond-
shaped points in (A) give the
electron density profile computed
from the ionospheric echo trace
in Fig. 2A after correcting for
dispersion. The red curve gives
the best fit to this density profile,
while simultaneously providing a
good fit to the surface reflection
trace. The best-fit parameters are
n0 0 1.32 � 105 cm–3, z0 0 130
km, zmax 0 195 km, nmax 0 3.58 �

104 cm–3, H 0 25 km, x 0 141,
and Ch(x, c) 0 13.5. Plot (B)
shows the maximum plasma fre-
quency in the ionosphere, fp(max),
as a function of solar zenith angle
c for 12 randomly selected orbits.
The corresponding electron den-
sity is shown on the right side of
the plot. The red line is the best
fit to the Chapman electron
density model using (q0/a)

1/2 0

1.98 � 105 cm–3.
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similar plots confirms this basic relationship.

Although the detailed correlation between the

oblique echoes and the magnetic field is often

complicated and difficult to resolve, in some

cases, such as event A in Fig. 4, the relation-

ship is quite clear. For this event, the apex of

the hyperbola-shaped echo is coincident with a

well-defined peak in the magnetic field.

Furthermore, near the apex, the altitude of the

oblique echo (which has merged with the

vertical echo) is clearly seen to be greater than

the altitude of the surrounding ionosphere,

which indicates an upward bulge in the iono-

sphere. Note also that the magnetic field is

nearly vertical in this region, as can be seen by

the radial (vertical) component, B
r
, which is

much stronger than either the southward, B
q
, or

eastward, B
8
, components. These and numer-

ous other similar observations lead us to

conclude that the oblique echoes usually arise

from an upward bulge in the ionosphere in a

region where the magnetic field is nearly ver-

tical (Fig. 5A). As the spacecraft approaches

the bulge, oblique echoes start as soon as the

constant density surface ( f 0 f
p
) is normal to

the line of sight from the spacecraft (Fig. 5B).

Two echoes are then detected until the space-

craft is nearly over the bulge, at which point

the vertical echo disappears or merges with the

oblique echo as the spacecraft passes over the

bulge. This basic model is consistent with

radar occultation measurements that show an

increase in the scale height in regions where

the crustal magnetic field is nearly vertical

(20–23). The bulge is believed to be due to

heating and the resulting increase in the scale

height, caused by solar wind electrons that

have access to the lower levels of the ion-

osphere along openmagnetic field lines (20, 23).

More complex structures probably exist in re-

gions where the magnetic field is very com-

plex, such as near the middle of the plot in Fig.

4, or in regions where the crustal magnetic

fields are strong enough to stand off the solar

wind (24).

Although crustal magnetic fields are almost

certainly involved in producing the majority of

the oblique echoes, cases have been found

where the echoes exist in regions where the

Cain et al. model does not predict detectable

crustal magnetic fields. We do not know if

these cases involve a failure of the Cain et al.

Fig. 4. The top panel shows echo strengths at a
frequency of 1.9 MHz plotted as a function of time
and apparent altitude, which is the spacecraft
altitude minus the apparent range of the echo. The
bottom panel shows three components, Br, Bq

, and
B8, of the crustal magnetic field and the magni-
tude of the magnetic field, kBk, computed from the
Cain et al. magnetic field model at an altitude
of 150 km. The nearly horizontal echoes at an
altitude of about 120 km are vertical echoes, and
the downward-facing hyperbola-shaped features
are oblique echoes. This and other similar examples
provide strong evidence that density structures
related to crustal magnetic fields are responsible for
most of the oblique echoes.

Fig. 5. (A) The distribution of
oblique echo events as a function
of the angle between the mag-
netic field and vertical. The angles
were evaluated at the apex of the
hyperbola-shaped time delay fea-
ture using the Cain et al. model.
Most of the events occur at
angles less than about 40-, indi-
cating that the density structures
responsible for the oblique echoes
tend to occur in regions where the
magnetic field is nearly vertical.
(B) A sketch of the ionospheric
density structures that are thought
to be responsible for the oblique
ionospheric echoes. As the space-
craft approaches the bulge in the
ionosphere, the sounder detects
two echoes, a vertical echo from
the ionosphere and an oblique
echo from the bulge. As the space-
craft passes over the bulge, the
vertical echo either merges with
the oblique echo or disappears
entirely, depending on the exact
shape of the bulge. The bulge in the
ionosphere is believed to be due to
ionospheric heating caused by hot
solar wind electrons that reach the
lower levels of the ionosphere
along open magnetic field lines.
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model or whether there are other mechanisms

for producing such echoes. Possible mecha-

nisms are wind-driven atmospheric waves ex-

cited by topographic features and various types

of wavelike structures in the ionosphere driven

by interactions with the solar wind.

Conclusion. The MARSIS ionospheric

soundings have shown that the ionosphere of

Mars is in good agreement with the expecta-

tions of Chapman’s 1931 photoequilibrium

theory for the origin of planetary ionospheres.

The soundings have also revealed a number of

unexpected features. These include echoes that

reoccur at the electron cyclotron period, large

variations in the absorption apparently caused

by energetic solar events, oblique echoes caused

by ionospheric structures associated with the

crustal magnetic fields of Mars, diffuse echoes

apparently caused by scattering from ionospher-

ic irregularities, and ionospheric holes. Because

the subsurface soundings must occur at fre-

quencies well above the maximum electron

plasma frequency in the ionosphere and under

conditions of low ionospheric absorption, these

measurements have already proved to be quite

useful for planning subsurface sounding op-

erations. The electron cyclotron echoes also

provide a new method of measuring the local

magnetic field strength, which is useful because

Mars Express does not have a magnetometer.
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Animal Evolution and the

Molecular Signature of Radiations

Compressed in Time
Antonis Rokas,* Dirk Krüger,. Sean B. Carroll-

The phylogenetic relationships among most metazoan phyla remain uncertain.
We obtained large numbers of gene sequences from metazoans, including key
understudied taxa. Despite the amount of data and breadth of taxa analyzed,
relationships among most metazoan phyla remained unresolved. In contrast, the
same genes robustly resolved phylogenetic relationships within a major clade of
Fungi of approximately the same age as the Metazoa. The differences in res-
olution within the two kingdoms suggest that the early history of metazoans
was a radiation compressed in time, a finding that is in agreement with
paleontological inferences. Furthermore, simulation analyses as well as
studies of other radiations in deep time indicate that, given adequate
sequence data, the lack of resolution in phylogenetic trees is a signature of
closely spaced series of cladogenetic events.

Detailed knowledge of the phylogenetic rela-

tionships among Metazoa and their eukaryotic

relatives is critical for understanding the his-

tory of life and the evolution of molecules,

phenotypes, and developmental mechanisms.

Currently,with the exception of thewell-resolved

phylogenetic history of the deuterostomes (1), the

relationships between and within protostome and

diploblastic metazoan phyla remain unresolved

(2–5). The uncertainty surrounding metazoan re-

lationships may result from analytical and bi-

ological factors such as insufficient amounts of

available sequence data, mutational saturation,

the occurrence of unequal rates of evolution be-

tween lineages, or the rapidity with which meta-

zoan phyla diversified (3–7).

Recent investigations concerning two crit-

ical variables of phylogenetic experimental

design—the number of taxa and amount of

data used—have guided our approach to meta-

zoan relationships. It has been shown that

taxon number may not be as critical a de-

terminant of phylogenetic accuracy (8, 9) as

the choice of taxa (10). Thus, to investigate

relationships among phyla at the base of

the metazoan tree and within protostomes,

we selected metazoans and closely related

eukaryotes that included representatives

from choanoflagellates, poriferans (one

representative from each of the three porif-

eran classes), cnidarians (one representative

from each of two of the three cnidarian

classes), platyhelminths (two representa-

tives), priapulids, annelids, mollusks, arthro-

pods, nematodes, urochordates, and vertebrates

(three representatives) (all taxa are listed in

table S1).

The use of single or few genes is now rec-

ognized to be insufficient for the confident

resolution of many clades (4, 11, 12). In con-

trast, analyses of larger amounts of data have

robustly resolved relationships in many taxo-

nomic groups (11–14), even after allowance

for a high percentage of missing data (12–14).

Thus, to increase resolution of metazoan re-

lationships, we used experimental and bioin-

formatic approaches to assemble a data matrix

composed of 50 genes from the 17 selected

taxa (15). Gene sequences from five key taxa

were obtained through an automated polymer-

ase chain reaction and sequencing approach

we devised for the systematic amplification of

large amounts of gene sequence data from

cDNA of any metazoan (15) (table S2). Gene

sequences from the 12 other taxa were re-

trieved through bioinformatic means from pub-

lic databases (15).
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A 50-gene data matrix does not re-
solve relationships among most metazoan
phyla. Despite the large amount of data from

taxa spanning the Metazoa, analyses of this

data matrix and subsets thereof under max-

imum likelihood (ML) and maximum parsi-

mony (MP) (15) still failed to resolve most

relationships (Fig. 1 and fig. S1). There was no

significant support (defined as 970% bootstrap

support) for the order of relationships between

early branching metazoans or within proto-

stomes. Resolution of well-established ‘‘super-

clades’’ (protostomes, bilaterians, vertebrates,

and deuterostomes; and metazoans with choano-

flagellates as an outgroup) was attained with

moderate to high support, depending on the

optimality criterion used. The recovery of these

superclades suggests that our failure to resolve

relationships within them is either due to aspects

of our experimental design [such as systematic

error artifacts resulting from violation of phylo-

genetic assumptions (16)] or may reflect a pre-

vailing limit to the resolution of certain clades

in deep time.

One recurrent problem for phylogenetic

inference in deep time is the phenomenon of

long branch attraction (17), under which un-

related taxa with long branches can artifac-

tually be placed together. To test whether the

inclusion of taxa with long branches [as

visually identified on the ML tree (fig. S1)]

had an effect on support values, we analyzed

the data matrix, excluding long-branched taxa

singly or in combination. For example, a clade

joining platyhelminths and nematodes received

moderate support, but all taxa in the clade are

characterized by conspicuously long branches

(fig. S1). The removal of long-branched taxa

had a negligible effect on support for most in-

ternodes (table S3). For example, although

support for protostomes and bilaterians did in-

crease after the exclusion of nematode and

platyhelminth taxa, the resolution of nodes

within these superclades was not improved.

Clade support values can be very sensitive

to the presence of ‘‘rogue’’ taxa whose place-

ment on the tree may be unstable (17). To test

whether the presence of rogue taxa could be

responsible for the low support in many in-

ternodes of the metazoan phylogeny, the least

stable metazoan taxa in this data matrix were

identified using leaf stability indices (15). Re-

moval of these taxa had a negligible effect on

support (table S3). Furthermore, tests of ad-

ditional parameters, such as deviations in amino

acid composition, did not account for the lack of

resolution (15). These results suggest that the

low support values obtained are not due to the

instability (or deviation) of a small subset of

taxa but are the result of a systemic lack of

support for relationships among most taxa.

Because the choice of taxa did not account

for the lack of resolution in many key branches

of the metazoan tree, we then considered two

potential analytical explanations: the amount

of missing data contained in the data matrix

and the total amount of data used. By necessity

of experimental design, the data matrix lacked,

on average, 20% of the potential data per taxon

(table S4). However, large data sets can be sur-

prisingly tolerant to a high fraction of missing

data (13, 14, 18), and reanalyses of the data

matrix excluding the priapulid and the mollusk

(the two taxa with the highest percentages of

missing data; 68 and 54%, respectively) did

not lead to noticeable changes in support (table

S3). A second potential explanation may be

that the data matrix still contains too few in-

formative characters to robustly resolve phylo-

genetic relationships among protostomes and

early branching metazoans. However, sequence

variation is abundant between metazoan taxa,

with 56% of the 12,060 amino acid sites being

variable and 31% of the sites being parsimony-

informative (Table 1). Furthermore, MP site

pattern and ML mapping (15) analyses suggest

that the differences in resolution between

clades do not result from the number of in-

formative sites per se, but in how these sites

are distributed among alternative topologies

(fig. S2). In agreement with these results, two-

to eightfold increases in the number of char-

acters resampled by bootstrapping (15) led to

small improvements in the resolution of most

internodes (fig. S3 and table S3). These data
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Fig. 1. The lack of resolution in phylogenetic relationships among major metazoan phyla. Values
above internodes correspond to support values from ML and MP analyses, respectively. Only
internodes with significant support in at least one of the two analyses (ML and MP) or internodes
present in majority-rule consensus trees of both analyses are drawn. Analyses were also performed
by Bayesian inference (15) (fig. S1). Although certain analyses provided strong support for particular
clades, analyses of different subsets of taxa produced significantly different and conflicting results
(table S3).

Table 1. Statistical attributes of the amino acid sequence data matrix. Numbers
of variable, parsimony-informative, and singleton sites for the 50-gene data
matrix are shown, including 16 metazoan, 1 choanoflagellate, and 15 fungal taxa.
Percentages are reported in parentheses. All statistical attributes for the
metazoan taxon set were calculated with choanoflagellates included. The mean

observed distance (T standard deviation) corresponds to the average proportion
of amino acid sites that are different in all pairwise sequence comparisons in a
taxon set. Themean estimated distance (T standard deviation) corresponds to the
ML-estimated average proportion of amino acid sites that are different in all
pairwise sequence comparisons in a taxon set (15).

Taxon set Number of sites Variable sites Informative sites Singleton sites Observed distance Estimated distance

All taxa 12060 8257 (68%) 6669 (55%) 1588 (13%) 29.2 T 6.7 35.7 T 11.1
Metazoa 12060 6782 (56%) 3701 (31%) 3080 (26%) 21.8 T 4.6 23.4 T 6.2
Fungi 12060 6533 (54%) 5015 (42%) 1518 (13%) 27.1 T 5.8 31.7 T 8.2
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suggest that neither the percentage of potential

data missing nor the total amount of data in

this data matrix can explain the lack of res-

olution among protostomes and early branch-

ing metazoans.

A remarkable contrast in phylogenetic
resolution between two kingdoms. Given
the time since the origin of Metazoa, another

hypothesis is that mutational saturation (19–21)

may have erased the phylogenetic signal orig-

inally contained in proteins’ variable sites. Al-

ternatively, the lack of resolution may be the

signature of a closely spaced series of clado-

genetic events occurring early in the evolution of

Metazoa (7). One means of testing these al-

ternative explanations is by comparing the

phylogeny of Metazoa to that of their natural

sister kingdom, the Fungi (22). The validity of

this comparison rests on the inference that both

lineages originated within approximately the

same geological time frame, which is supported

by the fossil record of both Fungi (23) and

Metazoa (24, 25), particularly recent finds in

the Doushantuo Formation (551 to 635 million

years old) (23, 26, 27), as well as molecular

clock analyses in which multiple representa-

tives of both kingdoms are included (28–30).

The availability of genome sequence data

from many species spanning the fungal king-

dom enabled us to sample exactly the same

type and amount of data across Fungi as we

did for Metazoa. We generated a data matrix

containing 49 of the same 50 genes used for

the metazoan phylogeny from a select set of 15

taxa representing most major taxonomic groups

within Ascomycetes and Basidiomycetes (table

S1). Examination of evolutionary distances and

models of amino acid evolution for the 49

orthologs in each of the two kingdoms suggests

that the tempo andmode ofmolecular evolution

in this set of 49 genes has remained similar

across the two kingdoms (table S5). Further-

more, comparisons of evolutionary distances

within this set of fungi andwithin their metazoan

counterparts suggest that both clades have

undergone similar amounts of evolutionary

change, with Fungi exhibiting slightly higher

mean distances [mean observed/estimated

distances T standard error: Metazoa, 21.8 T

4.6%/23.4 T 6.2%; Fungi, 27.1 T 5.8%/31.7 T

8.2% (Table 1)], a finding consistent with a

similar date of origin (table S6).

Phylogenetic analyses of the data matrix

containing both Metazoa and Fungi showed a

remarkable contrast in the resolution obtained

within each of the two kingdoms. The fungal

clade was robustly resolved, with the over-

whelming majority of fungal internodes (11

out of 13) being significantly supported, ir-

respective of optimality criterion used (Fig. 2

and fig. S4). These relationships are generally

in agreement with previous studies (31). In

contrast, again only 4 of 14 metazoan inter-

nodes were significantly supported under both

optimality criteria.

The early history of Metazoa as a ra-
diation compressed in time. The contrast

in the resolution of the fungal and metazoan

trees shows that neither the type nor the

amount of data is a limit to the resolution of

relationships within metazoan superclades.

Therefore, the explanation for the sharp con-

trast in resolution may lie in differences in the

tempo and pattern of cladogenesis within the

kingdoms. One explanation for the contrast-

ing resolution observed in the metazoan and

fungal trees may be differences in ‘‘stem-

miness: (32): a measure of the relative length

of internal versus external branches. Theo-

retical work indicates that the accuracy of

reconstruction is higher for trees exhibiting

high stemminess (that is, trees with longer

internodes and shorter terminal branches)

(32). In agreement with these studies, phylo-

genetic resolution is higher in the fungal tree,

which is characterized by long internodes

(Fiala and Sokal’s stemminess index F 0

0.201), and poorer in the metazoan clade,

where internodes are much shorter (F 0 0.121)

(15). These differences in degree of stem-

miness between the two kingdoms are also

reflected in the distributions of parsimony-

informative sites (Fungi/Metazoa 0 5015/3701

sites) and singleton sites (Fungi/Metazoa 0

1518/3080 sites) along the branches of the two

trees (Table 1).

These contrasts in resolution depth, stem-

miness, and distribution of site categories

between the two kingdoms are consistent with

a history of major metazoan lineages charac-

terized by closely spaced (tempo) series of

cladogenetic events (pattern). Paleontological

evidence also suggests a rapid tempo of clado-

genesis near the origin of Metazoa approxi-

mately 600 million years ago, with poriferans

(26), cnidarians (33), and at least certain bi-

laterians (34) making their first appearance

within 50 million years. Thus, inferences from

these two independent lines of evidence (mol-

ecules and fossils) support a view of the

origin of Metazoa as a radiation compressed

in time.

Identifying the limits to resolution of
cladogenetic events in deep time by sim-
ulation analysis. It has been proposed that,

given adequate data, phylogenetic resolution

for cladogenetic events of Cambrian age oc-

curring as close as 1 million years apart will be

achieved (35). If true, with the amount of data
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Fig. 2. The contrast in phylogenetic resolution between the clades of Metazoa and Fungi. Values above
internodes are as in Fig. 1. Eleven out of 13 internodes in the fungal clade are significantly supported
by both optimality criteria (ML and MP), whereas only 4 out of 14 internodes in the metazoan clade
are significant. Analyses were also performed by Bayesian inference (15) (fig. S4 and table S3).

R E S E A R C H A R T I C L E S

www.sciencemag.org SCIENCE VOL 310 23 DECEMBER 2005 1935

http://www.sciencemag.org


used here, the lack of observed resolution

would indicate extreme compression of the

metazoan radiation. Alternatively, the limit of

resolution for internodes in deep time may be

much larger than previously suggested.

To better understand the potential limits to

the resolution of series of closely spaced clado-

genetic events in deep time, and to explore

how to interpret the lack of resolution when

large amounts of data are available, we con-

ducted a simulation analysis. The radiation of

mammalian orders is particularly well suited

for addressing this issue because it occurred

within a small window of time (42 million

years) an estimated 107 million years ago (36),

with many internodes estimated to span be-

tween 1 and 10 million years in length. We

simulated the effect of increasing the elapsed

time since the radiation on the phylogenetic

accuracy of internodes within this 42-million-

year window, given adequate data and a rig-

orous model of sequence evolution (15, 20, 37).

If the proposed limits of resolution are in fact

very small, the degree of resolution for all in-
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Fig. 3. Phylogenetic accuracy is inversely correlated with the length of
time elapsed since a closely spaced series of cladogenetic events. A
simulation analysis of increasing the age of origin of the 42-million-year
window of mammalian order diversification is shown. (A) The best
estimate of the mammalian phylogenetic tree at present under the
molecular clock assumption (36) (time span of 107 million years). (B) The
mammalian phylogenetic tree, assuming a 600-million-year time span.
Branch lengths are shown in million-year time units. The topology and
branch lengths within the 42-million-year window (left of the dashed grey
line) of trees in (A) and (B) are identical. There is a compression in the

lengths of internodes in the 42-million-year window of the tree in (B), due
to the longer time span elapsed. (C) Graph showing the relationship be-
tween phylogenetic accuracy of internodes in the 42-million-year window
and total time span simulated, after MP analysis of 100 simulated data
matrices, each containing 16,000 characters (of which roughly 6000 are
variable). (D) The same graph as in (C), but with simulated data matrices,
each containing 73,000 characters (of which roughly 28,000 are variable).
Similar results were obtained by neighbor-joining (NJ) analyses (fig. S5).
Only 10 exemplar internodes are shown (all the internodes are shown in fig.
S5). The numbers of internodes in all panels are according to (36).
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ternodes should not be affected, because all in-

ternodes are dated as 1 million years in length

or longer. However, if the limits of resolution

are greater than has been postulated, then the

degree of resolution for several internodes

should decrease as we move deeper in time.

The results of the simulations show a neg-

ative correlation between the amount of time

elapsed and the accuracy with which in-

ternodes are resolved (Fig. 3 and fig. S5). For

example, whereas almost all internodes in

simulations assuming a 107-million-year time

span are resolved near 100% accuracy (Fig.

3A), the accuracy of several internodes in data

sets simulating the lapse of a 600-million-year

time span is low (Fig. 3, B to E), contrary to

predictions that data matrices of this size and

properties should attain accuracy levels of 95%

across all internodes (35). These results sug-

gest that the actual limits of resolution for

closely spaced events in deep time is larger

than previously thought (38). To estimate the

actual limit of resolution, we plotted the phy-

logenetic accuracy for each internode against

the internode’s length (in million years), as-

suming a 600-million-year time span. Results

suggest that, even when very large data matrices

are used, and under simulation assumptions

that most likely represent the best of circum-

stances when compared to biological data,

many internodes with lengths much larger than

1million years are resolvedwith accuracies well

below 50% (Fig. 4). Thus, the limit of res-

olution of large data sets in deep time may

differ by an order of magnitude from previous

estimates (35).

The lack of resolution as a signature
of events compressed in time. The resolu-

tion of other clades of the metazoan tree, in

which cladogenetic events are thought to be

much further apart than 1million years, has also

proved challenging, despite the use of large

amounts of data. For example, fossil evidence

suggests that the three major lineages of lobe-

limbed vertebrates (lungfish, coelacanths, and

tetrapods) first appeared within a time span

of 20 to 30 million years approximately 390

million years ago (39). However, resolution of

the relationships among these three lobe-

limbed vertebrate lineages has not been ob-

tained, despite analyses of more than 40 gene

sequences from key taxa (40). The lack of res-

olution of lobe-limbed vertebrates, of metazoan

phyla here and of other problematic groups that

diverged in deep time such as the arthropods,

coupled with the simulation studies, suggest that,

given adequate sequence data, the lack of

phylogenetic resolution is a positive signature

of closely spaced cladogenetic events.

Of course, the ultimate objective of phylo-

genetics is to resolve the true branching order

within such important groups. So what are the

prospects for doing so? It has been argued that

the use of even more gene sequences will in-

crease the resolution of such radiations com-

pressed in deep time (35, 40). However, the

number of genes identifiable as orthologs, or

usable in taxa that diverged in deep time, may

actually turn out to be on the order of the

number of genes currently being used in some

studies (13, 40). If the maximum number of

genes that could further be added to existing

data matrices is not much greater, even the use

of all conserved gene sequences across metazoan

phyla or lobe-limbed vertebrates may not suf-

fice for accurate reconstruction of certain

clades. Furthermore, although increasing the

gene number greatly reduces sampling error

(11), the vulnerability to systematic error arte-

facts also increases (16), perhaps explaining

how different phylogenetic analyses can reach

contradicting inferences with absolute support

(41–43). In such cases, the use of alternative

types of molecular characters, such as rare

genomic changes (44–46), and the develop-

ment of more realistic models of character

evolution (47) may hold the key to further

progress in resolving closely spaced ancient

diversification events.
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Separation and Conversion

Dynamics of Four Nuclear Spin

Isomers of Ethylene
Zhen-Dong Sun,* Kojiro Takagi, Fusakazu Matsushima

Molecules with three or more nuclei of nonzero spin exist as discrete spin
isomers whose interconversion in the gas phase is generally considered im-
probable. We have studied the interconversion process in ethylene by creating a
sample depleted in the B2u nuclear spin isomer. The separation was achieved
through spatial drift of this isomer induced by resonant absorption of narrow-
band infrared light. Evolution of the depleted sample revealed conversion
between B

2u
and B

3u
isomers at a rate linearly proportional to pressure, with a

rate constant of 5.5 (T0.8) � 10j4 sj1 torrj1. However, almost no change was
observed in the A

g
isomer populations. The results suggest a spin conversion

mechanism in C2H4 via quantum relaxation within the same inversion
symmetry.

Nuclear spin isomers and their stability are

fundamental concepts in quantum mechanics

(1). In accordance with Pauli_s principle, all

molecules possessing identical nuclei with non-

zero spin have distinct nuclear spin isomers (1).

However, despite continuous study following

the first separation and conversion of ortho-

and para-H
2
in 1929 (2), the interconversion

dynamics of three or more isomers in larger

polyatomic molecules remain poorly under-

stood. In astronomy and astrophysics, the abun-

dance ratios of nuclear spin isomers in the

interstellar medium (ISM) are key parameters

in probing the formation conditions in the past

and anticipating subsequent processes in the

future evolution of planetary materials and

protostellar environments (3–5). It is widely

assumed that the conversion probabilities

among nuclear spin isomers for the various

molecules in the ISM are zero, even over time

spans of millions of years. However, this is not

necessarily the case (6–10).

To date, separation and conversion of

nuclear spin isomers have been successfully

studied for only a small number of polyatomic

molecules: CH
3
F (6, 7), 13C12CH

4
(8), H

2
CO

(9), and H
2
O (11). Among the separation

methods (6, 9, 11), the light-induced drift

(LID) (12) technique is one of the more

powerful and sensitive tools. The principle

of LID can be briefly described as follows:

Let a powerful laser pass through a closed

cell containing a low-pressure gas mixture of

a laser-absorbing species and a nonabsorbing

buffer gas. When the laser frequency is tuned

to, for example, the red wing of the spectral

Doppler absorption profile, a certain velocity

class of absorbing molecules moving toward

the laser will be excited as a result of the

Doppler effect. Because the excited mole-

cules usually have a larger cross section than

the ground-state molecules, their mean free

path will be smaller than that of the ground-

state molecules. This produces a drift of the

absorbing species moving in the direction

of the laser beam with respect to the buffer

gas and results in a concentration differ-

ence between the two ends of the closed

cell. So far, however, insights from LID

studies have been limited to molecules with

only ortho and para isomers (gaseous CH
3
F

and 13C12CH
4
). For a molecule with more

than two nuclear spin isomers, such as the

four isomers (A
g
, B

1g
, B

2u
, and B

3u
) of

12C
2
H
4
ethylene, the possibility of intercon-

version remains experimentally unexplored.

To address this question, we have assembled a

spectrometer, following the design of Nagels

et al. (7), to separate and monitor potential

interconversion among the 12C
2
H
4
nuclear spin

isomers.

Ethylene has a simple structure and a point

group (D
2h
) of high symmetry. There are two

zero-spin 12C nuclei and four hydrogens with

active spins of ½. However, unlike ortho/para

hydrogen, one cannot visualize the isomers by

flipping the spin of individual nuclei. The

symmetry characteristics of the four nuclear

spin isomers of C
2
H
4
are listed in Table 1 (13).

Here the coordinate system and group theoret-

ical definitions are the same as those given in

the textbook by Herzberg (14) and that by

Landau and Lifshitz (1); the x-y plane with the

x axis parallel to the C0C double bond is the

molecular plane, and the z axis is vertical to it.

The four nuclear spin species correspond to

different classes of J
Ka
,Kc

rotational levels in

the ground rovibrational state, where J, K
a
, and

K
c
refer to the quantum numbers for rotational

angular momentum and its projections along

the x and z axes, respectively. An energy level

of C
2
H
4
is of even or odd parity with regard to

the inversion operation E* in D
2h
(M) in the

molecular symmetry group (10). As the parity

is given by (–1)Kc (15), the subscripts g or u in

Department of Physics, University of Toyama, Toyama
930-8555, Japan.

*To whom correspondence should be addressed.
E-mail: zdsun@unbsj.ca

Table 1. Species of nuclear spin isomers (NSI) of
C2H4 (1, 14).W is the statistical weight, I is the total
spin of four equivalent hydrogen nuclei, and even
and odd refer to whether K

a
and K

c
are even or odd

integers.

NSI W I K
a

K
c

A
g

7 2, 0 Even Even
B1g 3 1 Odd Even
B3u 3 1 Even Odd
B2u 3 1 Odd Odd

REPORTS
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the symmetry representations correspond to

even or odd parity of an energy level.

We now report the successful use of LID

to deplete the population of the B
2u

isomer in

a sample of gaseous ethylene, followed by

monitoring of the subsequent spin conver-

sions for the return to equilibrium. We mea-

sured isomer concentrations by recording the

absorption intensities of spectral lines with

appropriate J, K
a
, and K

c
quantum numbers.

Our experimental setup uses two CO
2
lasers

(Edinburgh Instruments PL3 as the separa-

tion laser and a home-built laser as the

probe) and three glass cells (for separation,

test, and reference) (16). We measured the

spin conversion rates for 13CH
3
F with this

setup and obtained good agreement with the

published results (6, 7).

For the ethylene study, the experimental

schemes are shown in Table 2, where the

reported results from high-resolution infrared

spectroscopy (17) were used to calculate the

frequency offsets between the C
2
H
4
transition

frequencies and the CO
2
laser frequencies.

Application of the LID technique for the sep-

aration of nuclear spin isomers requires that a

molecular transition be near-coincident with a

CO
2
laser line. Here, the 10P44 laser line with

a power of 6 W was used. Its frequency was

tuned about 20 MHz above the center fre-

quency by adjusting the laser cavity length to

set it in the red wing of the 9
0,9

@ 10
1,9

line of

the n
7

band of ethylene. This frequency

selectively excited the B
2u

isomer, with the

other three isomers acting as a buffer gas. The

B
2u

molecules drift, by the LID effect, along

the direction of the separation laser beam in

the separation cell, thereby depleting the B
2u

species and enriching the A
g
, B

1g
, and B

3u

species at the entrance end of the cell; this

direction of drift corresponds to an increase in

the collision cross section upon excitation. The

nonequilibrium population was then trans-

ferred through a valve from the near end of

the separation cell to the test cell. For high

sensitivity, we measured differential absorption

by splitting the probe beam to acquire simulta-

neous data from the test cell and the reference

cell with a population at thermal equilibrium.

We determined normalized absorption intensity

differences for appropriate probe lines to

observe the initial degree of isomer depletion

or enrichment. At an ethylene pressure of 1 torr,

the probe was tuned through five absorption

lines belonging to one of the speciesB
2u
, B

3u
, or

A
g
(cases 1 to 5 in the seventh column of Table

2 together with the corresponding absorption

coefficients in the sixth column) (18). The

depletion of the B
2u

species was about 3%,

with 1% or less enrichment of the other three

isomers.

The equilibration kinetics of the B
2u
-

depleted sample were measured as follows:

For the first 1-min period, the separation laser

was blocked and the valve was kept open to

record the zero baseline of the differential

signal in the first period. Then, in the second

period, the separation laser was unblocked and

its beam was introduced into the separation

cell for 3 min to generate the nonequilibrium

distribution in the test cell. Then the valve was

closed, and the decay curves due to isomeric

conversion were monitored during the third

period. Typical signals are shown for probing

B
2u

(Fig. 1), B
3u

(Fig. 2A) and A
g
(Fig. 2B)

Table 2. Experimental schemes and determined absorption coefficient b

(cmj1 torrj1), the percentage of enrichment or depletion (negative
values) at a pressure of 1 torr for a 3-min separation period, and pressure
dependence of conversion rate g 0 kp þ y of C2H4 at a temperature of

300 K, where k, p, and y are in units of sj1 torrj1, torr, and sj1, re-
spectively. Rovibrational transition is from the ground state to the n7 0 1
state. Frequency offset Df denotes the C2H4 transition frequency minus
the CO2 laser frequency.

Case and number Rovibrational transition NSI Laser line Df (MHz) b Enrichment k (10j4) y (10j4)

Separation 90,9 @ 101,9 B2u 10P44 61
Probe 1 90,9 @ 101,9 B2u 10P44 61 0.019 T 0.001 –2.55 T 0.50 5.76 T 1.12 1.02 T 1.98

2 50,5 @ 41,3 B2u 10P10 –100 0.059 T 0.002 –3.55 T 0.50 5.79 T 0.59 1.59 T 1.17
3 61,5 @ 62,5 B3u 10P26 112 0.097 T 0.003 0.91 T 0.10 5.05 T 0.57 2.57 T 0.83
4 43,1 @ 32,1 B3u 10R22 102 0.083 T 0.002 0.94 T 0.10 5.41 T 0.92 2.14 T 1.13
5 63,4 @ 52,4 A

g
10R28 –228 0.191 T 0.001 0.76 T 0.15

Average of cases 1 to 4 5.5 T 0.8 1.8 T 1.3

Fig. 1. Recorded differential absorp-
tion signal at lock-in time constant of
0.3 s using the 10P44 probe CO2 laser
line at a pressure of 1.44 torr. The
trace in the first period is the zero-
difference baseline. The trace in the
second period shows depletion of
2.46% (T0.20%) for 3 min, and the
trace in the third period shows the
conversion after the valve is closed.
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Fig. 2. Recorded differential
absorption signals at lock-in time
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at the end of the second period
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respectively.
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populations. Very similar signals were also

observed for alternative B
2u

and B
3u

probe

resonances (cases 2 and 3 in Table 2). We tried

to monitor the B
1g

population dynamics but

were not successful because the line intensity

of the resonant 26
10,16

@ 27
9,18

transition was

too weak. The signals in the third period show

the relaxation due to the conversion among

spin isomers. A model function A exp(–gt) þ

B (where A is the integrated intensity, g is the

observed conversion rate constant, and B is

the baseline offset) was fitted to the decay

data of Fig. 1 to give the solid smooth curve

shown with a rate constant g 0 8.09 (T0.10) �

10j4 sj1.

The data clearly show that the concentration

of the A
g
species is almost constant in time,

whereas monoexponential kinetics are

observed for recovery of the depleted B
2u

pop-

ulation and decay of the enriched B
3u

popula-

tion. Furthermore, the B
2u

signal does not

return to the original zero-difference baseline,

and the B
3u

signal overshoots the baseline and

asymptotically approaches a new equilibrium

level. These general phenomena can be

qualitatively explained using Curl_s theory of

state mixing (19). We assume that conversion

of nuclear spin isomers of C
2
H
4
is allowed

between the B
2u
and B

3u
isomers, and between

the A
g
and B

1g
isomers, but forbidden between

species of opposite inversion symmetry. Spe-

cifically, molecular Bdoorway[ states are

posited, between either B
2u

and B
3u

or A
g
and

B
1g
, that are so close in energy that the weak

intramolecular nuclear spin-rotation and spin-

spin interactions of C
2
H
4
can induce mixing

between them. This mixing is interrupted by

collisions, which promote interconversion be-

tween either the B
2u

and B
3u

or the A
g
and B

1g

states, through the quantum relaxation process

proposed by Chapovsky for ortho- and para-

CH
3
F (20). Therefore, the time rate of change

of the number density of one species is deter-

mined by the net number of doorway transitions

within species of like inversion symmetry. The

concentrations of the B
2u

and B
3u

species relax

exponentially toward a common depleted

equilibrium level, whereas those of the A
g

and B
1g

species retain their initial enriched

level with no large relaxation. Net population

is thus transferred from the B
3u

to the B
2u

state (reflected in the absorption signal of

the B
2u

population not reaching the zero-

difference baseline, and the B
3u
signal passing

the baseline).

From the near-constancy of the signal in

the third period of Fig. 2B, it appears that

spin isomer conversion between states of

opposite inversion symmetry is negligible, as

is the impact of molecular collisions with the

cell wall over the 30-min time range studied.

However, over a longer time frame, it is

speculated that these factors could cause

eventual reequilibrium of the isomer popu-

lations to the initial thermal ratios (zero-

difference baseline).

The theory of quantum relaxation in ortho-

para conversion (20) predicts that, at low

pressure, the spin conversion rate should vary

linearly with the total gas concentration p.

Thus, the observed first-order rate constant is

g 0 kp þ y, and varying the pressure allows

extraction of the bimolecular rate constant k.

So far, this behavior has been observed for

CH
3
F (6, 7) and 13C12CH

4
(8). For C

2
H
4
, we

measured more than 100 conversion tracks at

different pressures and observation times, prob-

ing at each of the four B
2u

and B
3u

resonances

(Table 2, cases 1 to 4). The mean values of g

are plotted in Fig. 3 as a function of pressure.

The data fit reasonably well to a linear pressure

dependence. Rate constants from the fits for

each probe wavelength agree well within the

experimental errors (Table 2) and give an av-

erage of 5.5 (T0.8) � 10j4 sj1 torrj1.

Thus, our spin conversion observations

for C
2
H
4
are well accounted for by the mod-

el of quantum relaxation. The results provide

evidence of the weak intramolecular hyper-

fine interactions in C
2
H
4
and suggest that the

conversion mechanism among nuclear spin

isomers of polyatomic molecules in general is

quantum relaxation with conserved inversion

symmetry.
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Synthesis of Imido Analogs

of the Uranyl Ion
Trevor W. Hayton,1 James M. Boncella,1* Brian L. Scott,1

Phillip D. Palmer,1 Enrique R. Batista,2 P. Jeffrey Hay2

Here we describe the synthesis of two imido analogs of the uranyl ion, UO2
2þ,

in which the oxygens are replaced by divalent alkyl or aryl nitrogen groups:
U(NtBu)2I2(THF)2 (1) and U(NPh)2I2(THF)3 (2) (where

tBu is tert-butyl and THF
is tetrahydrofuran). Both compounds have been fully characterized by standard
analytical techniques, including x-ray crystallography, and the chemical bonding
between the metal center and the nitrogen ligands was quantified by using
hybrid density functional theory calculations. As expected for a uranyl analog,
these complexes exhibit linear N-U-N linkages and very short U-N bonds. In
addition, the theoretical calculations show strong involvement of the 5f and
6d electrons in the U-N bonding.

The uranyl (UO
2
2þ) species is the most

common functional unit in the chemistry of

U(VI) and has been known for more than 150

years (1). With the advent of nuclear energy

and the use of uranium oxide as reactor fuel,

the chemistry of the uranyl ion has played an

essential role in the processing of uranium ore,

nuclear fuel, and waste (2). The linear ar-

rangement of the oxo ligands, extremely short

U-O bond lengths, and high thermal and chem-

ical stability reflect some of the unusual prop-

erties of this functional group (3). Given the

prevalence of uranyl, it is surprising that metal-

ligand multiple bonding in the actinides is

not better understood. For instance, it is gen-

erally agreed that the uranium-oxygen bonds

in uranyl involve six U-O interactions; how-

ever, the ordering of the frontier orbitals is

still being debated (4). Furthermore, recent high-

profile reports, such as the synthesis of a mo-

lecular uranium nitride (5) and the isolation

of an h1-O-bound uranium-CO
2
complex (6),

point to a general deficiency in our knowl-

edge of the chemistry of the f elements rel-

ative to the transition metals. The importance

of multiple bonding in the actinides and the

extent that the f orbitals participate in bond-

ing are still open questions that can be ad-

dressed through the synthesis of new classes

of compounds.

The imido ligand (NR2–) is isoelectronic

with the oxo ligand, and the two groups can

often be interchanged in transition metal

complexes. The alkyl or aryl substituent of

the imido ligand provides a variable un-

available in oxo chemistry, because changes

in the steric and electronic properties of

the imido substituent can affect the chem-

istry of the metal center to which it is bound.

The synthesis of the isoelectronic imido

analogs of uranyl has therefore been of

interest for many years (7). However, direct

imido analogs of the uranyl ion have re-

mained elusive despite a great deal of effort

toward their synthesis. For instance, Denning

and co-workers were able to isolate the

phosphorane-iminato (UNPR
3
) and sulfilimine

(UNSR
2
) substituted analogs of uranyl, which

are heteroatom approximations to the imido

ligand (7–9). Burns and co-workers were

able to synthesize Cp*
2
U(NR)

2
(where R

was either Ph or adamantyl and Cp* was

C
5
Me

5
), but with imido groups in a cis con-

figuration (10, 11). The difficulty in isolating

a trans-bis(alkyl or aryl imido) complex led

Denning to speculate that their isolation was

not possible because uranium(VI) is too

oxidizing (9).

Here we report the synthesis and full

characterization of both alkyl and aryl trans-

bis(imido) analogs of the uranyl ion: U(NR)
2
2þ.

By using hybrid density functional theory

(DFT), we also compare the calculated and

experimental properties of these compounds

and analyze the nature of the U-N bonding

(12–15).

