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The best real-time PCR system just got better.

Stratagene’s Mx3005P™ Real-Time PCR System sets the next 

benchmark in real-time PCR with new high-performance features, increased

flexibility to support more applications and chemistries, and affordable 

pricing for the individual researcher (€29,900 list price*).Real-time PCR

systems starting at €24,950 list price*.

• The only instrument with five (5) color 
multiplex capability and user-selected filters

• Novel custom filter path selection for FRET 
probe chemistries

• Includes Beacon Designer™ oligo design software

Practice of the patented polymerase chain reaction (PCR) process requires a license. 
The Mx3005P™ real-time PCR system is an Authorized Thermal Cycler and may be used with PCR
licenses available from Applied Biosystems. Its use with Authorized Reagents also 
provides a limited PCR license in accordance with the label rights accompanying such reagents.
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936 MICROBIOLOGY

Global Spread of Leprosy Tied 
to Human Migration
related Report page 1040

936 DOE WEAPONS LAB
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Fish Moved by Warming Waters
related Science Express Report by A. L. Perry et al.
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Causation? J. W. Aldridge

BOOKS ET AL.
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Endless Forms Most Beautiful The New Science of
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S. B. Carroll, reviewed by D. Duboule

956 ASTRONOMY

Conflict in the Cosmos Fred Hoyle’s Life in Science;
Fred Hoyle A Life in Science
S. Mitton, reviewed by E. M. Burbidge
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959 PUBLIC HEALTH

Increasing International Gaps in Health-Related
Publications
G. Paraje, R. Sadana, G. Karam

PERSPECTIVES
961 ECOLOGY

25 Years of Ecological Change at Mount St. Helens
V. H. Dale, C. M. Crisafulli, F. J. Swanson
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SPECIAL ISSUE

CASSINI REVEALS TITAN
A 170-km-wide region of Saturn’s largest moon, Titan, revealed in synthetic aperture
radar imaging from the Titan Radar Mapper instrument onboard the Cassini Orbiter.
North is to the right. A complex and geologically young surface is revealed, with few
impact craters but many features that may have been formed by cryovolcanism.
[Image: NASA/Jet Propulsion Laboratory/U.S. Geological Survey]
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969 Intensive Titan Exploration Begins 
P. R. Mahaffy 
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970 Cassini Radar Views the Surface of Titan 
C. Elachi et al.

975 Titan’s Atmospheric Temperatures, Winds, and
Composition 
F. M. Flasar et al.

978 The Cassini UVIS Stellar Probe of the Titan Atmosphere 
D. E. Shemansky et al.

982 Ion Neutral Mass Spectrometer Results from the First
Flyby of Titan 
J. H. Waite Jr. et al.

986 Cassini Measurements of Cold Plasma in the Ionosphere
of Titan 
J.-E. Wahlund et al.

989 Energetic Neutral Atom Emissions from Titan Interaction
with Saturn’s Magnetosphere 
D. G. Mitchell et al.

992 Titan’s Magnetic Field Signature During the First Cassini
Encounter
H. Backes et al.
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Integrated Solutions — Automated Nucleic Acid Prep

A new generation of lab automation, 
as easy as A, B, C!
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Discover the benefits of walkaway nucleic acid purification at
www.qiagen.com/goto/EZ1 !

A: Insert an EZ1 Card containing the
appropriate nucleic acid
purification protocol.

B: Set up processing quickly and
safely using pre-filled and sealed
reagent cartridges.

C:Complete automation; from
opening reagent cartridges to
elution of highly pure nucleic acids.

The BioRobot® EZ1 purifies DNA, RNA, or viral nucleic acids from clinical and pathology
samples for a range of sensitive downstream applications.

The BioRobot EZ1 system offers:

■ Safe and simple operation — easily set protocols using pre-programmed EZ1 Cards and
quickly set up processing with pre-sealed reagent cartridges

■ Reliable and flexible purification — get high-quality genomic and viral nucleic acids from
various sample types, such as blood, tissues, swabs, and paraffin-embedded sections

■ Rapid results — purify 1 to 6 samples in 15–20 minutes

■ Affordable, slimline automation — save space with the small footprint and no external PC
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PERSPECTIVES CONTINUED
962 ATMOSPHERIC SCIENCE

Rethinking Earth’s Early Atmosphere C. F. Chyba related Report page 1014

963 STRUCTURAL BIOLOGY

Flipping Lipids: Is the Third Time the Charm?  A. L. Davidson and J. Chen related Reports pages 1023 and 1028

965 EVOLUTION

Did Early Humans Go North or South?  P. Forster and S. Matsumura related Brevia page 996; Report page 1034

966 GEOPHYSICS

Past and Future Earthquakes on the San Andreas Fault R. J. Weldon et al.