Reaction of uranium turnings with 3 equiv-

alents of I
2
and 6 equivalents of tert-butylamine

in tetrahydrofuran (THF) quickly results in

metal dissolution and the formation of an

orange solution (Scheme 1). Isolation of a

crude orange solid and recrystallization from a

toluene/hexanes solution provides crystalline

U(NtBu)
2
I
2
(THF)

2
(1) in 68% yield (16).

Replacing tert-butylamine with aniline in

Scheme 1 does not provide any tractable

products. However, by startingwithwell-known

1Chemistry Division, MS J514, 2Theoretical Division,
MS B268, Los Alamos National Laboratory, Los Alamos,
NM 87545, USA.

*To whom correspondence should be addressed.
E-mail: boncella@lanl.gov

Scheme 1.

Scheme 2.
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UI
3
(THF)

4
(17) instead of uranium metal, a

bis(imido) complex could be made in 84% yield.

Thus, addition of 1.5 equivalents of I
2
to a THF

solution of UI
3
(THF)

4
, aniline (2 equivalents),

and NEt
3
(4 equivalents) generates orange-

brown solutions containing U(NPh)
2
I
2
(THF)

3

(2) (Scheme 2) (18).

Complex 1 is an orange, moisture-sensitive,

crystalline solid, which is soluble in THF and

toluene. The 1H nuclear magnetic resonance

(NMR) spectrum of 1 displays resonances for

both THF ligands and tert-butyl groups in a

1:1 ratio. One THF resonance occurs at 4.56

parts per million (ppm), whereas the other

occurs at 1.54 ppm. Complex 2 is a red-

brown crystalline solid with similar solubil-

ity properties to 1. Its 1H NMR spectrum

exhibits resonances for three equivalent THF

ligands and two equivalent phenyl moieties.

Its two THF resonances are observed at 4.38

ppm and 1.41 ppm. Addition of excess THF

to NMR samples of 1 or 2 causes these

resonances to shift to the values anticipated

for free THF, suggesting rapid exchange of

coordinated and uncoordinated THF mole-

cules on the NMR time scale.

The infrared (IR) spectra of complexes 1

and 2 show strong vibrations at 1170 cmj1

and 1270 cmj1, respectively, which is in the

region expected for a trans imido complex

(19). Normal mode analysis of the model

complex U(NMe)
2
I
2
(THF)

2
and of 2 (from

DFT calculations) further confirms this (20).

With use of this technique, we identified a

strong IR active vibrational mode at 1229

cmj1 in complex 1 and one at 1326 cmj1 in

complex 2, corresponding to the N-U mode

coupled out of phase with the N-C stretch

mode (21). The ultraviolet-visible (UV-vis)

spectra of 1 and 2 are similar, and each dis-

play two intense, broad maxima. For 1, the

absorption bands occur at 291 nm Emolar

absorptivity (e) 0 3500 lImolj1Icmj1^ and

353 nm (e 0 2200 lImolj1Icmj1), whereas

for 2 they are observed at 291 nm (e 0 7900

lImolj1Icmj1) and 352 nm (e 0 1900

lImolj1Icmj1). The vibronic coupling fine

structure often seen in uranyl UV-vis spectra

is not observed in the spectra for 1 and 2.

The lack of fine structure is understandable

given that the U-N stretching modes are

coupled with other vibrational modes of the

substituents of the imido ligands.

It is unexpected that the synthesis of 1

and 2 can be achieved with I
2
as the oxidant.

Iodine is not a potent enough oxidant to

access the U(VI) oxidation state under other

circumstances. For instance, neither UI
6
nor

UI
5
are known to exist, and UI

4
slowly dis-

proportionates, forming UI
3
and I

2
(22). The

formation of the U-N multiple bonds must

play a substantial role in providing a thermo-

dynamic driving force over and above the

oxidizing power of I
2
to facilitate this re-

action. The strength of the U-N interactions

in 1 and 2 is demonstrated by the short U-N

bond lengths that have been observed in the

crystal structures of these compounds.

In the solid state (Fig. 1) (23), complex 1

has an octahedral geometry, whereas 2 ex-

hibits pentagonal bipyramidal coordination.

Both geometries are common for uranyl-

containing complexes. The two imido ligands

in 1 exhibit a trans geometry (N1-U1-N2 0

175.4- T 0.2-) and very short U-N bonds

(U1-N1 0 1.848 T 0.004 ) and U1-N2 0

1.840 T 0.004 )). Both imido ligands are linear

(U1-N1-C1 0 167.7- T 0.3- and U1-N2-C5 0

168.9- T 0.4-). The bis(imido) unit in 2 is nearly

identical to that of 1 (U1-N1 0 1.866 T 0.002 ),

U1-N2 0 1.859 T 0.002 ), N1-U1-N2 0

177.42- T 0.09-, U1-N1-C1 0 177.7- T 0.2-,

and U1-N2-C7 0 176.2- T 0.2-). The U-N

bonds are significantly shorter than the U-N

interactions reported for EPPh
4
^EUOCl

4
(NSPh

2
)^

and EPPh
4
^EUOCl

4
(NPPh

3
)^ (1.920 T 0.003 )

and 1.912 T 0.003 ), respectively) (7). The

U-N bonds in 1 and 2 are also much shorter

than those observed in other uranium imido

species, e.g., Cp*
2
U(NPh)

2
(U-N 0 1.952 T

0.007 )) (24), Cp*
2
U(NAd)

2
(average U-N 0

1.95 )) (11), and UENSiMe
3
^EN(SiMe

3
)
2
^
3

(U-N 0 1.910 T 0.006 )) (25). Futhermore,

the trans arrangement of the imido ligands

is rare, even in transition metal chemistry

(19, 26, 27).

The optimal structures of U(NMe)
2
I
2
(THF)

2

and 2 as predicted by DFT calculations agree

very well with experiment, with the U-N

and U-I bond lengths predicted to within

0.005 ) of the experimental values and the

computed N-U-N angle predicted to within

2- (28, 29). The molecular orbitals involved

in the U-N bonds for the model complex

U(NMe)
2
I
2
(THF)

2
, along with the percent-

age participation of the uranium orbitals, are

shown in Fig. 2 in descending order of or-

bital energy. The calculations clearly dem-

onstrate the importance of the 5f orbitals in

the U-N interaction. Overall, there are six

orbitals with strong interactions between the

uranium center and the nitrogen ligands,

indicating the presence of two triple bonds.

Each of these six orbitals contains a large 5f

or 6d component, as indicated in Fig. 2. The

top two bonding orbitals correspond to p

interactions where the uranium participates

in the bonding via the 5f electrons. The

following two molecular orbitals also repre-

sent p bonds in which the 5f and 6d atomic

orbitals of the metal center take part. The

remaining two U-N bonding orbitals corre-

spond to two s interactions with the uranium

participation composed of mostly 5f (mixed

with smaller 6d and 6p components) in one

and mostly 6d in the other. Overall, the U-N

bonding in U(NMe)
2
I
2
(THF)

2
follows a

similar pattern to that of the UO
2
2þ frag-

ment, which has six bonding orbitals, s
g
, s

u
,

two p
u
, and two p

g
(30), although with

slightly smaller participation of the uranium

orbitals.

In each orbital the uranium contribution

is large, indicating a strong covalent interac-

tion. This is consistent with the Mulliken

population analysis, which assigns an effec-

tive total charge on uranium of þ1.50. This

contrasts with a completely ionic description

in which the formal charge on U(VI) would

be þ6. Furthermore, the natural bond orbital

(NBO) analysis assigns an effective total charge

of þ1.27. For comparison, an NBO analysis of

uranyl assigns a higher charge on uranium of

þ2.84, indicating a more ionic interaction.

Our conclusions are in agreement with those

of Kaltsoyannis (4), who carried out an ex-

tensive analysis of the six bonding orbitals in

the naked UN
2
and U(NPR

3
)
2
4þ fragments

and found that the U-N bonds were more

covalent than the analogous U-O interactions

in uranyl.

Complexes 1 and 2 are excellent starting

materials for the synthesis of new uranium

imido complexes; the THF ligands of 1 and 2

are readily displaced by addition of other

donor ligands, and addition of alkali metal

salts exchanges the iodide groups for other

anionic ligands. In addition, the methodolo-

gy outlined in Scheme 2 appears to be a

general reaction, allowing the synthesis of

many new uranium imido species by simply

Fig. 1. Ball-and-stick
representat ion of
U(NtBu)2I2(THF)2 (left)
and U(NPh)2I2(THF)3
(right). Uranium, ma-
genta; carbon, gray; io-
dine, green; nitrogen,
blue; and oxygen, red.
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changing the primary amine used in the

reaction, thus allowing exceptional steric

and electronic control at the metal center

(31). Detailed spectroscopic investigations

of compounds 1 and 2 and their derivatives

will allow further quantification of the

extent of f-orbital participation in the imido

interaction.
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Fig. 2. Molecular orbit-
al (MO) diagram of the
bonding orbitals involved
in the U-N bonds of
U(NMe)2I2(THF)2. The
energy scale is in eV
with the zero corre-
sponding to the high-
est occupied level. The
top six MOs belonging
to the iodine ligands
were omitted. The to-
tal MO and the metal
component are shown.
The column on the
right indicates the type
of uranium atomic or-
bital participating in the
MO, along with its per-
centage contribution to
the total MO.
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Trading Water for Carbon with

Biological Carbon Sequestration
Robert B. Jackson,1* Esteban G. Jobbágy,1,2 Roni Avissar,3

Somnath Baidya Roy,3 Damian J. Barrett,4 Charles W. Cook,1

Kathleen A. Farley,1 David C. le Maitre,5

Bruce A. McCarl,6 Brian C. Murray7

Carbon sequestration strategies highlight tree plantations without considering
their full environmental consequences. We combined field research, synthesis of
more than 600 observations, and climate and economic modeling to document
substantial losses in stream flow, and increased soil salinization and acidification,
with afforestation. Plantations decreased stream flow by 227 millimeters per
year globally (52%), with 13% of streams drying completely for at least 1 year.
Regional modeling of U.S. plantation scenarios suggests that climate feedbacks
are unlikely to offset such water losses and could exacerbate them. Plantations
can help control groundwater recharge and upwelling but reduce stream flow and
salinize and acidify some soils.

Tree plantations feature prominently among tools

for carbon sequestration (1–8). Plantations typi-

cally combine higher productivity and biomass

with greater annual transpiration and rainfall

interception, particularly for evergreen species

such as pines and eucalypts (9–12). In addition

to influencing water budgets, plantations require

additional base cations and other nutrients to

balance the stoichiometry of their extra biomass.

In consequence, trade-offs of sequestration with

water yield and soil fertility, including nutrient

depletion and increased acidity, are likely. The

goal of our research was to account for the trade-

offs and benefits of carbon sequestration,

identifying potential problems and management

needs for a sustainable sequestration policy. We

examined changes in hydrology and biogeo-

chemistry with afforestation, using global syn-

thesis data, fieldwork, and regional modeling.

We evaluated the extent to which plantations

altered water yield, soil chemistry, and acidity at

plot (ha), catchment (ha to km2), and regional

(9104 km2) scales, comparing environmental

benefits of carbon sequestration with effects on

other environmental services (13).

Our global analysis of 504 annual catchment

observations shows that afforestation dramati-

cally decreased stream flow within a few years

of planting (Fig. 1, A and C) (P G 0.0001).

Across all ages in the database, afforestation of

grasslands, shrublands, or croplands decreased

stream flow by 180 mm yearj1 and 38% on

average (Fig. 1) (P G 0.001). After slight initial

increases in some cases (Fig. 1), substantial an-

nual decreases of 155 mm and 42% were

observed on average for years 6 to 10, and

average losses for 10- to 20-year-old plantations

were even greater, 227 mm yearj1 and 52% of

stream flow (Fig. 1, A and C). Perhaps most

important, 13% of streams dried up complete-

ly for at least 1 year (Fig. 1C), with eucalypts

more likely to dry up streams than pines.

Afforestation in drier regions EG1000 mm

mean annual precipitation (MAP)^ was more

likely to eliminate stream flow completely

than in wetter regions. Mean annual re-

newable water (percentage of annual pre-

cipitation lost as runoff) decreased È20%

with afforestation (Fig. 1D) (P G 0.0001).

For many nations with total annual renew-

able freshwater G30% of precipitation (Fig.

1B), afforestation is likely to have large

impacts on water resources.

Climate feedbacks at regional scales could

potentially offset some of these water losses

through increased transpiration and convective

rainfall (14–17), depending on site location,

climate, and biophysical characteristics. To as-

sess potential climate feedbacks, we first used

the Forest and Agricultural Sector Optimiza-

tion Model–Greenhouse Gases (FASOMGHG)

(7, 18) to estimate the U.S. lands projected to

convert to plantations for C sequestration

payments of 50 and 100 $US per Mg C (13);

at a simulated price of $100 per Mg C,

FASOMGHG estimates that 72 million ha of

land would initially convert to forestry from

nonirrigated agriculture and pasture (Fig. 2, A

and B). We then used the Regional Atmospheric

Modeling System (RAMS) (19) to examine

potential hydroclimate feedbacks using these

economically based scenarios of land-use

change (13).
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Fig. 1. Changes in stream flow and annual renewable water as a function of plantation age, and
the relative abundance of renewable water by country. Changes in stream flow in mm (A) and
proportion (%) (C) as a function of plantation age. (D) Changes in annual renewable water (annual
stream flow in mm divided by annual precipitation). (B) Average renewable freshwater (mm)
versus mean annual precipitation (mm) by nation. The lines define 10%, 20%, and 30% renewable
water as a percentage of MAP. See (13).
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On the basis of simulations for the United

States, the higher water use of plantations and

decreased stream flow is unlikely to be offset

by atmospheric feedbacks operating at larger

scales (Fig. 2). Climate simulations showed

that plantations typically increased summer

evapotranspiration (ET) by 90.3 mm dayj1

and decreased both summer surface air tem-

perature by as much as 0.3-C and precipitation

by as much as 30 mm per month in the most

densely afforested areas, compared with the

crop and pasture lands they replaced (Fig. 2)

(P G 0.10 for each). No evidence for increased

rainfall from local convection was observed

with afforestation except in northern Florida

and southern Georgia (Fig. 2). Increased ET

did not generate more rain because, unlike

in the tropics (17, 20), the temperate regions

modeled here did not have sufficient energy to

lift the additional atmospheric moisture high

enough to condense and form clouds. Further-

more, the lack of sensible heating over plan-

tations reduced the energy available for

convection, reducing rainfall in general and the

convective component in particular (Fig. 2F).

Plantations not only have greater water

demands than grasslands, shrublands, or crop-

lands, they typically have increased nutrient

demands as well. These demands change soil

chemistry in ways that affect fertility and sus-

tainability. Global synthesis data show that the

afforestation of grasslands or shrublands signif-

icantly increased Na concentrations, exchange-

able sodium percentage (ESP), and soil acidity

and decreased base saturation, suggesting po-

tential soil salinization and sodicity in some

cases (Fig. 3). Saturation of the soil exchange

complex with bases decreased by one-quarter

on average for 26 paired observations globally

(from 59% to 45%; P 0 0.002) (Fig. 3). De-

clines in exchangeable Ca, Mg, and K caused

this result, because exchangeable Na doubled

across 42 paired observations (P 0 0.007) (Fig.

3). In addition, exchangeable sodium percent-

age more than doubled for 36 pairs, increasing

on average from 3.4% to 7.8% in plantations

(P 0 0.001). ESP increased in 29 of 36 pairs

globally, in four cases crossing the severe sodic

threshold of 15% associated with physical

degradation of soils. Differences in nutrient

cycling, root depth distributions, and water

consumption between plantations and native

vegetation (9–12, 21, 22) likely explained these

patterns, with Ca, Mg, and K redistributed

from soil to biomass pools and Na excluded by

roots and concentrated in the soil (22).

In addition to redistributing and excluding

soil nutrients, plantations produce acidic litter,

canopy leachates, and decomposition products.

Globally, plantation soils were more acidic in

98 of 114 cases, with afforestation resulting

in a median decrease of 0.3 pH units (P G

0.0001) (Fig. 3). Declines of 0.5 to 1.6 pH

units were observed in a quarter of observa-

tions (Fig. 3). Plantations that did not acidify

soils tended to grow on highly buffered parent

material such as limestone.

The dual characteristics of increased water

use and higher nutrient demands quantified

above should help scientists and land managers

predict the environmental costs and benefits of

plantations. In some regions, establishing

extensive plantations can have strong negative

effects on soil fertility and salinity (Fig. 4). For

example, the Pampas of Argentina, one of the

world_s largest uncultivated grasslands, has

brackish groundwater under shallow fresh-

water lenses that provide drinking water (22).

Our vertical electric sounding (VES) measure-

ments along three grassland-to-plantation tran-

sects show eucalypts eliminating this freshwater

lens, with decreased resistivity at the plantation

boundary and higher electrical conductivity

(EC) and salinity in plantation groundwater

(Fig. 4, A to D). The VES transect data were

confirmed by direct sampling of ground-

water chemistry from wells and boreholes

showing EC under plantations to be larger by

a factor of 15 compared with the surrounding

grasslands and agricultural fields (P G 0.001)

(Fig. 4D).

Additional analyses at eight sites across the

Pampas using 17 paired native grassland and

A B

C D

E F

Fig. 2. Vegetation-climate feedbacks for economically based carbon sequestration scenarios using
plantations. (A) Dominant land-cover type for each model grid cell aggregated into the follow-
ing categories: (i) evergreen needleleaf forest, (ii) deciduous broadleaf forest, (iii) other forest,
(iv) grass/shrubland, (v) desert/semi-desert, and (vi) farmland. (B) Model grid cells where crops and
pasture were replaced by softwood (i) and hardwood (ii) plantations ($100 sequestration sce-
nario). Difference between the $100 payment scenario (B) and current vegetation (A) for an
ensemble average of monthly mean: (C) Evapotranspiration rate (mm/day) and (D) near-surface
air temperature (-C), (E) accumulated total precipitation (mm), and (F) subgrid convective precipitation
(mm). Plots (C) to (F) show only regions where the differences are significant at the 90% level using
the Wilcoxon signed-rank test.
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plantation stands revealed that the observed

salinization was independent of tree species

planted but depended strongly on soil texture

(Fig. 4E). Intermediately textured loess soils

showed 10-fold increases in salinity (Fig. 4E);

finer soils likely had hydraulic conductivities

too low for sufficient lateral movement of

groundwater, and coarser soils underwent suffi-

cient leaching of salts through the rooting zone

to remove salt buildup. Increased salinity in

intermediately textured soils occurred through at

least two mechanisms. One was the buildup of

salts, such as Na and Cl, excluded by tree roots.

The other was upwelling of saline groundwater.

These mechanisms have been linked to 95-fold

increases in groundwater salinization in south-

ern Australia (23) and in the Caspian steppes

of Russia (24). Grassland and agricultural re-

gions around the world with shallow ground-

water and similar intermediately textured

soils include Hungary_s Hortob"gy grasslands,

Russia_s western Siberian steppes, and the

eastern Chaco croplands of Paraguay and

Argentina (22). We predict that plantations

could salinize soils in these locations as well if

planted broadly.

A different situation is found in some other

regions, where reforestation and afforestation

can improve water quality. A notable example

is the extensive eucalypt woodlands of south-

western Australia, where 4.4 Mha of lands are

negatively affected by salinity. This salinization

is attributed to increased groundwater recharge

and rising water tables after the conversion of

woodlands to agriculture. Afforestation and re-

forestation in southwestern Australia therefore

have the dual environmental benefits of carbon

sequestration and increased water use, reducing

recharge, lowering water tables, and reversing

dryland salinization associated with agriculture

(25). Widespread conversion of croplands to

forest in the central U.S. farm belt may also im-

prove regional water quality as nutrient, pesti-

cide, and erosion runoff from crop production is

reduced (26).

General trends in water use and soil

chemistry found in our global analyses and

field work must be adjusted to include local

factors, including site history, soil texture,

and the availability and quality of ground-

water. In regions such as southern Australia

and the African Sahel, plantations are being

used successfully to keep saline groundwater

below crop rooting zones, although the

recovered area is often a small proportion

of the original area (27). Plantations are also

being used successfully to help dry water-

logged soils and alleviate flooding (27, 28).

The co-benefits of reforestation on water

and soil resources may be the greatest

where former forests have been replaced by

crops, potentially restoring water quality and

recharge to pre-agricultural levels (28). Re-

forestation of floodplains can also be bene-

ficial for maintaining biodiversity, reducing

erosion, improving water quality, mitigating

peak flows, and controlling groundwater dis-

charge (upwelling).

These cases contrast with monoculture

plantations that maximize carbon sequestration

but have considerable impact on runoff and

groundwater recharge, as shown in our analy-

sis. In these situations, plantations are likely to

have adverse side effects, including reduced

stream flow (10, 12, 29) and decreased soil pH

and base saturation. In extreme cases, saliniza-

tion and sodicity are possible. Although few
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data are available from second-rotation planta-

tions, these effects would likely be exacerbated

after harvesting, owing to the export of cations

and other nutrients off site. In the framework

described above, the potential positive and

negative benefits of plantations for salinity are

predictable based on the presence and type of

groundwater available, biophysical evaporative

demand, and soil texture.

Plantations provide a proven tool for manag-

ing Earth_s carbon cycle. The Clean Develop-

ment Mechanism of the Kyoto Protocol allows

countries to offset part of their CO
2
emissions

through carbon sequestration, when consistent

with a country_s sustainable development ob-

jectives. New carbon trading exchanges such as

the European Union_s Greenhouse Gas Emis-

sion Trading Scheme help make such offsets a

reality. As demand increases for land to ac-

commodate plantations, more comprehensive

environmental planning will be needed to avoid

problems and to manage land successfully and

sustainably. One way to do this is to compare

the value of other ecosystem services gained or

lost with those of carbon sequestration. The

field of ecosystem services valuation is be-

coming increasingly sophisticated, and mar-

kets are opening up for some other services.

The co-benefits and trade-offs of plantations

need to be taken into account when negotiat-

ing exchange agreements. We believe that

decreased stream flow and changes in soil

and water quality are likely as plantations

are increasingly grown for biological carbon

sequestration.
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Change Biol. 11, 1565 (2005).
13. Materials and methods and supporting material are

available on Science Online.
14. Y. Xue, M. J. Fennessy, P. J. Sellers, J. Geophys. Res. 101,

7419 (1996).
15. R. A. Pielke, R. Avissar, Landscape Ecol. 4, 133 (1990).
16. S. Baidya Roy, R. Avissar, J. Geophys. Res. 107, (D20),

8037 (2002).
17. W. A. Hoffmann, R. B. Jackson, J. Clim. 13, 1593 (2000).
18. D. M. Adams, R. J. Alig, J. M. Callaway, B. A. McCarl, S. M.

Winnett, ‘‘The forest and agriculture sector optimiza-
tion model (FASOM): Model structure and policy
applications’’ (Research Paper PNW-RP-495, USDA

Forest Service, Pacific Northwest Research Station,
Portland, Oregon, 1996).

19. W. R. Cotton et al., Meteor. Atmos. Phys 82, 5
(2003).

20. R. E. Dickinson, P. Kennedy, Geophys. Res. Lett. 19,
1947 (1992).

21. D. C. Le Maitre, D. F. Scott, C. Colvin, Water S.A. 25,
137 (1999).
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Heterogeneous Hadean Hafnium:

Evidence of Continental Crust

at 4.4 to 4.5 Ga
T. M. Harrison,1,2* J. Blichert-Toft,3 W. Müller,1,4 F. Albarede,3

P. Holden,1 S. J. Mojzsis5

The long-favored paradigm for the development of continental crust is one of
progressive growth beginning at È4 billion years ago (Ga). To test this
hypothesis, we measured initial 176Hf/177Hf values of 4.01- to 4.37-Ga detrital
zircons from Jack Hills, Western Australia. e

Hf
(deviations of 176Hf/177Hf from

bulk Earth in parts per 104) values show large positive and negative deviations
from those of the bulk Earth. Negative values indicate the development of a
Lu/Hf reservoir that is consistent with the formation of continental crust (Lu/
Hf , 0.01), perhaps as early as 4.5 Ga. Positive e

Hf
deviations require early and

likely widespread depletion of the upper mantle. These results support the
view that continental crust had formed by 4.4 to 4.5 Ga and was rapidly
recycled into the mantle.

A fundamental question of Earth_s evolution

is: When did the growth of continental crust

begin? One model is that the first crust formed

after 4 Ga and grew slowly until the present

day (1, 2). This view reflects the absence of a

94-Ga rock record (3) and the broadly

coherent post–4 Ga evolution of depleted

mantle 143Nd/144Nd (4) and 176Hf/177Hf (5).

Long-standing observations of early Nd (6)

and Hf (7, 8) depletions, however, leave open

the possibility of even earlier global frac-

tionations. Another view (9, 10) is that con-

tinental crust was widespread during the

Hadean Eon Ethe first 500 million years

(My) of Earth history^. In such a scenario,

the lack of direct evidence of earlier depletion

events reflects subsequent remixing. Detrital

zircons from Jack Hills, Western Australia,

with 4.0- to 4.4-Ga U-Pb ages (11–13) rep-

resent pieces of crust that have been se-

questered for up to È4.4 Ga. Hf isotopic

compositions vary because of radioactive

decay of 176Lu, and such variations in zircons

constitute an excellent tracer of Earth_s crust/

mantle differentiation. This is because zircons

have very low Lu/Hf ratios and thus record

near-initial 176Hf/177Hf at the time given by

their U-Pb age. Amelin and co-workers (14)

investigated Hf isotopes in Jack Hills zircons

as old as 4.14 Ga and inferred the existence of

reworked Hadean crust.We have now extended

this application by undertaking Lu-Hf analyses

of grains ranging in age up to 4.37 Ga, thereby

narrowing the gap to less than 200 My from the

end of Earth_s accretion to the first mineral

record. We document significant Hf isotopic

heterogeneity during the early Hadean and con-

clude that major differentiation of the silicate

Earth, possibly the formation of continental crust

with a volume similar in magnitude to the

present day, may have occurred by 4.4 to 4.5 Ga.

Using the multicollector Sensitive High

Resolution IonMicroprobe II, we have surveyed

the radiogenic 207Pb/206Pb (207Pb/206Pb*) ratio
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of over 50,000 Jack Hills zircons separated

from a large conglomerate sample (JH992)

obtained from the original locality of Comp-

ston and Pidgeon (11). Hadean grains thus

identified were dated by the U-Pb method

(11–13). Zircons between 4.01 and 4.37 Ga

were then analyzed for Lu/Hf and Hf isotopic

composition (tables S1 and S2). Although
207Pb/206Pb* ages can be variable within

Hadean zircons (11–13), it is rarely the case

(15) that an individual grain exhibits more

than two generations of crystal growth. In the

cases of concordant or nearly concordant

(G12% discordant) results, we assume that

the 207Pb/206Pb* age records the time of

crystallization, which we then use to calculate

e
Hf(T )

, where T is age. For grains that showed

evidence of zoning or yielded apparent e
Hf(T )

values that strongly deviated from those of

bulk Earth, we undertook additional ion

microprobe dating investigations to assess

whether multiple generations of zircon growth

were present (table S2 and fig. S2).

Of the 104 multicollector–inductively

coupled plasma–mass spectrometry (MC-ICP-

MS) zircon 176Hf/177Hf results we present, 44

were measured by solution MC-ICP-MS (table

S1) (16) and 60 by laser ablation MC-ICP-MS

(table S2) (16). We deliberately used both

approaches, because each has potential limi-

tations that are in part compensated for by the

other. Solution MC-ICP-MS provides a bulk

Hf isotope composition, but does not suffer

from isobaric interferences on 176Hf from Yb

and Lu. Although laser ablation MC-ICP-MS

measurements require peak stripping to correct

for Yb and Lu interferences on 176Hf, they

allow spatially resolved analysis using spots of

60 to 80 mm in diameter, which facilitates the

identification of zircons zoned with respect to
176Hf/177Hf. Because these analyses retain

some of the zircon under analysis, subsequent

ion microprobe investigations of potential age

heterogeneity are possible.

We calculated e
Hf(T)

using the Bterrestrial[
176Lu decay constant (l

176
) of 1.867 T 0.008 �

10j11 year–1 E(17) and references therein^ and the

present day chondritic parameters 176Lu/177Hf 0

0.0332 T 0.0002 and 176Hf/177Hf 0 0.282772 T 29

(18) El
176

and solar system initial 176Hf/177Hf

deduced from meteorite Lu-Hf isochrons ap-

pear to reflect irradiation effects in the solar

nebula (19)^. Using the chondritic averages of

Patchett and co-workers (20) instead would not

significantly change our calculated values of

e
Hf(T)

, because their 176Hf/177Hf and Lu/Hf

values all fall on the same 4.5-Ga isochron as

those in (18).

Our data (tables S1 and S2) show a high

degree of Hf isotope heterogeneity, with var-

iation in e
Hf(T)

values at 4.2 Ga of over 20 e

units. Before we examine the geological sig-

nificance of these data, we investigate possible

artifacts of combined interpretation of Lu-Hf

and U-Pb systematics in a complex zircon

population that could lead to incorrect infer-

ences of early deviations from chondritic

evolution. A key link in using zircon to assess

initial Hf isotopic ratios is that the age ascribed

accurately reflects the time at which the Hf

isotopic composition was incorporated into the

zircon. In the case of a zircon zoned in U-Pb

age, relating an older age component to the

bulk Hf isotope composition could result in an

incorrect estimate of e
Hf(T)

.

For example, consider the case of grain

CU05 8.5, which yields an ion microprobe age

of 4123 T 18 Ma and age-corrected solution

MC-ICP-MS 176Hf/177Hf 0 0.280415 T

0.000015 (2 SE) (table S1), corresponding to

an apparent e
Hf(T )

0 þ10.7 T 0.5. However,

because the bulk solution ICP-MS 207Pb/206Pb

age is only 3624 Ma (21), we infer that this

grain is substantially heterogeneous with re-

spect to age and that the È4.1-Ga ion

microprobe date represents only a small

portion of the total U-Pb system. If we instead

use the bulk 3.62-Ga age, the apparent e
Hf

drops to a near–bulk Earth value of þ1.2 T 0.5.

We thus eliminated this sample from further

consideration.

Less obvious is that mixtures of concordant

components with contrasting U concentrations

each plotting on bulk Earth could also yield sub-

stantial positive and negative deviations in e
Hf
.

This is because of the strongly nonlinear re-

lationship between 207Pb/206Pb* (or Pb/U) and

age, whereas the long half-life of 176Lu resulted

in essentially linear growth in 176Hf/177Hf over

the past 4.56 Gy. To assess this effect, we

developed a model in which concordant core

(T1) and rim (T2) ages are characterized by

e
Hf(T)

at T1 and T2, respectively. If the bulk age

of this composite is characterized by a U-Pb

date obtained by ion microprobe spot analysis

in the core, but associated with a 176Hf/177Hf

ratio that is a mixture of the two end-members,

an incorrect value of e
Hf

results. Even in the

case for which U-Pb age and Hf isotopes are

measured on the same spot overlapping these

two zones, aberrant values can result. Figure 1

illustrates possible trajectories in e
Hf(T)

resulting

from mixing two such components. Because

variations in U concentration are far greater

than those in Hf concentration (22), we only

varied U concentrations.

Consider the case of a 4.4-Ga core

(176Hf/177Hf
4.4 Ga

0 0.279930) and a 3.7-Ga rim

(176Hf/177Hf
3.7 Ga

0 0.280398) (i.e., an age con-

trast of 1 half-life of 235U). Mixtures of these

two components between 0 and 100%, shown

in 10% increments, are indicated by the black

symbols (Fig. 1). The variation in symbol shape

represents differing U concentrations of the

4.4-Ga core (T1) and the 3.7-Ga rim (T2). For

the case of equal U concentration (diamonds),

mixing produces a roughly symmetric trajecto-

ry in positive e
Hf

space, reaching an e
Hf

value

of þ2 at È4 Ga. Doubling the U concentration

in the core relative to the rim (squares) in-

creases the apparent e
Hf

value to close to þ5.

This is expected because the Hf isotope

composition at every intermediate position is

associated with an older apparent 207Pb/206Pb*

age and thus appears to originate in a higher

Lu/Hf environment. Where the rim U concen-

tration is a factor of 1.6 greater than in the core

(circles), no variation from bulk Earth is seen

(because 207Pb/206Pb* drops by a factor of 1.6

for each half-life of 235U). Thus, the reduced

rate of generation of Pb* at 3.7 Ga is in this case

exactly offset by the 160% greater U content of

the rim. Where U in the core is 10 times less

than in the rim (triangles), e
Hf

values as neg-

ative as –7 result.

Fig. 1. Results of amod-
el illustrating possible
trajectories in eHf(T) ver-
sus age space ensuing
frommixing zircon com-
ponents of differing
age, U concentration,
and Hf isotope compo-
sition. The model as-
sumes concordant ages
of T1 (core) and T2
(rim), which are char-
acterized by the Hf
isotope composition of
bulk Earth at T1 and
T2, respectively. Mix-
tures of the two com-
ponents are shown
adjacent the relevant
curve in % of the rim
component for the case
of a 4.4-Ga core and
3.7-Ga rim. Where the
bulk age of a mixture
is characterized by a U-Pb age in the core, but incorrectly associated with a 176Hf/177Hf ratio that is a
mixture of the two end-members, the potential exists for incorrect eHf values to be calculated. More
surprising is that in the case where U-Pb age and Hf isotopes are measured on the same spot
overlapping these two zones, aberrant values result, as shown in the mixing curves.
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For many grains analyzed by laser ablation

MC-ICP-MS, further age investigations are

possible, because the method is not completely

destructive, compared with solution chemistry.

Grains with calculated e
Hf

that differ from bulk

Earth by more than 5 e units were, where

sufficient sample remained, redated near their

rims to assess age homogeneity. In themajority

of cases, 207Pb/206Pb* ages were reproduced at a

satisfactory level (table S2). In one case

(RSES17 2.9), we were able to resolve a time-

dependent 176Hf/177Hf signal that dropped by 4

e units upon penetrating a 3469 T 12–Ma rim

from a 4127 T 64–Ma core, yielding e
Hf(4.13 Ga)

0

10 T 1.3 (table S2 and fig. S1).

Where rims are demonstrably younger than

core ages, we were able to rule out mixing

between domains by the lack of a time-resolved

variation in the 176Hf/177Hf signal and by visual

evidence from imaging studies. Even where

mixing may have occurred below our ability to

resolve time variations in 176Hf/177Hf, we have

ruled out this effect as a cause for overesti-

mating variations in e
Hf(T )

from bulk Earth by

using our mixing model (table S2, comments).

For example, grain ANU39 15.15 yields a
207Pb/206Pb age of 4234 T 10 Ma (0%

discordant), which corresponds to a high ap-

parent e
Hf(T)

of 15.3 T 1.8 (table S2 and fig.

S2). Both the ion microprobe spot for the U-Pb

age and the laser ablation pit for the Hf isotope

analysis were obtained from the central portion

of the grain, which was imaged as a homoge-

nous core (fig. S2). Although the overgrowth

region was later found to yield an age of 3548 T

10 Ma (table S2 and fig. S2), our modeling

shows that the relationship between U concen-

trations in the core E82 parts per million (ppm)^

and rim (440 ppm) would likely increase the

estimated value of e
Hf

if a portion of the rim

had inadvertently been included in the analysis.

Thus, the value of Èþ15 is a minimum es-

timate of the true e
Hf

of the grain core.

In four cases, measured 174Hf/177Hf and
178Hf/177Hf were outside accepted values (16),

and these data were eliminated from con-

sideration. Figure 2 shows the results for which

we are confident that all the aforementioned

effects have not affected the true e
Hf

values.

Concordant or near-concordant results are

shown as solid symbols, whereas 912% discor-

dant results are shown as open symbols. The

diagonal line extending into the negative e
Hf

field from an age of 4.5 Ga, labeled Lu/Hf 0 0,

demarcates the Bforbidden region,[ corre-

sponding to Lu/Hf G 0. Data plotting near this

line must have been derived from an environ-

ment in which Lu was essentially completely

fractionated from Hf shortly after Earth forma-

tion. If that event was the formation of con-

tinental crust, then the average continental crust
176Lu/177Hf value of È0.01 (23) is a more ap-

propriate comparator. The many results that

plot along this line require formation of an

enriched reservoir by 4.4 to 4.5 Ga.

Positive e
Hf(T )

deviations observed in the

same age interval have not previously been

documented (14) and imply derivation from

reservoirs with high Lu/Hf ratios. These data

almost surely reflect the rapid development of

depleted mantle with single-stage 176Lu/177Hf

ratios within the possible range of values

(0.05 and 0.2) for rocks residual from mantle

melting (24). Whereas the depleted signature we

observe is roughly symmetrical with the

enriched reservoir (Fig. 2), negative e
Hf

values

outnumber positive e
Hf

by 2.5:1. This is in part

expected, because rocks originating from a

source with a depleted signature are less pe-

trogenetically suited to crystallizing zircon.

Most models for the growth of continental

crust have emphasized delayed, slow growth

(1, 2, 4). The existence of Hadean Jack Hills zir-

cons has been known for 20 years (11) but has

been largely considered as a curiosity rather than

a fundamental record of the origin of continental

crust (25). Investigations of Jack Hills zircons

Ed18O, inclusion assemblages, zircon thermom-

etry (12, 13, 26–28)^ indicate that the vast

majority formed in a continental environment

(26) characterized by two forms of convergent

margin magmatism (crustal anatexis and calc-

alkaline magmatism at or close to water

saturation) throughout the Hadean. Together,

these data indicate that Earth was experiencing

continental crust formation during the Hadean

and that a mature sediment recycling system

similar to that of the known era of plate tectonics

had developed by È4.4 Ga.

Jack Hills zircons are largely of continental

origin (12, 13, 26–28), and our preferred in-

terpretation of the variation of e
Hf(T)

(Fig. 2) is

that a major differentiation event occurred at

4.4 to 4.5 Ga, producing continental crust and

a complementary depleted mantle reservoir.

Because the production of modern continental

crust is intimately connected with orogenic

magmas, our interpretation implies that plate

boundary interactions may have begun within

the first È100 My of Earth history. If the

relative fraction of depleted versus enriched

samples (Fig. 2) is representative of the general

ongoing process, the volume of depleted

mantle must have been a substantial fraction

of the silicate Earth.

Positive e
Hf(T)

deviations of þ15 at È4.2

Ga imply a reservoir with Lu/Hf of È0.1 (Fig.

2). This extrapolates to e
Hf

of over þ200

today, whereas values as negative as –7 at 4.2

Ga project to e
Hf(0)

of about –100. No evidence

for these reservoirs has yet been recognized in

the post-Hadean rock record (5, 29). Although

it is conceivable that such reservoirs exist but

have remained hidden for 4 Gy (30), their dis-

appearance is well explained by the recycling

of continental crust during the Hadean at rates

È10 times greater than those at present (9, 31),

coupled with vigorous stirring in a hotter and

thus less-viscous mantle.

Armstrong (9) emphasized that all large

terrestrial planets, including Earth, must have

immediately differentiated into relatively con-

stant volume core, depleted mantle, enriched

crust, and fluid reservoirs. Recent investiga-

tions of 142,143Nd/144Nd variations indicate that

a major silicate differentiation event occurred

within 50 to 150My (32, 33), and possibly even

-10

-5

0

5

10

15

ε
Hf

3400 3600 3800 4000 4200 4400

Age (Ma)

176

176
177

177

Fig. 2. Plot of eHf(T) versus age for new MC-ICP-MS Hf isotope analyses together with results of
Amelin and co-workers (14) recalculated using the ‘‘terrestrial’’ 176Lu decay constant (17). Solid
symbols are concordant to G12% discordant, whereas open symbols are 912% discordant. The line
marked Lu/Hf 0 0 corresponds to 176Hf/177Hf ratios equivalent to the bulk silicate Earth value at
4.5 Ga. The stippled region indicates values not attainable (i.e., lower than solar system initial
176Hf/177Hf). Error bars indicate 2 SE.
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within 30 My (30) of Earth_s formation. Our

results support the view that continental crust

was at least a component of the enriched coun-

terpart that formed at È4.5 Ga, but this original

crust was largely recycled back into the mantle

by the onset of the Archean (G4 Ga).
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X-ray Structure of the EmrE

Multidrug Transporter in Complex

with a Substrate
Owen Pornillos, Yen-Ju Chen, Andy P. Chen, Geoffrey Chang*

EmrE is a prototype of the Small Multidrug Resistance family of efflux trans-
porters and actively expels positively charged hydrophobic drugs across the inner
membrane of Escherichia coli. Here, we report the x-ray crystal structure, at 3.7
angstrom resolution, of one conformational state of the EmrE transporter in
complex with a translocation substrate, tetraphenylphosphonium. Two EmrE
polypeptides form a homodimeric transporter that binds substrate at the di-
merization interface. The two subunits have opposite orientations in the mem-
brane and adopt slightly different folds, forming an asymmetric antiparallel
dimer. This unusual architecture likely confers unidirectionality to transport by
creating an asymmetric substrate translocation pathway. On the basis of
available structural data, we propose a model for the proton-dependent drug
efflux mechanism of EmrE.

A major obstacle to effective treatment of bac-

terial infections is the emergence of strains that

are resistant to available antibiotics. Of partic-

ular concern are multidrug-resistant strains that

cause common diseases such as tuberculosis,

gonorrhea, and hospital-acquired staphylococ-

cal infections (1). Multidrug resistance arises,

in part, through the action of integral mem-

brane proteins called multidrug transporters

(1, 2). Each of these transporters can actively

expel a wide variety of drugs and toxic com-

pounds from the cell. There are two broad

classes of transporters: ATP-binding cassette

(ABC) proteins directly couple drug efflux to

adenosine 5¶-triphosphate (ATP) hydrolysis,

whereas secondary transporters use the energy

derived from proton or cation electrochemical

gradients across the lipid bilayer.

EmrE is a proton-dependent secondary trans-

porter fromEscherichia coli and is a prototype of

the Small Multidrug Resistance (SMR) family

(3, 4). SMRs represent the smallest transporters

in nature; each polypeptide has only 105 to

120 amino acid residues and four transmem-

brane helices, and forms homo- or hetero-

oligomers (3). EmrE is well documented to

function as a homooligomer (5–9) and confers

resistance to positively charged hydrophobic

antibiotics, such as tetracycline, ethidium, and

tetraphenylphosphonium (TPP) (3, 4). EmrE

exchanges two or more protons per drug mol-

ecule through a Bhydrophobic[ translocation

pathway (10, 11).

The general model for multidrug efflux by

EmrE and other secondary transporters is the

alternating access mechanism (12, 13). In this

model, the EmrE transporter has at least two

conformations, inward-facing and outward-

facing, with the drug-binding site accessible to

the cytoplasm or periplasm, respectively. Inter-

conversion between the two conformations is

promoted by drug and/or proton binding. Here,

we describe the x-ray crystal structure of one

conformation of the EmrE transporter in

complex with the drug TPP. The structure

was determined to 3.7 ) resolution by anoma-

lous dispersion methods, using the arsonium

analog of TPP and selenomethionine (SeMet)–

substituted proteins (Fig. 1A) (14).

SeMet-labeled proteins used for this

study were produced in a cell-free system,

because SeMet-EmrE did not express well in

vivo. Briefly, EmrE was expressed by use of

the T7 promoter in E. coli lysates supple-

mented with nucleotide triphosphates, T7

polymerase, and appropriate amino acids

(14). Experimental maps derived from Se and

As data are very well correlated, indicating

that in vitro– and in vivo–expressed EmrE

proteins adopt a similar structure. Our work

shows that cell-free methods are a viable

alternative to traditional large-scale protein ex-

pression systems.

Consistent with biochemical studies show-

ing that EmrE is primarily a dimer in detergent

and binds drugs with a 2:1 protein/drug ratio

(9, 15), the asymmetric unit of the EmrE-TPP

crystal is composed of two molecules of EmrE

and one molecule of TPP (Fig. 1). The min-

imally functional unit of EmrE is therefore
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likely to be a homodimer. In contrast to the

simple, symmetric organization expected from

genetic and biochemical data, the EmrE struc-

ture shows an unusual architecture. The two

subunits pack in an inverted orientation rel-

ative to each other, forming an antiparallel

dimer (Fig. 1, A and B). SeMet sites in the two

subunits are related by an approximate twofold

axis in the middle of the dimer perpendicular

to the transmembrane axis (Fig. 1A). X-ray

studies of unbound EmrE (16) and electron mi-

croscopic analysis of EmrE-TPP in reconsti-

tuted lipid bilayers (13) also suggested an

antiparallel arrangement for the EmrE dimer.

Although a previous study suggested that

EmrE has a unique topology (17), the structure

is consistent with more recent analyses of the E.

coli inner-membrane proteome by von Heijne

and colleagues, which indicate that indeed,

EmrE and other homomeric SMR proteins are

likely to have a dual topology (18, 19). An-

tiparallel arrangement of EmrE is also sup-

ported by studies of heterooligomeric SMR

transporters, such as the YdgE/YdgF proteins

of E. coli and EbrA/EbrB of Bacillus subtilis

(20, 21). These transporters are composed of

two similar but distinct polypeptides, which

appear to form heterodimers analogous to the

EmrE homodimer. The two subunits are

inserted in unique but opposite orientations in

the bacterial membrane, as predicted by the

Bpositive-inside rule[ and determined experi-

mentally for YdgE/YdgF (18). Thus, the emerg-

ing structural paradigm for SMR transporters

is that they are probably built from antiparallel

dimers, which can be composed of two copies

of a single polypeptide as in EmrE, or two

different polypeptides as in YdgE/YdgF. This

is in line with an increasing number of known

membrane protein structures, primarily trans-

porters and channels, which contain tandem

antiparallel domains (22).

Antiparallel dimerization of identical sub-

units can symmetrize the substrate translocation

pathway, which could result in a nonproductive

transporter that simply cycles back and forth.

Although coupling to an electrochemical gradi-

ent may be sufficient to drive directional

transport in such a system, the EmrE transporter

has an additional feature that likely confers

unidirectionality—the dimer is asymmetric.

The two subunits, A and B, adopt slightly dif-

ferent tertiary folds, despite having identical

primary sequence (Fig. 1). In each subunit, the

first three helices form a loose left-handed

three-helix bundle, as viewed from the N ter-

minus (Fig. 1, C and D). However, the dis-

position of the fourth helix is different in the

two subunits. In subunit A, helix A4 is packed

against helix A2, whereas in subunit B, helix

B4 is packed against B3 (Fig. 1D). These

helices form part of the dimer interface, sug-

gesting that the alternate EmrE folds may be

required for dimerization. In addition, a single-

turn helix, which forms part of the loop

Fig. 1. Structure of
the EmrE transporter
in complex with TPP.
(A) Stereoview car-
toon representation
of the asymmetric
unit, composed of
two EmrE subunits
(subunit A in yellow
and subunit B in
green), and one bound
TPP (red). Anomalous
difference density
shows the position of
As (blue, contoured at
1s), derived from
crystals of EmrE with
tetraphenylarsonium (an analog of TPP).Methionine positions are indicated by Se atoms (magenta, 4s), derived
from SeMet-EmrE-TPP crystals. Methionine side chains are shown explicitly and labeled; corresponding
residues in subunit B and subunit A are distinguished by the asterisks. The coloring scheme in this
panel is maintained throughout Figs. 1 to 3. (B) Stereoview of the EmrE homodimer. The N and C
termini of the two subunits are indicated. The boundaries of the lipid bilayer, deduced from the
positions of aromatic groups, are shown by the gray lines. (C) Top view of the dimer, with the four
transmembrane helices in each subunit labeled. The short helix connecting helices A2 and A3 is
indicated by an asterisk. This view clearly shows that TPP is bound at the dimerization interface. The
two Glu-14 residues are shown in red. (D) Best-fit superposition of subunits A (yellow) and B
(green) (root mean square deviation of 3.5 Å over equivalent Ca positions). The first three helices
form a left-handed bundle, whereas the fourth helices are positioned differently. (E) Crystal packing
of EmrE-TPP. The lattice is stabilized by side-by-side transmembrane contacts and loop interactions,
reminiscent of type I and 2D membrane protein crystals. A potential dimer of dimers is colored as
above; the symmetry-related elements are colored gray. The unit cell is boxed in black. This view is
perpendicular to the bc plane.
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connecting helices A2 and A3, is absent in

subunit B (asterisk in Fig. 1C).

Viewed along the transmembrane axis, the

two three-helix bundles are on opposite sides

of the dimer, flanked by helices A4 and B4

(Fig. 1C). Helices A1 and B1 are located in the

middle of the dimer and form part of the TPP-

binding site, in accord with their essential role

in drug transport (Fig. 1, B and C). These two

helices form an approximate V shape with a

È30- crossing angle, consistent with predic-

tions from electron paramagnetic resonance

(EPR) spin-labeling studies of unbound EmrE

(23). The relative positions of the first and

fourth transmembrane helices are also in gen-

eral agreement with predictions from cross-

linking experiments (7).

Biochemical studies also suggest that EmrE

can form a dimer of dimers (8), and examina-

tion of packing interactions in the EmrE-TPP

crystal suggests a possible tetramerization

interface. Helices A4, B1, and B2 from one

dimer pack against their symmetry-relatedmates

in another dimer, burying a total surface area of

È1600)2 (Fig. 1E). Although it remains to be

confirmed by mutagenesis and other bio-

physical methods, EmrE tetramerization could,

in principle, increase the efficiency of drug

recognition and efflux through avidity effects.

A possible drug translocation pathway is

evident in the structure, consisting of two

cone-shaped pockets that open to opposite

sides of the lipid bilayer (shown by arrows in

Fig. 2A). The two pockets are demarcated by

helices A1 and B1. Consistent with the asym-

metric nature of the EmrE dimer, this putative

translocation pathway is also asymmetric. In

addition to A1 and B1, the larger pocket is

surrounded by helices A2, B3, and B4,

whereas the smaller one is lined by helix A2.

TPP appears bound at the bottom of the larger

pocket, wedged between helices A1, A2, and

B1 (Fig. 2B). We presume that these three

helices act as a Bgate,[ controlling passage of

the drug into the smaller pocket. Extensive

mutagenic studies of EmrE by Schuldiner and

co-workers have previously identified residues

required for drug binding and translocation

(10, 11, 24–28). These residues nicely map to

the proposed translocation pathway (Fig. 2A).

The volume of the binding pocket is con-

siderably larger than TPP (Fig. 2B) and can

accommodate a wide range of substrate sizes

and shapes, explaining EmrE_s polyspecificity.

The binding site complements the positively

charged hydrophobic nature of TPP and other

EmrE substrates (3, 4). Hydrophobic residues

in the pocket are well positioned to participate

in van der Waals contacts with the four phenyl

rings of TPP (Fig. 2B). The electrostatic com-

ponent is provided by a membrane-embedded

acidic residue located at the bottom of the

pocket, Glu-14 in helix A1 (colored red in Fig.

2B). Mutagenesis indicates that this glutamate

is absolutely required for proper EmrE func-

tion (24–26), although such studies cannot

readily distinguish between the two Glu-14

residues in the homodimer. In this EmrE con-

formation, the second Glu-14 in helix B1 does

not appear to contact TPP (Glu14* in Fig. 2B).

Its carboxylate group is located È16 ) away

from the TPP phosphate atom and appears to

face the smaller pocket. Thus, the two glu-

tamates do not necessarily contact the bound

drug simultaneously, as previously proposed

(4), and we suggest that instead they bind TPP

sequentially (see below).

A structure of the EmrE-TPP complex has

also been reported by electron microscopy

(EM) of two-dimensional (2D) crystals to res-

olutions of 7.5 ) in-plane and 16 ) per-

pendicular to the lipid bilayer (13). The EM

model also shows EmrE as an asymmetric

dimer with the drug-binding site located be-

tween the two monomers, and also suggests an

antiparallel arrangement. The x-ray and EM

structures appear to have captured two differ-

ent conformations of drug-bound EmrE trans-

porter (Fig. 3). Independent superposition of

the two EmrE subunits in the x-ray structure

with the EM model allowed us to define the

subunit boundaries and propose helical assign-

ments for the EM structure (Fig. 3A). This

Fig. 2. A possible drug translocation pathway in the EmrE transporter. (A) Side view of the EmrE
dimer, superimposed with a semitransparent surface rendering. The openings to the two pockets,
facing opposite sides of the lipid bilayer, are indicated by arrows. Residues that have been shown
by cysteine-scanning mutagenesis to be important for drug binding and transport (10, 11, 24–28)
are indicated by spheres, using the following color scheme: blue, absolutely required for TPP binding;
cyan, substitutions show partial TPP binding and impaired transport; magenta, residues that confer
altered drug specificity when mutated. Residues in subunit B are indicated by asterisks. Note that EmrE
mutagenesis alters two residues in the dimer, which are in nonequivalent positions. We have therefore
only shown the positions that are close to the putative translocation pathway. Residues that are
important for drug transport but have both copies removed from the pathway are shown in yellow
(Leu-7, Tyr-60, Trp-63). These residues likely perform essential structural roles. (B) Close-up view of the
bound drug, with protein, TPP, and As densities (contoured at 1s). The three helices are B1 (left), A2
(middle), and A1 (right). The two Glu-14 residues are shown and colored red. The position of the
phosphate atom is unambiguously defined by the anomalous As peak from the arsonium analog of TPP
(blue), and the positions of the Glu-14 residues are relatively well defined based on the positions of Se
atoms in Met-21, two helical turns away. Hydrophobic residues within van der Waals distance of TPP
are also indicated. Close packing of TPP to helix A1 appears facilitated by the absence of a side chain in
Gly-17. Mutation of this glycine to cysteine abolishes TPP binding (27).

Fig. 3. Comparison of the x-ray and EM structures of EmrE-TPP. (A) Independent superposition of
EmrE subunits A and B in the x-ray structure with a cylinder model (colored gray) derived from the
EM structure of EmrE-TPP (European Molecular Biology Laboratory–EBI accession code EMD-1087)
(13). A unique match was found using two constraints: Three-helix bundles on opposite sides of the
dimer were assumed to be helices 1 to 3, and the helix closest to the density attributed to TPP in the
EM map was assumed to be helix 1. In this pseudo-atomic model, three helices have notably different
tilt angles: A2, B2, and B3 (shown by red asterisks). The x-ray position of helices B2 and B3, which
appear to move as a unit, is likely due to crystal packing interactions along the putative
tetramerization interface (see also Fig. 1E). We speculate that the conformational change in helix A2
is relevant to the drug transport mechanism. (B and C) The TPP molecule is bound to different sites in
the x-ray structure (C) and EM model (B), suggesting a possible mechanism for drug transport. The
relative positions of the EmrE helices are indicated, viewing toward the binding pockets (in the same
orientation as in Fig. 1C). The positions of the TPP molecules are shown by red circles.
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unique match was obtained because the dimer

is asymmetric, and with the constraint that the

helix closest to the putative TPP density in the

EM map is helix 1 (13). The transformation

between the two structures can be approxi-

mated by a relative twist of È30- between the

two subunits, although helical tilt angles also

change within individual monomers. Curious-

ly, the binding pockets open to the same side

in both models.

There are several interesting differences

between the x-ray and EM models of EmrE-

TPP. (i) TPP appears bound to subunit B in the

EM structure, and not subunit A (Fig. 3B). Al-

though this remains to be confirmed by other

methods, it suggests that the two subunits may

alternately bind drug during the transport

cycle and explains the requirement for both

membrane-embedded glutamates in the di-

mer. (ii) The drug-binding pocket in the EM

model appears larger and more open, sur-

rounded by six helices (Fig. 3B) (13). In the

x-ray model, the binding site is more closed,

surrounded by only five helices (Fig. 3C). We

speculate that these differences reflect confor-

mational changes that occur upon transfer of

TPP between subunits A and B. (iii) In the EM

model, the second pocket on the opposite side

of the drug translocation pathway is absent.

This is because the three gating helices, A1,

A2, and B1, are in different positions. Helices

A1 and B1 in the EM model are more parallel

and 920 ) apart, whereas helix A2 is tilted dif-

ferently (Fig. 3A). Conformational mobility in

these helices is evident from both EPR and

nuclear magnetic resonance data (23, 29), and

we speculate that helix-coil conversion in the

A2-A3 loop may help facilitate movement. An

attractive model is that the x-ray and EM

structures represent the two EmrE conforma-

tions deduced from the EPR studies: one

where helices A1 and B1 form a V-shaped

configuration and another where they are 920

) apart (23). We speculate that inter-

conversion of the EmrE transporter between

these two (and perhaps other) conformations

may drive drug transport.

On the basis of the above observations, we

propose the following outline for proton-

dependent drug transport by EmrE and other

SMR transporters (Fig. 4). With its large, open

binding site, we suggest that the EM structure

represents an inward-facing conformation of

EmrE. With two potential entry points to the

binding site (13), this EmrE conformation

could act as an effective Bhydrophobic vacuum

cleaner[ (30), filtering both the cytoplasm and

the inner leaflet of the lipid bilayer for

substrates. We envision that TPP first binds to

Glu-14 in subunit B in exchange for one pro-

ton. As a next step, the bound drug is trans-

ferred to subunit A (that is, the translocation

pathway) in exchange for the second proton.

Conformational changes in the dimer could

serve to bring the two Glu-14 side chains in

proximity, facilitating the exchange. In support

of this idea, the Glu-14YAsp EmrE mutant

forms a transporter that binds TPP with high

affinity but with impaired transport function

(24), likely because the Asp side chain is too

short. The x-ray structure may represent the

postexchange conformation in which the

drug is bound to subunit A, and Glu-14 in

subunit B is oriented toward the outer pocket

and reprotonated. Rearrangement of helices

A1, A2, and B1 in the putative translocation

pathway could transfer TPP to this pocket,

where it would rapidly dissociate owing to

favorable proton exchange at the periplasmic

space.

In the proposed mechanism, the two sub-

units in the EmrE dimer are structurally and

functionally nonequivalent, an arrangement that

would favor unidirectional transport. Indeed,

this is a recurring theme in structural studies of

the different transporter families (12, 22, 31).

The large conformational changes that appear

to occur during drug translocation are consist-

ent with the low turnover number for this

transporter (32).
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A Developmental Timing

MicroRNA and Its Target Regulate

Life Span in C. elegans
Michelle Boehm and Frank Slack*

The microRNA lin-4 and its target, the putative transcription factor lin-14,
control the timing of larval development in Caenorhabditis elegans. Here, we
report that lin-4 and lin-14 also regulate life span in the adult. Reducing the
activity of lin-4 shortened life span and accelerated tissue aging, whereas
overexpressing lin-4 or reducing the activity of lin-14 extended life span. Life-
span extension conferred by a reduction in lin-14 was dependent on the DAF-
16 and HSF-1 transcription factors, suggesting that the lin-4–lin-14 pair
affects life span through the insulin/insulin-like growth factor–1 pathway.
This work reveals a role for microRNAs and developmental timing genes in
life-span regulation.

Life span is highly variable among species,

and it has become clear that a genetic pro-

gram of senescence in the soma is responsi-

ble for this variation (1). Recent studies have

suggested that gene expression changes in

the aged adult are developmentally timed

at the transcriptional level. For example, in

both the nematode Caenorhabditis elegans

and the fly Drosophila melanogaster, a char-

acteristic gene expression profile associated

with age can be detected in young adulthood,

well before the accumulation of molecular

damage has begun (2). Thus, conserved genes

may act temporally to initiate a program of

aging that starts early in adult life (3, 4). We

hypothesized that if such an aging program

exists, it may be controlled by mechanisms

similar to those used in developmental timing

(3). The heterochronic genes of C. elegans con-

stitute one such genetic pathway that regulates

developmental timing (5–7).

Heterochronic genes, such as lin-4 and

lin-14 (5, 8, 9), are temporal identity genes

that affect the fate choices that cells make at

specific times during development, and mu-

tations in heterochronic genes result in tem-

poral alterations to stage-specific patterns of

cellular development (6, 7). Expression of

the lin-4 microRNA (miRNA) is up-regulated

near the end of the first larval stage, and lin-4

binds with imperfect complementarity to the

3¶UTR of its target, lin-14, to prevent its

translation (8–11) and allow stage two larval

cell fates to occur. The molecular function of

lin-14 is unknown, but it encodes a nuclear

protein (12) that associates with DNA (13)

and has sequence similarities to transcription

factors (fig. S1). LIN-14 is down-regulated

in the hypodermis at the first to second larval-

stage transition (12), but its expression persists

weakly in other tissues throughout larval

development (13) and into adulthood (fig. S2).

Similarly, lin-4 is also expressed in the adult

(14, 15) (fig. S2). Although the roles of lin-4

and lin-14 during larval development have

been extensively studied, the function of these

genes in the adult has not been investigated.

Therefore, we tested whether genes that direct

the timing of early developmental events may

also function in the adult to regulate the timing

of later processes, such as life span and aging.

We assayed heterochronic mutants for

life-span length and found that mutations in

lin-4 and lin-14 resulted in aging defects.

Animals with a loss-of-function (lf) mutation

in lin-4 displayed a life span that was sig-

nificantly shorter than that of the wild type

(Fig. 1A), suggesting that lin-4 is required to

prevent premature death. Conversely, over-

expressing lin-4 from an extrachromosomal

array led to a lengthened life span (Fig. 1C).

This result demonstrates that the lin-4( lf )

mutant did not die prematurely solely as the

result of an unrelated, general pathology, but

rather that lin-4 functions to extend life span.

Consistent with our lin-4 data, we found that

a lf mutation in a target of lin-4, lin-14,

produced the opposite life-span phenotype.

Animals carrying a temperature-sensitive lf

mutation in lin-14 had a 31% longer life span

than the wild type (Fig. 1B). The longevity
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Fig. 1. lin-4 and lin-14 mutants have opposite life-span phenotypes. (A) Red, survival of wild-type
(N2) animals on control bacteria containing empty vector (mock RNAi); blue, lin-4(e912)lf; mock
RNAi; pink, lin-14(RNAi); light blue, lin-4(e912)lf; lin-14(RNAi) at 20-C. N2: n 0 69, m 0 14.6. lin-
4(e912)lf: n 0 56, m 0 6.9, P G 0.0001*. N2 ;lin-14(RNAi): n 0 68, m 0 18.7, P G 0.0001*. lin-
4(e912)lf; lin-14(RNAi): n 0 72, m 0 16.6, P G 0.0001#. (B) A lin-14(lf) mutation extends life span
when grown and assayed at the restrictive temperature of 25-C. N2: n 0 57, m 0 9.5. lin-
14(n179)lf: n 0 58, m 0 12.5, P G 0.0001*. lin-4(e912)lf; lin-14(n179)lf: n 0 51, m 0 9.0, P 0

0.0906*. (C) lin-4 overexpression extends life span. Three lines overexpressing (o/e) lin-4 are
shown in purple, blue, and green; wild-type animals are in red. N2: n 0 64, m 0 15.8. lin-4 o/e line
3.3: n 0 54, m 0 18.3, P G 0.0001*. lin-4 o/e line 3.14: n 0 62, m 0 17.7, P 0 0.0023*. lin-4 o/e line
4.9: n 0 37, m 0 17.8, P 0 0.0113*. (D) A lin-14 gain-of-function mutant, n355, has a short-lived
phenotype similar to that of the lin-4(e912)lf mutant. Red, wild-type animals; green, lin-
4(e912)lf; blue, lin-14(n355 gf). N2: n 0 59, m 0 15.9. lin-4(e912)lf: n 0 85, m 0 7.7, P G 0.0001*.
lin-14(n355 gf): n 0 94, m 0 5.9, P G 0.0001*. All experiments were repeated at least once with
similar effects. n, number of animals observed in each experiment. m, mean adult life span (days).
P* values refer to experimental strain and N2 control animals in a single experiment, and P#
values refer to a strain on control and experimental RNAi treatment in a single experiment.
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phenotype produced by the lin-14( lf ) lesion

was reproduced by RNA interference (RNAi)

of lin-14 (Fig. 1A). Thus, lin-14 normally acts

to promote a short life span. A lin-14 gain-of-

function (gf ) mutant (16), which lacks the lin-4

complementary sites in the lin-14 3¶ untranslated

region (UTR) and overexpresses LIN-14 at later

stages (12), closely phenocopied the short-

lived phenotype of the lin-4(lf)mutant (Fig. 1D).

Additionally, lin-14(RNAi) suppressed the short

life span of the lin-4(e912)lf mutant (Fig. 1A).

Taken together, the data suggest that the major

role of lin-4 in regulating life span is to repress

its target, lin-14.

To determine whether the short life span of

lin-4(lf) mutants is due to accelerated aging or

to an unrelated, pleiotropic cause, we monitored

the accumulation of intestinal autofluorescence

in adult animals. Intestinal autofluorescence,

which is caused by lysosomal deposits of

lipofuscin, accumulates over time in the aging

animal and is an established marker for aging

(17). In agreement with its short life span, the

lin-4(lf) mutant accumulated intestinal auto-

fluorescence more rapidly than the wild type

(Fig. 2, A and B). These results resemble those

found for the short-lived strain with a daf-16(lf)

mutation (fig. S3, A and B). daf-16 encodes a

FOXO transcription factor that regulates life

span through insulin-like signaling (1, 18–20).

The premature lipofuscin accumulation caused

by lin-4(lf) was suppressed when combined

with the lin-14(n179)lf lesion (Fig. 2, A and B),

consistent with the ability of lin-14(lf) to sup-

press the short life span of the lin-4(lf) mutant.

In contrast to lin-4(lf), the lin-14(n179)lfmutant

displayed a slower rate of intestinal autofluo-

rescence accumulation as compared with the

wild type (Fig. 2, C and D), in agreement with

Fig. 2. lin-4 and lin-14 mutants dis-
play accelerated and delayed rates,
respectively, of lipofuscin accumula-
tion. (A) lin-4(e912)lf mutants dis-
play an increase of lipofuscin as
compared with similarly aged wild-
type animals at 20-C. This effect is
suppressed by the lin-14(n179)lf
mutation. (B) Quantification of the
N2, lin-4(e912)lf, lin-4(e912)lf;lin-
14(n179)lf populations’ gut auto-
fluorescence at days 0, 4, 8, and 12
after the larval-to-adult transition at
20-C. (C) lin-14(n179)lf mutants
display a decrease in lipofuscin accu-
mulation compared with wild-type
animals at 25-C. (D) Quantification
of the N2 and lin-14(n179)lf pop-
ulations’ gut autofluorescence at
25-C as for (B). For (A) and (C), pho-
tographs shown are representative
examples (n 0 10 for each time point
per strain). Photographs were taken
at 100� magnification. All animals
were photographed on the same day
under identical conditions, and pho-
tographs were treated identically. For
(B) and (D), autofluorescence was
quantified using Axiovision 4.4 soft-
ware (n 0 10 for each time point per
strain). P values were calculated using
the Mann-Whitney nonparametric t
test comparing mutant to wild-type
results at day 12 in (B) and day 8 in
(D). Error bars represent the standard
error of the mean.

Fig. 3. Loss of lin-14 function
during adulthood is sufficient
to extend life span. (A) Wild-
type animals treated with lin-
14(RNAi) (pink) only in the
adult stage have extended life
spans compared with mock RNAi
animals (red). lin-4(e912)lf mu-

tants treated with lin-14(RNAi) (light blue)
only in the adult stage display an extended
life span compared with lin-4(e912)lf mu-
tants on mock RNAi (blue) at 20-C. N2: n 0

55, m 0 14.8. lin-14(RNAi): n 0 55, m 0 17.6,
P G 0.0001*. lin-4(e912)lf: n 0 43, m 0 9.0.
lin-4(e912)lf; lin-14(RNAi): n 0 40, m 0 12.1,
P G 0.0001#. (B) lin-14(n179)lf animals (blue)
display extended life spans compared with
wild-type animals (red) when grown at the
permissive temperature of 15-C until the larval-
to-adult transition and then moved to the
restrictive temperature of 25-C. N2: n 0 48,
m 0 10.7. lin-14(n179)lf: n 0 53, m 0 12.4,
P G 0.0001*. All experiments were repeated
at least once with similar effects. P* and P#
are defined in the legend to Fig. 1.
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its extended life span. The decreased rate of gut

autofluorescence accumulation is similar to that

observed in the long-lived daf-2(lf) mutant (fig.

S3, C and D) (17). daf-2 encodes an insulin/

insulin-like growth factor–1 (IGF-1) receptor

that lies upstream of daf-16 in insulin-like

signaling (18, 20, 21).

The stress response of the lin-4(lf ) and lin-

14(lf) strains was also examined. C. elegans

mutants that display life-span phenotypes also

display altered responses to stress treatments,

including heat shock (22, 23). For instance,

the long-lived daf-2(lf) mutant is highly

tolerant to heat shock, and this heightened

stress resistance is believed to be essential for

life-span extension (22). In accordance with

its life-span phenotype, the lin-4(e912)lf mu-

tant displayed a greater sensitivity to heat

shock as compared with the wild type (fig.

S4B), whereas the lin-14(n179)lf mutant dis-

played a greater resistance to heat shock as

compared with the wild type (fig. S4C).

To rule out the possibility that life-span

modulation directed by lin-14 and lin-4 is

merely due to their role in larval develop-

ment, we examined the effect of reducing the

function of lin-14 only in the postmitotic

adult. RNAi-mediated inhibition of lin-14 ex-

pression after the final larval molt extended

the life span of wild-type animals, similar to

the extension observed when animals were

exposed to lin-14(RNAi) just after hatching

(Fig. 3A). Additionally, growing the lin-

14(n179)lf mutant at the permissive temper-

ature until young adulthood and then shifting

to the restrictive temperature also produced

an extended life span (Fig. 3B). These results

demonstrate that lin-14 functions in the adult

to restrict life span. Furthermore, the short

life span of the lin-4(e912)lf mutant was also

rescued to a significant extent when exposed

to lin-14(RNAi) only during adulthood. This

result supports the idea that the lin-4(e912)lf

accelerated-aging phenotype is not due to

developmental abnormalities or an unrelated

pleiotropic cause. Thus, the lin-4 miRNA ap-

pears to suppress senescence in C. elegans

through repression of lin-14 in the adult.

We tested whether lin-4 and lin-14 extend

life span by acting through one of the known C.

elegans life-span regulatory pathways, such as

the insulin/IGF-1 signaling pathway. Several

insulin/IGF-1 signaling pathway members reg-

ulate life span through mechanisms dependent

on the downstream DAF-16/FOXO and HSF-

1 transcription factors (1, 18–21, 24, 25). As

with lin-4, inhibiting daf-16 or hsf-1 activity

shortens life span, whereas elevating their

activity lengthens life span (25, 26). The daf-

16(mu86) null mutant strain, when treated with

lin-14(RNAi), did not display an extended life

span (Fig. 4B), nor did lin-14(n179)lf; daf-

16(RNAi) animals (Fig. 4A). These data demon-

strate that daf-16 is required for the lin-14(lf)–

mediated longevity phenotype. lin-4(lf) animals

grown on daf-16(RNAi) had shortened life-span

lengths that are identical to that of the lin-4(lf)

strain grown on mock RNAi (Fig. 4C), indicating

that lin-4 and lin-14 genetically interact with daf-

16. However, the lin-4(lf) mutant had a shorter

life span than the daf-16(lf) mutant, indicating

that lin-14 does not exert its effect on life span by

negative regulation of DAF-16 alone. Consistent

with this idea, the lin-14(lf); hsf-1(RNAi) animals

had a short life span, indicating that the lin-

14(lf)–mediated longevity phenotype is depen-

dent on hsf-1 (fig. S4A) as well as on daf-16.

To further explore the possibility that lin-4

and lin-14 might function through the insulin/

IGF-1 pathway, we analyzed their interac-

tions with the daf-2-insulin/IGF-1 receptor.

Consistent with previous studies, daf-2(RNAi)

animals had a significant extension in life

span compared with wild-type animals (Fig.

4C) (25). This life-span extension was sig-

nificantly reduced by the lin-4(e912)lf lesion

(Fig. 4C), such that lin-4(e912)lf; daf-2(RNAi)

animals displayed life spans similar to those of

the wild type. This phenotype is different from

that of the hsf-1(lf) mutation, which wholly

abolishes the life-span extension conferred by

daf-2(lf) and results in a shortened life span

(25). An epistatic relationship between lin-4

and daf-2 cannot be determined because the

daf-2 allele is non-null. However, our data

suggests that a wild-type copy of daf-2 is nec-

essary for the short life span phenotype

conferred by lin-4(lf). The life span of the

daf-2(e1370)lf mutant was modestly extended

by lin-14(RNAi) (Fig. 4B), and lin-14(n179)lf;

daf-2(RNAi) animals also displayed an ex-

tended life span as compared with daf-2(RNAi)

animals (Fig. 4A). Null alleles were not used for

either analysis, and thus concrete epistatic re-

lationships cannot be determined. However, our

data support a model whereby lin-4 and lin-14

modulate life span through the canonical daf-2

insulin/IGF-1 pathway. Alternatively, lin-4 and

lin-14 may converge onto the DAF-16/FOXO

transcription factor in a pathway parallel to the

daf-2 insulin/IGF-1 pathway to control aging.

Fig. 4. The life-span extension of a
lin-14(lf) mutant is daf-16 depen-
dent. (A) The life-span extension
conferred by the lin-14(n179)lf
mutation is abolished with daf-
16(RNAi) (light green); daf-
16(RNAi) animals (green—obscured
by light green). lin-14(lf); daf-
2(RNAi) (light blue) displays a
further lengthening of the life-span
extension conferred by daf-2(RNAi)
(blue) at 25-C. Wild-type (red) and
lin-14(n179)lf (pink) animals on
mock RNAi are shown for compar-
ison. N2: n 0 60, m 0 8.9. lin-
14(n179)lf: n 0 56, m 0 11.9, P G

0.0001*. daf-2(RNAi): n 0 58, m 0

17.1. lin-14(n179)lf; daf-2(RNAi):
n 0 56, m 0 23.0, P G 0.0001*. daf-
16(RNAi): n 0 55, m 0 8.3. lin-
14(n179)lf; daf-16(RNAi): n 0 54,
m 0 8.4, P 0 0.9330*. (B) lin-
14(RNAi) is unable to extend the
life span of daf-16(mu86) (light
blue) or daf-2(e1370)lf (light
green) mutants as compared with
these strains grown on mock RNAi
(blue and green, respectively) at
15-C. Wild-type animals on mock
RNAi (red) and on lin-14(RNAi)
(pink) are shown for comparison.
N2: n 0 45, m 0 21.6. lin-
14(RNAi): n 0 51, m 0 25.1, P 0

0.0003*. daf-2(e1370)lf: n 0 49,
m 0 32.3. daf-2(e1370)lf; lin-
14(RNAi): n 0 53, m 0 31.1, P 0

0.0100#. daf-16(mu86): n 0 28,
m 0 16.4. daf-16(mu86); lin-
14(RNAi): n 0 42, m 0 16.7, P 0

0.2300#. (C) A wild-type copy of lin-
4 is required for full life-span exten-

sion by daf-2(RNAi) (blue versus light blue), and is also required for the life-span phenotype conferred by
daf-16(RNAi) (purple versus light purple). Wild-type (red) and lin-4(e912)lf (pink) animals grown on
mock RNAi are shown for comparison. N2: n 0 70, m 0 16.0. lin-4(e912)lf: n 0 52, m 0 6.8, P G 0.0001*.
daf-2(e1370): n 0 67, m 0 25.5. lin-4(e912)lf; daf-2(RNAi): n 0 55, m 0 13.8, P G 0.0001*. daf-16(RNAi):
n 0 64, m 0 10.7. lin-4(e912)lf; daf-16(RNAi): n 0 55, m 0 6.1, P G 0.0001*. All experiments were
repeated at least once with similar results. P* and P# are defined in the legend to Fig. 1.
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In key C. elegans adult tissues, the lin-4

miRNA may act to suppress the translation of

lin-14, preventing lin-14 from affecting the

transcription of a yet unidentified factor that

regulates or interacts with the daf-2 insulin/

IGF-1 pathway. By demonstrating that lin-4

and lin-14, two key temporal regulators of de-

velopment, also influence the rate of aging, we

provide support for the theory that life span

is affected by an innate, programmed timing

mechanism. However, our data are also con-

sistent with an alternative theory of aging,

antagonistic pleiotropy, which posits that genes

with primary roles in development can later

secondarily influence life span (27). miRNAs

are important regulators of development,

apoptosis, and metabolism (28–31), and our

work demonstrates that a miRNA can regu-

late aging, possibly through the insulin-like

signaling pathway. It is possible that the

mammalian lin-4 miRNA homologs, the

miR-125 family, may regulate processes

responsible for life-span determination in

vertebrates.
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fgf20 Is Essential for Initiating

Zebrafish Fin Regeneration
Geoffrey G. Whitehead, Shinji Makino, Ching-Ling Lien,

Mark T. Keating*

Epimorphic regeneration requires the presence or creation of pluripotent cells
capable of reproducing lost organs. Zebrafish fin regeneration is mediated by
the creation of blastema cells. Here, we characterize the devoid of blastema

(dob) mutant that fails fin regeneration during initial steps, forms abnor-
mal regeneration epithelium, and does not form blastema. This mutation
has no impact on embryonic survival. Dob results from an fgf20a null muta-
tion, Y148S. Fgf20a is expressed during initiation of fin regeneration at the
epithelial-mesenchymal boundary and later overlaps with the blastema mark-
er msxb. Thus, fgf20a has a regeneration-specific requirement, initiating fin
regeneration, and controlling blastema formation.

Vertebrate regeneration is of scientific and

medical interest. Although acute tissue regen-

eration in humans is limited, other vertebrates

possess extraordinary regenerative capabilities.

Zebrafish are amenable to genetic analyses and

regenerate an impressive array of structures,

including spinal cord, optic nerve, heart, and

fins (1–3). Zebrafish fin regeneration is marked

by five stages: regeneration epithelialization,

mesenchymal disorganization, blastema forma-

tion, regenerative outgrowth, and termination.

Although genetic analyses have enhanced our

understanding of fin regeneration (1, 4–6), the

specific signaling factor(s) that initiate regen-

eration and blastema formation are unknown.

To discover genes that initiate regen-

eration, we treated zebrafish with N-ethyl-

N-nitrosourea (ENU) and screened adults for

mutants (1, 4–6). We looked for temperature-

sensitive (ts) effects on regeneration, because

many genes involved in regeneration also

function during embryogenesis (1, 4–7). The

dob mutant displayed an early, genetically

recessive regeneration block at 2 days post-

amputation (dpa) at 33-C (Fig. 1). Mutant fins

were covered only by epithelium, whereas

wild-type fins grew beyond the amputation

plane and later fully regenerated (Fig. 1). Most

(72%, 34/47) mutants showed an identical re-

generation defect at 25-C (fig. S2A). dob also

failed to regenerate pectoral, dorsal, and anal

fins. Thus, a regenerative block in dob is

observed at both temperatures.

We expected that dob would also disrupt

embryogenesis (1, 4–6). However, at 33-C,

dob viability was comparable with wild type

(fig. S1A). Half (23/46) of dob adults devel-

oped asymmetric caudal fin lobes when heat-

shocked as embryos, yet all wild type (41/41)

developed symmetric fin lobes (fig. S1B). The

total size of wild-type and dob caudal fins was

comparable (fig. S1B). Therefore, there appears

to be an incompletely penetrant ts patterning

defect in dob (8). Survival of dob adults at

33-C was also comparable to wild type (fig.

S1C). These data suggest a regeneration-

specific requirement for dob.

To determine the cellular nature of dob

regenerative failure, we examined histology of

regenerates at 33-C. The first stage of regen-

eration, formation of regeneration epithelium,

appeared abnormal. At 6 and 12 hours post-

amputation (hpa), dob regenerates demon-

strated a thickened regeneration epithelium

(Fig. 2A). Epithelial proliferation levels in dob

at 6 and 12 hpa were similar to wild type (fig.

S3A). Therefore, thickened regeneration epi-

thelium likely results from aberrant epithelial

migration (9, 10).

To determine whether dob resulted from a

primary defect in wound healing, we per-

formed a longitudinal incision along the caudal

fin and allowed healing at 33-C. The wild-type

response to this injury is nonregenerative, as

the wound is covered by epithelium and leaves

a slit down the fin. We found no difference

in the timing, histochemistry, or bromode-

oxyuridine (BrdU) immunohistochemistry of

wound-healing between wild type and dob (fig.

S3B). The possibility remains that the dob

mutant may have a subtle defect in wound-

healing not identified by our observations.

Howard Hughes Medical Institute, Department of
Cell Biology, Harvard Medical School, Department of
Cardiology, Children’s Hospital, Boston, MA 02115,
USA.

*To whom correspondence should be addressed.
E-mail: mark.keating@novartis.com

R E P O R T S

www.sciencemag.org SCIENCE VOL 310 23 DECEMBER 2005 1957

http://sciencemag.org/cgi/content/full/310/5756/1954/DC1
http://sciencemag.org/cgi/content/full/310/5756/1954/DC1
mailto:mark.keating@novartis.com
http://www.sciencemag.org


To further characterize the dob defect in

regeneration epithelialization, we performed in

situ hybridization experiments. The wild-type

regeneration epithelium at 24 hpa is molecu-

larly and histochemically distinct. Specifically,

the basal epithelium in wild-type regenerates

consists of ordered linear cuboidal epithelial

cells (11). In dob, the basal epithelium lacked

the distinctive cuboidal shape and was non-

linear. Lef1, a transcription factor downstream

of Wnt (12), and sparc, a matricellular pro-

tein (13), both demarcate regeneration basal

epithelium. Lef1 and sparc in situ hybridiza-

tion in dob revealed absent basal epithelial ex-

pression (Fig. 2B). Thus, normal formation of

a basal regeneration epithelium appears essen-

tial for fin regeneration.

At 18 hpa in wild-type regenerates, dis-

organized mesenchymal cells beneath the am-

putation plane are considered evidence of

dedifferentiation (9, 11). dob mutants did not

undergo mesenchymal disorganization (Fig.