SCIENCE EXPRESS www.sciencexpress.org
BIOCHEMISTRY: Tubulin Polyglutamylase Enzymes Are Members of the TTL Domain Protein Family
C. Janke et al.

An amino acid ligase, the first of a newly described family of enzymes, adds polyglutamyl groups to tubulin
to help regulate the cytoskeleton.

NEUROSCIENCE: Early Asymmetry of Gene Transcription in Embryonic Human Left and Right
Cerebral Cortex
T. Sun et al.

Transcription factors become asymmetrically distributed by 12 weeks in the developing human brain,
foreshadowing the well-known left-right differences in brain function.

CHEMISTRY: Enols Are Common Intermediates in Hydrocarbon Oxidation
C. A. Taatjes et al.

Contrary to traditional combustion models, gasoline flames unexpectedly contain short-lived enols,
compounds in which an OH species is bound to a carbon double bond.

ECOLOGY: Climate Change and Distribution Shifts in Marine Fishes 
A. L. Perry, P. J. Low, J. R. Ellis, J. D. Reynolds

Fish populations have shifted northward by 50 to 800 kilometers as the North Sea has warmed over the
past 25 years. related News story page 937

BREVIA
996 EVOLUTION: Reconstructing the Origin of Andaman Islanders 

K. Thangaraj, G. Chaubey, T. Kivisild, A. G. Reddy, V. K. Singh, A. A. Rasalkar, L. Singh
The genetics of natives of islands in the Bay of Bengal suggest that humans migrated out of Africa by a
southern route, along the coast of the Arabian Sea. related Perspective page 965; Report page 1034

REPORTS
997 APPLIED PHYSICS: Implementation of the Semiclassical Quantum Fourier Transform in a

Scalable System 
J. Chiaverini et al.

A useful transformation from spatial to momentum coordinates—essential to complex quantum 
computations—has been carried out with trapped beryllium ions.

1000 CHEMISTRY: Picometer-Scale Electronic Control of Molecular Dynamics Inside a Single
Molecule
M. Lastapis, M. Martin, D. Riedel, L. Hellner, G. Comtet, G. Dujardin 

Voltage pulses from a scanning tunneling microscope can control the shape of single molecules
by changing their electronic excitation, an effect potentially useful in nanomachines.

1003 OCEAN SCIENCE: Glacial/Interglacial Changes in Subarctic North Pacific
Stratification 
S. L. Jaccard, G. H. Haug, D. M. Sigman, T. F. Pedersen, H. R. Thierstein, U. Röhl

The North Pacific became more stratified during the last ice age, explaining reduced productivity
then and perhaps the observed low glacial CO2 levels.

1007 OCEAN SCIENCE: Two Chemically Distinct Pools of Organic Nitrogen Accumulate in the Ocean
L. I. Aluwihare, D. J. Repeta, S. Pantoja, C. G. Johnson

Most ocean nitrogen occurs in two types of dissolved organic compound: one at shallow depths that is
biologically available and a deep form that is resistant to degradation.

1010 ATMOSPHERIC SCIENCE: Assessing Methane Emissions from Global Space-Borne Observations
C. Frankenberg, J. F. Meirink, M. van Weele, U. Platt, T. Wagner

Satellite measurements of the global distribution of methane, an important greenhouse gas, show that
tropical rainforests are a surprisingly large source of emissions.

1003
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1014 ATMOSPHERIC SCIENCE: A Hydrogen-Rich Early Earth Atmosphere 
F. Tian, O. B. Toon, A. A. Pavlov, H. De Sterck

Hydrogen escaped from early Earth’s atmosphere much more slowly than previously thought, allowing
a more reduced atmosphere that would favor synthesis of the building blocks of life. related Perspective
page 962

1017 PALEONTOLOGY: Lichen-Like Symbiosis 600 Million Years Ago 
X. Yuan, S. Xiao, T. N. Taylor

Fossils from shallow marine rocks in China imply that lichens, the symbiotic association between
fungi and algae or bacteria, had arisen by 600 million years ago.