2A). In 18 hpa wild-type regenerates, hsp60

is up-regulated in mesenchymal cells destined

to form blastema (6). However, dob did not

express hsp60 in these cells (fig. S2B). These

data suggest a mesenchymal disorganization

defect in dob.

Mesenchymal disorganization is followed

by cell proliferation, migration, and blastema

formation (9, 10). The blastema is a mass of

undifferentiated mesenchymal cells that have

proliferated beyond the amputation plane to

drive fin regrowth. At 36 hpa, wild-type re-

generates show proper blastema formation;

however, dob is devoid of blastema (Fig. 2A).

These data indicate that dob does not initiate

fin regeneration and fails to form regeneration

epithelium and blastema.

To determine the effect of dob on blastema

formation, we performed in situ hybridization

experiments. In 24 hpa wild-type fins, msxb

marks rudimentary blastema cells, the mesen-

chyme distal to the amputation plane. At 72

hpa, during regenerative outgrowth, msxb

marks distal blastema (7, 9). No msxb ex-

pression was apparent in dob at 24 hpa

during blastema formation (Fig. 2B). Faint

msxb expression was present in dob at 72 hpa

at the central tip of mesenchyme (fig. S2C).

These msxb-positive cells may represent a

later, inadequate attempt at blastema forma-

tion. These data demonstrate that dob lacks

early msxb expression and does not form

blastema.

During blastema formation, mesenchymal

cells reenter the cell cycle and begin to

proliferate (9, 10). These cells migrate toward

regeneration epidermis and form the rudi-

mentary blastema. To further define the mech-

anism of the dob regenerative defect, we

examined DNA replication, through BrdU

labeling. At 24 hpa, dob mesenchymal prolif-

eration levels were one-third of wild type, and

epithelial proliferation was slightly lower

(Fig. 2C). These data indicate that dob fails

to form a blastema through an early defect in

mesenchymal proliferation.

To identify the dob gene, we raised 2027

zebrafish from dob
–/–

� dob
þ/– mapping crosses

to adulthood at 25-C, scored for regenerative

defects at 33-C, and genotyped these animals

(1, 4–6). Two markers, bef7 and tof24, flanked

the 0.2 centimorgan (cM) dob critical region

on chromosome 1. fgf20a was the only tran-

script within this region, genetically exclud-

ing neighboring transcripts (Fig. 3A). Syntenic

multicontig alignments demonstrated that no

transcripts were located between efha2 and

fgf20a in human or fugu databases.

To identify the dob mutation, we performed

DNA sequence analysis of fgf20a. We dis-

covered one missense mutation, an adenine-443

to cytosine (A443C) transversion, in the fgf20a

gene of dob that converted tyrosine-148 to ser-

ine (Y148S) (Fig. 3B). We genotyped 140 dob

mutants, 30 dob heterozygotes, and 20 wild-

type controls and verified that the A443C

transversion cosegregated with the dob pheno-

type. Dob was isolated in the SJD background,

and DNA sequence of fgf20a in wild-type SJD

revealed no mutation. Therefore, the A443C

transversion in dob was caused by ENU muta-

genesis. This point mutation was not found

among five commonly used laboratory strains,

indicating that A443C is not a polymorphism.

These data indicate that the dob phenotype re-

sults from fgf20a Y148S.

Fgf20 is a newly identified member of the

Fgf family. Fgf20 is overexpressed in cancer

cell lines, promotes proliferation and differ-

entiation of myocardial cells, and enhances

survival of dopaminergic neurons in the adult

brain, functions consistent with a role in re-

generation (14–16). Y148 exists in the highly

Fig. 2. dob fails to
initiate fin regeneration
and does not form a
blastema. Dashed line
or arrow marks am-
putation plane. (A)
Hematoxylin-stained
sections of caudal fin
regenerates. At 6 and
12 hpa, the regenera-
tion epithelium in dob
is thicker than wild
type (wt). At 18 hpa,
disorganization of mes-
enchyme beneath the
regeneration epitheli-
um is apparent in wt
fins but was not ob-
served in dob. At 36 hpa,
a blastema is seen in wt
regenerates, yet dob
lacks blastema. b, blas-
tema; emb, epithelial-
mesenchymal boundary.
(B) lef1 and sparc mark
the basal epidermal

layer of the regeneration epithelium in wt.
At 24 hpa, lef1 and sparc are absent from the
basal epithelial layer in dob. No msxb expres-
sion is apparent in dob. Violet stain, indicated
by red arrow, marks gene expression. (C)
24-hpa fin regenerates stained for BrdU
(green) and 4¶,6¶-diamidino-2-phenylindole

(blue). White dashed line marks epithelial-mesenchymal boundary. During blastema formation,
mutants had reduced mesenchymal and epithelial proliferation (n 0 19). Graph displays the indices of
proliferation in mesenchyme and epithelium of wt and dob regenerates. **, P ¡ 0.01; *, P G 0.05.
Scale bars, 50 mm (A), 100 mm [(B) and (C)].

Fig. 1. dob, a mutant with early fin regenera-
tion block. Regenerating wild-type (wt) and dob
fins at 33-C following amputation. Arrows mark
amputation plane. At 1 dpa, both wt and dob
have covered the amputation with epithelium.
By 2 dpa, wt fins have regenerated beyond the
amputation plane, whereas dob mutants have
not. At 10 dpa, wt has undergone full recon-
stitution, but dob fails to regenerate. Scale bars,
400 mm.
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conserved Fgf-core domain in the b9 strand of

the 12-strand b-trefoil, adjacent to residues

(WYN) (Fig. 3, C and D) that make essential

Fgf receptor contacts (17). Y148 is invariant

across vertebrate species of Fgf20 and most

zebrafish Fgfs (Fig. 3C). Thus, Y148 is evo-

lutionarily conserved among species and with-

in the Fgf family.

To determine the effect of Y148S on the

activity of Fgf20a protein, we carried out over-

expression studies in zebrafish embryos.

Injection of wild-type fgf mRNA leads to

dorsalization of the embryo and death (18).

Injected fgf20a Y148S mRNA failed to reca-

pitulate this phenotype (Fig. 3E). Similar results

have been demonstrated for the null fgf3t21142

allele, a Y148C mutation, the same tyrosine

mutated in dob (18). These data indicate that

Y148S is likely a null mutation and that Y148

is crucial for Fgf function.

To ensure that fgf20a Y148S is responsible

for the dob phenotype, we injected wild-type

and dob embryos with wild-type fgf20amRNA.

We found that 87.8% of wild-type embryos

showed dorsalization and lethality, compared

with 53.5% of dob embryos (P 0 0.02) (table

S1). These data support the view that the dob

phenotype results from reduced fgf20a and

that fgf20a Y148S causes dob.

To define the timing and pattern of fgf20a

expression during fin regeneration, we per-

formed reverse transcriptase polymerase chain

reaction and in situ hybridization experiments.

fgf20a was expressed as early as 1 hpa. Ex-

pression peaked at 6 hpa, gradually declined,

peaked again at 24 hpa, then declined (fig.

S2D). During initiation of fin regeneration (6

to 12 hpa), fgf20a expression was localized to

mesenchyme at the epithelial-mesenchymal

boundary (Fig. 4A). fgf20a was later expressed

in blastema during early blastema formation

(18 hpa) (Fig. 4A). These data indicate that

fgf20a is expressed in key regeneration cells

during initiation of fin regeneration, consistent

with the dob phenotype.

We further characterized the expression of

fgf20a during fin regeneration and compared

fgf20a and msxb expression. At 24 hpa, msxb

marks rudimentary blastema cells. fgf20a

expression colocalized with msxb in early blas-

tema cells (Fig. 4B). During regenerative out-

growth, at 72 hpa, msxb expression marks stem

cell–like distal blastema cells (6, 9). fgf20a ex-

pression was restricted to a subset of msxb-

positive distal blastema cells (Fig. 4B). These

data indicate that fgf20a and msxb expression

overlap during blastema formation and regener-

ative outgrowth.

We conclude that the dob phenotype is

caused by a Y148S mutation in Fgf20a. Data

implicating fgf20a in dob include (i) genetic

linkage of dob to a 70-kb critical interval on

chromosome 1, the presence of fgf20a in this

interval, and the absence of other transcripts;

(ii) the presence of an Fgf20a missense mu-

tation (Y148S) in a completely conserved ami-

no acid linked with the dob phenotype (P 0

4.22 � 10–42, Fisher_s Exact test); (iii) the

absence of Y148S in five wild-type strains,

indicating that this variant is not a polymor-

phism; (iv) in situ hybridization showing that

fgf20a is expressed in mesenchymal cells

adjacent to regeneration epithelium as early as

Fig. 3. fgf20a Y148S missense
mutation causes dob. (A) Genetic
map of dob on chromosome 1.
Refined linkage analysis mapped
dob to the 0.2 cM region between
bef7 and tof24. The only gene be-
tween flanking recombinant mark-
ers is fgf20a. Numbers above
linear map quantify recombination
events between dob and linked
markers from 2027 meioses. Bef7,
fe12, mt254, tof24, and et6 are
polymorphic genetic markers be-
tween AB and SJD strains identi-
fied by random DNA amplification
and sequencing within the dob
critical region. (B) DNA sequence
chromatograms of wild-type,
dobþ/–, and dob–/– fish. A443C
transversion leads to Y148S amino
acid substitution. (C) Tyr-148 is
conserved across vertebrates and
among most zebrafish Fgfs. (D)
Fgf secondary b-trefoil structure.
Tyr-148 is located in the b9 strand
of Fgf20a. (E) Phenotypic classes
and frequencies (%) obtained after
injection of wild-type fgf20a,
Y148S fgf20a, wild-type fgf3, or
Y148C fgf3 mRNAs (10 ng/ml)
into wild-type embryos. Y148S
fgf20a had no effect on the em-
bryo, suggesting loss of function.
Wt, normal; p1, head reduction,
loss of tail; p2, lysis.

Fig. 4. fgf20a expression localizes
to epithelial-mesenchymal bound-
ary during initiation of fin regen-
eration. (A) Whole-mount in situ
hybridization and sections showing
fgf20a expression. During initiation
of fin regeneration (6 to 12 hpa),
fgf20a expression is localized to
mesenchymal cells directly under-
neath the regeneration epithelium.
During early blastema formation
(18 hpa), fgf20a is confined to the
blastema. (B) During blastema
formation (24 hpa), fgf20a and
msxb colocalize in blastema cells.
fgf20a and msxb expression do-
mains overlap at 72 hpa, when
fgf20a is concentrated at the distal
tip of msxb-positive distal blaste-
ma. Violet stain indicated by red
arrow marks expression. Scale bars,
100 mm.
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6 hpa; (v) functional studies showing that the

Y148S mutation leads to loss of function; (vi)

DNA microarray data demonstrating disrupted

Fgf signaling in dob (fig. S4A and table S2);

and (vii) insensitivity of dob embryos to wild-

type fgf20a mRNA overexpression (table S1).

Thus, the early regenerative defect observed in

dob results from Fgf20a dysfunction.

We have genetically identified a specific

growth factor, Fgf20a, that is essential for ini-

tiating fin regeneration, regeneration epithe-

lialization, and blastema formation. These

findings provide a genetic foothold on the

early signaling events of regeneration that

will enable further identification of key regen-

eration genes. This information will broaden

our understanding of regenerative mechanisms

and may enable regenerative medicine.
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Protein Synthesis upon Acute

Nutrient Restriction Relies on

Proteasome Function
Ramunas M. Vabulas* and F. Ulrich Hartl*

The mechanisms that protect mammalian cells against amino acid deprivation
are only partially understood. We found that during an acute decrease in
external amino acid supply, before up-regulation of the autophagosomal-
lysosomal pathway, efficient translation was ensured by proteasomal protein
degradation. Amino acids for the synthesis of new proteins were supplied by
the degradation of preexisting proteins, whereas nascent and newly formed
polypeptides remained largely protected from proteolysis. Proteasome
inhibition during nutrient deprivation caused rapid amino acid depletion and
marked impairment of translation. Thus, the proteasome plays a crucial role in
cell survival after acute disruption of amino acid supply.

Protein biosynthesis in mammalian cells relies

on the continuous uptake of essential amino

acids from the environment. Acute amino acid

restriction can occur in several physiological

and pathophysiological conditions, such as

after disruption of the trans-placental nutrient

supply in neonates or during organ ischemia. Up-

regulation of the autophagosomal-lysosomal

pathway is known to provide free amino acids

for protein synthesis under these nutrient stress

conditions through the bulk degradation of

cytoplasmic proteins and organelles (1, 2). How-

ever, this adaptation requires hours to become

fully effective (2, 3), suggesting the existence

of constitutive mechanisms that protect cells

during short-term fluctuations in amino acid

supply. Moreover, certain organs, such as the

brain, are inefficient in up-regulating autopha-

gy (3). Nonlysosomal degradation by means of

the proteasomal system is known to be induced

during long-term fasting (4), but the role of the

proteasome in maintaining the intracellular

amino acid pool during acute nutrient depriva-

tion has remained unexplored. The proteasome,

a È2.5-MD protein complex acting together

with ubiquitin and ubiquitin-processing en-

zymes, is responsible for most cytosolic protein

degradation under normal nutrient conditions

and has a variety of essential functions in cell

regulation and protein quality control (5, 6).

A constitutive function of the proteasome

in buffering fluctuations in external amino acid

availability would be consistent with a recent

report that 30% or more of newly formed

proteins are proteasomally degraded immedi-

ately upon synthesis (7). To explore a possible

role of the proteasome in supplying amino

acids for translation, we established conditions

to measure the immediate effects of proteasome

inhibition in human HeLa cells. A rapidly

degraded ubiquitin–enhanced green fluores-

cent protein fusion protein (Ub-EGFP) served

as a reporter of proteasome activity (8, 9). Ub-

EGFP accumulated to a low steady-state level

in transiently transfected cells, reflecting the

equilibrium between its synthesis and degra-

dation. As expected, upon inhibition of protein

synthesis with cycloheximide (CHX), Ub-

EGFP was degraded within minutes (Fig. 1A).

In contrast, the addition of the proteasome

inhibitor MG132 caused the virtually imme-

diate accumulation of Ub-EGFP (Fig. 1A). To

determine whether proteasome inhibition was

complete, we analyzed the combined effect of

MG132 and CHX. Inhibition of translation by

CHX is known to be very rapid and efficient

(10, 11). Thus, if MG132 were to block protea-

some function only partially, the arrest of trans-

lation would lead to a decrease in Ub-EGFP

level due to degradation. The simultaneous

addition of CHX and MG132 instantaneously

stabilized the Ub-EGFP reporter (Fig. 1A).

Similar observations were made with the pro-

teasome inhibitors clasto-lactacystin-b-lactone

and epoxomicin (11). Thus, under the condi-

tions chosen proteasome inhibition was imme-

diate and essentially complete.

The effect of proteasome inhibition on

translation was analyzed under conditions of

acute amino acid restriction. The concentra-

tions of the essential amino acids—leucine,

phenylalanine, or methionine—were main-

tained in the range of normal adult plasma

levels (12) or were reduced individually 100-

fold to create insufficiency in external supply

(13). Newly synthesized proteins were labeled

with 35S-methionine (35S-Met), followed by

cell lysis in SDS and precipitation of proteins

with trichloroacetic acid (TCA). Proteasome

inhibition with MG132, clasto-lactacystin-b-

lactone or epoxomicin markedly impaired

translation within 5 to 10 min, but only when

cells were incubated in medium deficient in at

least one essential amino acid (leucine or

phenylalanine) (Fig. 1, B to D, and fig. S1, A

and B). Similar results were obtained when

cells were incubated in methionine-deficient

medium with 3H-leucine (3H-Leu) as the tracer
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(Fig. 1E), except that proteasome inhibition af-

fected translation earlier. These observations

were reproduced in human embryonic kidney

293T cells (fig. S1C). Thus, the proteasome

had a critical role in buffering the sudden dis-

ruption of the external amino acid supply, al-

lowing translation to proceed normally.

The use of the specific proteasome inhibitors

clasto-lactacystin-b-lactone and epoxomicin

(14) (Fig. 1C and fig. S1, A and B) excluded

an inhibition of lysosomal proteolysis as the

cause of the observed reduction in translation.

Moreover, translation was unimpaired when

cells deficient in amino acids were treated with

lysosomal inhibitors bafilomycin A or chloro-

quine (15, 16) (fig. S2A). In contrast, bestatin

methyl ester, an inhibitor of the aminopepti-

dase hydrolyzing di- and tripeptides down-

stream of the proteasome (17, 18), caused a

substantial inhibition of translation (fig. S2B),

similar to proteasome inhibition. These results

corroborate the critical role of the proteasome

in sustaining translation upon acute amino acid

restriction. In contrast, prolonged amino acid

starvation for several hours should induce the

autophagosomal-lysosomal system (3), and

this could reduce the dependence of protein

synthesis on proteasome activity. Indeed, after

6 hours of amino acid starvation, the effect of

proteasome inhibition on translation was sub-

stantially reduced (Fig. 2, A and B), suggesting

that at this time lysosomal protein degradation

contributed increasingly to providing amino

acids. This adaptation was not seen when

cells were treatedwith 3-methyladenine (3-MA),

which prevents the formation of autophago-

somes (19, 20). In cells treated with 3-MA, the

addition of a proteasome inhibitor after 6 hours

of prestarvation caused a reduction in transla-

tion similar to that in cells without prestarva-

tion (Fig. 2C).

Lack of intracellular amino acids results in

the accumulation of uncharged tRNAs and leads

to the formation of active, phosphorylated gen-

eral control nonderepressible 2 (GCN2) kinase

(21, 22). As detected by a phospho-GCN2 anti-

body, GCN2 was activated upon shifting cells

to leucine-deficient medium, but only when

the proteasome was simultaneously inhibited

(Fig. 3A). This is indicative of a physiologi-

cally relevant depletion of the intracellular

leucine pool under these conditions. Efficient

translation resumed rapidly upon re-addition

of the lacking amino acid, even when the

block of proteasome function was main-

tained (Fig. 3B). Amino acid analysis demon-

strated directly that the proteasome supplied

building blocks for protein synthesis. The

addition of translation inhibitor (CHX) to cells

growing in normal medium resulted in a

measurable increase in intracellular leucine

within 10 min (table S1). This effect was less

pronounced in the presence of the proteasome

inhibitor. In leucine-deficient medium, intra-

cellular leucine was only detectable upon addi-

tion of CHX when the proteasome was not

inhibited (table S1), indicating that combined

amino acid deficiency and proteasome inhibi-

tion severely depleted the intracellular amino

acid pool.

At least 30% of newly synthesized proteins

are thought to be degraded by the proteasome

during and immediately after translation,

presumably reflecting a general inefficiency

of protein biosynthesis and folding (7). How-

Fig. 1. Proteasome activity
is required to sustain protein
synthesis upon amino acid
restriction. (A) Amounts
of Ub-EGFP reporter pro-
tein were analyzed in tran-
siently transfected HeLa
cells at 0, 5, and 10 min
after addition of dimethyl
sulfoxide (DMSO) alone,
5 mM CHX, 100 mM
MG132 in DMSO, or CHX
and MG132 combined by
anti-GFP immunoblotting.
Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)
was used as a loading con-
trol. (B) Translation was
followed by measuring the
incorporation of 35S-Met
into TCA-insoluble material
(left) or analyzing newly
synthesized proteins by
10% SDS-PAGE and phos-
phorimaging (right). At
time 0, 50 mCi/ml 35S-Met
and MG132 were added.
Circles, normal medium
(80 mM Leu); squares, defi-
cient medium (0.8 mM Leu).
Solid symbols, MG132
addition; open symbols,
DMSO controls. (C) Trans-
lation was analyzed as in
(B). In addition to MG132,
40 mM clasto-lactacystin-b-
lactone (CL-b-lactone) or
40 mM epoxomicin were
used, and translation was
observed for 15 min (fig. S1,
A and B). Protein synthesis
is expressed in percentage of controls lacking inhibitor. Means þ SD of three independent experiments are
shown. Gray bars, normal medium; black bars, Leu-deficient medium. (D) Same as (B), except that Phe-
sufficient (40 mM) and Phe-deficient (0.4 mM) media were used. (E) Same as (B), except that the amount of
Met was varied from 20 mM (normal medium) to 0.2 mM (deficient medium) and labeling was with 100
mCi/ml 3H-Leu. Representative results of at least three independent experiments are shown.
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Fig. 2. Proteasome ac-
tivity is most impor-
tant during the early
phase of amino acid
starvation. (A and B)
HeLa cells were incu-
bated in normal me-
dium (prestarvation)
or in Leu- and Met-
deficient medium for
3 or 6 hours (h). Pro-
tein translation was

then analyzed in Leu-deficient medium by adding
50 mM Ci/ml 35S-Met with either DMSO (open
symbols), MG132 (A), or epoxomicin (B) (solid
symbols) (13). (C) Same as (A), except that 10 mM
3-MA was added at the beginning of prestarva-
tion. DMSO (open symbols) or MG132 (solid sym-
bols) was added during labeling. Representative
results of at least three independent experi-
ments are shown. cpm, counts per minute.
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ever, our experiments revealed a notable

degree of protection of newly made proteins

against immediate degradation. In contrast to

the reported observations, cells did not accu-

mulate an additional amount of newly synthe-

sized, radiolabeled protein when proteasome

function was blocked (Fig. 1, B to E). How can

this discrepancy be explained?

For labeling, cells are usually preincubated

in media lacking the respective nonradioactive

amino acid to increase the incorporation of

radiolabel into newly made proteins (7). Based

on our findings, preincubation with a protea-

some inhibitor (7) should enhance this effect as

a result of severe intracellular amino acid de-

pletion (table S1 and Fig. 3A). Indeed, the in-

corporation of 35S-Met into newly synthesized

protein increased more than 10-fold when la-

beling was performed in methionine-deficient

medium (Fig. 4A). As predicted, proteasome

inhibition during amino acid starvation re-

sulted in a substantial further increase in in-

corporated radioactivity (Fig. 4A), even though

the efficiency of translation was reduced (Fig.

1). This effect was independent of the specific

ratio of labeled-to-unlabeled amino acid (fig.

S3) and was equally observed when cells were

labeled with 3H-Leu in leucine-deficient me-

dium (Fig. 4B). Double-labeling experiments

with 3H-Leu and 35S-Met in methionine-

deficient medium showed that proteasome in-

hibition increased the incorporation of 35S-Met

into equal amounts of newly synthesized,
3H-Leu-labeled protein by twofold (fig. S4A). A

threefold increase in 35S-Met-tRNA was

detected in cells after 15 min of proteasome

inhibition, which would explain the increased

incorporation of 35S-Met into newly formed

protein (fig. S4B). Thus, the higher incorpora-

tion of radiolabel observed upon proteasome

inhibition in amino acid deficient medium was

due to an increase in specific radioactivity of

the intracellular amino acid pool, not to the

stabilization of a large fraction of newly syn-

thesized proteins. At most, only a few percent

of total protein was rapidly degraded imme-

diately upon translation in the cell types ana-

lyzed here.

To test whether translating polypeptides

remain protected against proteasomal degrada-

tion even when unable to fold, we incubated

cells in the presence of the proline analog

L-azetidine-2-carboxylic acid (Azc). Whereas

the addition of Azc resulted in a reduced

incorporation of 35S-Met, no notable addition-

al accumulation of radiolabeled protein was

detectable upon proteasome inhibition within

12 min (Fig. 4C). This suggested that removal

by the proteasome of misfolded proteins con-

taining Azc occurred only after a substantial

lag period. To address this possibility, cells

were labeled with 35S-Met for 10 min, fol-

lowed by a chase with excess unlabeled

methionine. More than 40% of the proteins

synthesized in the presence of Azc were

degraded within 60 min and this effect was

largely prevented by proteasome inhibition

(Fig. 4D). The extent of protein degradation

observed in normal medium (È20% over 60

min) is in agreement with previous studies

demonstrating the proteasomal turnover of

short-lived proteins (23, 24). Thus, when cells

produce a substantial amount of protein chains

Fig. 3. Immediate cellular effects of
amino acid restriction and protea-
some inhibition. (A) Activation of
GCN2 kinase in HeLa cells by
reducing the medium concentra-
tion of Leu from 80 to 0.8 mM and
simultaneous proteasome inhibi-
tion. Activated GCN2 kinase
(pGCN2) was detected by immu-
noblotting with an antibody to
pGCN2. Asterisk, nonspecific band.
Equal loading was confirmed with
antibodies detecting GCN2 indepen-
dent of its phosphorylation (GCN2).
At time 0, 100 mM MG132 or
DMSO was added. (B) Translation
was analyzed in Leu-deficient me-
dium (–Leu) or Phe-deficientmedium
(–Phe). Incorporation of 35S-Met
into TCA-precipitable material was
measured. 50 mCi/ml 35S-Met was
added either together with MG132 (solid symbols) or with DMSO (open symbols). After 10 min (dashed
line), the respective lacking amino acid (triangles) or control amino acid (circles) (Phe in case of –Leu
medium, Leu in case of –Phe medium) was added to normal concentration. aa, amino acid. Representative
results of at least three independent experiments are shown.

Fig. 4. Effect of protea-
some activity on radiolabel-
ing of newly synthesized
proteins and degradation
of faulty proteins. (A and
B) Newly synthesized pro-
teins in HeLa cells were
labeled with 50 mCi/ml 35S-
Met in Met-deficient medi-
um (A), or with 100 mCi/ml
3H-Leu in Leu-deficient me-
dium (B). Radioactivity of
TCA-insoluble material was
measured. MG132 (solid
symbols) or DMSO (open
symbols) were added with
radioactive tracers at time
0. (Right) Protein synthesis
after 8 min (A) or 10 min
(B) of labeling is expressed
in percentage of controls
lacking inhibitor. Means þ

SD of three independent
experiments are shown. (C)
Labeling with 50 mCi/ml
35S-Met in normal medium
lacking nonessential amino
acids. Circles, cells in normal
medium; squares, cells pre-
incubated for 15 min in 20
mM L-azetidine-2-carboxylic
acid (Azc) before and during
labeling. Open symbols,
DMSO; solid symbols,
MG132-containing cultures.
cpm, counts per minute. (D)
Proteins were labeled as in
(C). Gray bars, control cells;
black bars, Azc-treated cells.
After labeling for 10 min, a chase was performed with 20 mM unlabeled Met. Half of the cultures received
100 mM MG132 and 10 mM clasto-lactacystin-b-lactone during labeling and chase (þ proteasome
inhibitor), and the other half received DMSO (– proteasome inhibitor). TCA-precipitable radioactivity at
time 0 was set as 100%. Means þ SD of three experiments are shown.
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that are unable to fold correctly, the majority

of these chains are not degraded during trans-

lation, but rather through a relatively slow,

posttranslational process.

Our results provide evidence for a critical

role of the proteasome in supplying amino

acids for sustained protein synthesis. This

function of the proteasome is most critical

upon acute amino acid restriction, where the

uninduced lysosomal system is unable to

maintain a sufficient intracellular amino acid

pool. Amino acids for translation are predom-

inantly generated by the proteasomal degrada-

tion of preexisting proteins. Newly synthesized

proteins are largely protected from degradation

during and immediately after translation, both

under normal conditions and upon amino acid

starvation. Faulty proteins are predominantly

degraded through a posttranslational process

that is likely to involve a functional coopera-

tion between molecular chaperones assisting

in folding and the proteasome system (25, 26).

The proteasome has a demonstrated capacity

to degrade polypeptides during synthesis, pro-

vided they carry specialized N-terminal degra-

dation signals (27), but this mechanism is

likely to be more extensively used in cell reg-

ulation rather than during basic housekeeping

processes.
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Category-Specific Cortical

Activity Precedes Retrieval During

Memory Search
Sean M. Polyn,1* Vaidehi S. Natu,2 Jonathan D. Cohen,2,3

Kenneth A. Norman2,3

Here we describe a functional magnetic resonance imaging study of humans
engaged in memory search during a free recall task. Patterns of cortical
activity associated with the study of three categories of pictures (faces,
locations, and objects) were identified by a pattern-classification algorithm.
The algorithm was used to track the reappearance of these activity patterns
during the recall period. The reappearance of a given category’s activity
pattern correlates with verbal recalls made from that category and precedes
the recall event by several seconds. This result is consistent with the hy-
pothesis that category-specific activity is cueing the memory system to re-
trieve studied items.

Human memory can be characterized as an

elaborate network of stored representations

(1, 2). Recalling a particular event involves

reactivating the constellation of representa-

tions that was active during that event, a

phenomenon that Tulving has referred to as

Bmental time travel[ (3). One of the major

puzzles of human memory is how we enact

this process of mental time travel. More

concretely: When we are instructed to recall

a particular event, how do we manage to

select representations corresponding to that

event, as opposed to representations from

other events (4, 5)?

Several theorists have argued that recall-

ing an event involves a process of contextual

reinstatement (6, 7). When asked to recall

memories of a certain type, a person ac-

tivates knowledge about the general proper-

ties of those events and then uses this general

knowledge to constrain the search for mem-

ories of the target events. For example, in

trying to remember a trip to the zoo, a person

could use their general knowledge of the

kinds of animals that are typically found at

zoos as a contextual cue for specific mem-

ories of seeing those animals. If specific

details are recalled, these details can be used

to further refine the retrieval cue, which

leads to recall of additional details, and so

on. Over time, the person continues to probe

memory, and the set of representations that

are active at recall increasingly comes to

resemble the set of representations that were

active during the targeted event. Whereas a

number of behavioral memory studies have

found evidence consistent with the contextu-

al reinstatement hypothesis (8–10), this kind

of evidence is necessarily indirect. We can

infer (based on theoretical grounds) that the

observed patterns of behavioral data arise

from increased match between cues at test

and stored memory traces, but these studies

do not directly measure cue-trace match.

We used functional magnetic resonance

imaging (fMRI) to more directly test the

contextual reinstatement hypothesis. In neu-

ral terms, the contextual reinstatement hy-

pothesis leads to a number of predictions.

The most basic prediction is that, when sub-

jects try to recall specific details from a par-

ticular episode or type of episode, the pattern

of brain activity (during recall) will progres-

sively come to resemble the pattern of

activity that was present during the to-be-

remembered episode. Furthermore, it should

be possible to relate the reinstatement of
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brain activity to behavioral recall perform-

ance on a time-varying basis. The likelihood

of recalling details from a particular episode

(at a particular moment during the recall test)

should be strongly related to how well

subjects—at that moment—have reinstated

activity from the to-be-remembered episode.

According to the contextual reinstatement

hypothesis, this association occurs because

subjects use reinstated activity in a top-down

fashion to cue for additional details (i.e.,

better reinstatement creates a better cue).

However, this association could also occur if

reinstated activity passively reflects recall of

specific details (i.e., more recall leads to

more reinstatement) and has nothing to do

with cueing. To tease apart these ideas, we

need to examine the temporal dynamics of

how brain activity from the study phase is

reinstated during recall. The contextual rein-

statement hypothesis posits that if subjects

use reinstated activity to cue memory, re-

instatement should precede the recall of

specific details. The alternative hypothesis

(that reinstated brain activity is a passive

reflection of the recall of specific details)

posits that reinstated activity should occur

during and after behavioral recall, but not

before.

The main predictions of the contextual

reinstatement hypothesis are summarized as

follows: (i) Contextual reinstatement should

build up gradually during the recall period.

(ii) Fluctuations in contextual reinstatement

should correlate with fluctuations in recall per-

formance. (iii) Contextual reinstatement should

precede recall of individual items. Recent neuro-

imaging studies of human memory retrieval

have found that components of brain activ-

ity recorded during the study period are re-

instated during the recall period, but these

studies did not measure how contextual rein-

statement changes over time during the recall

test (11–15).

To test the predictions of the contextual

reinstatement hypothesis, we designed a

study that would allow us to directly mea-

sure contextual reinstatement in a time-

varying manner. Unlike the aforementioned

imaging studies (which used recognition or

cued recall tests), our study used a free-recall

paradigm in which subjects were asked to

recall studied items in the absence of specific

cues. The lack of specific environmental

information driving retrieval in the free-

recall paradigm places stronger demands on

contextual reinstatement processes (16). Al-

so, we used newly developed, multivariate

pattern-analysis methods (17–20) to compare

patterns of brain activity at the time of recall

(test) to those observed during the initial en-

coding (study). This method increased our

sensitivity in measuring how well study-

phase brain activity was being reinstated

at test.

Over the course of the experiment, sub-

jects studied three lists, each of which

contained 30 study items. Each list was

composed of three different types of study

items: photographs of famous faces, photo-

graphs of famous locations, and photographs

of common objects. These photographs were

presented with a name written in text above

them (for example, a photograph of actor Jack

Nicholson with the words BJack Nicholson[

above the picture). Subjects performed a

different judgment on each class of stimuli

to orient them to the salient features of those

stimuli (21). Overall, the goal was to create a

distinctive mental context associated with

each stimulus class at study that could

subsequently be tracked during the recall

phase. At the end of the experiment, subjects

were given a final free-recall test (lasting 3

min) where they were asked to recall all of

the items they studied, in any order and re-

gardless of category. fMRI data were ac-

quired during both the study and recall

periods (21).

The goal of the fMRI analysis was to

track reinstatement (at the time of retrieval)

of the contexts associated with studying face,

location, and object stimuli. In order to do

this, we first sought to identify patterns of

brain activity associated with each category

during study. Data analysis was carried out

on an individual-subject basis. For each

subject, we trained a neural-network pattern

classifier to discriminate between patterns of

whole-brain activity associated with face,

location, and object stimuli during the study

phase (21). Next, the trained network was

used to classify whole-brain patterns of

activity in the same individual (each pattern

corresponding to 1.8 s of scanning) during

the recall period. For each brain volume

(scan), the classifier was used to produce an

estimate of how well that scan matched the

patterns of activity associated with the face,

location, and object contexts from the study

phase. By applying the classifier to succes-

sive brain scans acquired during the recall

phase, we were able to derive a graded, time-

varying estimate of the extent to which sub-

jects were reinstating the face, location, and

object study contexts. These time-varying

estimates of the reinstatement of each con-

text were then compared to the record of

actual verbal recalls made by the subject.

Consistent with the contextual reinstatement

hypothesis, we found that category-specific

brain activity during the final free-recall period

corresponded to the category of verbal recall

(Fig. 1). This correspondence was quantified

by correlating the classifier_s estimates of

category-specific activity (for each 1.8-s

scan) with the record of verbal recalls for

each category. A nonparametric statistical

analysis confirmed that the classifier esti-

mates correlated more with recall from the

matching category than with recall from

other categories; this effect was significant

(P G 0.05) in seven of the nine individual

subjects. A second nonparametric statistical

analysis revealed that these effects were

significant at the group level at P G 0.001

(table S3) (21).
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Fig. 1. Correspondence between the classifier’s estimates of contextual reinstatement and verbal
recalls for a single representative subject. Time is represented on the x axis; each time point
represents one complete brain scan (lasting 1.8 s). For each brain scan, the classifier produced an
estimate of the match between the current testing pattern and each of the three study contexts
(strength of estimate appears on the y axis). The blue, red, and green lines correspond to the face,
location, and object classifier estimates, respectively. The blue, red and green dots correspond to
the face, location, and object recalls made by the subject (larger dots correspond to multiple items
recalled during a single scan). The recall events are shifted forward by three time points to account
for lag to the peak hemodynamic response (27). For illustrative purposes, the classifier estimate
lines were temporally smoothed by replacing each point with the mean of that point and the
immediately neighboring estimates (however, the correlations reported here were computed based
on unsmoothed classifier estimates, as was the event-related average shown in Fig. 2).
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An event-related average of the classi-

fier estimates, constructed based on a subset

of recall events (see below), revealed that

category-specific brain activity reliably ap-

peared before the verbalization of the re-

called item (Fig. 2). This anticipatory rise

was significant beginning at 5.4 s before re-

call, suggesting that subjects cue with general

information about a category when trying to

recall specific items from that category. To

minimize the possibility that estimates of

category-related activity (before recall) would

be influenced by other recall events, we only

included recall events in the event-related av-

erage if no same-category items were recalled

in the preceding 14.4 s. For qualifying recall

events, Fig. 2 plots the average classifier es-

timate for the currently recalled category in the

time intervals surrounding the time of recall

(t 0 0). The anticipatory rise was computed

relative to a baseline plot, showing classifier

estimates for categories that were not recalled

at t 0 0 or in the 14.4 s preceding t 0 0. This

analysis was not corrected for the lag in the

hemodynamic response; thus, the increase

in category-related brain activity most likely

preceded recall by substantially more than the

5.4 s observed in the blood oxygen level–

dependent response.

Given the neural network classifier_s suc-

cess at predicting overt recall based on pat-

terns of brain activity, we ran an analysis to

determine which brain regions were contrib-

uting to the classification. Figure 3 presents

maps displaying which voxels exerted the

strongest influence in detecting each of the

three study contexts (21). The four repre-

sentative axial slices show that canonical

category-selective areas Esuch as the fusiform

face area and parahippocampal place area

(22–24)^, in addition to textured patterns in

other brain areas, activate during the study of

these item types.

The finding that canonical category-

selective areas were contributing to the clas-

sification suggests that these areas could

be driving the observed increase in contex-

tual reinstatement before recall. However,

follow-up analyses indicated that voxels

outside of peak category-selective areas are

also important for establishing this result

(21). We identified peak category-selective

regions of interest (ROIs) by using a group

general linear model analysis, applied to

study-phase data (see table S5 for a list of

identified regions). In one analysis, we

tracked category-related activity at recall by

computing (at each time point) the average

activity of each category-specific ROI. In an-

other analysis, we used our standard pattern-

classification procedure, but we limited the

analysis to the union of the voxels in the

peak category-selective ROIs. Both ROI-

based analyses showed a significant corre-

spondence between category-specific brain

activity and behavior (tables S7 and S8).

However, in both cases the observed corre-

spondence was smaller than the correspon-

dence obtained using our primary analysis

method, and neither of the ROI-based anal-

ysis methods was sensitive enough to detect

Fig. 3. The classifier-derived importance maps. Each voxel was assigned an ‘‘importance value’’ for each
study context based on its influence on the classifier’s estimate of reinstatement for that context (21).
These maps average over all 9 subjects (whereas all classification was done on a within-subject basis).
Each row depicts the map for a different study context, and each column depicts a different axial slice,
spaced 12 mm apart. Voxels with positive importance values are colored red; voxels with negative
importance values are colored blue. The colors fade into transparency as importance values approach
zero, as shown on the color bar. FG, fusiform gyrus; PG, parahippocampal gyrus; MFG, medial frontal
gyrus; PC, posterior cingulate; MTG, middle temporal gyrus (24).

Fig. 2. Event-related average of the
classifier’s estimates of contextual
reinstatement for the time intervals
surrounding recall events. Recall
events were excluded from the
event-related average if a same-
category recall was made in the
preceding 8 scans (equivalent to
14.4 s). The dotted line at t 0 0
represents the scan on which the
verbal recall was made. The ‘‘cur-
rently recalled’’ plot (black line)
was constructed by averaging to-
gether classifier estimates for cat-
egories that were recalled at t 0 0,
but not in 14.4 s preceding t 0 0.
The ‘‘baseline’’ plot (purple line)
was constructed by averaging to-
gether classifier estimates for
categories that were not recalled
at t 0 0 or in the 14.4 s preceding t 0 0. The ‘‘recently recalled’’ plot (red line) was constructed by
averaging together classifier estimates for categories that were not recalled at t 0 0, but were recalled (at
some point) during the 14.4 s preceding t 0 0 (28). The three plots have not been shifted to account for
hemodynamic lag effects. Statistical comparisons focused on the difference between the currently
recalled and baseline plots, because these two plots were matched for lack of recalls in the 14.4 s
preceding t 0 0. The currently recalled and baseline plots differ significantly starting at t 0 –3 (i.e.,
3 scans or 5.4 s before the verbal recall). Significance was calculated using a one-tailed, paired-samples
t test on the within-subject difference between the two plots (points marked with stars and circles
differ at P G 0.01 and P G 0.05, respectively).
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the anticipatory rise in category-selective

activity shown in Fig. 2 (figs. S10 and S11).

Taken together, these results suggest that

including voxels outside of the peak category-

selective ROIs improves our ability to de-

tect subtle changes in the reinstatement of

category-related activity.