1020 STRUCTURAL BIOLOGY: The Structure of a pH-Sensing Mycobacterial Adenylyl Cyclase
Holoenzyme
I. Tews, F. Findeisen, I. Sinning, A. Schultz, J. E. Schultz, J. U. Linder

Comparison of the active and inactive structures of the enzyme that makes cyclic AMP reveals that
an amino-terminal regulatory domain inhibits the enzyme at high pH.

STRUCTURAL BIOLOGY

1023 Structural Basis of Energy Transduction in the Transport Cycle of MsbA 
J. Dong, G. Yang, H. S. Mchaourab 

1028 Structure of the ABC Transporter MsbA in Complex with ADP·Vanadate and
Lipopolysaccharide 
C. L. Reyes and G. Chang

A membrane transporter exports drugs from bacteria,using ATP hydrolysis to flip the drug across the membrane,
thus conferring resistance. related Perspective page 963

1032 BIOCHEMISTRY: Human Mpp11 J Protein: Ribosome-Tethered Molecular Chaperones 
Are Ubiquitous
H. A. Hundley, W. Walter, S. Bairstow, E. A. Craig

Molecular chaperones that help fold proteins as they emerge from the ribosome are similar in yeast and in
human cells but distinct from those found in bacteria.

1034 EVOLUTION: Single, Rapid Coastal Settlement of Asia Revealed by Analysis of Complete
Mitochondrial Genomes 
V. Macaulay et al.

The genetics of isolated south-east Asian populations suggest that humans migrated out of Africa by a
southern route, along the coast of the Arabian Sea. related Perspective page 965; Brevia page 996

1036 PLANT SCIENCE: Induction of Protein Secretory Pathway Is Required for Systemic 
Acquired Resistance
D. Wang, N. D. Weaver, M. Kesarwani, X. Dong 

In reaction to a viral attack, plant cells manufacture the constituents needed to synthesize and secrete
defense proteins.

1040 MICROBIOLOGY: On the Origin of Leprosy 
M. Monot et al.

A single clone of Mycobacterium leprae, a peculiar bacterium littered with pseudogenes, is responsible for
almost all of the world’s leprosy. related News story page 936

1043 MEDICINE: Obesity and Metabolic Syndrome in Circadian Clock Mutant Mice 
F. W. Turek et al.

Mice with a gene mutation that disrupts their circadian rhythm show signs of metabolic syndrome, a precursor
to diabetes, suggesting that proper timekeeping is essential for health.

1046 DEVELOPMENTAL BIOLOGY: Freedom and Rules: The Acquisition and Reprogramming of a Bird’s
Learned Song
T. J. Gardner, F. Naef, F. Nottebohm

Young canaries easily learn a synthetic song, but later adapt it to fit the phrasing and restricted vocabulary
typical of adult canaries.
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thermal cycler, doubling experimental options and output. With the
Disciple base, two different protocols can be run simultaneously, so
you can get results sooner. Best of all, any combination of swappable
Chromo4 modules and Alpha™ sample blocks can be operated in
parallel, for the utmost in economy and flexibility.

� Twice the flexibility 

� Twice the throughput 

� Four-color multiplexing capability

� Thermal gradient feature

� Relative gene expression analysis software

For more information, visit us on the Web at www.mjr.com 

Practice of the patented polymerase chain reaction (PCR) process requires a license. The Dyad Disciple thermal cycler is an Authorized Thermal
Cycler and may be used with PCR licenses available from Applied Biosystems. Its use with Authorized Reagents also provides a limited PCR
license in accordance with the label rights accompanying such reagents. Some applications may also require licenses from other third parties.

The MJ Line of Amplification Products
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A Nose for Sexual Preference
Homosexual men and heterosexual women have similar response to male scent molecule.

Mars Crash Site Identified? 
Five-year-old photos may show the resting place of a doomed lander.

Living to Eat Cheese Another Day 
Mice that make lots of a particular antioxidant live longer, healthier lives.

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

CAREER DEVELOPMENT CENTER: To Fund or Not to Fund? S. Eckert and J. Boss
Is it worth it to suffer through reviewing grant proposals, or should you concentrate on your own research?

CAREER DEVELOPMENT CENTER: Program Officers Behaving Badly GrantDoctor
Get tips on what to do when your program officer still won’t call you back.

EUROPE: East Coast Researcher Takes the Plunge H. Cullup
Immunologist Hannah Cullup took the plunge and left the UK to do her postdoc in Brisbane, Australia.