The work described here is one of a grow-

ing number of fMRI studies illustrating the

benefits of multivoxel pattern-classification

techniques (17–20, 25, 26). These studies have

demonstrated that, by efficiently extracting

the information present in multivoxel pat-

terns of brain activity, it is possible to detect

subtle distinctions between cognitive states

using relatively thin time slices of brain data

(on the order of seconds). Whereas previous

applications of classification techniques have

focused on brain activity elicited by specific

perceptual cues, our study shows that classi-

fication algorithms can be used to extract a

time-varying trace of the subjects_ cognitive

state as they search through memory in the

absence of specific cues. Our results ground

Tulving_s speculations about mental time

travel in neural fact. As subjects search for

memories from a particular event, their brain

state progressively comes to resemble their

brain state during the sought-after event, and

the degree of match predicts what kinds of

information the subjects will retrieve. By

providing a direct view of how subjects are

cueing memory, the methods presented here

constitute a powerful new tool that research-

ers can use to test and refine theories of how

people mine the recesses of the past.
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Inducible Nitric Oxide Synthase

Binds, S-Nitrosylates, and

Activates Cyclooxygenase-2
Sangwon F. Kim,1 Daniel A. Huri,1 Solomon H. Snyder1,2,3*

Cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) are two
major inflammatory mediators. Here we show that iNOS specifically binds to
COX-2 and S-nitrosylates it, enhancing COX-2 catalytic activity. Selectively
disrupting iNOS–COX-2 binding prevented NO-mediated activation of COX-2.
This synergistic molecular interaction between two inflammatory systems may
inform the development of anti-inflammatory drugs.

Inflammatory processes are mediated by multi-

ple molecular mechanisms. Two of the most

prominent are the production of nitric oxide (NO)

by inducible NO synthase (iNOS) and the for-

mation of prostaglandins by cyclooxygenase-2

(COX-2; prostaglandin H
2
synthase) (1, 2).

COX-2 inhibitors have attained widespread

use as anti-inflammatory agents, although they

elicit potentially adverse side effects (1, 3, 4),

whereas iNOS inhibitors are not presently em-

ployed therapeutically. Inflammatory stimuli

elicit the synthesis of iNOS and COX-2 proteins

with similar time courses, which suggests that

the two systems may interact (5, 6). Stimulants

of iNOS such as bradykinin (7) and lipo-

polysaccharide (LPS) plus interferon-g (IFN-g),

two components of endotoxin, enhance prosta-

glandin formation (8). NOS inhibitors prevent

the formation of prostaglandins (9).

To determine whether iNOS and COX-2

interact, we used a murine macrophage cell line

(RAW264.7) in which LPS and IFN-g mas-

sively activate both iNOS and COX-2. INOS

immunoprecipitated with COX-2–specific

antibodies from lysates of cells treated with

LPS–IFN-g (Fig. 1A). This was also observed

in transfected human embryonic kidney cells

(HEK293T) overexpressing both proteins

(fig. S1A). The two enzymes also coimmuno-
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precipitated from peritoneal macrophages ob-

tained from mice injected with thioglycollate,

an inflammatory stimulus that induces peritoni-

tis or pleuritis (fig. S1B). To determine whether

catalytic activity of the enzymes influences

their interactions, cells that were induced by

LPS–IFN-g were also treated with the iNOS-

selective inhibitor 1400W (Fig. 1B) or the

COX-2–selective inhibitor SC58125 (Fig. 1C).

Coimmunoprecipitation of iNOS and COX-2

by antibodies specific to either protein was un-

affected by either inhibitor. The binding of iNOS

and COX-2 was selective, because COX-1 did

not immunoprecipitate with iNOS. To map the

binding sites on both proteins, we generated

selective deletions of iNOS (Fig. 1, D to F)

and COX-2 (Fig. 1, G and H) sequences. The

amino acid segment 1 to 144 of iNOS, which

is within the oxygenase domain, is required,

whereas the C terminus of COX-2 mediates

binding and includes amino acids 484 to 604,

which do not exist in COX-1.

The two major mechanisms whereby NO

influences its intracellular targets are stimula-

tion of guanylyl cyclase by direct binding of NO

to iron in heme at the active site of guanylyl

cyclase (10) or S-nitrosylation of protein tar-

gets on appropriate cysteines (11, 12). Because

COX-2 has heme at its active site (13), this

would be a potential target. However, NO bind-

ing to heme in COX-1 does not alter its activity

(14). COX-2 also contains 13 cysteines whose

roles are not fully understood (15). To explore

the possibility of S-nitrosylation of COX-2 by

NO, we examined multiple NO donors in-

cluding nitroso-S-glutathione (GSNO) (Fig. 2A),

sodium nitroprusside (SNP), spermine-NO, and

(Z)-1-EN-(2-aminoethyl)-N-(2-ammonioethyl)

amino^diazen-1-ium-1,2-diolate (DETA-

NONOate) (fig. S3A). Using the biotin switch

method in which all the S-nitrosylated cysteines

are selectively biotinylated (16), we observed

that all four NO donors elicited S-nitrosylation

of COX-2 in transfected HEK293T cells ex-

pressingCOX-2–Myc (Fig. 2A). S-Nitrosylation

of COX-2 was also observed in RAW264.7

cells treated with LPS–IFN-g. This was pre-

vented when cells were treated with iNOS

inhibitor 1400W (Fig. 2B and fig. S3B). The

biotin switch method was specific, as H
2
O
2
did

not elicit S-nitrosylation (fig. S4). We also ruled

out the possibility that sulfenic acid modifica-

tion was detected by the biotin switch assay by

demonstrating that arsenite, which reverses sul-

fenic acid modifications but not S-nitrosylation,

failed to provide the biotin switch signal af-

forded by ascorbate using GSNO with purified

COX-2 or LPS–IFN-g treatment of RAW 264.7

cells (fig. S4B). In some instances there may be

no need to deliver NO directly to targets, as

some actions of NO are prevented by hemo-

globin, which sequesters freely diffusible NO

(17). We examined the effects of hemoglobin

on S-nitrosylation of COX-2 under varying

conditions. In transfected HEK293T cells ex-

pressing COX-2, hemoglobin prevented the

S-nitrosylation elicited by GSNO (fig. S5A),

whereas it failed to alter S-nitrosylation of

COX-2 in RAW264.7 cells activated by LPS–

IFN-g (fig. S5B). Thus, in the more physiologic

macrophage cell line, the S-nitrosylation of

COX-2 induced by an inflammatory stimulus

does not appear to be elicited by freely dif-

fusible NO.

To determine whether S-nitrosylation of

COX-2 alters enzyme activity, we examined

transfected HEK293T cells expressing COX-

2–Myc. The NO donor SNP, added to cell

lysates, elicited a twofold increase in COX-2

activity, reflecting S-nitrosylation. Ascorbic acid

reversed S-nitrosylation (16, 18) and prevented

the increase (Fig. 2, C and D). The reversal by

ascorbate of COX-2 activation by NO donors is

not merely a reflection of ascorbate influences

on enzyme substrates or intermediate products,

as ascorbate failed to affect COX-2 activity in

preparations not treated with SNP. Further evi-

dence that S-nitrosylation and COX-2 activation

are related is the closely similar concentration-

response relation between the effects of the NO

donor GSNO on S-nitrosylation and on COX-2

activity (Fig. 2E).

NO activates COX-2 by increasing its ap-

parent V
max

without changing its K
m
(Fig. 2F).

The higher concentration of SNP required to

activate COX-2 in vitro compared with intact

cells accords with earlier studies showing greater

potency of NO donors in intact cells (19). To

ascertain the kinetic basis for NO activation of

COX-2, we conducted enzyme assays with in-

creasing concentrations of sucrose to augment

viscosity and slow down enzyme kinetics (Fig.

2G). As expected, with increasing viscosity, the

ratio of control enzyme activity to the activity in

more viscous solutions increased. This increase

was diminished in SNP samples, consistent with

SNP_s accelerating the release of product from

the enzyme.

To determine which of the 13 cysteines of

COX-2 are critical for the augmentation of

COX-2 activity elicited by S-nitrosylation,
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by Western blot with antibodies against COX-2 and iNOS. Control in-
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RAW264.7 cells were transfected to express the

N-terminal 483 amino acids or the C-terminal

120 amino acids of COX-2. LPS–IFN-g

treatment induced S-nitrosylation of the C-

terminal fragment (which contains three cys-

teines) but not the N-terminal fragment (fig. S6).

To ascertain which of these three cysteines is

responsible for augmented COX-2 activity, each

was mutated to serine. The mutation in which

Ser is substituted for Cys526 (C526S) prevented

activation of COX-2 by the NO donor SNP,

whereas the C561S mutation did not (fig. S6).

Fig. 2. S-Nitrosylation
of COX-2 enhances
enzyme activity. (A)
COX-2 expressed in
transfected HEK293T
cells is S-nitrosylated in
the presence of GSNO
(100 mM) or glutathione
(reduced form) (100
mM) as determined by
biotin-switch assay. All
the S-nitrosylated pro-
teins were precipitated
and COX-2 was de-
tected by Western blot
with COX-2–specific an-
tibody. COX-2 was se-
lectively S-nitrosylated
by GSNO. (B) LPS–
IFN-g treatment of
RAW264.7 cells elicits
S-nitrosylation of COX-
2, which is prevented
by the iNOS inhibi-
tor 1400W (100 mM).
COX-2 was selectively
S-nitrosylated by en-
dogenously generated
NO. (C) COX-2 enzyme
activity was measured
from the cell lysate of transfected HEK293T cells expressing COX-2–Myc in
the presence or absence of SNP and ascorbate. Bars represent the mean T

SEM of three independent cell cultures performed in triplicate (*statis-
tically significant by Student’s t test). (D) COX-2–Myc expressed in
transfected HEK293T cells is S-nitrosylated by various concentrations of
GSNO. The dose-dependence of GSNO-mediated activation of PGE2 was
measured. Data were pooled from at least three independent determi-
nations, each in triplicate. (E) COX-2–Myc expressed in transfected
HEK293T cells is S-nitrosylated in the presence of SNP and reversed by

the addition of ASC. All the S-nitrosylated proteins were precipitated, and
COX-2 was detected by Western blot with COX-2–specific antibody. (F)
Recombinant human COX-2 was treated with SNP, and COX-2 activity
was measured (n 0 3, control: Vmax 0 81.3 T 4.8 nmol/min per mg, Km 0

16.2 T 2.2 mM; SNP: Vmax 0 132 T 6.5 nmol/min per mg, Km 0 17.0 T 2.0
mM). (G) Recombinant human COX-2 was treated with SNP, and its
turnover rate (kcat) was measured in the presence of various concentrations
of sucrose. Data were expressed as kcat-control over kcat in each viscosity
versus viscosity ratio.
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least three independent determinations, each in triplicate
(*statistically significant by Student’s t test). (B) Com-
binations of L-NAME (500 mM), L-NAME þ L-Arg (1 mM)
or D-Arg (1 mM), and D-NAME (500 mM) were added to
RAW264.7 cells treated with LPS–IFN-g. PGE2 was measured.
The data were pooled from three independent experiments
performed, each in triplicate. (C) PGE2 and nitrite were
measured from primary peritoneal macrophages isolated
from wild-type (WT) or iNOS knockout (KO) mice. Macro-
phages were treated with LPS–IFN-g or untreated (*statis-
tically significant by Student’s t test). (D) S-Nitrosylation of
COX-2 of WT primary peritoneal macrophages treated with
LPS–IFN-g is abolished in iNOS KO macrophages. All the

S-nitrosylated proteins were precipitated, and COX-2 was detected by Western blot with COX-2–specific antibody.

R E P O R T S

23 DECEMBER 2005 VOL 310 SCIENCE www.sciencemag.org1968

http://www.sciencemag.org


The C555S mutation abolished enzyme ac-

tivity, so the effects of NO stimulation could

not be assessed. Individual mutation of the

13 cysteines in COX-2 did not detectably

diminish total S-nitrosylation of the enzyme,

which suggests that multiple cysteines can be

S-nitrosylated, but only C526 is responsible for

enzyme activation by NO.

To clarify the influence of NO on prosta-

glandin E
2
(PGE

2
), a prostaglandin synthesized

by COX-2 formation in a physiologic context,

we examined RAW264.7 cells. The formation

of PGE
2
in response to LPS–IFN-g was inhib-

ited by the iNOS inhibitor 1400W, with 50%

reduction of PGE
2
formation at drug concen-

trations that provide 50% inhibition of iNOS

activity (Fig. 3A). Specificity of the NO as-

sociation was evident by inhibition of PGE
2

formation with the active L-isomer of the

NOS inhibitor N-nitro-L-arginine methyl ester

(L-NAME) but not by D-NAME; the effects of

L-NAME were reversed by added L-arginine

(Fig. 3B). Thus, about 50% of induced COX-2

activity is determined by S-nitrosylation.

As RAW264.7 cells are a continuous mac-

rophage cell line that may not behave the same

as macrophages in intact organisms, we used

peritoneal macrophages from mice lacking

iNOS. PGE
2
formation from macrophages of

mice treated with LPS–IFN-g was reduced in

the iNOS knockout mice by È70%, in parallel

with a similar reduction in nitrite formation by

the macrophages (Fig. 3C) and a decrease in

S-nitrosylated COX-2 (Fig. 3D). These ob-

servations concur with findings of decreased

urinary PGE
2
in iNOS knockout mice (20).

We hypothesized that the increase in PGE
2

formation by iNOS activation reflects binding

of iNOS to COX-2 to deliver NO in appropriate

proximity for S-nitrosylation. To explore this

possibility we blocked iNOS–COX-2 bind-

ing with the fragment of COX-2 (amino acids

484 to 604), which binds iNOS (Fig. 4A).

Expression of COX-2(484–604) in transfected

RAW264.7 cells abolished the coprecipitation

of iNOS and COX-2. Instead, COX-2(484–604)

associated with iNOS (Fig. 4A). Moreover,

this interference of binding between COX-2

and iNOS by COX-2(484–604) decreased

S-nitrosylation of COX-2 in RAW264.7 cells

(Fig. 4B). The dominant-negative effect of

COX-2(484–604) reduced PGE
2
formation

by more than 50%, whereas expression of a

COX-2 fragment of amino acids 1 to 483,

which does not bind iNOS, failed to influ-

ence PGE
2
formation (Fig. 4, C and D).

In summary, our study establishes a phys-

iologic binding interaction of iNOS and COX-2

bringing NO in proximity to COX-2, facilitat-

ing its S-nitrosylation and activation, and fitting

with earlier findings that NOS inhibition de-

creases prostaglandin formation (9, 21). Our

findings accord with recent evidence that many

physiologic actions of NO require its delivery

to molecular targets (12, 22, 23). Whereas

scaffolding proteins such as CAPON (22) or

PSD95 (23) link neuronal NOS, respectively, to

Dexras1 (22) and N-methyl-D-aspartate recep-

tors (23), iNOS and COX-2 bind directly. The

molecular synergism between iNOS and COX-2

may represent a major mechanism of inflam-

matory responses. Drugs that block the iNOS–

COX-2 interaction may be anti-inflammatory,

synergizing with COX-2 inhibitors and per-

mitting lower doses. As the binding site on

iNOS is in the catalytic domain, derivatives of

iNOS inhibitors that also prevent binding to

COX-2 may decrease both NO and prostaglan-

din formation.
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Diversity and Function of

Adaptive Immune Receptors

in a Jawless Vertebrate
Matthew N. Alder,1 Igor B. Rogozin,2 Lakshminarayan M. Iyer,2

Galina V. Glazko,3 Max D. Cooper,1 Zeev Pancer4*

Instead of the immunoglobulin-type antigen receptors of jawed vertebrates,
jawless fish have variable lymphocyte receptors (VLRs), which consist of leucine-
rich repeat (LRR) modules. Somatic diversification of the VLR gene is shown here
to occur through a multistep assembly of LRR modules randomly selected from
a large bank of flanking cassettes. The predicted concave surface of the VLR is
lined with hypervariable positively selected residues, and computational anal-
ysis suggests a repertoire of about 1014 unique receptors. Lamprey immunized
with anthrax spores responded with the production of soluble antigen-specific
VLRs. These findings reveal that two strikingly different modes of antigen
recognition through rearranged lymphocyte receptors have evolved in the
jawless and jawed vertebrates.

An adaptive immune system based on lym-

phocytes bearing clonally diverse antigen-

specific receptors first appeared at the dawn

of vertebrate evolution È500 million years

ago. Within less than 40 million years in the

Cambrian, both jawless and jawed vertebrates

evolved mechanisms of lymphocyte receptor

diversification that were radically different.

Thus, jawed vertebrates rearrange immuno-

globulin and T cell receptor (TCR) variable,

diverse, and joining gene segments (VDJs)

to generate highly diverse repertoires of T

and B lymphocyte antigen receptors (1, 2).

In contrast, lamprey and hagfish, jawless fish

representatives of the oldest vertebrate tax-

on, assemble their VLRs from modular LRR

units (3, 4). In the lamprey, a single incom-

plete germline VLR gene generates a diverse

repertoire of cell surface receptors through

somatic rearrangement of LRR cassettes that

flank the gene. Each lymphocyte thus assem-

bles a VLR gene of unique sequence. Hagfish

have two germline VLR genes, called VLR-A

and VLR-B, that can generate equivalently

diverse receptor repertoires (4). On the basis

of the existence of a sizable repertoire of di-

verse lymphocyte receptors, we hypothesized

that VLRs may serve as jawless fish equiv-

alents of the anticipatory antigen receptors of

jawed vertebrates.

The potential diversity of lamprey VLRs

was estimated by analysis of 517 unique VLR

sequences, including 129 previously reported

sequences (3) and 388 new sequences derived

mostly from animals immunized with the Ba-

cillus anthracis spore coat (5). Analysis of the

aligned VLR diversity regions revealed mixed

clusters of sequences, with no exclusive clus-

tering of VLRs from animals immunostimu-

lated with particular antigens. The alignment

was then converted into a matrix consisting of

the individual types of constituent LRR mod-

ules (Fig. 1A). This included the 30 to 38

residue N-terminal LRR (LRRNT), 18-residue

first LRR (LRR1), 24-residue LRRs (LRRVs),

13-residue connecting peptide (CP), and 48-

to 65-residue C-terminal LRR (LRRCT).

Noting that the terminal 24-residue LRR

module adjacent to the CP had a distinct

sequence signature in 98% of the cases (fig.

S1) (5), we designated this as the LRRV-end

(LRRVe).

The data set was screened for repetitive oc-

currence of each type of LRR module, singly

or as recurring pairs (Tables 1 and 2). Most

pairs of adjoining LRRVs or LRRVe_s were

only observed once, but in some cases, repeti-

tious pairs of LRRNT-LRR1 and CP-LRRCT

were identified. These may represent VLRs

that were assembled from multimodule ge-

nomic cassettes, such as one LRR1-LRRV-

LRRV triplet previously identified in the VLR

locus (3), or VLRs selected for certain structural

conformations. However, 94% of the LRRNT-

LRR1 and CP-LRRCT pairs are either unique

or consist of the same pair of adjoining mod-

ules occurring three times or less in the VLR

data set, and the pairing occurrence follows a

random Poisson distribution (6). Most hagfish

VLR-A modules were also found in random

combinations (n 0 139; tables S1 and S2),

whereas the VLR-B sample (n 0 70) was too

small for reliable analysis. The potential diver-

sity of the VLR repertoire was therefore calcu-

lated by considering individual LRR modules

as independent recombination units. For the

lamprey, we predict a potential repertoire of

up to 1014 unique VLRs and up to 1017 for the

hagfish VLR-A (5).

The number of LRR cassettes flanking the

germline VLR gene is unknown. Thus far, 32

unique germline LRR modules have been iden-

tified in the partially sequenced lamprey VLR

locus (3), and only 15 of these were identical

to one of the 1568 modules from the VLR data

set. To estimate the number of LRRV mod-

ules in flanking cassettes at the VLR locus,

we used Monte Carlo simulations to predict

at 95% confidence level an upper bound esti-

mate of È1500 lamprey LRRVs and È2400

LRRVs for the hagfish VLR-A (5). These data

suggest that the rearrangement process that

yields mature VLR genes occurs by random

selection of each module type from a large

pool of genomic LRR modules.

The lamprey germline VLR gene of È13 kb

consists of three coding regions separated by

two intervening sequences: (i) the signal pep-

tide and 5¶ portion of LRRNT, (ii) the 5¶ portion

of LRRCT, and (iii) the 3¶ portion of LRRCT
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and the stalk region (Fig. 1B) (3). Previously, we

identified germline VLR transcripts from lam-

prey and hagfish lymphocytes, which indicated

VLR gene transcription before or during the

rearrangement process (4). We therefore pref-

erentially cloned those rare cDNA amplicons

that retained portions of the intervening se-

quences. For this we used polymerase chain

reaction (PCR) primer combinations, wherein

one annealed within an intervening region and

the other in a coding portion, followed by selec-

tion for amplicons shorter than the length ex-

pected for germline VLR transcripts. Amplicons

generated from genomic DNA (gDNA) were

also analyzed. Among 37 unique rearrange-

ment intermediates, we identified clones with

large DNA deletions at different locations in

the intervening regions (nine cDNA clones,

two gDNA). In addition to deletions, some

clones revealed modular LRR insertions within

the germline VLR (24 cDNA clones, 2 gDNA).

Deletion of coding portions of the germline

gene were observed in five cDNA clones, as

in no. 36 where the germline 5¶ LRRCT is

missing. In other cases, the germ line–encoded

5¶ LRRCT was replaced with unique 5¶ LRRCT

from the flanking cassettes (four cDNA clones,

two gDNA). The insertions in two clones

included noncoding DNA, as shown for the

78-nucleotide insertion flanking the termi-

nal LRR module in no. 36. All of the LRR

modules were inserted in-frame with germ

line–encoded elements, but in most cases, the

insertions terminated with an incomplete LRR

module (92%). Insertion of the LRRV mod-

ules into the germline VLR occurs through

multiple independent events as indicated by

(i) the variable numbers of LRRVs in the re-

arrangement intermediates and as many as

eight in some of the VLR transcripts, whereas

only singlet or doublet LRRV cassettes have

been identified in the VLR locus; (ii) the rarity

of repetitive adjoining LRRV modules (Tables

1 and 2); and (iii) the random Poisson distri-

bution of the number of LRRV modules per

transcript (table S5). Among the 32 LRR mod-

ules identified in the intermediate clones, only

4 matched any of the 32 known germline mod-

ules in the VLR locus. Consensus sequences

that could mediate rearrangement of the LRR

cassettes via recombinase activity were not

found. The mechanism for the stepwise VLR

rearrangement process remains unknown, but

the final maturation step into functional VLR

genes may involve recombination between the

ends of the partially rearranged germline gene,

thereby eliminating the remaining intervening

sequences and any incomplete modules.

A hallmark of genes undergoing positive

Darwinian selection is the prevalence of codons

with nonsynonymous nucleotide substitutions

(Ka), which alter the encoded residue, over

codons with synonymous substitutions (Ks).

For instance, multiple alleles of the polymor-

phic major histocompatability complex antigen-

Fig. 1. Lamprey VLR diversity and gene rearrangement intermediates. (A) VLR scheme: signal peptide
(SP), LRRNT, first LRR1, variable LRRV, end LRRVe, CP, and LRRCT (see text). Germline VLR-encoded
portions of LRRNT and LRRCT are hatched. (B) Germline VLR gene rearrangement intermediates.
Examples of LRR modules inserted from flanking cassettes into the germline gene: extensions of the
VLR gene 5¶ LRRNT (F.1 þ R.1 amplicons); replacements and extensions of the VLR gene 5¶ LRRCT
(F.1 þ R.2); and extensions of the VLR gene 3¶ LRRCT (F.2 þ R.3). Most insertions terminate with an
incomplete LRR. Position of forward (F) and reverse (R) primers indicated; black, cDNA clones; red,
genomic clones; red line in Int.36 indicates a 78-nucleotide noncoding DNA flanking the LRRVe.
(C) 3D model of VLR diversity region. Positively selected solvent-exposed residues on the concave
surface are represented by colored spheres: red, LRRNT; yellow, LRR1; blue, LRRV; white, LRRVe; green,
b strands; magenta, a helices.

Table 1. Distribution of unique and repeated adjoining pairs of LRR modules among 517 unique VLR
sequences (the modules are shown in Fig. 1A).

Number of pairs
Adjoining pairs of LRR modules

LRRNT LRR1 LRR1 LRRV LRRV LRRV LRRV LRRVe LRRVe CP CP LRRCT

1 287 390 270 388 449 308
2 22 5 3 16 29
3 7 2 3 8
4 4 1 4
5 5 8
6 1
7 2 1
8 2 2
9 2 1
10 2
11 1 1
13 1
20 1
21 1
22 1 1

R E P O R T S

www.sciencemag.org SCIENCE VOL 310 23 DECEMBER 2005 1971

http://www.sciencemag.org


presenting molecules differ by only a few

positively selected residues located in the

diverse antigen-presentation sites (7). In B lym-

phocytes, however, somatic hypermutation of

immunoglobulin genes followed by a selec-

tion stage can also result in prevalence of

nonsynonymous mutations. We therefore ana-

lyzed the distribution of nucleotide substitu-

tions in all the related VLR sequences of

identical length that differ by 1 to 21 nucleo-

tides (n 0 20; two triplets and seven pairs). In

most cases, the substitutions clustered dis-

cretely in one or more of the LRR modules

in a nonrandom distribution (P G 0.01) (8).

Only in one case were Bmutations[ randomly

scattered throughout the VLR diversity region

(P 0 0.37). Hence, the presence of one or more

unique LRR modules distinguishes most of the

VLR sequences, indicating that somatic hyper-

mutation is not a significant contributing

factor in VLR diversification. This conclusion

is supported by the finding of recurring

identical LRR modules among VLRs collected

from different animals (Table 2) and by the

observation that scaffold residues in the LRR

modules are highly conserved, for example,

10 out of 24 residues are invariant in 90 to

100% of the LRRVe modules (fig. S1).

To identify regions in the VLR that may

be undergoing positive selection, we used a

three-dimensional (3D) model of the lam-

prey VLR (Fig. 1C) to predict the position of

solvent-exposed and buried residues in the

VLR. The residues in each VLR were then di-

vided into three categories: (i) solvent-exposed

residues on the concave VLR surface; (ii)

solvent-exposed residues elsewhere; and (iii)

buried residues. Analysis of nucleotide sub-

stitution revealed a rate significantly higher

for nonsynonymous substitutions only in the

concave VLR surface. A concentration of non-

synonymous substitutions was also found on

the concave surface of hagfish VLR-A and

VLR-B (Table 3; fig. S2). The invariant scaf-

fold residues within each LRR module are in-

terspersed with hypervariable sites (fig. S1),

which indicates that some of these sites may

be under positive selection (7, 9, 10). Positive

selection can be distinguished by the ratio of

Ka to Ks substitutions: a ratio 91 indicates

positive selection, a ratio G1 indicates purify-

ing selection, and a near 1 ratio indicates neu-

tral evolution (9).

Using both maximum parsimony (11) and

maximum likelihood (12, 13) for independent

calculations, we identified one to six sites

that could be confidently considered as having

been under positive selection in all six module

types, with the exception of the hagfish VLR-

A LRRCT and VLR-B CP (tables S3 and S4).

The positively selected sites predicted by both

methods were mapped onto lamprey and hag-

fish VLR models (Fig. 1C; fig. S2). In each

LRR module type, except for the CP, one to

three of the positively selected residues are

solvent exposed on strands of the central b

sheet that forms the concave surface of the

VLR model, for example, codons 7 and 9 in

lamprey LRRV (table S4). Another set of pos-

itively selected sites localize at one or both

ends of the LRRNT and LRRCT. A conserv-

ative estimate of the combinatorial diversity

that can be generated by the positively se-

lected solvent-exposed residues on the concave

VLR surface is 5 � 107 for the lamprey, 7.1 �

1013 for the hagfish VLR-A, and 1.5 � 106

for VLR-B. Notably, in many LRR-containing

proteins, the concave surface is the ligand-

binding interface (14–19).

The remarkable diversity of the VLR rep-

ertoire suggested that these may serve as

lymphocyte antigen receptors in lamprey im-

munity. To assess the VLR_s role in antigen

recognition, we injected animals with anthrax

spore coat (exosporium) as a particulate im-

munogen bearing an immunodominant antigen

for mice, the collagen-like BclA glycoprotein

(20). We then examined cellular and humoral

responses after exosporia injections at weekly

intervals. Flow cytometric analysis, using a

VLR-specific antibody against the conserved

stalk, indicated a dramatic increase in large

lymphocytes among the VLR-positive cells.

Compared with unstimulated animals, the frac-

tion of large VLR-positive lymphocytes in-

creased during the 8-week stimulation period

from 4 to 93% in the blood, from 11 to 90% in

the kidney, and from 7 to 76% in the typhlo-

sole, the major hematopoietic tissue in larvae.

Mitogenic activity of the exosporium may

have induced the dramatic activation of VLR-

bearing lymphocytes, as in lamprey stimulated

with a mixture of antigens and mitogens (3).

Plasma VLR concentrations in 8-week immu-

nized animals were increased by 8- to 10-fold

over preimmunization levels (5). An ELISA as-

say, used to measure levels of soluble anthrax-

Table 2. Different LRR modules and those found only once in adjoining pairs among 517 unique VLR
sequences. The distribution of LRRV modules per transcript is shown separately.

Different LRR modules and uniquely
paired combinations

Distribution of LRRV modules
per transcript

Module Different (% total) Uniquely paired LRRV modules Cases

LRRNT 235 (45) 196 0* 109
LRR1 191 (37) 148 1 228
LRRV 530 (78) 518 2 119
LRRVe 353 (68) 335 3 45
CP 71 (14) 54 4 6
LRRCT 188 (36) 160 5 8

6 1
7 1

Average 1.31

*VLR sequences with LRRVe modules but no LRRV.

Table 3. Average Ks and Ka among solvent-exposed and buried residues of the lamprey VLR (n 0 517), hagfish VLR-A (n 0 139), and hagfish VLR-B (n 0 70).
A ratio of Ka/Ks 91 indicates positive selection; Ka/Ks G 1 indicates purifying selection; and Ka/Ks ; 1 indicates neutral evolution. For Ks and Ka, standard
error in parentheses.

Site class Ks Ka Mode of selection

Lamprey VLR
Exposed residues on concave VLR surface 0.28 (0.03) 0.44 (0.05) Positive selection (Z 0 2.61, P 0 0.004)
Exposed residues elsewhere on VLR surface 0.25 (0.02) 0.21 (0.03) Neutral evolution (Z 0 1.55, P 0 0.12)
Buried residues 0.21 (0.02) 0.12 (0.02) Purifying selection (Z 0 3.43, P 0 0.001)

Hagfish VLR-A
Exposed residues on concave VLR surface 0.37 (0.05) 0.53 (0.05) Positive selection (Z 0 3.63, P G 0.001)
Exposed residues elsewhere on VLR surface 0.26 (0.03) 0.29 (0.03) Neutral evolution (Z 0 0.37, P 0 0.90)
Buried residues 0.25 (0.03) 0.10 (0.02) Purifying selection (Z 0 4.77, P G 0.001)

Hagfish VLR-B
Exposed residues on concave VLR surface 0.35 (0.04) 0.65 (0.02) Positive selection (Z 0 8.37, P G 0.001)
Exposed residues elsewhere on VLR surface 0.30 (0.03) 0.17 (0.03) Purifying selection (Z 0 3.75, P G 0.001)
Buried residues 0.32 (0.03) 0.09 (0.02) Purifying selection (Z 0 8.72, P G 0.001)
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reactive VLR, revealed a progressive increase

in spore recognition over the immunization

period (Fig. 2A). VLR specificity was indi-

cated by selective reactivity with B. anthracis

versus B. subtilis spores, a related bacterium

used as a control. BclA antigen–specific VLRs

also increased in plasma samples from im-

munized animals (Fig. 2B), and longer immu-

nization periods led to progressively higher

levels of BclA-specific VLRs. These data in-

dicate that lampreys are capable of humoral

responses to anthrax exosporium by producing

increasing levels of soluble BclA-specific VLRs.

In summary, our data indicate that jaw-

less fish generate a very large repertoire of

VLRs, comparable to the predicted diversi-

ty of È1014 mammalian antibody repertoire

(21, 22). These repertoires would clearly be

sufficient to recognize a wide range of anti-

genic determinants, yet this remarkable ex-

tent of receptor diversity in both jawless and

jawed vertebrates is intriguing given that the

available repertoire is limited by the presence

of less than 10 million lymphocytes in lam-

prey larvae and in jawed vertebrate repre-

sentatives like the zebrafish (23). Apart from

antibodies, TCRs, and VLRs, such a spec-

tacularly complex repertoire has only been

reported for the È1013 C-type lectin fold var-

iants in the receptor of the Bordetella bac-

teriophage (24).

Analysis of intermediates in the VLR gene

assembly process indicates a multistep mech-

anism for insertion of various LRR modules

from flanking cassettes into the framework

germline gene. These are incorporated precise-

ly in-frame with the coding regions in the in-

complete VLR and in tandem with previously

inserted LRR modules. The molecular machin-

ery used in assembly of mature VLR genes is

clearly an interesting arena for future investi-

gation, and our prediction that an array of 1500

to 2400 diverse LRR modules in agnathan ge-

nomes provides the primary source of VLR

diversity will be tested when the sea lamprey

genome sequencing project is completed.

Most important, the present studies indicate

that lamprey can use their VLRs for specif-

ic recognition of particulate and soluble pro-

tein antigens in a humoral response. Within

4 weeks of anthrax immunization, soluble

anthrax-specific VLRs were abundant in the

circulation, and these included VLRs that rec-

ognize the exosporium BclA protein. Our data

thus strongly suggest convergent evolution of

remarkably different strategies for generating

anticipatory lymphocyte receptors in jawless

and jawed vertebrates.
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Fig. 2. Antigen recognition by lamprey VLR. Immune responses after weekly injections of anthrax
spore coats at 4, 6, and 8 weeks. (A) Plasma VLR reactivity with B. anthracis spores compared with
B. subtilis (control); plasma dilution 1:200. (B) Plasma VLR recognition of the spore coat protein
BclA; two individuals per time point; control, plasma from 8-week stimulated larva reacted with
unrelated protein.
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Kinase Assay Kits

TruLight Kinase Assay Kits and the TruLight Universal Kinase/Phos-
phatase Assay Kit provide new technology for rapid, sensitive detec-
tion of enzyme activity. The assays are also convenient for inhibitor
screening. Unlike fluorescence resonance energy transfer or tradi-
tional fluorescence quenching assays, in which quenching is equimo-
lar between donor and receptor,TruLight assays make use of polymer
superquenching,which results in assays that are up to 10 times more
sensitive. These kits do not require special equipment, radioactive
materials, or secondary (detector) enzymes or antibodies.
EMD Biosciences For information 800-854-3417 www.calbiochem.com/trulight

Gene Regulation Antibody Array

The Panorama Ab Microarray – Gene Regulation I Kit is designed for
studying protein expression in cell or tissue extracts and is compatible
with human, mouse, and rat proteins. The antibodies in the array
represent families of proteins found in the nucleus that are involved in
chromatin remodeling and regulation of gene expression. These
include transcription factors and histone modifying enzymes, along
with antibodies that specifically recognize histone modification.
Sigma-Aldrich For information +44 (0) 1260 296505 www.sigma-aldrich.com

Mass Spectroscopy Silver Stain

FOCUS-FASTsilver is a reliable and economical alternative to current
silver staining methods.A 60- to 90-min protocol delivers sensitivity
of less than 1 ng with clear backgrounds and sharp, clean bands of
proteins or nucleic acid. The kit contains no gluataldehyde and is
supplied with silverOUT, which removes inhibitory silver ions for
complete trypsin protease digestion.
G-Biosciences/Genotech For information 314-991-6034 www.GBiosciences.com

Recirculating Chiller

A compact, economical recirculating chiller designed to provide reli-
able heat removal for lasers and other precision laboratory equip-
ment is now available. Capable of maintaining process temperatures
from 5º to 35ºC,the Durachill 1.5
HP Chiller provides up to 6328
watts of cooling at 20ºC ambient
and fits conveniently under a
standard height laboratory bench.
It comes with a wide variety of
standard and optional features
and is available in both air- and
water-cooled models. All models
feature a microprocessor-based
controller, digital temperature
display, one-touch set point dis-
play, and digital pressure and
flowrate display. These rugged
chillers also feature adjustable
fluid temperature, pressure, and flow rate alarms as well as a high
ambient temperature alarm.Among the options available are remote
temperature tracking capability, serial output, audible and visual
alarms, and a low liquid level indicator.
PolyScience For information 800-229-7569 www.polyscience.com

Proteomics Software

Dymension 3 is software for rapid, reproducible analysis of proteins
run on two-dimensional (2D) multi-stain gels such as cyanine dyes.
For proteomics studies, 2D multi-stain gels are considered a more

precise method of analysis because each protein spot has its own
internal standard, which eliminates the problem of gel-to-gel varia-
tion.However,aligning these gels can be a very time-consuming task.
By using Dymension 3 software, scientists can automatically overlay
images of gels, showing up to three contrasting fluorescently labeled
protein samples.Then through its spot-finding algorithm, Dymension
3 can instantly locate and analyze protein spots, assigning statistical
confidence to each difference, thus accurately highlighting specific
relevant proteins.
Dymension. For information +44 (0) 1223 727123 www.2dymension.com

Fluorescence Measurement

The FluoroMax-P combines time-correlated
single-photon counting, the most sensitive
technique for obtaining fluorescence life-
times, with steady-state measurements in an
easy-to-use, tabletop instrument. Picosecond
light sources from 280 nm and other sources
in the ultraviolet through visible to near
infrared range let the user tailor the instru-
ment for the latest in fluorescence measure-
ments,whether involving anisotropy,multiple
lifetimes, or any other dynamic technique.
Horiba Jobin Yvon  
For information 732-494-8660 www.JobinYvon.com

Dual Detector

The Model 270 Dual Detector is an entry-level system for labora-
tories looking to make detailed characterizations of proteins and
other biomolecules. The Model 270 can be configured as a stand-
alone low angle light scattering (LALS) detector or as an LALS and
viscometry dual detector. The dual detector Model 270 can be
added to any commercial gel permeation chromatography/size
exclusion chromatography system equipped with a concentration
detector, converting it into a powerful triple detector system. The

affordable Model 270 allows researchers to
make routine direct determination of abso-
lute molecular weight for a wide range of
proteins, peptides, and biomolecules. Unlike
multi-angle light-scattering techniques that
only determine molecular weight by extrap-
olation, the Model 270 LALS measures
molecular weight directly and thus is inher-
ently more accurate. Incorporating patented
optical technology that effectively operates
at an angle of only 7 degrees, the detector
represents a breakthrough in light-scatter-
ing technology. Configured with an addi-
tional differential viscometer, the Model
270 provides valuable further information

including hydrodynamic radius, density, and conformation as well
as providing structural data such as branching and aggregation.
Viscotek For information +44 1344 467180 www.viscotek.com

NEW PRODUCTS
http://science.labvelocity.com
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Newly offered instrumentation, apparatus, and laboratory materials of interest to
researchers in all disciplines in academic, industrial, and government organizations are
featured in this space. Emphasis is given to purpose, chief characteristics, and availabil-
ity of products and materials.Endorsement by Science or AAAS of any products or mate-
rials mentioned is not implied.Additional information may be obtained from the manu-
facturer or supplier by visiting www.science.labvelocity.com on the Web, where you can
request that the information be sent to you by e-mail, fax, mail, or telephone.

NEW PRODUCTS
http://science.labvelocity.com

For more information visit GetInfo,
Science's new online product index at
http://science.labvelocity.com

From the pages of GetInfo, you can:
• Quickly find and request free information 

on products and services found in the pages 
of Science.

• Ask vendors to contact you with more 
information.

• Link directly to vendors' Web sites.
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POSITIONS OPEN

BIOMEDICAL SCIENCES, TWO FACUL-
TY POSITIONS. As part of an ongoing expansion
of biomedical science faculty, Kent State invites
applications for two tenure-track positions begin-
ning in August 2006. We seek candidates in neuro-
science at the rank of Assistant or Associate Professor
who focus on basic or disease related processes at
the cell/molecular levels. Candidates with research
interests in all areas of the neurosciences will be
considered.

We seek a second candidate in cell or molecular
biology at the rank of Assistant Professor to support
strong interdisciplinary research initiatives in cell or
molecular biology. Candidates with research in-
terests in any disciplinary area will be considered,
but applicants specializing in the relationship of
gene expression and protein function to biomedical
endpoints are preferred. Strengths of Kent State in-
clude strong interdisciplinary affiliations among
the basic science units, The Cleveland Clinic Foun-
dation, Northeastern Ohio Universities College of
Medicine and the University of Akron, and superb
core research facilities. The successful candidates are
expected to establish an extramurally funded re-
search program and exhibit a commitment to
excellence in graduate and undergraduate education.
Applicants must have a Ph.D. degree and post-
doctoral experience. Applicants may apply to one or
both positions and should indicate in their cover
letter the position(s) for which they are applying.

Applicants should send their curriculum vitae,
statement of research and teaching interests, and
three letters of recommendation to:

Chair, Neuroscience Search Committee
or

Chair, Cell/Molecular Biology Search Committee
School of Biomedical Sciences

Kent State University
P.O. Box 5190

Kent, Ohio 44242-0001
Fax: 330-672-9391

Review of applications will begin February 2,
2006, and continue until the position is filled.

Kent State University is an Affirmative Action/Equal Op-
portunity Employer and encourages applications from candidates
who would enhance the diversity of the University_s faculty.

ASSISTANT PROFESSORSHIP IN
MICROBIOLOGY

The Department of Biology (website: http://
www.ecu.edu/biology) at East Carolina University
invites applications for a tenure-track Assistant Pro-
fessorship in microbiology. Special consideration will
be given to applicants who are broadly trained and
utilize molecular approaches to resolve problems in
microbial ecology or evolution. Applicants should
have a Ph.D. and postdoctoral research experience.
The successful candidate is expected to teach an
undergraduate course in microbiology and a gradu-
ate course of choice, and to maintain a strong,
externally funded research program. The Depart-
ment offers B.S. degrees in biology and in bio-
chemistry; M.S. degrees in biology and molecular
biology and biotechnology; and participates in two
Ph.D. programs: Interdisciplinary Doctoral Program
in Biological Sciences and Coastal Resources Man-
agement. Departmental facilities include centers for
DNA sequencing, electron microscopy and envi-
ronmental chemistry. Review of applications begins
9 January 2006. Send hard copy of curriculum vitae,
a statement of teaching and research interests, and
the names and contact information of three current
references to: Robert R. Christian, Department of
Biology, East Carolina University, Greenville,
NC, 27858-4353, christianr@mail.ecu.edu. Prop-
er documentation of identity and employability are
required at the time of employment. Official tran-
script required upon employment.

East Carolina University (ECU) is an Equal Opportunity/
Affirmative Action Employer that accommodates individuals
with disabilities. Individuals requesting a disability accommo-
dation should call the ECU Office Disability Support Services
at telephone: 252-737-1016 (Voice/TTY/Relay).

POSITIONS OPEN

ASSISTANT/ASSOCIATE PROFESSOR
Medicinal Chemistry of

Central Nervous System-Targeted Molecules
The University of Montana

Applications are invited for a tenure-track Faculty
Position in the Department of Biomedical and
Pharmaceutical Sciences to strengthen research and
graduate education in the medicinal chemistry of
small molecules active in the central nervous system
(CNS) as part of an NIH-funded Center for Bio-
medical Research Excellence (COBRE) in Structural
and Functional Neuroscience. Research in the Cen-
ter focuses on CNS protein structure/function as
related to transport, membrane protein dynamics
and neuropathology. Much of the progress and growth
of the Center has been linked to the successful
integration of medicinal chemistry, biochemistry
and physiology with the aim of developing small
molecules to advance our understanding of neuro-
nal function and CNS disease. We wish to continue
this effort by recruiting a new Assistant or Associate
Professor. Successful candidates will be expected to
establish vigorous externally funded research pro-
grams that complement Departmental and Center
strengths, supervise graduate students, and be com-
mitted to teaching excellence at the graduate and
undergraduate levels. Applicants must have a doc-
toral degree, postdoctoral research experience, and
demonstrated ability or potential to secure NIH
funding. A competitive startup package is available.
The University of Montana is also the recipient of
a National Science Foundation Advance Award
focused on increasing the presence of women in
science. Applications received by February 15, 2006,
will receive full consideration; review will continue
until the position is filled. More detailed informa-
tion may be obtained from the Center Director,
R. Bridges (e-mail: richard.bridges@umontana.
edu) or from website: http://www.umt.edu/csfn.

The Southwest Oncology Group (SWOG) is
seeking a CHAIR for our TRANSLATIONAL
MEDICINE COMMITTEE. We are looking for a
candidate who will bring state-of-the-art translational
science to this cooperative group. Significant fund-
ing has been secured to support this endeavor. The
individual should possess the ability to conduct
focused research with the potential to translate their
research findings into the clinical trial process in-
volving multiple disease oriented committees. In
addition, this Chair will recruit and assist other state-
of-the-art translational scientists in bringing their
research into SWOG. This candidate will interface
closely with the leadership of the Southwest Oncol-
ogy Group and the Disease Committee Chairs.

If you are interested in this opportunity please
send your curriculum vitae and a brief two-page
letter outlining your research interest and plan for
this position.

Submit to:

Southwest Oncology Group
24 Frank Lloyd Wright Drive

Ann Arbor, MI 48106
Attn: Denise Reinke

Deadline for submission is January 30, 2006.
Richard I. Fisher, M.D., Deputy Chair, South-

west Oncology Group, is the Chair of this Search
Committee.

For further information, you may call Denise
Reinke, Administrative Director, Southwest On-
cology Group, telephone: 734-998-7130 or e-mail:
dreinke@umich.edu.

POSITION IN BIOLOGY:
MARINE INVERTEBRATES

Department of Biology, Dalhousie University

We invite applications for a full-time probationary
tenure-track Assistant Professor position in marine
invertebrate biology. Please see website: http://
biology.dal.ca/other/jobs/marine.htm for more
details.
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Chief, Laboratory of Pathology
The Center for Cancer Research (CCR), National Cancer Institute (NCI), National Institutes of Health (NIH), Department of Health and Human Services (DHHS), is seeking an outstand-

ing physician-scientist to serve as Chief of the Laboratory of Pathology (LP) located on the campus of the NIH in Bethesda, Maryland.   The successful candidate will oversee:

· the pathology clinical operations at the Clinical Research Center which serves the entire NIH patient community

· a clinical research program that applies advanced technology to biospecimen research

· an ACGME-accredited 4-year program in anatomic pathology.

This position provides a qualified candidate the opportunity to craft a world-class pathology program in a multidisciplinary translational research environment located in the new 

NIH Clinical Research Center, the largest clinical research center in the world.   Resources available are substantial and include over one hundred staff positions across a full range 

of clinical research operations including, staff clinicians, principal investigators, staff scientists, medical technologists, technicians, clerical and administrative support, as well as 

fellowship trainees.  These positions are fully funded including salary, awards, and a generous federal government benefits package.  

The CCR is the largest component of the intramural biomedical research enterprise at NIH.  Areas of emphasis within the CCR that interface seamlessly with the Laboratory of 

Pathology include molecular targets and oncology, immunology and immunotherapy, advanced imaging and biomarkers, HIV/AIDS, systems biology, genetics and genomics.   The 

clinical pathology program and other CCR areas of focus are supported by a strong foundation in advanced biomedical technologies, enhanced opportunities for collaborations within 

and between interdisciplinary and multidisciplinary research teams, and an agile infrastructure that promotes a dynamic translational research process.  

The Chief of the Laboratory of Pathology will oversee diagnostic anatomic pathology for  patients undergoing clinical trials in the NIH Clinical Research Center, for all patients 

being considered for entry into clinical trials, and for epidemiologic and case studies of disease pathophysiology. Clinical diagnostic services include surgical pathology, cytogenetics, 

cytopathology, postmortem, hematopathology, pediatric pathology, electron microscopy, flow cytometry, and specialized histology. The Chief will oversee expert consultation in the 

fields of hematopathology, OB/GYN pathology, cytopathology, and pediatric pathology to the extramural medical community.

The Pathology Chief will guide the establishment of a research program and develop science-based evidence for best practices in procurement and process clinical research specimens 

in collaboration with the major clinical services and the newly formed Clinical Molecular Targets Core and Biospecimen Procurement and Processing Facility.  In addition, CCR will 

support the successful candidate in the conduct of research in his/her area of interest.

Position Requirements:

Candidates must have an M.D. degree, be board-certified in pathology, have managerial experience overseeing pathology service delivery, have demonstrated an ability to work 

collaboratively, and have an in-depth knowledge of--and interest in--biospecimen research as it applies to the development of science-based rationale for procurement and process-

ing.   Salary is commensurate with experience.  All applicants should submit a letter indicating interest in the position, a statement of research interests, a career synopsis and brief 

bibliography, current curriculum vitae and complete bibliography, and the names and addresses of fi ve references. 

Applications should be sent to:  Richard Alexander, M.D., c/o Randy Redmond, National Cancer Institute, 31 Center Drive, Suite 3A19, Bethesda, Maryland  20892

Scientifi c Director
Division of Intramural Research

National Institute of Mental Health 

The National Institute of Mental Health (NIMH)) seeks a Scientific Director to lead its intramural biomedical research 

programs.  The successful candidate will lead a renowned faculty from over 50 basic and clinical research labs (see 

http://intramural.nimh.nih.gov) and help chart the future of a vibrant, growing neuroscience research community across 

the NIH (see www.neuroscience.nih.gov). The Scientific Director will manage a $160 million research budget for 

intramural research and will be responsible for recruiting new faculty and overseeing the expansion of the intramural 

program into several new, state-of-the-art research facilities on NIH’s Bethesda, Maryland campus.  

The successful candidate will have a Ph.D. and/or M.D. and an established record of outstanding research accomplish-

ments, scientific leadership and service within the basic or clinical neuroscience community.  The successful candidate 

will need a compelling vision for innovative and translational research relevant to the Institute’s mission.  The Scientifi c 

Director will also supervise his/her own research laboratory, supported by resources commensurate with the size and 

scope of the program.

Applicants should send a cover letter, curriculum vitae and bibliography and six reference letters to:  Mr. Patrick 

Shirdon, Deputy Executive Officer, National Institute of Mental Health; 6001 Executive Blvd.; Room 8252, MSC 

9653; Bethesda, Maryland 20892-9653; or e-mail to shirdonp@mail.nih.gov.   

Applications will be reviewed beginning January 20, 2006. Additional applications will be considered until this posi-

tion is fi lled. 

http://intramural.nimh.nih.gov
http://www.neuroscience.nih.gov
mailto:shirdonp@mail.nih.gov


Oxidative/Nitrosative Stress and Tissue injury
National Institute on Alcohol Abuse and Alcoholism 

A postdoctoral fellow position is available to study the 

mechanisms of oxidative/nitrosative stress and chronic

inflammation-induced tissue injury in cardiovascular dis-

eases. Candidates motivated to study cardiovascular patho-

physiology and with experience in small animal surgery 

(ischemia/reperfusion and vascular injury models), molecu-

lar biology, and cell biology are encouraged to apply. Skills 

in oral and written communications are essential. Candidate

must have a Ph.D. or M.D. degree and have less than fi ve 

years of postdoctoral experience. Compensation will be 

commensurate with relevant work experience. 

Interested candidates should submit a C.V., list of publi-

cations, and three letters of reference to: Dr. Pal Pacher, 

Section on Oxidative Stress Tissue Injury, Laboratory 

of Physiologic Studies, NIAAA, NIH, 5625 Fishers Lane,

Room 2N-17, MSC 9413 Bethesda, MD 20892-9413, or

e-mail pacher@mail.nih.gov. 

NIDDK POSTDOCTORAL POSITIONS within the

Molecular and Clinical Hematology Branch are avail-

able to study hematopoiesis and hemoglobin switching. 

Current projects include studies of the molecular basis of 

lineage-specific differentiation of hematopoietic stem cells

and the development of therapies for hemoglobinopathies 

and other genetic blood disorders. A strong background 

in molecular biology, cell biology and/or signal transduc-

tion is required. Opportunities exists to develop relevant 

clinical or translational projects. Salary and benefi ts will 

be commensurate with experience of the applicant.  Inter-

ested candidates with an M.D. and/or Ph.D., and less than 

five years of postdoctoral experience should send a CV, 

bibliography, and names of three references to: Griffi n 

P. Rodgers, M.D. at  (gr5n@nih.gov) or: Molecular

and Clinical Hematology Branch, National Institutes 

of Health, National Institute of Diabetes and Digestive 

and Kidney Diseases, 10 Center Drive, Building 10, 

Room 9N-119, Bethesda MD 20814. 

Tenured/Tenure-Track/Senior Scientist Positions

The National Eye Institute (NEI) at the National Institutes of Health is seeking outstanding and creative scientists for several Tenured, Tenure-Track and Senior 

Scientist positions as part of a new multidisciplinary initiative for therapy of retinal genetic neurodegenerations.  The program will be located within the Institute’s 

Division of Intramural Research NEI, National Institutes of Health (NIH), Department of Health and Human Services (DHHS).  These positions offer an oppor-

tunity to participate in an organization dedicated to uncovering new scientific knowledge, both basic and clinical, and ensuring the translation of that knowledge 

to the treatment of ocular diseases. 

Investigators chosen for this Program will have access to clinical resources and research programs of the NEI as well as the intellectual and technical resources of 

the entire NIH.  Investigators are expected to provide scientific leadership and expertise in one or more disciplines that include genetics, gene therapy, molecular 

biology, cellular biology, physiology, developmental neurobiology, or animal studies as they relate to the design and conduct of pre-clinical and clinical therapeu-

tic retinal genetic disease research.  The basic science components will interface with the existing clinical expertise within NEI on ophthalmic genetic diseases. 

This will be a comprehensive program to move into human therapy.  The following approaches are pertinent to this effort: molecular genetic analysis of funda-

mental questions in retinal disease; biochemistry of transcriptional regulation; genetic basis of cellular differentiation and pattern formation in a multicellular 

tissue; molecular and cellular mechanisms of retinal development and their role in the progression and treatment of retinal degenerative diseases; molecular 

basis of cell-cell interactions that regulate retinal neurogenesis and neuronal specificity during development and regeneration; pre-clinical animal models for 

retinal degenerative diseases; pharmacogenetics; cell-based therapies; molecular control of stem cell neurobiology and self-renewal; neural remodeling in retinal 

degenerative diseases.

Salary is commensurate with research experience and accomplishments.  A full Federal package of benefits is available (including retirement, health, life and long 

term care insurance, Thrift Savings Plan etc).

Applicants should submit curriculum vitae, bibliography, copies of three major publications, a summary of research accomplishments, a brief statement of 

future research goals, and three reference letters to: 

Sheila Ayala, Intramural Administrative Specialist, Office of the Scientific Director, National Eye Institute, 31 Center Drive, Building 

31, Room 6A22, Bethesda, MD 20892, Tel: 301-451-6763, Email: sayala@nei.nih.gov.  This position will be open until fi lled.

mailto:pacher@mail.nih.gov
mailto:gr5n@nih.gov
mailto:sayala@nei.nih.gov
http://www.nih.gov


Health Scientist Administrator

The National Institute on Drug Abuse (NIDA), a major research component of the National Institutes of Health (NIH) and the Department of 

Health and Human Services (DHHS), is recruiting for a Health Scientist Administrator (HSA).  The incumbent serves as HSA in the Science 

Policy Branch of the Office of Science Policy and Communications.  The incumbent:  (1)  Develops position statements on science and science 

policy issues related to clinical, behavioral and/or social research, which requires expert knowledge of how these research areas relate to drug 

abuse and addiction; (2) responds to inquiries from all levels of the Department, other federal agencies, the scientific community, and the general 

public;  (3) works with program staff to develop, direct, and implement the science-based strategic planning and evaluation processes for NIDA’s

research programs in the areas of clinical, behavioral, or social sciences; and (4) represents the Institute before professional, scientifi c and public 

interest groups, as well as interagency task forces.

Successful completion of all requirements for an M.D. or a Ph.D. (or equivalent doctoral degree) in an accredited college or university, including 

(for a Ph.D.) acceptance of the dissertation, in an academic field of the behavioral or health sciences, which has been applied and utilized by the 

applicant in health or health-related research. 

In addition, applicants must have at least one year of specialized experience at the next lower grade level, or equivalent. Specialized experience 

is experience that is directly related to the position to be fi lled, and which has equipped the applicant with the particular knowledge, skills, and 

abilities needed to successfully perform the duties of the position. Annual salary range is $74,782 - $114, 882.  A full Civil Service benefi ts pack-

age is available. Physicians may also be eligible for a Physicians’ Comparability Allowance of up to $30,000 per year.  The position is located 

in Rockville, Maryland.

APPLICATIONS (RESUME AND APPLICATION QUESTIONS) MUST BE RECEIVED ON-LINE VIA THE HHS CAREERS WEB SITE 

BEFORE MIDNIGHT EASTERN STANDARD TIME ON THE CLOSING DATE OF THIS ANNOUNCEMENT. PLEASE SEE BELOW FOR 

DETAILS ON USING THE HHS CAREERS SYSTEM.

For additional information on this position, and for instructions on submitting your application, please see our website, at: http://www.nida.nih.gov/ 

or https://jobs.quickhire.com.  Detailed information is provided under vacancy announcement number: NIDA-05-102882-DE   Supplemental 

documentation must be submitted to: Nancy Delgais, National Institutes of Health, 111 Alexander Drive, Maildrop NH-01, 

Research Triangle Park, NC  27709 or faxed to 919-541-3659.

Announcement of High Throughput Screening (HTS) Services to Identify

Bioactive Small Molecules

Solicitation of Assays for the Molecular Libraries Screening Centers Network (MLSCN) PAR-05-147

The NIH Molecular Libraries and Imaging Roadmap initiative has recently established the Molecular Libraries Screening Centers 

Network (MLSCN), a new nationwide high-throughput screening (HTS) resource (http://nihroadmap.nih.gov/molecularlibraries/

fundedresearch.asp). The MLSCN will use HTS technologies to identify bioactive compounds. Using compounds from the Small 

Molecule Repository (http://mlsmr.discoverypartners.com/MLSMR_HomePage/) and supported by the informatics capabilities of 

NIH’s PubChem (http://pubchem.ncbi.nlm.nih.gov/), the MLSCN will provide researchers with new chemical tools to explore cel-

lular functions at the molecular level. The ultimate goal of the MLSCN is to empower the research community to use small molecule 

compounds in their research, as tools to modulate genes and pathways, as imaging probes in basic or clinical applications, or as 

starting points for the development of new therapeutics for human disease.

The ten MLSCN centers are capable of screening 100-200 assays adaptable to HTS annually. Through Program Announcement PAR-

05-147, the MLSCN is soliciting applications three times per year from investigators who have developed innovative assays and are 

interested in having them used in the MLSCN to screen a large number of compounds and furthermore, interested in expanding the 

utility of their assay(s) for producing useful in vitro and/or in vivo chemical probes. Investigators do not need to provide funds or 

personnel to utilize the HTS resource.

Details of the application process, and further information about the MLSCN, can be found in the Program Announcement entitled 

Solicitation of Assays for Molecular Libraries Screening Centers Network (MLSCN), PAR-05-147 (http://grants.nih.gov/

grants/guide/pa-fi les/PAR-05-147.html).  Interested investigators are encouraged to contact Ingrid Li at 301-443-5288 or via email 

ili1@mail.nih.gov.  Application receipt dates are January 18 and May 18, 2006, with Letters of Intent encouraged 4 weeks prior to 

these dates. Please refer to the roadmap web site (http://nihroadmap.nih.gov/molecularlibraries/grants.asp) for future application receipt dates.

http://www.nida.nih.gov/
http://jobs.quickhire.com
http://nihroadmap.nih.gov/molecularlibraries/fundedresearch.asp
http://nihroadmap.nih.gov/molecularlibraries/fundedresearch.asp
http://mlsmr.discoverypartners.com/MLSMR_HomePage/
http://pubchem.ncbi.nlm.nih.gov/
http://grants.nih.gov/grants/guide/pa-files/PAR-050147.html
http://grants.nih.gov/grants/guide/pa-files/PAR-050147.html
mailto:ili1@mail.nih.gov
http://nihroadmap.nih.gov/molecularlibraries/grants.asp


Delft University of Technology 

in the Netherlands has a long 

history of excellence in Chemical

Engineering. Building on this

expertise, TU Delft is taking 

on a new challenge: 

nanochemical engineering,

the next stage in the nano-

revolution. A revolution in which 

TU Delft has been a pioneer.

To help us achieve our goals in

the nano-domain, we are seeking 

to create three new chairs.

Do you share our ambition 

to challenge the future? 

Are you ready to enter an

exciting new era with us?

www.becomeaprofessorindelft.nl

http://www.becomeaprofessorindelft.nl
http://www.becomeaprofessorindelft.nl


FACULTY POSITION 

IN

MOLECULAR 

NEURO-ONCOLOGY

Applications are invited for a tenure track
faculty position at the Assistant or Associate 
Professor level. The successful candidate
will join thirteen current faculty in the
Center for Molecular Neurobiology and hold 
a joint appointment in the Department of
Neurological Surgery. The position requires 
a Ph.D. and/or M.D. with postdoctoral
experience. The successful candidate will
be expected to develop a program using
molecular tools to address problems of
relevance to neuro-oncology. 

Applicants should submit a curriculum
vitae, statement of research plans, and
arrange to have three letters of reference
sent to: Dr. Harald Vaessin, Chairperson 

of the Molecular Neuro-Oncology Search 

Committee, 206 Rightmire Hall, 1060

Carmack Rd., Columbus, OH 43210.
Alternatively, applications may be submitted 
electronically to bantz.7@osu.edu. Review of
applications will begin March 1, 2006. Please
visit our websites: http://cmn.osu.edu; http:

//neurosurgery.osu.edu.

The Ohio State University is an Equal 
Opportunity/Affi rmative Action Employer. 

Women, minorities, veterans, and 
individuals with disabilities are 

encouraged to apply.

Graduate Studies in 

the Life Sciences

NEBRASKA’S HEALTH SCIENCE CENTER

Graduate programs in the life sciences are offered at the University of Nebraska Medical Center (UNMC) 
in Omaha, Nebraska. Studies leading to the Ph.D. are available in eight basic science programs and 
one integrated, interdepartmental training program (MSIA). In addition, the BRTP may be used as a 
common entry path for most of the basic science programs. Numerous training and research grants as 
well as signifi cant internal funding sources support students in these degree programs. In the 2005-2006 
academic year, most full-time Ph.D. students are being supported by a stipend of $21,000 or more with 
remission of all tuition. Most students begin their research rotations and orientation program in July 
or mid-August.

The Ph.D. life science programs currently available at UNMC include:
Biomedical Research Training Program (BRTP; common entry program)

Biochemistry and Molecular Biology Pathology and Microbiology

Cancer Research Pharmaceutical Sciences

Cellular and Integrative Physiology Pharmacology and Experimental Neuroscience

Genetics, Cell Biology and Anatomy Toxicology

Medical Sciences Interdepartmental Area (MSIA)

Interested students should visit UNMC at http://app1.unmc.edu/gradstudies/. Apply online!

UNMC has experienced a rapid growth in the past fi ve years with new research buildings and laborato-
ries added to support the increase in research activity. The campus is a modern, academic health center 
consisting of four professional colleges (Medicine, Dentistry, Nursing and Pharmacy), the Munroe-Meyer
Institute, the Eppley Institute for Research in Cancer and Allied Diseases, and the Graduate Studies 
program. Our partner, the Nebraska Medical Center is the primary clinical teaching site for UNMC. Our 
location in metropolitan Omaha allows convenient travel connections and a modest cost of living.

Information regarding all programs, as well as an online application can be accessed through the
website at http://app1.unmc.edu/gradstudies/. Questions about UNMC Graduate Programs may be 
addressed to: David Crouse, PhD, Executive Associate Dean for Graduate Studies, 987810 Nebraska

Medical Center, Omaha, NE 68198-7810; phone: 402-559-6531; facsimile: 402-559-7845; e-mail: 

UNMCGraduateStudies@unmc.edu.

University of Nebraska Medical Center is an Equal Opportunity, Affi rmative Action Employer. 
Minorities and Women are Encouraged to Apply.

FRESHWATER ECOLOGY

ASSISTANT PROFESSOR

The Ecology and Evolutionary Biology Depart-
ment of the University of California, Santa 
Cruz, expects to have a tenure track position
available in freshwater ecology, subject to
the availability of funding. Individuals using
any combination of population-level, com-
munity-level, and/or evolutionary approaches
to major ecological questions are encouraged 
to apply, with particular interest in individuals 
whose research addresses issues related to the 
land-sea interface, thereby complementing our 
programs in Terrestrial and Marine Ecology. The
successful candidate will have opportunities to 
collaborate with the Santa Cruz Laboratory of 
the National Marine Fisheries Service (NMFS, 
http://santacruz.nmfs.noaa.gov).

Candidates should send a curriculum vitae
and statements of research and teaching, and
arrange for three letters of reference evaluating 
the candidate’s scholarly contributions, teach-
ing, and other professional accomplishments,
to susan@biology.ucsc.edu or to: Susan 

Thuringer, Department of Ecology and Evo-

lutionary Biology, University of California, 

Santa Cruz, 1156 High Street, Santa Cruz,

California 95064. Review of applications will 
begin February 7, 2006. Please refer to posi-
tion #737 in all correspondence. The full ad is 
available at http://www.biology.ucsc.edu/eeb/

recruitment0506.html.

UCSC IS AN AFFIRMATIVE ACTION/
EQUAL EMPLOYMENT OPPORTUNITY 

EMPLOYER.

FACULTY – BIOLOGY

St. Thomas University invites applications for a continuing track position in biology at the Assistant 
or Associate Professor level, depending on experience, starting August 2006. A PhD and three years 
postdoctoral laboratory research experience required. Applicants at the Associate level must have an 
established and funded research program.

We are searching for an individual who will thrive in a liberal arts environment that combines a strong
commitment to teaching and research. Mentoring of undergraduate research students is expected. 
Candidates with research interests that complement the developing cell science program are particu-
larly encouraged to apply. Specifi cally, research involving microbial physiology and developmental 
genetic models will be given preference. The successful candidates will be expected to teach at all 
levels of the curriculum and establish an externally funded research program that provides rigorous 
collaborative research projects for undergraduates. Opportunities exist for research collaboration 
within the developing biomedical research community spawned by the newly forming Scripps
Research Institute in South Florida.

Research laboratory space and infrastructure will be provided in our current building and in our new 
building, the Carnival Cruise Lines Science and Technology Building.

The department is a multi-discipline unit consisting of 20 full-time and adjunct faculty members. 
We offer Bachelor of Arts degrees in biology, computer science, and computer information systems 
in addition to our pre-nursing and pre-engineering programs.

Located in Miami Gardens, Florida, St. Thomas University is a Catholic university with rich cultural
and international diversity. Our community includes more than 2600 students and 105 full-time 
faculty members. Further information is available at http://www.stu.edu/.

Completed applications received by February 17, 2006 will receive full consideration with later 
applications as needed until position is fi lled. Send letter of application, curriculum vitae, under-
graduate and graduate transcripts (unoffi cial copies are acceptable initially), statement of research 
interests, statement of teaching philosophy, and a list of at least three references to: Lenore Prado, 

Associate Director of Human Resources (Req. #S217-06), St. Thomas University, 16401 NW 37

Ave., Miami Gardens, FL 33054; Email: facsearch@stu.edu; Fax: (305) 628-6510.

St. Thomas University is an Equal Opportunity Employer.

GRADUATE PROGRAM

mailto:bantz.7@osu.edu
http://cmn.osu.edu
http://neurosurgery.osu.edu
http://app1.unmc.edu/gradstudies/
http://app1.unmc.edu/gradstudies/
mailto:UNMCGraduateStudies@unmc.edu
http://santacruz.nmfs.noaa.gov
mailto:susan@biology.ucsc.edu
http://www.biology.ucsc.edu/eeb/recruitment0506.html
http://www.biology.ucsc.edu/eeb/recruitment0506.html
http://www.stu.edu/
mailto:facsearch@stu.edu
http://neurosurgery.osu.edu


www.gene.com

For over 29 years, Genentech has been at the forefront of the biotechnology industry, using human genetic information to discover,
develop, commercialize and manufacture biotherapeutics that address significant unmet medical needs. Today, Genentech
manufactures and commercializes multiple biotechnology products that have helped patients suffering from serious diseases and
conditions, including breast cancer, colon cancer, lung cancer, non-Hodgkin's lymphoma, cystic fibrosis, heart attack, stroke, growth
hormone deficiency, psoriasis and asthma. The company is the leading provider of anti-tumor therapeutics in the United States.

Genentech's research organization features world-renowned scientists who are some of the most prolific in their fields and in the
industry. Genentech researchers have consistently published at a rate of 150+ papers per year and have secured more than 4,600
patents worldwide (with 5,000 more pending). Genentech's research organization combines the best of the academic and corporate
worlds, allowing researchers not only to pursue important scientific questions but also to watch an idea move from the laboratory
into development and out into the clinic. We are proud of our long history of groundbreaking science leading to first-in-class
therapies, and we hope you'll consider joining us as we continue the tradition.

We are seeking:
Postdoctoral Fellows • Research Associates • Scientists

In the areas of:
• Cell Biology • Immunology • Medicinal Chemistry • Molecular Biology

• Molecular Diagnostics • Molecular Oncology • Angiogenesis • Antibody Engineering  
• Assay Technology • Bioinformatics • Biomedical Imaging • Cancer Genomics 

• Pathology • Protein Chemistry • Protein Engineering 
• Translational Oncology • Tumor Biology

Genentech offers one of the most comprehensive benefits packages in the industry. Our culture emphasizes working hard,
collaborating and sharing rewards. Our employees enjoy an environment that supports busy people with busy lives through benefits
and programs that include sabbaticals, flexible work arrangements and concierge services. Join a company that attracts, retains and
rewards talented and committed employees. For immediate consideration, please visit www.gene.com/careers. Please use
“Ad-Science” when a “source” is requested. Genentech is an equal opportunity employer.

We call it improving and extending people’s lives.

Others
call it biotech.

http://www.gene.com
http://www.gene.com/careers


Post your jobs on
ScienceCareers.org
with Post and Go.

• Jobs are posted within one business day and stay up for 8 weeks.

• Applicable jobs are also searchable on the following websites:

– Biocompare

– National Postdoctroral Association (NPA)

– Stanford University School of Medicine

– Science’s Signal Transduction Knowledge Environment (STKE)

– Science’s Aging Knowledge Environment (SAGE)

• ScienceCareers.org averages over 1 million page views and over  
 75,000 unique visitors each month.1

• All jobs are included in our Job Alerts e-mail system.

For more information,
contact Chris Normile
Phone: 202-326-6555
E-mail: cnormile@aaas.

All this exposure means you can find the right scientist for 
your vacancy quickly and inexpensively.

1 Science Webtrends Reports.

Isaac Newton
1642–1727

Great scientists 
don’t just fall
from the sky.

http://ScienceCareers.org
http://ScienceCareers.org
http://ScienceCareers.org
mailto:cnormile@aaas


In the Department of Drug

Metabolism & Pharmacokinetics,

Group Bioanalytics we are seeking to

fill an immediate position.

You will be working in the field of

Biomarker Analysis within clinical

development of new drug candidates.

Specifically, you will

• set-up and lead an ELISA-biomarker

laboratory in a GCP-environment

with three technicians

• develop and validate methods for

the quantitative analysis of relevant

biomarkers mainly in biological

fluids from clinical studies, initially

with ELISA later to include additional

methods

• plan, conduct and report biomarker

data in clinical trials under GCP-

conditions in cooperation with the

medical development team

• interact closely with functions in

Research, Development & Medicine

as part of Boehringer Ingelheim’s

global Biomarker & Pharmaco-

genomics Initiative

• work together with contract research

organisations (CROs) and develop

an outsourcing strategy, i.e. selection 

of appropriate CROs and definition

of processes

The position requires a doctoral degree

(Ph.D., M.D.) in a suitable biomedical

science. Several years experience in

clinical drug development involving

biomarker analysis, clinical chemistry,

or similar is indispensable.

A sound knowledge and practical

experience in analytical techniques

- ELISA, but also other relevant

techniques - as well as biochemical

processes in the body is required.

In addition practical experience with

GLP/GCP as well as bioassays,

especially cell based assays, is

strongly preferred. Excellent inter-

personal and communication skills

and the ability to work effectively in a

team environment are essential.

Knowledge of the English language as

well as a willingness to acquire a basic

knowledge of the German language is

a prerequisite.

We offer a competitive salary

accompanied by a full range of benefits.

Biberach is situated in an attractive

area of southern Germany between

Ulm and Lake Constance.

For further information please contact

Dr. Barbara Withopf,

phone +49 (0) 73 51 / 54 78 56.

If you feel qualified please send

your application including a

detailed CV and a description

of previous work experience.

As a company without barriers,

we also welcome applications

from the severely disabled if they

have the relevant qualifications.

Please submit your application

preferably online.

Boehringer Ingelheim

Pharma GmbH & Co. KG

A Personal GFB

Annette Späth

88397 Biberach an der Riss

Germany

www.boehringer-ingelheim.com

Principal Scientist / Laboratory Head
Clinical Biomarker Analysis

ABCD

Value Through Innovation

Boehringer Ingelheim ranks among the world‘s 20 leading pharmaceutical

corporations. With nearly 36,000 employees in 45 countries we are a

global team sharing knowledge and ambition to foster a healthier life.

Boehringer Ingelheim Pharma GmbH & Co. KG in Biberach is the most

important research and development site of the worldwide

Boehringer Ingelheim Corporation and the company’s centre

for biotechnological development and manufacture.

http://www.boehringer-ingelheim.com


The Ohio State University at Mansfield

Assistant Professorship
Environment & Natural Resources

The Ohio State University at Mansfield is seeking to fill a
nine-month tenure, tenure-track Assistant
Professorship in Environment and Natural Resources
beginning autumn 2006. The successful applicant will be
expected to conduct research and teach general biology,
environmental science, and more advanced courses related
to a research specialty. The standard teaching load is six
courses distributed over three quarters.

We are especially interested in candidates with a back-
ground in forestry, soils, and/or watershed management.
Candidates should hold a Ph.D. in forest science, soil sci-
ence, plant ecology, natural resources, or a related field.
Teaching and service responsibilities are on the Mansfield
regional campus, but the successful candidate will hold rank
in the School of Environment and Natural Resources (SENR)
and will have full access to facilities on the Mansfield cam-
pus and those of the SENR in Columbus and the Ohio
Agricultural Research and Development Center in Wooster.

Applicants should send a letter of application, curriculum
vitae, statements of teaching philosophy and research inter-
ests, three letters of reference, and teaching portfolio mate-
rials (if available) to: Dr. Ted Dahlstrand, Associate Dean,
The Ohio State University at Mansfield, 1680 University
Dr., Mansfield, OH 44906. Review of applications will
begin January 20, 2006, and continue until a suitable
candidate is identified.

To build a diverse workforce, Ohio State encourages appli-
cations from individuals with disabilities, minorities, veter-

ans and women. EEO/AA employer.

COLUMBIA UNIVERSITY

Motor Neuron Center Faculty Recruitment

Columbia University Center for Motor Neuron Biology and Disease is
recruiting faculty with interests in motor neuron biology, ALS or SMA to join
a translational program involving basic and clinical research. We are 
particularly keen to attract individuals using molecular, genetic, chemical,
cellular, electrophysiological and/or imaging approaches to the following
areas: cellular, axonal and synaptic aspects of neurodegeneration; CNS gene
therapy; motor control circuits; functional imaging of the spinal cord;
genetics of ALS; SMN biology; preclinical testing of therapeutic strategies;
and locomotion. We encourage applications for positions at the Assistant
Professor level, but will also consider applications from more senior 
investigators for positions at the level of Associate or full Professor.

Columbia University currently has a world-renowned program in neuro-
biology and behavior and in medical and surgical neurology. The new Motor
Neuron Center aims to enhance interactions between basic and clinical
researchers in the field; Center members will have access to core facilities
including high-throughput screening. Faculty will have opportunities for
strong ties and academic appointments with the Center for Neurobiology
and Behavior, scientific departments and programs on Columbia campuses.

Applications for this round of recruitment are requested by January 20,
2006. A C.V., cover letter including statement of interests, and three letters
of reference under separate cover should be e-mailed care of Dr. Serge
Przedborski, sp30@columbia.edu. In addition, please mail a hard copy
of these documents to:

Motor Neuron Center Search Committee
c/o: Dr. Serge Przedborski

Columbia University Medical Center
William Black Building

Room 302
650 West 168th Street

New York NY 10032

Columbia University takes affirmative action to ensure equal employment opportunity.

Center for Advancing Microbial 
Risk Assessment (CAMRA) 

Assistant Professor; Associate Director
Fixed-Term,  12-month bas is ,
100% time.

SALARY: $50,000 to $60,000 based
on qualifications

The new Center for Advancing
Microbial Risk Assessment (CAMRA) is
seeking a microbiologist with experi-
ence in risk assessment or related disci-
plines with strong organizational skills
as an Associate Director of CAMRA
(approximately 50% time) with duties
including oversight of Center facilities,
coordination with collaborators at six
participating universities, tracking of
budget and schedules and preparation
of written reports. Other responsibili-
ties will include involvement in
research (35%), teaching (5%), and
outreach (10%). The Associate Director
will be expected to participate in
research, training, and service on
specifically funded projects as both
leader and member of the collaborative
teams and will be expected to work
with the Center, Co-directors, and col-
laborators. Communication of results
in writing and orally to professional
audiences and stakeholders will be an
essential activity.

QUALIFICATIONS: Ph.D.  in
microbiology or a related field with

familiarity with microbial risk 
assessment or quantitative risk assess-
ment in general. Should also have
strong skills in several of the 
following areas: bioterrorism, pathogen
fate and transport, models, database
management.

APPLICATIONS: Due February 15.
Late submissions will be considered if 
a suitable candidate pool is not 
identified by the deadline. Women 
and minorities are encouraged to 
apply. Send letter of interest, 
curriculum vitae, description of 
relevant experience, expertise, and 
professional goals, and names and 
contact information for three 
references to Professor Joan Rose,
Department of Fisheries and
Wildlife, Michigan State University,
13 Natural Resources Building, 
E a s t  L a n s i n g ,  M I  4 8 8 2 4 .  
E m a i l :  r o s e j o @ m s u . e d u .
I n c l u d e  “ C A M R A  a s s o c i a t e  
director” at the start of the subject line
in all email correspondence regarding
this position. 

The initial appointment period is for
two years, with reappointment for up
to five years possible.  The anticipated
start date is April 1, 2006.

MSU IS AN AFFIRMATIVE ACTION, EQUAL OPPORTUNITY INSTITUTION. 

Center for Advancing Microbial Risk Assessment (CAMRA) 
Post-doctoral and Doctoral Fellowship Announcement

The Center for Advancing Microbial Risk
Assessment (CAMRA; a $10 million Cooperative
Center recently funded by the U.S. Environmental
Protection Agency and Department of Homeland
Security) at Michigan State University invites appli-
cations for post-doctoral and doctoral fellowships
working in microbial risk-related sciences. Center’s
mission is to fill critical gaps in microbial risk assess-
ment framework needed to support the security
objectives of EPA and DHS. More specifically it aims
to: i) improve our ability to measure exposure to bio-
logical agents of concerns in drinking water and
indoor air, ii) develop a methodology that links
models of environmental exposure and models of
disease process to help with early detection out-
breaks and control efforts, iii) produce a reference set
of information on the dose and subsequent response
for specific bioterrorist agents, iv) identify research
strategies and risk communication priorities that can
improve how society manages bioterrorism risk, and
v) develop educational programs, online learning
tools,  and workshops to increase knowledge about
microbial risk assessment.

Post-doctoral fellows will be supported for two years
minimum plus benefits and will be matched with
CAMRA host faculty working on projects related to
priority research areas. Post-doctoral applicants
should have a PhD in a relevant field. Doctoral appli-
cants will be recruited through the appropriate
departments with doctoral assistantships stipends

provided per month plus tuition and fringe benefits.
Applicants should have undergraduate and/or MS,
PhD degrees in a field that provides the basic foun-
dations to work in the area of microbiology, risk
assessment, microbial environmental transport, epi-
demiology or related fields. Applications will be
accepted until positions are filled; review of applica-
tions begin January 2006. Applicants who are not
US citizens or permanent residents must provide
documentation evidencing employment authoriza-
tion in the US. Interested individuals should prepare
(1) a letter of application, (2) curriculum vitae, (3)
names and contact information of three references,
and (4) a statement describing your research inter-
ests and goals, professional experience, and how
they relate to the mission and priority research
area(s) of CAMRA. Send application materials to: Dr.
Joan B. Rose, CAMRA Co-Director and Homer
Nowlin Chair of Water, Department of Fisheries
and Wildlife, 13 Natural Resources, Michigan
State University, East Lansing, MI 48824. Phone:
517-432-4412, rosejo@msu.edu; and Dr. Charles
N. Haas, CAMRA Co-Director, LD Betz Professor
of Environmental Engineering, Interim Head-
Dept. of Civil, Architectural & Environmental
Engineering, Drexel University, Philadelphia, PA.
Phone:  215-895-2283, haascn@drexel.edu.

For more Information call or email Dr. Joan B. Rose,
see above.

MSU IS AN AFFIRMATIVE ACTION, EQUAL OPPORTUNITY INSTITUTION. 

mailto:sp30@columbia.edu
mailto:rosejo@msu.edu
mailto:haascn@drexel.edu
mailto:rosejo@msu.edu


Applications are invited from individuals with
outstanding leadership skills and significant
scientific accomplishments for the position of
Resident Director and Professor with the Texas
Agricultural Experiment Station at the Texas
A&M Blackland Research and Extension Center
at Temple.

Additional information about Blackland
programs can be found at

http://www.brc.tamus.edu.

Job responsibilities and qualifications can be
found at http://greatjobs.tamu.edu.

Qualified individuals should apply for this
position by completing and submitting an online
faculty form for this position at
http://greatjobs.tamu.edu.

Applicants should send their letter of
application, a statement of their research and
administrative accomplishments and philosophy,
complete curriculum vitae, and the contact
information (address, phone number, email
address) for at least three professional references
to: Dr. Allen Jones, Chair, Search Advisory
Committee for Blackland Resident Director
and Professor; Texas Water Resources
Institute; 1500 Research Parkway, Suite 240,
College Station, Texas 77843-2118; phone:
979-862-7139; fax: 979-845-8554; e-mail:
cajones@tamu.edu. Review of applications
will continue until the position is filled.