MISCINET: Concha Gómez—A Math Guru for Women and Minorities E. Francisco
A University of Wisconsin professor helps retain minorities in science, math, and engineering.

MISCINET: My Grand Slam M. Piñon
Monica Piñon discusses her path from a community college to the UC Berkeley School of Optometry.
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Researchers turn on possible heart-repair mechanism.

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

PERSPECTIVE: A Rationally Designed Small Molecule That Inhibits the HIF-1α–ARNT
Heterodimer from Binding to DNA in Vivo C. Vinson

Small molecules that specifically block transcription factor binding may hold promise as therapeutics.

REVIEW: Regulating Inducible Transcription Through Controlled Localization E. C. Ziegler and
S. Ghosh

Modulation of transcription factor localization is an important mechanism for gene regulation.
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Protein Stain
A fast, sensitive and robust Coomassie protein

stain; 20 minutes to detect 6-12 ng of protein/band
Imperial™ Protein Stain is a ready-to-use Coomassie stain for detecting 

protein bands in SDS-PAGE and 2-D gels. The stain is a unique formulation 
of Coomassie R-250 that delivers substantial improvements in protein-staining
performance compared to homemade or other commercially available stains.

Highlights:
• Fast – detects as little as 6 ng protein/band in just 20 minutes
• Sensitive – detects as little as 3 ng protein/band and less with the

enhanced protocol
• Compatible – with mass spec analysis and protein sequencing
• Easy-to-use – no methanol/acetic acid fixation and destaining required

Protein Staining
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Imperial™ Protein Stain is fast and sensitive. Proteins were separated on Novex 4-20% Tris-glycine gels,
stained for 5 minutes and destained 3 x 5 minutes in water. Lane 1: BSA only (6 µg), Lanes 2-9 contained 
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Flipping Across the Membrane
ATP binding cassette transporters pump hydrophobic compounds
across the cell membrane and include the efflux pumps implicat-
ed in bacterial antibiotic resistance and cancer drug resistance in
humans. Hydrolysis of adenosine triphosphate provides the ener-
gy for structural changes that mediate substrate transport, but
the mechanism remains unclear. Two studies provide insight into
the transport cycle of MsbA, a bacterial transporter that trans-
ports lipid A and lipopolysaccharide across the bacterial inner
membrane (see the Perspective by Davidson and Chen). Dong et
al. (p. 1023) used electron
paramagnetic resonance to
map conformational changes
during the ATP cycle of MsbA,
and Reyes and Chang (p.
1028) determined the x-ray
structure of MsbA in a transi-
tion state complex with mag-
nesium, adenosine diphos-
phate, vanadate, and
lipopolysaccharide. Both stud-
ies are consistent with a
mechanism in which ATP hy-
drolysis drives flipping of am-
phipathic substrates.

Qubit Version of
Fourier Transforms
Interest in quantum comput-
ing exploded after Shor devel-
oped an algorithm for factor-
ing large numbers in 1994. A
key component of that algo-
rithm requires the ability to
carry out a quantum Fourier
transform on a set of quantum “qubits” that are the analog of bi-
nary digits in classical computations. Chiaverini et al. (p. 997) re-
port their experimental demonstration of a semiclassical quan-
tum Fourier transform using trapped beryllium ions as qubits. The
results show the possibility of performing a version of the Fourier
transform that requires only single-qubit operations conditioned
on the measurements of other qubits in a system that can be
scaled up to a large number of qubits.

Coordinating Plant Defenses
Pathogen invasion at one site in a plant triggers defensive reac-
tions throughout the rest of the plant. This systemic acquired re-
sistance is mediated by salicylic acid and the regulatory protein
NPR1, and involves the activation of a suite
of pathogenesis-related genes. Wang et
al. (p. 1036) found that another group
of genes is activated and encodes the
cellular secretory machinery. The same
regulatory triggers set in motion pro-
duction of anti-pathogen proteins, as
well as enhance the means to deliver
them to where they can do the most
damage.