The Texas Agricultural Experiment Station is an
equal opportunity affirmative action employer and is

committed to building a culturally diverse
environment.

TEXAS AGRICULTURAL

EXPERIMENT STATION

RESIDENT DIRECTOR &
PROFESSOR

POSTDOCTORAL 

POSITIONS
University of Illinois at Chicago

Biochemistry & Molecular Genetics

Positions are currently available for
structure-function studies on (i) serpins, (ii)
the low-density lipoprotein receptor-related
protein (LRP), and (iii) �2-macroglobulin. A
strong background in x-ray crystallography
and/or NMR of proteins is required.
Excellent facilities include 900 and 800
MHz NMRs and dedicated access to
nearby APS synchrotron. Please send 
CV, and arrange for three letters of
recommendation to be sent to: Dr. Peter

Gettins (pgettins@uic.edu), University

of Illinois at Chicago, Dept.

Biochemistry & Molecular Genetics,

900 S. Ashland Ave., M/C 669,

Chicago, IL 60607.

UIC is an AA/EOE employer.

Transforming Discovery Into Care

With operations across the Americas, Europe, and Asia, Biogen Idec (NASDAQ: BIIB)
is one of the world’s leading biotechnology companies, creating new standards of care
in oncology and immunology through pioneering research, global development,
manufacturing, and commercial capabilities.

Scientist I, Bioanalytical Chemistry, Cambridge, MA 
Req. #4092BR
Perform and develop mass spectrometric, chromatographic and other analytical methods for
protein characterization; coordinate analytical work for one or two research projects and write
analytical reports; maintain mass spectrometers and train others to operate them and to interpret
MS/MS spectra. Requires PhD in Bioanalytical or Analytical Chemistry, Biochemistry or related
field; 1 to 5 years of postdoctoral experience in protein characterization by mass spectrometry;
publications in the field; and excellent analytical laboratory and instrumentation skills. Experience
working with low levels of samples, utilizing Q-TOF-type mass spectrometers and nano-flow
HPLC, and in interpreting MS/MS data for unknown components highly desirable. Previous
industry experience preferred, but not required. 

Scientist II, Manufacturing Sciences, Cambridge, MA 
Req. #3840BR 
Provide engineering and scientific leadership to support clinical and/or commercial processes in
the area of protein purification operations. Lead investigation and technology transfer teams.
Design, implement and analyze laboratory and/or pilot plant work aimed at solving complex
manufacturing problems. Requires BS in Biochemical or Chemical Engineering or related
discipline (e.g., Chemistry, Biology) with at least 8 to 10 years of related experience, or Master’s
degree with 5 to 8 years of experience, or PhD with 3 to 5+ years of management experience;
technical expertise in protein purification (including laboratory and/or scale-up experience);
demonstrated ability to manage and develop scientific staff; working knowledge of software such
as MS Word and Lotus Notes and skilled knowledge of Excel, MS Project and JMP (or other
statistical package). Strong publication record, prior experience authoring IND or BLA sections
and additional fill/finish experience desirable. 

Senior Associate Scientist, BioPharm Development, San Diego, CA 
Req. #4172BR 
Serve on tech transfer teams working on transfer of purification processes from pilot scale into
clinical and commercial manufacturing. Provide on the floor support for start-up of clinical and
commercial manufacturing campaigns (may supervise junior staff). Revise and review SOPs,
batch records, solution records and computer databases. Assist in development and review of
publications or internal department reports. Requires BS in Biological Sciences, Biochemistry,
Chemical Engineering or Chemistry (Master's preferred); minimum 4 years of relevant experience,
preferably in manufacturing environment; knowledge and understanding of cGMP and GLP. 

Senior Process Engineer I, Manufacturing Sciences, Cambridge, MA 
Req. #3872BR 
Provide scientific and technical support to clinical and commercial manufacturing. Lead cross
functional teams and author cGMP supporting documentation for technology transfers, process
investigations, and manufacturing changes. Requires MS or BS in relevant science or engineering
discipline, with 8 to 15 years of mammalian cell culture and bioreactor experience (will also
consider PhD in the area of mammalian cell culture and bioreactors with 2 to 4 years of
experience). Expertise with mammalian cell culture and bioreactors in cGMP manufacturing
environment preferred. Authoring experience with IND or BLA CMC sections and experience with
downstream purification, analytical techniques, and application of statistical analysis tools desired. 

Senior Process Engineer I, Manufacturing Sciences, Cambridge, MA  
Req. #3921BR 
Provide data analysis, statistical process control, and process system engineering expertise
required to support clinical and/or commercial manufacturing. Define, develop and maintain
process system applications for manufacturing processes. Design, and analyze data derived from
development and/or pilot scale runs intended to solve complex manufacturing problems. Requires
MS in relevant science or engineering discipline with 8 years of related industry experience, or
PhD with 2 to 4 years of experience; technical expertise in at least one area of biopharmaceutical
manufacturing and/or process system engineering including working knowledge of software such
as MATLAB, C++, VB.NET, ASP Net, Java, and statistical programs (SPSS, SAS, SIMCA-P).
MPC and RTDB experience a plus. Strong publication record desirable.  

Supervisor, Cell Culture & Purification, Cambridge, MA
Req. #3818BR 
Supervise manufacturing associates involved with commercial and clinical cell culture and
purification at the Cambridge site. Schedule shift tasks and ensure GMP compliance, safety, draft
and review manufacturing documents. Recruit, coordinate with other departments, troubleshoot.
Requires BS degree (5+ years of demonstrated process experience and demonstrated leadership
and communication skills may be substituted for degree); thorough understanding of cell culture
and purification manufacturing equipment and processes; ability to work shifts; and ability to work
as part of team. 

Biogen Idec offers a highly competitive benefits package including company-
matched 401(k); stock options and employee stock purchase plan; family medical,
prescription drug, dental and vision coverage; life, short-term/long-term disability
and AD&D insurance; 3 weeks vacation for new hires; and much more.

To apply online and for details on these and other exciting career opportunities, please submit your
resume to www.biogenidec.com/apply, indicating job code.

Biogen Idec is an Equal Opportunity Employer. 

http://www.brc.tamus.edu
http://greatjobs.tamu.edu
http://greatjobs.tamu.edu
mailto:cajones@tamu.edu
mailto:pgettins@uic.edu
http://www.biogenidec.com/apply


The Ohio State University
Department of Horticulture & Crop Science

Chair and Professor
The Department of Horticulture and Crop Science, encompassing a diverse array of
programs, 38 faculty, 86 staff, and 48 graduate and 245 undergraduate students,
seeks a department chair to foster continued growth in excellence.

Responsibilities: Leads and administers a comprehensive and diverse program of
research, teaching, and extension in horticulture and crop science, in accordance
with principles of faculty governance; fosters collegiality within the department;
fosters interdisciplinary scholarship; provides leadership for the professional
development of faculty, staff, post-doctoral researchers, and graduate and
undergraduate students; reports to the Vice President for Agricultural
Administration and serves as liaison between the Vice President and the
department; fosters interactions with industry groups and other external partners;
provides financial leadership, including preparation of annual budget
recommendation in consultation with department, oversight of budget, and
allocation of resources to departmental members; evaluates programs and
personnel of department.

Qualifications: Ph.D. in a field related to plant science; distinguished record of
research, teaching, or extension, consistent with an appointment as a tenured full
professor in the Department of Horticulture and Crop Science; proven ability in
leadership and administration, including fiscal and human resource management;
proven ability to communicate effectively with University and College
administration, faculty, staff, students, and industry groups.

Closing date: February 15, 2006, or until a suitable candidate is identified.

Further information: See the departmental web site, hcs.osu.edu/positions.

Contact: Applications should include a letter addressing interest, qualifications,
and administrative philosophy, a complete vita, and names, addresses, and
telephone numbers of four references. Nominations, inquiries, and applications can
be directed to the chair of the Search Committee:

Dr. Steven K. St. Martin, Dept. of Horticulture and Crop Science,
Ohio State University, 202 Kottman Hall, 2021 Coffey
Road, Columbus, OH 43210-1086, Phone: 614-292-8499,
FAX: 614-292-7162, e-mail: st-martin.1@osu.edu

To build a diverse workforce Ohio State encourages
applications from individuals with disabilities, minorities,
veterans, and women. EEO/AA employer.

BIOMEDICAL SCIENCES
Two Faculty Positions

As part of an ongoing expansion of biomedical science faculty, Kent State
invites applications for two tenure track positions beginning in August 
2006. We seek candidates in NEUROSCIENCE at the rank of Assistant 
or Associate Professor who focus on basic or disease related processes at 
the cell/molecular levels. Candidates with research interests in all areas 
of the neurosciences will be considered.

We seek a second candidate in CELL OR MOLECULAR BIOLOGY at
the rank of Assistant Professor to support strong interdisciplinary research
initiatives in cell or molecular biology. Candidates with research interests
in any disciplinary area will be considered, but applicants specializing in 
the relationship of gene expression and protein function to biomedical 
endpoints are preferred. Strengths of Kent State include strong inter-
disciplinary affi liations among the basic science units, The Cleveland 
Clinic Foundation, Northeastern Ohio Universities College of Medicine 
and the University of Akron, and superb core research facilities. The 
successful candidates are expected to establish an extramurally funded 
research program and exhibit a commitment to excellence in graduate 
and undergraduate education. Applicants must have a Ph.D. degree and 
postdoctoral experience. Applicants may apply to one or both positions 
and should indicate in their cover letter the position(s) for which they 
are applying. 

Applicants should send their curriculum vitae, statement of research and 
teaching interests, and three letters of recommendation to: Chair, Neuro-

science Search Committee or Chair, Cell/Molecular Biology Search 

Committee, School of Biomedical Sciences, Kent State University, 

P.O. Box 5190, Kent, Ohio 44242-0001; Fax: 330-672-9391.

Review of applications will begin February 2, 2006, and continue until 
the position is fi lled. 

Kent State University is an Affi rmative Action/Equal Opportunity 
Employer and encourages applications from candidates who would 

enhance the diversity of the University’s faculty.

Assistant Professor of Life Sciences

UC Merced is the 10th UC campus and the fi rst new US research university 
of the 21st century. UC Merced is located at the base of the Sierra Nevada 
foothills, near Yosemite and the San Francisco Bay Area. The Schools of 
Natural Sciences and Engineering at UC Merced seek applicants for three 
tenure-track faculty positions in the biological sciences at the assistant profes-
sor level. Candidates must have a Ph.D. or equivalent, a record of research,

publication, and teaching commensurate with a faculty appointment at 
the UC, and a strong interest in creating a curriculum characterized by strong
cross-disciplinary links. Applicants are sought in the following areas (more 
detailed descriptions provided at the web links listed):

1. Mechanisms of Complex Disease, including, but not limited to, cardio-
vascular, metabolic, neurodegenerative or pulmonary diseases. Prefer-
ence will be given to candidates with demonstrated multidisciplinary 
research experience or experience in translational research linking
basic science to novel therapies, such as regenerative medicine. http://

jobs.ucmerced.edu/view_academic_position.faces?positionId=335.
2. Evolutionary Biology, including, but not limited to: mechanisms of

biodiversity, molecular basis of fi tness, population genetics, evolution 
and ecosystems, speciation, evolution of development, physical con-
straints on evolution, molecular evolution or studying the evolutionary 
mechanisms creating behaviors and higher cognitive function. http://

jobs.ucmerced.edu/view_academic_position.faces?positionId=339.
3. Systems Biology, including experimental or computational approaches 

that use comprehensive datasets and multiple types of analysis to relate 
the overall function of an organism, organelle, or regulatory path-
way to the underlying biochemical or biophysical processes. http://

jobs.ucmerced.edu/view_academic_position.faces?positionId=361.

Interested applicants should apply online via the appropriate web link
provided above. For further information please contact Prof. Sam Traina, 

Chair of Academic Personnel Committee, School of Natural Sciences

at: straina@ucmerced.edu.

AA/EOE.

The College of Science at Virginia Tech is now in its third year 
of cluster hiring to enhance and strengthen research in strategic
areas. Four broad areas remain the foci: nanoscale science, 
computational science, infectious diseases and developmen-
tal science across the life span. 

Cluster hiring is coordinated with similar activities with the 
College of Agriculture and Life Sciences and the College of 
Liberal Arts and Human Sciences. Twenty-one faculty members
were appointed in the college under the cluster approach in the 
fi rst two years and similar results are expected this year. 

Appointments are possible within the disciplines of biology, 
chemistry, economics, geosciences, mathematics, physics, 
psychology, and statistics. See specifi c position descriptions 
and instructions at www.cos.vt.edu/jobs.

Both junior- and senior-level candidates are encouraged to
apply, as well as experimental and theoretical scientists.

Virginia Tech is an AA/EEO employer and an NSF Advanced 
institution; applications from members of underrepresented 

groups are especially encouraged.

VIRGINIA POLYTECHNIC INSTITUTE 

AND STATE UNIVERSITY

http://hcs.osu.edu/positions
mailto:st-martin.1@osu.edu
http://jobs.ucmerced.edu/view_academic_position.faces?positionId=335
http://jobs.ucmerced.edu/view_academic_position.faces?positionId=335
http://jobs.ucmerced.edu/view_academic_position.faces?positionId=339
http://jobs.ucmerced.edu/view_academic_position.faces?positionId=339
http://jobs.ucmerced.edu/view_academic_position.faces?positionId=361
http://jobs.ucmerced.edu/view_academic_position.faces?positionId=361
mailto:straina@ucmerced.edu
http://www.cos.vt.edu/jobs


Bridge the Gap Between 
Discovery and Clinical Testing

Access the National Cancer Institute’s (NCI) vast resources free of 
charge to help move therapeutic agents for cancer to the clinic. The 
National Cancer Institute invites the submission of proposals to:

Rapid Access to Intervention Development

RAID
RAID is not a grant program. Successful applicants instead will 
receive products or information generated by NCI contractors 
to aid the applicant’s development of novel therapeutics towards 
clinical trial. The goal of RAID is the rapid movement of novel 
molecules and concepts from the laboratory to the clinic for 
proof-of-principle clinical trials. RAID will assist investigators 
by providing any (or all) of the preclinical development steps 
that may be obstacles to clinical translation. These may include, 
for example, production, bulk supply, GMP manufacturing, for-
mulation and toxicology.  

Raid applications will be accepted electronically starting 
with the next deadline date of February 1, 2006. 

•  Investigators must register for a certificate for electronic filing

•  Further information about RAID and electronic filing of applica-
tions can be found at: http://dtp.nci.nih.gov

•  Inquiries can be made to the RAID Program Coordinator by tele-
phone at 301-496-8720 or by e-mail at RAID@dtpax2.ncifcrf.gov 

RAID
Developmental Therapeutics Program

National Cancer Institute
6130 Executive Blvd., RM 8022

Rockville, MD 20852
Tel: 301-496-8720; Fax: 301-402-0831

raid@dtpax2.ncifcrf.gov

Swedish Museum of Natural History seeks 

Head of Science Division

The head of our Museum´s Science division is
responsible for the development, coordination and
leadership of research and collections at the
Museum.
She/he will be part of the senior management team
of the Museum and will be an important partner in
the development of the Museum as a whole and in
finding ways to join science, public and educational
activities.

Applications must be with the Museum by January
30th 2006.

Read more at:

www.nrm.se/aboutthemuseumpressservice/vacancies

The Danish Network for Fisheries and Aquaculture 
Research invites applications from exceptionally qualified
candidates for three positions as full professors.

The chair in Fisheries Oceanography is established in
cooperation with the Danish Institute for Fisheries
Research (DIFRES) and the University of Aarhus. 
The successful candidate must have a strong research
background in oceanographic and lower trophic level
impacts on fish stock dynamics.

The chair in Marine Historical Ecology is established in
cooperation with DIFRES and the University of Southern
Denmark (SDU). 

The successful candidate must have a solid background
in marine ecosystem processes, population dynamics and
ecosystem modelling; and experience with methods to
separate anthropogenic and natural causes of long-term
changes in marine fish populations and ecosystems.

The chair in Fisheries Economics and Management is
established in cooperation with SDU, the Food &
Resource Economic Institute and DIFRES. The successful
candidate must have a strong research background in
management and bio-economic modelling.

The successful candidates are expected to conduct high
profiling research, to establish well-funded research
programs and to participate in and strengthen the tea-
ching and supervision of masters and Ph.D. students
and postdoctoral fellows in their respective areas.

Interested candidates should submit a full curriculum
vitae and a list of publications. For further information
regarding the application procedure and require-
ments please consult: 

www.fishnet.dk/networks/jobs/index.htm

Ministry of Food, Agriculture and Fisheries

Danish Institute for Fisheries Research

Professorships in Fisheries Oceanography, 

Marine Historical Ecology and Fisheries Economics and Management

http://dtp.nci.nih.gov
mailto:RAID@dtpax2.ncifcrf.gov
mailto:raid@dtpax2.ncifcrf.gov
http://www.nrm.se/aboutthemuseumpressservice/vacancies
http://www.fishnet.dk/networks/jobs/index.htm


Chair • Department of 

Neurobiology and Behavior

Stony Brook University’s Department of Neurobiology and Behavior is an 
internationally recognized interdisciplinary research and education department
and ranks 10th in NIH-sponsored funding. We are seeking an outstanding 
scientific leader in cellular, molecular, and/or behavioral neurobiology with a
vigorous research program to direct the future growth of this Department.
Currently the Department has 16 tenured or tenure-track faculty whose research
interests integrate molecular cellular and systems neurobiology. The new Chair
will be expected to recruit new faculty to enhance the Department’s research
and academic missions and to continue development of close relationships 
with the Stony Brook Health Sciences Center, the new Stony Brook Center 
for Computational Neuroscience, and collaborating institutions (Brookhaven
National Laboratory and Cold Spring Harbor Laboratory). Substantial resources
and laboratory space for the Chair and for the expansion of the Department 
will be provided through the School of Medicine and the College of Arts 
and Sciences. 

Required: M.D., Ph.D., or equivalent degree; the academic rank of Associate
or Full Professor; extramural funding at a national/international level, publica-
tions in peer-reviewed journals, book chapters, and reviews; and symposium
participation at the national/international level. The candidate will also have 
a proven record of success in graduate student and/or post-doc training. 

The review of applications will begin January 1, 2006, and will continue 
until the position is filled.

Applicants should forward a curriculum vitae to:
Neurobiology Chair Search Committee, c/o Maria Doelger
407 Administration Building, Stony Brook University, SUNY 
Stony Brook, NY 11794-1401 
or e-mail NeuroChairSearch@notes.cc.sunysb.edu

AA/EOE. Visit www.stonybrook.edu/cjo for complete
job descriptionand other employment opportunities.

University of Saskatchewan, Department of 
Microbiology and Immunology, Tenure-Track

Faculty Position in Virology/Viral-Host Interactions

The Department of Microbiology and Immunology of the College of Medicine,
University of Saskatchewan, invites applications for a full-time, tenure track 
position at the level of Assistant Professor. The individual appointed is
expected to develop a nationally funded research program investigating
virus-host cell and/or viral-host interactions, or viral structure and function. 
This appointment is part of an initiative to develop a research intensity at the 
university in Infectious Diseases and Host Resistance.

The department has vigorous research and undergraduate and graduate
programs in the disciplines of microbiology and immunology. The successful 
applicant will contribute to these. Collaboration in research is fostered
through the existence of across-campus research groups. Information on
the department’s undergraduate and graduate programs and faculty research 
interests is available from www.usask.ca/medicine/microbio/.

Applicants must have a Ph.D. or equivalent, postdoctoral experience,
demonstrated research potential and an interest in undergraduate/graduate 
teaching.

The university has Colleges of both Medicine and Veterinary Medicine,
as well as other related institutions, such as the Vaccine and Infectious
Disease Organization and the Canadian Light Source. The campus of the
University of Saskatchewan is situated along the Saskatchewan River in the 
city of Saskatoon. Saskatoon is a beautiful river city and has a vibrant art 
community.

Applicants should provide a curriculum vitae, a statement of research
interests and plans, and the names of three referees to: Dr. Wei Xiao, Head, 

Department of Microbiology and Immunology, 107 Wiggins Road,

Saskatoon, Saskatchewan S7N 5E5, Canada. Review of applications will 
begin on March 1, 2006.

Applications are invited from qualifi ed individuals regardless of their
immigration status; however, Canadians or permanent residents will be 

given priority. The University of Saskatchewan is committed to Employment 
Equity. Members of Designated Groups (women, aboriginal people, people 

with disabilities and visible minorities) are encouraged to apply and 
identify themselves as belonging to a designated group. 

Qualifications : M.D. & Ph.D. or Ph.D. degree. Require
postdoctoral thesis or equivalent achievements. Teaching
experience in medicine or natural sciences is also mandatory.

Applications should be sent to the Division of Biomedical
Research and Development, Hsinchu Biomedical Science Park
To obtain the application form, please contact us by E-mail
scho@mems.iam.ntu.edu.tw or download from the website at
http://www.hbmsp.com/index.htm

The goal of Hsinchu Biomedical Science Park is to establish
Taiwan as a crucial link in the international biomedical
research and business sectors.We aim at developing HBSP
into a world-class biotechnology park, which also plays the
role of Asia medical science education and research center,
incubation and innovation center, and offer high quality
medical services to Southeast Asia, making Taiwan a magnet
that attracts elites in related fields.

Biotechnology Gateway of Asia

Seeking Medical College Professors

Six Graduate Biomedical Institutes

Graduate Institute of Oncology

Graduate Institute of Clinical Photonics

Graduate Institute of Clinical Genomics

Graduate Institute of Cardioangiology

Graduate Institute of Clinical Tissue Engineering

Graduate Institute of Biomedical Imaging

National Taiwan University College of Medicine

INSTRUCTOR POSITION AVAILABLE

MOLECULAR, CELL, AND DEVELOPMENTAL BIOLOGY

Deadline: March 15, 2006

Position: Full time position. Provide instruction and general education 
curriculum development in the Department of Molecular, Cell, and
Developmental Biology at UCLA (Fall, Winter and Spring Quarters 
and Summer Sessions). Percentage of employment will vary according 
to number of courses taught. 

Duties: Teach science general education lecture courses in the areas of 
Stem Cells, Biology of Cancer, and AIDS; plan and coordinate course 
activity, outside speakers, and service learning components for multiple
courses; supervise course reader staff; manage the development and 
maintenance of course materials; develop computer applications for
the classroom; and maintain offi ce hours.

Qualifi cations: Ph.D. degree in the biological sciences; substantial
familiarity with biology concepts related to stem cells, cancer biology, 
and AIDS. Demonstrated experience in undergraduate teaching at the 
university level; demonstrated knowledge of pedagogy as related to 
instruction in biological sciences. Level of appointment and salary
commensurate with qualifi cations, experience and duties.

Application: Please send curriculum vitae, written statement of teach-
ing interests and background, and the names, addresses, and telephone 
numbers of three references. Applications should be mailed to: UCLA 

MCDB Lecturer Search, ATTN: Ms. Grace Angus, 621 Charles E. 

Young Dr. South, Box 951606, Los Angeles, CA 90095-1606.

The University of California is an Equal Opportunity Employer 
committed to excellence through diversity.

mailto:NeuroChairSearch@notes.cc.sunysb.edu
http://www.stonybrook.edu/cjo
http://www.usask.ca/medicine/microbio/
mailto:scho@mems.iam.ntu.edu.tw
http://www.hbmsp.com/index.htm


Senior Faculty Position in Functional Imaging 
Approaches to Systems Neuroscience and 

Neurological Disease Mechanisms
The Albert Einstein College of Medicine (AECOM) is seeking a senior tenure-track faculty member with expertise
in fMRI-based neuroscience. The successful applicant will be given academic appointments in the Departments
of Neuroscience, Neurology and/or Radiology, depending upon the individual’s own areas of interest. The
applicant should have an M.D. or Ph.D and a record of federally-funded research. Start-up package and salary are
highly competitive.

The candidate should have demonstrated expertise in state-of-the-art functional MR imaging research in an area
of neuroscience and/or neurological disorders. In addition to continuing an independent research program, the
successful applicant will be expected to facilitate the imaging research of faculty members within the
neuroscience community of AECOM.

The Albert Einstein College of Medicine has a long-standing tradition of excellence and innovation in
neuroscience and neurogenic research and rapidly evolving multidisciplinary program in functional imaging. An
unusually vibrant and interactive basic science and clinical research environment is complemented by a number
of highly regarded research centers and institutes in the areas of neuroscience, diabetes and metabolism, liver
diseases, cardiovascular diseases, cancer biology and gerontology. This academic environment will create
exciting opportunities to develop productive collaborations. 

The AECOM Gruss MRRC is located in the center of the College campus and has approximately 10,000 square
feet of contiguous space, including MR suites, patient support facilities, engineering labs, offices and common
work areas. The available MR systems include a 4T whole body Varion INOVA system with a high performance
gradient insert and a 9.4T 20cm Varion INOVA animal system. In addition, 6 Phillips and General Electric 1.5
and 3T systems, housed in Radiology at Montefiore Medical Center are available for functional imaging of patient
populations and for clinical research.

The Albert Einstein College of Medicine is located in a pleasant residential community in the Morris Park section
of the Northeast Bronx in close proximity to a wide variety of attractive and affordable housing opportunities in
southern Westchester, northern New Jersey, Long Island, Riverdale and Manhattan. To apply, please send a CV,
description of research accomplishments and plans, and the names of three references to: Ms. Ana Cioffi, Kennedy
Center Room 220, Albert Einstein College of Medicine, Jack and Pearl Resnick Campus, 1300 Morris Park Avenue,
Bronx, NY 10461; Ph: (718) 430-3164; Email: cioffi@aecom.yu.edu. EOE

ALBERT EINSTEIN
COLLEGE OF MEDICINE
Advancing science, building careers

Featured
Employers

If you would like to be a
featured employer, call
202-326-6534.

Search job postings 
from these employers 
on ScienceCareers.org.
Listings updated
three times a week.

Kelly Scientific
Resources
www.kellyscientific.com

Pfi zer, Inc.
www.pfi zer.com

Scios
www.sciosinc.com

Director, Center for Diabetes and Obesity Research 
Robert C. Byrd Health Sciences Center 

and
West Virginia University School of Medicine

West Virginia University is seeking an established investigator for Professor and Director, Center for Diabetes and Obesity Research. The Direc-
tor will participate in the implementation of a new Strategic Research Initiative (Science 3/12/04) that includes extensive faculty recruitment into 
interdisciplinary focus areas of research. The goal of this position is to establish a core group of investigators leading to development of program 
project and pre-/post-doctoral training grants in the areas of diabetes and obesity. The Director will coordinate the recruitment of new investigators and 
facilitate collaboration between newly recruited investigators and current faculty interested in carbohydrate and lipid metabolism, gene expression, 
signal transduction, cardiovascular disease, and neuroendocrinology. Excellent opportunities also exist for collaboration with basic and clinical faculty 
involved in population-based and prevention research as related to diabetes, obesity and cardiovascular disease. Investigators in this center will have 
access to existing core facilities for protein sequencing and proteomics, transgenics, and molecular imaging including PET scanning.

The desired candidate will have a basic research program that asks questions regarding fundamental cellular mechanisms controlling energy metabolism
and glucose homeostasis. Candidates must have credentials for appointment as a tenured Professor in either a basic science or clinical department in 
the School of Medicine. The candidate must excel at fostering collaboration between basic and clinical researchers. Priority will be given to candidates 
with experience in multidisciplinary research initiatives such as NIH Program Project or NIH Center Grants. Position includes a competitive salary, 
laboratory space, start-up package, administrative support and resources to recruit additional faculty to the Center who will also have academic tenure-
track departmental appointments. The position of Chair of Biochemistry and Molecular Pharmacology is yet to be fi lled and could couple with the 
center director position for applicants with appropriate scientifi c backgrounds.

West Virginia University is a land grant Carnegie-designated Doctoral Research/ Extensive institution, with approximately 25,000 undergraduate and 
5,500 graduate/professional students. The WVU Health Sciences Center includes the Schools of Medicine, Pharmacy, Dentistry, and Nursing, each with 
health professional and graduate programs. Morgantown has 55,000 residents and is rated as one of the best small towns in the U.S., with affordable 
housing, excellent schools, a picturesque countryside and many outdoor activities.

Qualifi cations: Ph.D. or M.D. with outstanding research credentials and excellent leadership skills. Submit curriculum vitae and three references, in 
confi dence to: Diabetes and Obesity Search Committee, WVU Health Sciences, PO Box 9000, Morgantown, WV 26506. Review of applicants 
will continue until the position is fi lled. CV’s submitted by e-mail should be sent to cbsmith@hsc.wvu.edu.

West Virginia University is an Affi rmative Action/Equal Opportunity Employer.

mailto:cioffi@aecom.yu.edu
http://ScienceCareers.org
http://www.sciosinc.com
mailto:cbsmith@hsc.wvu.edu
http://ScienceCareers.org
http://www.kellyscientific.com
http://www.pfizer.com


THE FACULTY OF MEDICINE is seeking applications for
three positions of :

FULL OR ASSOCIATE PROFESSOR
in tissue biology, stem cell biology or molecular
mechanisms of host-pathogen interactions, in
the Section of basic medical sciences

These are full-time positions involving research and pre-
and post-graduate teaching in one of the above-mentioned
fields. Candidates should have broad experience in their
field of expertise and be open to collaborations with other
medical and basic science specialties.

Knowledge of the French language is expected, in the
medium term.

A Doctorate in médecine (MD), in science (PhD) or an
equivalent degree is required.

The position is open from July 1st, 2006.

Job descriptions for application are available at the follow-
ing address: Stephane.jouve@medecine.unige.ch
Tel: +41 22 379 50 05;  Fax: +41 22 379 50 02

Applications must be sent before the March 17th,
2006, to : The Dean of the Faculty of Medicine,

Centre médical universitaire, 1 rue Michel-Servet,
CH-1211 Genève 4, Switzerland

WOMEN ARE ENCOURAGED TO APPLY

Put your brain to good use.

Los Alamos National Laboratory
Title:  Group Leader, T-12
Summary: Los Alamos National Laboratory is accepting
applications for the position of Theoretical Chemistry and 
Molecular Physics (T-12) Group Leader. The T-12 Group
Leader provides scientific leadership, project management,
capability development, and line management. The
members of the T-12 group seek to understand the behavior of
materials by describing how basic forces operating at the atomic 
and molecular level manifest themselves in the properties of 
matter at more macroscopic levels. Current activities include 
research in gas phase and condensed phase phenomena. Research 
projects include the development and application of techniques 
for calculating the electronic properties of molecules and solids, 
atomistic simulations of materials, the dynamics and kinetics of 
chemical reactions, molecular modeling of catalysts, and the 
study of solute-solvent interactions. Particular applications of 
this research are to the properties of actinide materials and 
transition metals, to the properties of polymers, biological

solvation processes, and fuel cell technologies. Work in the group supports applied 
missions of the Laboratory, including the Advanced Simulation and Computing 
(ASC) program, Threat Reduction (TR) programs, and the Department of Energy 
(DoE) Basic Energy Sciences programs. The Group Leader, with the help of the 
Deputy Group Leader, will develop and manage the Group’s human, financial, 
computing, and other resources; new programs and funding. The Group Leader will 
also maintain an active research effort, at the half to three-fourths level. 

Required Skills: Demonstrated knowledge and research accomplishments in one 
or more of T-12’s technical research focus areas. Ability to provide scientific and 
project leadership, project management skills, and fiscally responsible business 
practices. Demonstrated ability to function effectively in an environment of 
rapidly changing priorities. Excellent communication skills. Attract and establish 
research programs from sponsors comparable to those such as the DoE, Laboratory 
LDRD, industrial partners, and other agencies. Ability to obtain a DoE Q clearance, 
which normally requires U.S. citizenship.
Ph.D. in Chemistry, Physics, Material Sciences, or the equivalent combination of
education and relevant experience.
For a complete job description and application information, visit www.
lanl.gov/jobs and search for job# 211737.

Los Alamos National Laboratory is operated by the University of California for the 
National Nuclear Security Administration of the Department of Energy.  AA/EOE

www.lanl.gov/jobs

Faculty Positions
Coupled Human and Natural Systems

Michigan State University seeks
three faculty members in the area 
of coupled human and natural 
systems. We are interested in
researchers who apply computation-
al methods, such as agent based
modeling, to understand human-
environment interactions. We have 
a special interest in population, 
environment and land use for at least
one of these positions. We have 
a special interest in environmental
policy for at least one of these 
positions. Appointments will be
joint between the Environmental
Science and Policy Program and a
tenure-granting home department.
The tenure home may be in
Geography, Political Science,
Sociology or another appropriate
department. We anticipate appoint-
ments will be made at the level 
of Assistant Professor. The positions
are academic year appointments.
Ph.D. or equivalent is required at 
the time of the appointment.
International experience or demon-

strated interest in international
issues is an advantage. 

The positions will be structured to
allow development of internationally
renowned research programs with
extramural support. We also expect
these faculty to engage in an 
initiative to introduce computational
modeling into the undergraduate
social science curriculum. 

Letters of application should be
accompanied by a curriculum vitae,
short statement of professional goals,
a list of references we can contact
and examples of published work. 

Applications will be reviewed 
starting on January 30, 2006, and
will be accepted until the positions
are filled. Applications and letters of
reference can be mailed to: 
Dr. Thomas Dietz, ESPP Search
Committee, Environmental
Science & Policy Program,
Michigan State University, 
274 Giltner Hall, East Lansing, 
MI 48824-1011.

MSU IS AN AFFIRMATIVE ACTION, EQUAL OPPORTUNITY INSTITUTION. 

FACULTY POSITION IN CELL BIOLOGY

The College of Science at Virginia Tech (http://www.cos.vt.edu), in
cooperation with the Institute for Critical Technology and Applied Science 
(ICTAS, http://www.eng.vt.edu/ictas/) and the Institute for Biomedical and
Public Health Sciences (IBPHS http://www.ibphs.vt.edu/), is seeking to 
strengthen research in NANOSCALE SCIENCE through interdisciplinary
faculty hires. As part of this initiative, the Department of Biological Sci-

ences is searching to fi ll one or more tenure-track positions in Cell Biology

at the junior and/or senior level. The Department is seeking individuals with
interest in working as part of an interdisciplinary team to address cellular 
questions and/or develop nanoscale technologies to study and treat cancer, 
infectious disease or nutritional disorders. The successful applicant will be 
encouraged to developed active interdisciplinary collaborations within the 
Cell Regulation Group, which includes chemists, physicists, computational 
biologists, and structural biologists. Applicants must have earned a doctor-
ate in an appropriate discipline (e.g. Biology, Cell Biology, or Molecular 
Biology), and demonstrated expertise in addressing fundamental or applied 
biomedical questions in molecular cell biology with preference given to 
those using mammalian or fungal model organisms. 

Applications must be submitted online at https://jobs.vt.edu/. The appli-
cation package should include a cover letter, resume, and a statement of 
research and teaching interests. Applicants should arrange for at least three 
letters of recommendation to be submitted by email to Debbie Cruise at
debbiec@vt.edu. Inquires about the position should be directed to Joe 

Cowles, chair of search committee (cowlesjr@vt.edu; 540-231-8928). 
Review of applications will begin on January 15, 2006, and continue until 
positions are fi lled. 

Virginia Tech is an EO/AA university. Individuals with disabilities desir-
ing accommodations in the application process should notify Melissa 

Simpkins, (540) 231-4033, or call TTY 1-800-828-1120.

mailto:Stephane.jouve@medecine.unige.ch
http://www.lanl.gov/jobs
http://www.lanl.gov/jobs
http://www.lanl.gov/jobs
http://www.cos.vt.edu
http://www.eng.vt.edu/ictas/
http://www.ibphs.vt.edu/
http://jobs.vt.edu/
mailto:debbiec@vt.edu
mailto:cowlesjr@vt.edu


Department of Health and Human Services
National Institutes of Health

National Institute of Diabetes and Digestive and Kidney Diseases

Bioorganic Chemist

The National Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK), a major research component of the NIH and DHHS, is recruiting
for a tenure track investigator to join the Laboratory of Bioorganic Chemistry.

The successful candidate will be a Ph.D. or M.D. scientist with at least five
years research experience beyond receipt of degree. Research experience
should be in synthetic organic or medicinal chemistry, especially as applied to
specific projects in biomedical research. The applicant must have a proven
record of accomplishments in synthetic, bioorganic and/or medicinal
chemistry and will be expected to propose an independent research program
that applies the principles of organic chemistry to biomedical challenges.
Innovative approaches to achieving integration of chemistry and biology, such
as devising new approaches to target discovery, use of molecular modeling,
and other technologies, will be important factors. The position offers
unparalleled opportunities for interdisciplinary collaboration within
NIDDK and throughout NIH.

The successful candidate will be offered a competitive salary commensurate
with research experience and accomplishments, and a full Civil Service
package of benefits (including retirement, health, life and long term care
insurance, Thrift Savings Plan participation, etc.) is available. Appointees
must be U.S. citizens, resident aliens, or non-resident aliens with a valid
employment authorized visa.

Applicants must submit a C.V. and bibliography, a brief statement of research
interests, a plan for future research, and the names of three references to: Dr.
John Hanover, Chair, Search Committee, Laboratory of Bioorganic
Chemistry, c/o MaryBeth Grothe, Building 8A, Room B1A-02, MSC 0810,
National Institutes of Health, Bethesda, MD 20892-0810. Applications must
be received by February 15, 2006.

DHHS and NIH are Equal Opportunity Employers

ScienceCareers.org offers features to help
make your job hunting easy. These are just
a few of the great options.

• Save multiple resumes and cover letters
to tailor job search

• Apply online to job postings

• Saved job searches update automatically

• Search by city/state or city/country

• And much more

Great jobs don’t just
fall from the sky. Let
ScienceCareers.org help.

DENISON UNIVERSITY

DEPARTMENT OF 

CHEMISTRY AND BIOCHEMISTRY

The Department of Chemistry and Biochemistry at Denison University 
invites applications for three one-year positions at the Assistant Profes-
sor level to begin in August 2006. All positions will include teaching 
responsibilities in introductory chemistry with additional responsibilities 
in analytical chemistry, biochemistry, organic chemistry, or inorganic 
chemistry. Opportunities to direct student research are available. The 
department has excellent facilities, computer resources, and instrumenta-
tion for teaching and research in chemistry and biochemistry. Instrumen-
tation is available for separations (GC/MS and other GC methods, HPLC,
electrophoresis), spectroscopy (FT-NMR, FT-IR, UV-vis, fl uorescence), 
and molecular modeling (SGI workstations), as well as surface micros-
copy and AA. A Ph.D. must be completed by date of hire. 

Send a CV, transcripts, a statement of teaching philosophy, and three 
letters of recommendation to: 

Dr. Jordan L. Fantini 

Department of Chemistry and Biochemistry 

Ebaugh Laboratories

Denison University

Granville, OH 43023

Inquiries may be sent by email to: fantinij@denison.edu. Information 
about the university and the department is available at the university’s 
web site: http://www.denison.edu. Our review of completed applica-
tions will begin February 15, 2006 and will continue until the positions
are fi lled. 

Denison University is an Affi rmative Action, Equal Opportunity 
Employer. In a continuing effort to diversify our 

Campus Community, Women and People of Color 
are strongly encouraged to apply. 

http://ScienceCareers.org
mailto:fantinij@denison.edu
http://www.denison.edu
http://ScienceCareers.org


POSITIONS OPEN

VISITING NEUROBIOLOGIST for a one-year
appointment at the Assistant Professor level. Ph.D.
required. Responsibilities include introductory biol-
ogy course and an upper-level neurobiology course
with labs, and maintaining a research program that
involves undergraduates.

Mount Holyoke is an undergraduate liberal arts
college for women with 2,000 students and 200
faculty. The college is located about 80 miles west of
Boston in the Connecticut River Valley and is a
member of the Five College Consortium consisting
of Amherst, Hampshire, Mount Holyoke and Smith
Colleges, and the University of Massachusetts. Send
statements of teaching and research interests, curric-
ulum vitae, copies of publications, list of any relevant
courses taught, transcripts, and three letters of recom-
mendation to: Search Committee, Department of
Biological Sciences, Mount Holyoke College,
South Hadley, MA 01075-6418. E-mail: biology@
mtholyoke.edu. Applications received by January
18, 2006, are assured full consideration.

Mount Holyoke is committed to fostering multicultural
diversity and awareness in its faculty, staff, and student body
and is an Affirmative Action, Equal Opportunity Employer.
Women and persons of color are especially encouraged to apply.

ASSISTANT PROFESSOR OF BIOLOGY
Grand View College

The Department seeks an Educator who is labo-
ratory oriented, student focused and a team player
to teach plant science, general biology and addi-
tional course(s) as needed. While teaching is the
major component of the position, research involving
undergraduates is desirable. A Ph.D. in biology is
required.