Marine Nitrogen Pools
Nitrogen is an essential and sometimes limiting nutrient in ma-
rine ecosystems whose role in controlling productivity is well-un-
derstood. It exists in the surface ocean mostly as dissolved or-
ganic nitrogen (DON), but despite decades of research, only a
small fraction of the DON in surface ocean waters has been
chemically characterized. Aluwihare et al. (p. 1007) used solid-
state 15N nuclear magnetic resonance to characterize two dis-
tinct pools of high-molecular-weight (HMW) DON, which com-
prise about 30% of the total. One pool, which makes up approxi-

mately half of the DON near the surface,
is more readily hydrolyzed, whereas the
deep ocean contains mostly forms that
are resistant to chemical hydrolysis and
biological degradation. The authors de-
scribe how these pools produce the verti-
cal profile of HMWDON that is observed

and discuss the chemical trans-
formations that might transfer
nitrogen to the deep ocean.

How Hydrogen 
Hung Around 
Hydrogen is lost permanently
from our atmosphere as it leaks
slowly into space. The atmo-
sphere of early Earth was much

richer in hydrogen than it is now, and un-
til recently, it was generally thought that
its escape rate was so rapid that prebiotic
organic compounds must have formed in
a relatively oxidized environment. Tian et
al. (p. 1014, published online 7 April
2005; see the Perspective by Chyba) re-
port calculations that show that the es-

cape of hydrogen from early Earth occurred 100 times more
slowly than previously thought. The hydrogen mixing ratio of the
early atmosphere was more than 30%, two orders of magnitude
greater than formerly predicted. An atmosphere so rich in hydro-
gen would have facilitated greatly the formation of prebiotic or-
ganic compounds.

Out of Africa Revisited
The route of human colonization of Asia after dispersing out of
Africa 60,000 years ago has remained unresolved. DNA sequence
analysis of existing populations can provide phylogenies that can
be mapped onto geographic distribution (see the Perspective by
Forster and Matsumura). Macaulay et al. (p. 1034) tested alter-
native models for the settlement of Eurasia by modern humans
using complete mitochondrial (mt) DNA genomes (which provide
the highest possible resolution of the maternal genealogical tree)
by studying the “missing link” of Southeast Asian aboriginal pop-
ulations. Only one model—a single, rapid dispersal along the
coat from East Africa to India and thence to Southeast Asia and
Australasia—can explain the phylogenetic patterns observed.
Moreover, all subsequent peopling of Europe and Asia can be ex-
plained by this initial dispersal event. Thangaraj et al. (p. 996)
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Lichen in the Mists of Time
Fungi form a major branch of the tree of life and al-
so provide important symbiotic relations with other
organisms, commonly phototropic bacteria. These
relations in part
form “lichens”—
essentially fungi
that practice agri-
culture using bac-
teria. Fungi in turn
release nitrogen for
plants in human
agriculture. Yuan
et al . (p. 1017)
now describe a
lichen-like association between fungi and cyanobac-
teria or algae from the Doushantou Formation, Chi-
na, dating to about 600 million years ago. The lichen
(and fungi) occur in a shallow marine setting, which
suggests that such symbioses were established well
before the rise of terrestrial plants.

edited by Stella Hurtley and Phil Szuromi
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identified M31 and M32 mtDNA types among indigenous Andaman islanders which
show that these populations became genetically isolated about 50,000 to 70,000 years
ago, apparently after their initial migration from Africa.

pH Makes the Switch
Adenylyl cyclases (AC) synthesize the second-messenger cyclic AMP (cAMP). Tews et
al. (p. 1020) have characterized an AC from Mycobacterium tuberculosis that pro-
duces cAMP in a pH-dependent manner. The enzyme consists of two complementary
monomers, and high-resolution structures show that interaction between the cat-
alytic and regulatory domains prevents formation of the active site in the inhibited
(high pH) state. Two molecular switch regions mediate structural rearrangement of
the catalytic domains so that they are positioned to form the active site at their in-
terface. Mutagenesis results support the idea that a pH-dependent structural transi-
tion regulates activity.

Leprosy Migrations
Leprosy is a puzzling disease caused by a slowly developing infection with Mycobac-
terium leprae. Monot et al. (p. 1040; see the news story by Grimm) examined the dis-
tribution of rare single nucleotide polymorphisms of several isolates of the leprosy
bacillus collected from around the world. The pathogen has a very stable genome, and
it appears that a single clone has spread north and east from East Africa or the Middle
East with successive waves of human migration, reaching West Africa and the Americas
from Eurasia within the past few hundred years.

Tropical Degassing 
Methane is the second most important trace green-
house gas, accounting for 20% of their collective ab-
sorption of solar radiation, but its sources and sinks are
not well understood. Frankenberg et al. (p. 1010, pub-
lished online 17 March 2005) present results from
SCIAMACHY, an instrument onboard the ENVISAT
satellite, which reveal the global distribution of tropo
spheric methane. Methane concentrations are unex-
pectedly high over terrestrial tropical regions, indicat-
ing that it is produced in amounts much greater than previously had been assumed.
This discovery could help reconcile the disagreement between various estimates of
the global methane budget.

Round-the-Clock Metabolism
The behavior of most organisms is organized around a 24-hour cycle. One of the key
molecular regulators of this circadian rhythmicity is a transcription factor called
CLOCK. Mice carrying a mutation in the Clock gene show profound disturbances in cir-
cadian behavior. Turek et al. (p. 1043, published online 21 April 2005) now show that
these Clock mutant mice also overeat, become overweight, and develop features of
metabolic syndrome, including elevated serum levels of glucose and lipids. The meta-
bolic disturbances were accompanied by alterations in the expression of neuropeptides
implicated in appetite control and energy balance.

The Maturing Repertoire of Canary Songs 
A canary’s song is made up of units of sound organized with syntax and phrasing. Gard-
ner et al. (p. 1046) have now distinguished some of the forces that shape the adult bird’s
song. When young canaries were isolated from other birds’ songs, they showed remark-
able ability to mimic synthetic songs that were far from the normal canary song. Howev-
er, as these birds matured, their songs became more typical of normal adult canaries, de-
spite having never heard such songs. Thus, with maturity in the canary comes a loss of
vocal flexibility, and increasing dominance of an innate program of song structure.
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EDITORIAL
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T
he name Galapagos conjures up images of giant tortoises, Darwin’s finches, and a remote pristine
archipelago that is rightly described as “a living laboratory of evolution.” But that picture of this World
Heritage site is seriously flawed by current events, including wholesale violations of the Special Law for
Galapagos passed by the Ecuadorian government in 1998. That law, which followed a series of conflicts
generated by immigration and illegal fishing, was a consensus of island and national opinion and was
greeted with delight by scientists and conservationists. Alas, it isn’t working.

The law excluded even Ecuadorians from moving to the Galapagos unless they had been born there or had family
on the islands. Unfortunately, much immigration had already occurred. The Special Law’s goal was to promote the
conservation of biodiversity jointly with sustainable development: a dream uniting incompatible goals. The
Galapagos population has grown a remarkable 10-fold in 30 years, to over
27,000 in 2005. Consumption has grown even faster: In contrast to a mere three
vehicles in the 1970s, over 350 taxis now create pollution and congestion on
Santa Cruz Island. 

The threat to endemic species on the Galapagos is significant.  A viability
workshop conducted by the Darwin Initiative and the World Conservation Union
(IUCN) in February of this year found that the Galapagos penguin was under
serious threat, with the probability of extinction in the next century estimated at
about 30%.  Terrestrial ecosystems have a growing invasive species problem:
Blackberries, introduced in the 1980s, now shade and smother native vegetation.
Old invaders, such as goats, pigs, rats, and cats, continue to destroy native ecosys-
tems and affect the function, species composition, and restoration of the islands.

The islands’fishery, small in the early 1970s, is now an industry, serving markets
in Asia and elsewhere. The sea cucumber fishery, in the 1990s, involved “pepineros”
from off-island who periodically took over the Charles Darwin Research Station,
holding it hostage to protest fishing restrictions. They’re still around: In March 2005, one raid
found 7000 sea cucumbers, of a species illegal for harvest, in crates hidden in the mangroves on
Fernandina Island; 100,000 were also captured on Isabela. An international shark fishery has
already decimated that population in its effort to supply the Asian market for shark-fin soup. 

Tourism is currently capped at 120,000 tourists a year, and an average year sees about 100,000
tourists visit the islands. They generate an annual $150 million, but most of the money either stays on the
mainland or goes to where the tours originate. Tourism, even when well managed, generates external costs
through waste disposal and also by encouraging development and a standard of living that attracts immigrants. Several
immediate actions are needed to help the Galapagos archipelago remain a poster child for evolution and conservation.
The islands need a nonextractive marine park around the westernmost islands of Fernandina and Isabela to protect the
two endemic bird species (the Galapagos penguin and flightless cormorant) that are concentrated there. Policies limiting
human population growth and consumption on the islands should be encouraged. Conservation measures are needed
to prevent the introduction of diseases such as West Nile Virus and avian malaria. Fishing rights could also be bought
out. New regulations must control illegal fishing and prohibit fishing techniques with unacceptable bycatch. Alternative
work for genuine fishermen must be found. Galapagos tour costs should also include the external environmental
costs of tourism.