Application materials: Current curriculum vitae,
transcripts, three letters of recommendation, and a
letter of interest should be mailed to: Grand View
College, Attn: Human Resources, 1200 Grand-
view Avenue, Des Moines, IA 50316-1599. Letters
should address the candidate_s interest/willingness
to participate in a college that engages, equips, and
empowers students throughout the entire education-
al process as well as a statement about one_s teach-
ing philosophy and style. Review of applications
will begin immediately and will continue until posi-
tions are filled. Please view our Website at website:
http://website: http://www.gvc.edu to ensure
position is still open if submitting materials after
January 20, 2006.

Grand View College is an Equal Opportunity Employer
committed to diversity.

ASSISTANT/ASSOCIATE PROFESSOR
Department of Pharmaceutical Sciences

The Feik School of Pharmacy
University of the Incarnate Word

San Antonio, Texas

A 12-month tenure-track microbiology/immu-
nology Faculty Position in the Department of Phar-
maceutical Sciences; preferred start date is June
2006. Candidate for this position should have a
Ph.D. in microbiology, immunology, or pharmaceu-
tical sciences with experience teaching microbiology
and/immunology. The candidate will be expected to
develop and teach courses in microbiology, immu-
nology, and other pharmaceutical or clinical sciences
in the Pharm.D. program.

See our website: http://www.uiw.edu/hr for
further information.

POSTDOCTORAL ASSOCIATE position
available in our molecular diagnostics laboratory.
Candidates are expected to have experience in
diagnostic molecular methods. A Ph.D. in molecular
biology and a working knowledge of PCR, TR-PCR,
multi locus sequence typing (MLST) and pulse field
gel electrophoresis (PFGE) is expected. Submit a
resume with names of three references to: Dr. Ruth
Zadoks, e-mail: rz26@cornell.edu, www.qmps.vet.
cornell.edu.

Cornell University is an Affirmative Action/Equal Oppor-
tunity Employer and Educator.

POSITIONS OPEN

The Department of Chemistry at the University of
Louisville announces a tenure-track faculty position
at the ASSISTANT PROFESSOR LEVEL IN
THE AREA OF BIOCHEMO-INFORMATICS.
Requirements for the position include: Ph.D. and
postdoctoral training in chemistry or related fields,
commitment to teaching at the undergraduate and/
or graduate level on topics related to biochemistry,
bioanalytical, biophysical and/or computational chem-
istry, potential to develop a strong independent re-
search program and willingness to participate in
collaborative projects. Candidates with expertise in
the following research topics are highly desired: (1)
Development of 2-D nuclear magnetic resonance
(NMR) and tandem mass spectrometry data trans-
formations for the topics below. (2) Database
development of atom-based metabolic networks;
(3) Metabolic network flux modeling; and (4)
Integration of metabolic and gene regulatory net-
works. The Department of Chemistry has recently
established a Center for Regulatory and Environ-
mental Analytical Metabolomics (CREAM) with a
state-of-the-art infrastructure for metabolomic and
systems biochemical research that includes state-of-
the-art NMR and mass spec instrumentation as well
as human resources for collaboration and support.
Review of applications will begin January 23, 2006.
Please send curriculum vitae, teaching themes and
philosophy, and research plan, and arrange for three
letters of references to be sent to: Biochemo-
informatics Search Committee, Department of
Chemistry, University of Louisville, Louisville,
KY 40292. African-Americans, women and other minorities
are encouraged to apply. Affirmative Action/Equal Opportu-
nity Employer.

VISITING ASSISTANT PROFESSOR
OF BIOLOGY

Centre College seeks applicants for a one-year
visiting position for academic year 2006-2007.
Successful applicant will hold a Ph.D. in the life
sciences or be in the final stages of completion of the
degree. Teaching duties include introductory biolo-
gy, ecology, and a course in area of specialty. Partic-
ipation in the College_s freshman studies program is
also expected. Application materials should include a
statement of teaching philosophy, curriculum vitae,
transcripts, and three letters of recommendation.
Send applications to:

Dean John Ward
Vice President for Academic Affairs

Centre College
600 West Walnut Street
Danville, KY 40422

Review of applicants will begin February 1, 2006,
and continue until position is filled. Centre College is
committed to promoting diversity among its students and
faculty. Women and minorities are especially encouraged to
apply.

BIOLOGY FACULTY

The Department of Chemistry and Chemical
Biology of Stevens Institute of Technology is
seeking Faculty for teaching and research in molec-
ular biology and biochemistry. We are particularly
interested in the areas of functional genomics,
molecular genetics, and proteomics. Ph.D. and
relevant postdoctoral experience required; successful
grantsmanship will be an asset. Stevens created the
first educational program in chemical biology in
1979, and this program, retaining its close affiliation
with chemistry, is undergoing rapid expansion.
Department has excellent mass spectrometry facili-
ties, nuclear magnetic resonance, confocal micro-
scope, small animal facility, et cetera. Stevens is
centrally located in the New York metro region and
offers easy access to surrounding research and
cultural facilities. Review of applications will begin
January 31, 2006. Send resume and research plan,
and have three letters of recommendation sent to:
Biology Faculty Search, Department of Chemistry
and Chemical Biology, Stevens Institute of Tech-
nology, Castle Point-on-the-Hudson, Hoboken,
NJ 07030. An Equal Employment Opportunity/Affirma-
tive Action Employer.

POSITIONS OPEN

TENURE-TRACK ASSISTANT PROFESSOR
POSITION IN

DEVELOPMENTAL GENETICS

The University of Wisconsin, Stevens Point (UWSP)
Biology Department, offers a tenure-track, nine-
month Faculty Position in developmental genetics
beginning August 2005, pending final budget ap-
proval. The position requires teaching courses in
introductory biology, genetics, and developmental
biology; and research involving undergraduates, stu-
dent advising, and Department service. Commitment
to undergraduate education required; teaching and
research experience preferred. Ph.D. (coursework,
training, research) in animal developmental biology
and genetics is required; as is a breadth of training
commensurate with teaching in a quality undergrad-
uate program committed to enhancing faculty, stu-
dent, and curricular diversity. Research and other
teaching specialty areas open. Postdoctoral research,
publications, grant history, and educational creativ-
ity are viewed favorably.

Appointment at Assistant Professor. Applications
must include curriculum vitae, statements of teaching
philosophy and research interests, three recommen-
dation letters, and undergraduate and graduate tran-
scripts. Address materials to:Dr. Robert Bell, Chair,
Biology Department, University of Wisconsin,
Stevens Point, Stevens Point, WI 54481-3897.
Review of applications begins 24 January 2006, until
filled. For more information, telephone: 715-346-
2074; fax: 715-346-3624; e-mail: rbell@uwsp.edu.

UWSP is an Affirmative Action/Equal Opportunity
Employer.

HUMAN ANATOMY AND PHYSIOLOGY
Husson College

Husson College in Bangor, Maine is seeking ap-
plicants for a full-time ASSISTANT PROFESSOR
POSITION IN HUMAN BIOLOGY with exper-
tise in human anatomy and physiology. Applicants
must possess a Ph.D. in biology or an appropriate
biological specialty. Candidates possessing neuromus-
culoskeletal or histological expertise are particularly
encouraged to apply. Successful candidates will be
expected to design and teach human anatomy and
physiology and pathophysiology courses and the
corresponding labs that support the undergraduate
nursing, physical therapy, occupational therapy, biol-
ogy, psychology, and physical education programs at
the college. The successful candidate will also advise
students, guide undergraduate research in biology,
and serve on institutional committees. Husson Col-
lege has expectations for scholarly activity from its
faculty as well as other duties outlined in the Husson
College Faculty Handbook.

Salary: Commensurate with experience
Starting Date: September 1, 2006
Send letter of application, curriculum vitae, phi-

losophy of teaching statement, and a list of three
references to:

Office of Human Resources, Husson College
One College Circle
Bangor, ME 04401

PROFESSOR AND HEAD, Department of Vet-
erinary Pathobiology, College of Veterinary Medicine
and Biomedical Sciences, Texas A&M University,
College Station. A description of the Department
and a complete position description are available at
website: http://vtpb-www.cvm.tamu.edu. Can-
didates must have an earned doctoral degree in a
relevant scientific field and have demonstrated under-
standing of veterinary medicine. Applications should
include curriculum vitae and a letter describing the
candidate_s qualifications and administrative philoso-
phy, along with the names, addresses, telephone num-
bers, and e-mail addresses of four references. Send
applications electronically to:Dr. Deborah Kochevar,
Chair, Search Committee at e-mail: dkochevar@
cvm.tamu.edu. Application review will begin Febru-
ary 15, 2006, and will continue until the position is
filled. For questions, e-mail aforementioned address,
or call telephone: 979-845-3878. Affirmative Action/
Equal Employment Opportunity Employer.
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Science Careers Forum
• How long should it take to get my Ph.D.?

• Academia or industry?

• What will make my resume/cv stand out?

• How do I negotiate a raise?

Connect  with Experts

Moderator Dave Jensen
Industry Recruiter

Mr. Jensen has over 20

years of experience in
human resource con-
sulting and staffing for
the biotechnology and
pharmaceuticals industry.

Adviser Bill Lindstaedt
Director,

UCSF Career Center

Mr. Lindstaedt has been
providing career related
advice to scientists and
engineers for nearly 15

years, with a particular
emphasis on working with
graduate-level trainees in
the life sciences.

Adviser Jim Austin
Editor, Science’s

Next Wave

Dr. Austin has a Ph.D. in
physics and worked in
academia before coming
on board to write about
traditional and nontradi-
tional career paths for
scientists.

Adviser Naledi Saul
Assistant Director,

UCSF Career Center

Ms. Saul has 7 years of
career counseling with 4

years focused on counsel-
ing graduate students and
postdocs in the biomedical
and health sciences. Her
forte is working with
scientists pursuing careers
in the public health arena.

Visit www.sciencecareers.org
and click on Career Forum

http://www.sciencecareers.org
http://ScienceCareers.org


POSITIONS OPEN

DIRECTOR, NATIONAL CENTER
FOR WATER QUALITY RESEARCH

Heidelberg College, Tiffin, Ohio, invites applica-
tions for the position of Director of its National
Center for Water Quality Research (NCWQR), for-
merly the Water Quality Laboratory. The NCWQR_s
research programs emphasize quantifying nutrient,
sediment and pesticide export from large agricultural
and mixed land-use watersheds into Lake Erie and
the Ohio River, aiding in the development of trib-
utary load reduction programs, and assessing the
effectiveness of those programs. The NCWQR_s trib-
utary loading data bases date from 1974 and are the
most detailed and long-term of their type in the
United States (website: http://wql-data.heidelberg.
edu/). In 2005, the NCWQR moved into the newly
constructed Gillmor Science Hall. We seek a Direc-
tor who can guide the continued operation and ex-
pansion of NCWQR programs. Applicants must
possess a doctoral degree with experience in water
resources or a related environmental or agricultural
discipline. Depending upon qualifications, the posi-
tion may be tenured upon appointment. The Direc-
tor reports directly to the Vice-President for Academic
Affairs. More information about this position and
NCWQR programs and staff can be found atwebsite:
http://www.heidelberg.edu/wql.

To apply, submit by mail (1) a letter of applica-
tion, (2) a full curriculum vitae, (3) a one-to-two
page narrative envisioning how you would lead the
NCWQR in implementing its mission, and (4)
names and contact information for three references.
Submit these materials to:

Dr. David Baker
National Center for Water Quality Research

Heidelberg College
310 E. Market Street
Tiffin, Ohio 44883

Screening of applications will begin February 10,
2006, and will continue until the position is filled.
Heidelberg College is an Affirmative Action, Equal Opportu-
nity Employer.

BIOLOGICAL SCIENCES

The University of Windsor invites applications for
three tenure-track FACULTY POSITIONS in the
Department of Biological Sciences at the rank of
Assistant Professor in the areas of ecology, neurobiol-
ogy, and cell/molecular biology commencing July 1,
2006. The application deadline date for these posi-
tions is January 31, 2006. For a detailed position de-
scription, visit our website: http:// www.uwindsor.
ca/facultypositions. Contact: Dr. William Crosby,
Head, Biological Sciences, Biology Building - 119,
University of Windsor, Windsor, Ontario N9B
3P4. Telephone: 519-253-3000, extension 2697.
Fax: 519-971-3609. E-mail: bcrosby@uwindsor.
ca. For information on the University of Windsor or
the City of Windsor, contact: Professor Brian M
Mazer, Director, Faculty Recruitment, telephone:
877-665-6608 (toll free) within North America.
Call collect outside of North America, telephone:
519-561-1432. Or e-mail: recruit@uwindsor.ca.

SESQUI SENIOR LECTURESHIP
(TOTIPOTENT STEM CELL BIOLOGY)

School of Medical Sciences
Reference No. C47/006550

Applications are invited for a Senior Lectureship
in the field of totipotent stem cell biology. Embry-
onic stem cell biology, mammalian development, and
cell physiology are major research interests within
the School of Medical Sciences, which includes the
disciplines of physiology, pathology, anatomy, and
histology and pharmacology.

For full advertisement, please refer to the Uni-
versity_s website: http://www.bull.usyd.edu.au/
personnel/, or for further information contact:
Associate Professor Chris O_Neill, telephone:
(+61 2) 9926 7148, fax: (+61 2) 9926 6343, or
e-mail: chriso@med.usyd.edu.au or Ms. Lali Jacob,
telephone: (+61 2) 9351 3247, fax: (+61 2) 9351
5182, or e-mail: lalij@physiol.usyd.edu.au.

Closing 26 January 2006.

POSITIONS OPEN

IMMUNOLOGY FACULTY POSITION

The Division of Immunology, Beckman Research
Institute, City of Hope (website: http://www.
cityofhope.org/immunology/), invites applica-
tions for a full-time tenure-track faculty position at
the ASSISTANT PROFESSOR level in the general
field of immunology to expand and complement
existing strengths on campus in immune regulation,
autoimmunity, cancer immunology, lymphocyte ac-
tivation and signaling, and innate immunity. Ap-
plicants should possess a Ph.D. (or equivalent) and
have postdoctoral experience in basic science in an
immunology-related field. The candidates are ex-
pected and encouraged to establish an extramurally
funded independent research program. The success-
ful candidate will also have the opportunity to par-
ticipate in teaching activities at the Graduate School
for Biological Sciences on campus and mentor Ph.D.
and postdoctoral fellows. Very competitive startup
package, salary, and benefits will be provided to the
selected candidate. The Beckman Research Institute,
City of Hope and its affiliated NCI-designated
Comprehensive Cancer Center have experienced, in
the past five years, a major growth in research ca-
pacity and will continue its expansion in both basic
and clinical research. The Institute offers a strong in-
teractive environment and various excellent oppor-
tunities for collaborative research exist within the
Institute and the surrounding area in Southern Cal-
ifornia near Los Angeles. Applicants should submit
curriculum vitae, a research statement of past sci-
entific accomplishment, a research plan describing
specific future research interests and goals, and three
recommendation letters sent directly from references
to: Dr. John E. Shively, Professor and Chairman,
Division of Immunology, Beckman Research Insti-
tute, City of Hope, 1450 E. Duarte Road, Duarte,
CA 91010. E-mail: jshively@coh.org. Review of
candidates will begin March 1, 2006, and will con-
tinue until the position is filled. Equal Opportunity
Employer.

Two POSTDOCTORAL FELLOWSHIP
positions are available in the Sarah W. Stedman
Nutrition and Metabolism Center at Duke Univer-
sity Medical Center. Applicants with M.D. or Ph.D.
degrees are welcome. The available project will use
zebrafish as a model organism to study organo-
genesis and stem cell biology related to the patho-
physiology of metabolic disease. A variety of scientific
tools will be used to probe regenerating pancreas
cells including genetics, stem cell biology, pharma-
cological intervention and physiological analysis. The
laboratory is located within a multidisciplinary
metabolism research center where the interactive en-
vironment affords a wealth of technical expertise,
instrumentation, and resources.

Larry Gene Moss, M.D.
Associate Professor of Medicine
Sarah W. Stedman Nutrition

and Metabolism Center
Duke University Medical Center

4321 Medical Park Drive
Durham, NC 27704

E-mail: larry.moss@duke.edu
Website: http://www.stedman.mc.duke.edu/

stedman/competencies/science.aspx.

POSTDOCTORAL POSITIONS are available
at Harvard Medical School to study cardiovascular
and/or metabolic diseases using murine models.
Candidates with at least one of the following fields
are encouraged to apply: signal transduction, athero-
sclerosis, aortic aneurysms, diabetes, and obesity.
Successful candidates should have demonstrated
molecular and cellular biology background. Experi-
ences in immunohistology and flow cytometry
would be advantageous. Please send curriculum vitae
and telephone numbers of at least two references
to Dr. Guo-Ping Shi at e-mail: gshi@rics.bwh.
harvard.edu.

POSITIONS OPEN

SENIOR SCIENTIFIC EDITOR

Stanford University School of Medicine is seeking
to fill a full-time position as Senior Scientific Editor
to head an editorial office within the Department of
Neurosurgery consisting of approximately 18 clinical
faculty, five research faculty, postdoctoral fellows,
and residents. We are seeking an experienced Editor
or qualified Biomedical Researcher with broad-based
interest and expertise preferably in the areas of
neurosurgery, neurology or neurobiology. The ideal
candidate should have experience with publications
in peer-reviewed journals, excellent written and oral
communication skills and a commitment to the
communication of basic, translational, and clinical
science. Candidates should have significant experi-
ence in editing peer-reviewed manuscripts, book
chapters, and NIH-grants. We are particularly inter-
ested in applicants with expertise and background in
neuroscience but would welcome applications from
outstanding candidates in any area of biomedical
research. Please submit a curriculum vitae, a short
(500 to 1000 words) article on any exciting and
newsworthy recent developments in neuroscience or
any area of biomedical research and a cover letter ex-
plaining your interest in the position to: Cheryl Joo,
Stanford University School of Medicine, Depart-
ment of Neurosurgery, 300 Pasteur Drive, Room
R283A, Stanford, CA 94305-5327. E-mail:
cjoo@stanford.edu. Fax: 650-723-1408.

Stanford University is committed to increasing representation
of women and members of minority groups and particularly
encourages applications from such candidates.

AQUATIC ECOLOGIST/GREAT LAKES
FIELD STATION DIRECTOR
Illinois Natural History Survey

The Center for Aquatic Ecology and Conserva-
tion (CAEC) invites applications for a position at the
Assistant level. Scientists within CAEC conduct self-
directed research, work closely with state and federal
resource managers, have full access to University of
Illinois campus facilities and resources, hold adjunct
or affiliate positions in University departments, teach
courses, and supervise graduate students. We seek a
scientist and program leader who can develop a
strong, externally funded research program on Lake
Michigan ecology. The successful candidate will
serve as Director of the Lake Michigan Biological
Station in Zion, Illinois. To qualify for this position,
candidates must possess a doctorate in aquatic ecol-
ogy or a related discipline. Candidates with postdoc-
toral research experience are preferred. Willingness
and ability to work on interdisciplinary projects with
scientists in the Illinois Natural History Survey
(INHS), other state and federal agencies, and the
University of Illinois is desirable. For full position
announcement and application instructions see
website: http://www.inhs.uiuc.edu/opportunities/
index.html.Direct technical questions to: Dr. David
Wahl, telephone: 217-728-4400. E-mail: d-wahl@
uiuc.edu. Deadline for application is February 10,
2006. INHS is an Equal Opportunity Employer.

MEDICAL WRITER

The Prescott Medical Communications Group
(PMCG), a marketing communications company
serving the pharmaceutical and biotechnology in-
dustries, is again expanding and has immediate
openings for Scientific Writer/Editors. Candidates
must possess an advanced biomedical science de-
gree (M.S., Ph.D., Pharm.D., M.D.) and a mini-
mum of five years of Continuing Medical Education
(CME) or agency (or similar) experience. This full-
time in-house position will require residing in the
Chicago area and occasional domestic/international
travel. PMCG offers an unparalleled opportunity
for professional development in a fast-paced and
intellectually challenging environment. Please send
employment history and three writing samples to:
Jim Bachleda, Prescott Medical Communications
Group, 205 N. Michigan Avenue, Suite 3400,
Chicago IL 60601. Fax: 312-528-3901. E-mail:
jbachleda@prescottmed.com.
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FACULTY POSITION 

The Department of Molecular Physiology and Biophysics at Baylor
College of Medicine is seeking to recruit a new faculty member at the 
Assistant/Associate Professor. We are seeking candidates with a strong 
record of research contributions, the potential to establish an exciting, 
independent research program, and a commitment to excellence in grad-
uate and medical student education. Research interests of the applicant 
must include a physiological or biophysical approach to studying cell or 
organismal biology and a focus on advanced technologies or the study of 
disease models is preferred. The department has a strong commitment to 
both basic and translational biomedical research and has state-of-the-art 
facilities for confocal microscopy, mouse MRI, multiphoton imaging and
a core for the creation and analysis of new mouse models. Baylor Col-
lege of Medicine is a world-renowned research institution with strengths 
in many areas including mouse genetics, cardiovascular sciences, and 
neuroscience. Ample opportunities exist for scientifi c interaction and col-
laborations within the department, throughout the College, and within the
Texas Medical Center. Located in the heart of the Texas Medical Center, 
Baylor College of Medicine is in close proximity to the University of 
Texas Medical School at Houston, the MD Anderson Cancer Center, Rice
University and the University of Houston. 

Please e-mail your curriculum vitae, the names and contact information 
for three references and a description of both your research program and 
career goals to: 

Dr. Susan Hamilton, Department Chair 

Department of Molecular Physiology and Biophysics

Mail stop: BCM335 

Baylor College of Medicine

One Baylor Plaza

Houston, TX 77030

The deadline for receipt of applications is February 1, 2006.

As part of a multi-year hiring plan, the Center for Molecular Medicine and Genetics 
(CMMG) invites applicants for multiple tenure track positions at the Assistant, Associate, or 
Full Professor level. The Wayne State University School of Medicine has recently initiated a
$20 million project to renovate the Center’s facilities, and new state-of-the-art laboratory and
core research facilities are scheduled to open in 2006. Successful candidates would join an 
active faculty conducting research in systems biology, comparative genomics, neuroscience, 
bioinformatics, and medical genetics. The CMMG (http://www.genetics.wayne.edu) offers 
extensive opportunities for collaboration within the Center and throughout the University. 
As a member of the Michigan Life-Science Corridor, Wayne State scientists have the oppor-
tunity to develop translational research with industry, government, and academic research 
institutions. Successful candidates are expected to have, or establish, vigorous externally 
funded research programs as appropriate to their rank and experience. Areas of particular 
emphasis are mitochondrial molecular genetics and pathophysiology and quantitative
human genetics.

Wayne State University is Michigan’s only research university located in an urban setting. 
Detroit is an exciting and culturally diverse city, and Michigan has extensive outdoor space 
for boating, hiking, and camping.

Applications should include a letter of application, curriculum vitae, and the names and 
addresses of at least three references. Selection of initial candidates will begin on January 
1, 2006, and continue on a rolling basis thereafter. Applications and supporting materials 
must be submitted online at http://jobs.wayne.edu.

WSU is a premier institution of higher education offering more than 350 academic programs
through 14 schools and colleges to more than 31,000 students in metropolitan Detroit.

WSU is an Equal Opportunity/Affi rmative Action Employer.

Excellence in 
Teaching Awards

The USDA CSREES Higher Educa-
tion Programs Offi ce seeks nomina-
tions for the FY 2006 National Awards 
Program for Excellence in College and
University Teaching in the Food and 
Agricultural Sciences.

Teachers from agricultural resources, 
forestry, veterinary medicine, human 
sciences/family and consumer sci-
ences, and closely allied fi elds may
apply. National, regional and new
teacher award winners receive insti-
tutional awards from $2000- $5000.

Deadline for nomination: 
March 15 2006

Visit: http://www.csrees.usda.gov/
b u s i n e s s / o t h e r _ l i n k s /
serdteachaward.html for  nomination
guidelines and more information.

AWARDS
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POSITIONS OPEN

ECOLOGIST FACULTY POSITION
Fordham University

The Department of Biological Sciences of Fordham
University invites applicants for a tenure-track fac-
ulty position in animal ecology and conservation
biology at the Assistant Professor level for fall 2006.
Preference will be given to vertebrate ecologists in-
terested in establishing research collaborations with
the Wildlife Conservation Society. There are also
research opportunities at Fordham_s biological field
station, the Louis Calder Center. We seek individuals
who will establish a vigorous, extramurally funded
research program. The successful candidate must
have a Ph.D. and postdoctoral experience and is ex-
pected to teach at the undergraduate and graduate
levels. Applicants should submit a curriculum vitae
and have three letters of recommendation sent by
February 1, 2006, to: Dr. Robert Ross, Chair, De-
partment of Biological Sciences, Fordham Uni-
versity, 441 E. Fordham Road, Larkin Hall 160,
Bronx, NY 10458. Fordham University is an in-
dependent, Catholic university in the Jesuit tradition
that welcomes applications from men and women
of all backgrounds. Fordham is an Equal Opportunity
Employer/Affirmative Action Employer.

CELL/MOLECULAR BIOLOGIST
Fordham University

Individuals are invited to apply for a tenure-track
position at the Associate Professor level. The Depart-
ment has an active research program and provides
excellent physical facilities, state-of-the-art equip-
ment, a stimulating research environment, startup
funds and competitive salaries and benefits. Prefer-
ence will be given to candidates who possess ex-
pertise in the area of cell/molecular biology and
have an ongoing grant-supported research effort.
The appointee will be expected to establish an ac-
tive research program and teach at the graduate
and undergraduate levels. Please submit a curricu-
lum vitae and the names and addresses of three
references by February 1, 2006, to: Dr. Robert
Ross, Chair, Department of Biological Sciences,
Fordham University, 441 E. Fordham Road, Larkin
Hall 160, Bronx, NY 10458. Fordham is an inde-
pendent, Catholic university in the Jesuit tradition
that welcomes applications from men and women
of all backgrounds. Fordham is an Equal Opportunity
Employer/Affirmative Action Employer.

ASSISTANT OR ASSOCIATE PROFESSOR
University of South Florida College of Medicine

The Department of Internal Medicine, Division
of Allergy and Immunology, Tampa, Florida is
seeking a M.D. and/or Ph.D. expert in molecular
biology and/or immunology for lung disease re-
search. Assistant Professor position requires three
years of postdoctoral experience. Associate Professor
position requires evidence of continued NIH-funded
grant support. Salary negotiable. Submit resume
and three reference letters to: Michelle Grandstaff,
e-mail: mgrandst@hsc.usf.edu or fax: 813-631-
4030. Applications will be screened starting January
15, 2006, and continue until the position is closed.
For disability accommodations, contact Michelle
Grandstaff, telephone: 813-631-4024 at least five
working days in advance. University of South Florida
is an Equal Opportunity/Affirmative Action/Equal Access
Institution. According to Florida law, applications and meetings
regarding them are open to the public.

Additional job postings not featured in this issue
can be viewed online at website: http://www.
sciencecareers.org. New jobs are added daily!

Manage your job search more effectively by creating
an account at website: http://www.sciencecareers.
org. You can post your resume (open or confiden-
tially) in our database and use it to apply to multiple
jobs simultaneously. Track the jobs you have applied
to in special tracking folders. Plus, you can create Job
Alerts that will e-mail you notification of jobs that
match your search criteria.

POSITIONS OPEN

POSTDOCTORAL AND CLINICAL
FELLOWSHIPS

at the
National Institutes of Health
U.S. Department of Health

and Human Services

Website: http://www.training.nih.gov
NIH is dedicated to building a diverse

community in its training and employment
programs.

DIRECTOR
Sticht Center on Aging and Rehabilitation
Wake Forest University School of Medicine

Wake Forest University School of Medicine seeks
applications for the position of Director of the Sticht
Center on Aging and Rehabilitation, which will in-
clude a faculty appointment in the Department of
Internal Medicine. Candidates should have the M.D.
or Ph.D. degree, must have demonstrated excellence
in research and possess exceptional leadership qual-
ities. The successful candidate will be charged with
building on a solid foundation of aging research
that emphasizes excellence in research and teaching.
For M.D. candidates, opportunities exist for lead-
ership of the Section on Gerontology and Geriatric
Medicine.

The Center currently consists of five physician
and five non-physician faculty members with pri-
mary appointments in the Section of Gerontology
and Geriatric Medicine; however, more than sixty
faculty participate in the multidisciplinary research
programs of the Center on Aging. The Center offers
a large program for clinicians and scientists that
provides training in gerontology and geriatrics for
medical students, residents, and clinical and research
fellows, as well as junior faculty members.

The Sticht Center on Aging has gained national
and international recognition for excellence through
a high level of NIH funding including a Claude D.
Pepper Older Americans Independence Center, and
by attracting scientists and trainees from the United
States and throughout the world. The Director of
the Sticht Center directly reports to Dr. William
Applegate, Dean of the School of Medicine. The
Sticht Center on Aging is a leader in clinical care,
providing innovative services to meet the special
health care needs of older adults across a full range
of geriatric practice settings (inpatient, outpatient,
home and long-term care) as well as rehabilitation
and psychiatric care.

Wake Forest University is located in Winston-Salem,
North Carolina and has an excellent quality of life,
moderate four season climate, nearby mountains/
ocean with affordable housing in a metropolitan
area of approximately 1.3 million people. Applications
including a current curriculum vitae or nominations
should be sent by mail or e-mail to:

William Sonntag, Ph.D.
Chair, Search Committee for
Director of the Sticht Center

Attn: Adriene Cunningham, Dean_s Office
Wake Forest University School of Medicine

Medical Center Boulevard
Winston-Salem, NC 27157

E-mail: wsonntag@wfubmc.edu

Wake Forest University School of Medicine is committed to
Equal Opportunity, Affirmative Action and the diversity of
its faculty and staff. Women and minorities are strongly
encouraged to apply.

POSTDOCTORAL POSITION available to
study mechanisms of DNA repair in telomeres and
the mechanisms of chromosome instability resulting
from telomere loss in mammalian cells. Applicants
should have a strong background in molecular biol-
ogy. Send curriculum vitae to: Dr. John Murnane,
Department of Radiation Oncology, University
of California, San Francisco, 1855 Folsom Street,
MCB200, San Francisco, CA 94103. E-mail:
murnane@radonc17.ucsf.edu. University of California,
San Francisco is an Equal Opportunity Employer.

POSITIONS OPEN

POPULATION BIOLOGY POSTDOCTORAL
RESEARCH FELLOWSHIP

The University of Nebraska, Lincoln (UNL) is
seeking applications for a two-year Postdoctoral
Position at the Interdisciplinary Program in Popula-
tion Biology. Applicants must have a doctoral degree
in biology, ecology, genetics, mathematics or related
areas and contact a participating faculty sponsor to
develop a research proposal. Starting date can be as
early as July 2006. The salary range is in line with
international standards for postdoctoral positions.
We strongly encourage applications from women,
and members of minority groups. Information about
the program and complete instructions for applica-
tion can be found at website: http://popbio.unl.
edu. Applications should be received by 1 March
2006, in order to ensure full consideration. For fur-
ther information, contact Alan C. Kamil, telephone:
402-472-6676 for assistance.

UNL is committed to a pluralistic campus community
through Affirmative Action and Equal Opportunity, and is
responsive to the needs of dual career couples. We assure
responsible accommodation under the Americans with Dis-
abilities Act.

POSTDOCTORAL POSITION AT RUTGERS
UNIVERSITY funded by the NIH Botanical Cen-
ter for Metabolic Syndrome and the pharmaceutical
industry to study cellular mechanisms of action of
plant-derived compounds on neural and hormonal
mechanisms of satiety, energy balance, and insulin/
growth hormone signaling. Strong record of pub-
lications and scientific achievements is required as
well as expertise in cell culture and animal work.
Please submit curriculum vitae, summary of re-
search interests, and the names of three references
to: Dr. Ilya Raskin, Biotech Center, Cook Col-
lege, Rutgers University, 59 Dudley Road, New
Brunswick, NJ 08901. E-mail: raskin@aesop.
rutgers.edu. Information on website: http://www.
rci.rutgers.edu/Èraskin. Rutgers University is an Af-
firmative Action/Equal Opportunity Employer.

POSTDOCTORAL FELLOWSHIP available in
steroid hormone biosynthesis in male aging. Candi-
date should have Ph.D. and background in cellular
and molecular biology, endocrinology, with experi-
ence in Leydig cell steroidogenesis. To apply, log on
to website: http://jobs.texastech.edu. Texas Tech
University Health Sciences Center is an Equal Employment
Opportunity/Affirmative Action Employer.

ANNOUNCEMENTS

JOINT CARNEGIEMELLON- UNIVERSITY of
PITTSBURGH PH.D. PROGRAM in

COMPUTATIONAL BIOLOGY

Applications are invited for the Ph.D. Program in
Computational Biology offered jointly by the Uni-
versity of Pittsburgh and Carnegie Mellon Universi-
ty, which was recently chosen as a Howard Hughes
Medical Institute (HHMI) - National Institute of
Biomedical Imaging and Bioengineering (NIBIB)
Interfaces Initiative Awardee. The goal of this unique
doctoral program is to provide intensive interdis-
ciplinary education to enable outstanding students
to become leaders in identifying and solving to-
morrow_s biological problems using computational
methods and fundamental principles of life and
physical sciences. Students will have the opportunity
to participate in research studies in one of five se-
lected areas of specialization: computational genomics,
computational structural biology, cellular and sys-
tems modeling, bioimage informatics, and compu-
tational neurobiology. Applications from students
with a variety of backgrounds are encouraged, in-
cluding those with degrees in biological, physical,
mathematical and computational sciences, and engi-
neering. All enrolled students receive a competitive
stipend, complete tuition remission, and excellent
health benefits. The application deadline for fall
2006 admission is January 15, 2006. Program de-
tails and online application material are available at
website: http://www.compbio.cmu.edu.

POSTDOCTORAL AND CLINICAL
FELLOWSHIPS

at the
National Institutes of Health
U.S. Department of Health

and Human Services

Website: http://www.training.nih.gov
NIH is dedicated to building a diverse

community in its training and employment
programs.
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Gene Expression & SignalingGene Expression & Signaling

in the Immune Systemin the Immune System

April 26 - 30, 2006April 26 - 30, 2006

Organized by:
Doreen Cantrell, University of Dundee
Richard Flavell, HHMI/YaleUniversity
Rudolf Grosschedl, University ofMunich
Stephen Smale, HHMI/UCLA Sch. ofMed.

Topics include:

· Stem Cells/Early
Developmental Decisions

· Regulation of Lymphocyte Development

· Control of Antigen
Receptor Gene Assembly

· Antigen Receptor Signaling

· Cell Death · Innate Immunity

· Cytokine Signaling · Cell Activation

Speakers include: Shizuo Akira, Frederick
Alt, David Baltimore, Yehudit Bergman,
Meinrad Busslinger, Kathryn Calame,
Gerald Crabtree, Mark Davis, Sankar

Ghosh, Laurie Glimcher, Gillian Griffiths,
Cynthia Guidos, Douglas Hilton, Dimitris
Kioussis, Gary Koretzky,Michael Krangel,
Dan Littman, Tak Mak, Diane Mathis,

RuslanMedzhitov,Matthias

Merkenschlager, Kenneth Murphy,
Cornelis Murre, Michael Neuberger,
Michel Nussenzweig, Klaus Rajewsky,
Anjana Rao, Steven Reiner, Tannishtha

Reya, Alexander Rudensky, David Schatz,
Mark Schlissel, Andrey Shaw, Harinder

Singh, Tadatsugu Taniguchi, Alexander

Tarakhovsky, Craig Thompson,
Jurg Tschopp, Ulrich von Andrian

Cold Spring Harbor Laboratory

PO Box 100, Cold Spring Harbor NY 11743

Tel 516 367 8346 Fax 516 367 8845
meetings@cshl.edu www.cshl.edu/meetings

Abstract Deadline: February 1, 2006

Rate: $299 per posting (commissionable to
approved ad agencies). Credit card orders only.

Duration: Your ad will be included in our search-
able database within one business day of posting
and will remain posted until the end date of
the meeting or one year, whichever comes first.

Specs: You can also include a hyperlink back
to your website or your event information.

Visit: www.ScienceMeetings.org and click on
Post your Meeting or Announcement or contact
your sales representative.

Save money and

promote your

event easily!

Go to www.ScienceMeetings.org

U.S. Kathleen Clark
phone: 510-271-8349
e-mail: kclark@aaas.org

Europe and
International
Tracy Holmes
phone:
+44 (0) 1223 326 500
e-mail:
ads@science-int.co.uk

NEW

The Department of Natural Resources and Environmental Sciences
(NRES) at the University of Illinois has tenure-track faculty positions 
available beginning August 2006. NRES has faculty in biological,
physical, and social sciences applied across the landscape in natural, 
forested, agricultural, and urban ecosystems (www.nres.uiuc.edu). 
Interdisciplinary and systems-based approaches are important elements 
of our research and education programs. NRES has programs in
horticulture, forestry, soil and water, human-environment interactions, 
fi sh and wildlife, and related sciences.

Assistant/Associate/Full Professor of fi sh ecology and conservation 

- Job #10265. Plan, develop, conduct, and supervise research on any 
aspect of fi sh ecology with applications to conservation and management
issues. Research can address questions from the molecular to landscape 
scale. Demonstrated teaching commitment and ability expected, with one
course in aquatic ecosystems and an advanced course in fi sh ecology. 
Closing date to apply is January 31, 2006.

Assistant/Associate/Full Professor of applied landscape ecology -

Job #10269. Plan, develop, conduct, and supervise research on applied 
aspects of landscape plant ecology, which could include invasive species
ecology, agricultural/horticultural ecosystem management, or culture 
and maintenance of urban ecosystems. Development of new 4500 acre 
fi eld research and education center on southern edge of campus offers 
unique opportunity to examine landscape-scale processes/management 
in a multifunctional landscape. Demonstrated teaching commitment and
ability expected, with an undergraduate course in landscape analysis 
and management and one or more graduate courses in person’s area of 
expertise. Closing date of January 31, 2006.

For a complete job listing including application information, please visit
our web site at http://www.nres.uiuc.edu.

MEETINGS                       

mailto:meetings@cshl.edu
http://www.cshl.edu/meetings
http://www.ScienceMeetings.org
http://www.ScienceMeetings.org
mailto:kclark@aaas.org
mailto:ads@science-int.co.uk
http://www.nres.uiuc.edu
http://www.nres.uiuc.edu
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MARKETPLACE

Toll Free : (800) 980 - CHEM

Tel: (858) 451-7400
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Website: www.chembridge.com

Email: sales@chembridge.com
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info@frimorfo.com
www.frimorfo.com

- Phenotyping of 
genetically 

 engineered mice
- In vivo challenge 

studies

The Drug Target Validation CRO

GetInfo
science.labvelocity.com

• Quickly find and request free information
on products and/or services found in the
pages of Sciencemagazine

• Ask vendors to contact you withmore
information

• View detailed product information

• Link directly to vendors’ websites

Visit GetInfo today at

science.labvelocity.com

Science announces a new online
life science product information
system,GetInfo, powered by

LabVelocity

Get the lab
product info

youneed
— FAST

http://www.sciencemag.org
http://www.chembridge.com
mailto:sales@chembridge.com
mailto:info@frimorfo.com
http://www.frimorfo.com
http://science.labvelocity.com
http://science.labvelocity.com
http://www.abpeps.com
http://www.pepscan.com
http://www.mclab.com
http://www.polymorphicdna.com
mailto:info@polymorphicdna.com
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Looking for kinase options to drive your research and discovery projects? 

We now offer:

•  250+ human kinases and growing—access the largest collection available

• 14 clinically relevant mutant kinases—accelerate therapeutic development

•  Z’-LYTE™ Kinase Assay Technology—screen more than 200 kinases in a single, 

fluorescent format

• SelectScreen™ Kinase Profiling Service—use the fastest growing selectivity

profiling service

•  Stealth™ RNAi Human Kinase Collection—utilize rapid, high-throughput 

functional screening 

•  CellSensor™ cell-based assays—elucidate signal transduction pathways

Through the integration of BioSource with Invitrogen, we are adding one of the 

largest collections of signal transduction antibodies, ELISAs, Luminex® reagents, 

and signaling arrays to our kinase portfolio. No one else offers you more for kinase 

research and discovery (Table 1).

Expanding options for kinase biology

To learn more about Invitrogen’s expanding kinase collection, visit 

www.invitrogen.com/drugdiscovery.

To order BioSource products, visit 

www.biosource.com.

*All data pulled from competitor’s web site as of 11/8/05.

©2005 Invitrogen Corporation. All rights reserved.

These products may be covered by one or more Limited Use Label Licenses (see the Invitrogen catalog or our website, www.invitrogen.com).

Table 1—Invitrogen’s kinase portfolio offers more choice than the

nearest competitor*.

Invitrogen Nearest competitor

Distinct, wild type, human protein kinases 237 206

Phospho site-specific antibodies 272 186

Fluorescent assay (FA) platforms 4 2

Protein kinases validated with FA platforms 201 80

Cell lines for pathway analysis 29 0

Protein kinases addressed by RNAi platform ALL <100

http://www.invitrogen.com/drugdiscovery
http://www.biosource.com
http://www.invitrogen.com
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