How will such changes come about, and who will exact them? The organization charged with running the Galapagos,
the National Park, lacks stability at the top. Ten park directors have been terminated in the past 2 years. Their demise
was the result of constant political intervention to ignore exploitation of the islands. That leaves the solution in the
hands of others. How can scientists help? Through scientific and professional organizations, we can call on establishments
such as the IUCN to help the Ecuadorian government carry out science-based conservation, acquire worldwide financial
support, and devise and enforce new laws that work. Our responsibility as scientists is to alert institutions, governments,
and the public to the de-evolution of the Galapagos Islands. The international science community must garner strong
global political support for the natural wonders of the Galapagos. Only then will this laboratory of evolution have a
chance to persist for another 100 years. 

P. Dee Boersma, Hernan Vargas, Godfrey Merlen
P. Dee Boersma is the Wadsworth Endowed Chair of Conservation Science at the University of Washington, Seattle,WA. Hernan Vargas is a
D. Phil. student and a member of the Wildlife Conservation Research Unit at the University of Oxford, Oxford, UK. Godfrey Merlen is director
of WildAid Galapagos, Santa Cruz, Galapagos.

10.1126/science.1114395

Living Laboratory in Peril
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V I R O L O G Y

Retooling Degradation
Factories
After breaching the outer
defenses and establishing
themselves inside a eukaryotic
cell, viruses subvert existing
cellular machinery in order to
produce their progeny.When
human cells are infected by
poliovirus, new viruses are
manufactured on cytoplasmic
vesicles that are bounded by a
double membrane. Jackson 
et al.examined the origin of
these virus factories and found
that they appear to be derived
from autophagosomes, cellular
compartments that ordinarily
are used in the disposal of
defunct organelles. It seems
that after cellular invasion, the
incoming virus becomes asso-
ciated with membranes that
mature into autophagosomes.
Stimulation of autophagy in
infected cells actually
increased poliovirus yield,
whereas inhibition reduced it.
Although autophagy is known

to be important in the cellular
clearance of some microbes
(such as Mycobacterium
tuberculosis), for poliovirus
and for related rhinoviruses,
these destructive organelles
are actually exploited to
increase the efficiency of viral
replication. — SMH

PLoS Biol. 3, e156 (2005).

C H E M I S T RY

Correlating Continua

Surface-enhanced Raman
scattering (SERS) occurs on
certain noble metal surfaces

that are rough or have high
curvature, such as colloidal
particles. Moore et al.have
probed the nature of the
broad continuum states that
usually accompany the sharp,
highly enhanced molecular
vibrations by performing a
two-dimensional covariance
and correlation analysis of sin-
gle-molecule SERS spectra.
Vibrational modes for the
species on the native silver
particles prepared in citrate
solution are correlated with a
continuum that peaks at 3000

cm–1, but when the same
particles were exposed to
rhodamine 6G, the vibra-
tional features correlated
to a continuum that peaks
at 1600 cm–1. Neither
continuum has sharp fea-
tures of its own and thus
appears to be associated
with the particles, either
as active sites or a surface
species, that have molecular
specificity. — PDS

J. Am. Chem. Soc.
10.1021/ja043651u (2005).

G E O P H Y S I C S

Sliding Under Lake
Tahoe
The Great Basin of the United
States is called that because,
over the past 40 million years,
the crust has been extending
broadly.The locus of extension,
which is characterized by
faulting and volcanism, has
moved from the center of the
basin to its eastern and western
margins, notably forming
Death Valley, California.
Along the western margin,
the extension is complicated
by its interaction with the 
San Andreas fault, a major
strike-slip fault, and is now
impinging on the Sierra
Nevada Mountains (which
have some of the highest 
elevations in North America).

Kent et al.have determined
the recent extension at the
margin in the Lake Tahoe area
(on the border between
California and Nevada) by 
dating and mapping offset
shorelines and ancient 
avalanches into the lake.
This history implies that the
region is extending by about
0.5 mm/year, enough to 
produce a magnitude 7 earth-
quake approximately once
every 3000 years. Such a
quake could generate waves in
Lake Tahoe approaching 10 m,
or even much higher waves if
the earthquake were to induce
a slide into the lake as has
happened in the past. — BH

Geology 33, 365 (2005).

E V O L U T I O N

Coming Up for Air

The emergence of organisms
from the ocean onto land was
made possible by a suite of
adaptations, not least of which
were the integrated biomech-
anical changes that were
required for bodily support and
locomotion in a 1g world, as
compared to a buoyant and
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Two-dimension correlation map 
for the native silver particles.C
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Competition Begins 
at an Early Age
The nestlings of brood parasites such as cuckoos
and cowbirds, even if unsuccessful at ousting
outright the eggs or nestlings of the host
bird, compete with the host nestlings
for provisioning by the parents. As a
consequence of this competition,
host nestlings frequently do not
survive to fledge.

In a study of brown-headed
cowbirds that parasitized song
sparrow nests in Canada, Zanette
et al. find that such mortality can
result in sex-biased survival.The sex
ratios of song sparrow nestlings and
fledglings in parasitized nests differed
significantly from those in unparasitized nests,
with a much lower proportion of female chicks
surviving in the former. In mixed-sex broods in
unparasitized nests, female song sparrow
chicks are already at a developmental disad-
vantage compared to females in single-sex

broods, and the presence of cow-
bird chicks appears to exacerbate

this intraspecific, intersexual compe-
tition. Thus, in areas where cowbirds are

common, the brood parasites have the poten-
tial to affect song sparrow demography and
sex ratio. These findings confirm recent theo-
ries that suggest that parasites and predators
can alter the sex ratio of their host and prey
populations. — AMS

Ecology 86, 815 (2005).

Song sparrow (Melospiza melodia)
parent and fledgings.
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incompressible aquatic environment.
Sensory systems also had to adapt, and
Niimura and Nei have examined the 
evolutionary dynamics of the genes
encoding olfactory receptors in a phylo-
genetic analysis based on draft genome
sequences from fish, frog, and chicken,
along with already available genome data
from mouse and human.They find that the
most recent common ancestor (MRCA) of
fishes and tetrapods carried at least nine
distinct groups of olfactory receptors.
Present-day fish have inherited eight of

these, but have lost group α, which is one
of two groups extant in mammals and
birds, the other being group γ.The number
of olfactory receptors in groups α and
γ has expanded enormously (numbering
about 1000 in mouse), and they are pro-
posed to have become specialized for the
detection of airborne molecules, whereas
olfactory receptor genes (presumed to
have retained their competence for 
sensing water-soluble odorants) in the
other groups were discarded. — GJC

Proc. Natl. Acad. Sci. U.S.A. 102, 6039 (2005).

C H E M I S T RY

Bimetallic Bases

The typical notion of a chemical base is a
reactive molecular anion bound to a charge-
balancing metal cation.Although the influ-
ence of anion structure on reactivity has
long been appreciated, the metals are often
regarded as interchangeable bystanders.
Recent work suggests that the cations can
play a strong role, however, particularly
when two of them cooperate.

Andrikopoulos et al. prepared a hybrid
base of butyl sodium and magnesium
bis(tetramethylpiperidide).The butyl anion
in the complex strips a proton from the
meta-carbon in toluene, three carbons
away from the more acidic methyl group.
The origins of this unexpected reactivity

were clarified by determining a crystal
structure and by performing density 
functional calculations.The Mg cation 
stabilizes the deprotonated meta-carbon,
whereas the Na cation interacts with 
π electrons above the phenyl ring.

Similarly, García et al.treated
aminophenylphosphine (a phenyl ring
bearing adjacent NH2 and PH2 groups)
successively with butyl lithium and
bis(dimethylamido)tin. In the resulting
product, which is not produced by either
base alone, all four protons have been
stripped from the N and P centers.
Crystallography revealed a complex struc-
ture in which four of the amido phosphide
molecules are stabilized by a network of
six Sn and four Li cations. — JSY

Angew. Chem. Int. Ed. 10.1002/anie.200500379;
10.1002/anie.200500340 (2005).

P S Y C H O L O G Y

Learning About Bias 
at an Early Age
Interpreting what someone else says can
involve making an assessment of what that
person believes or wants. In the former kind
of situation, adults and children (from about
3 years of age onward) are capable of
appreciating that what the speaker knows
may not be an accurate representation of
reality—that is, what is said appears to be
true from the speaker’s point of view, but is
in fact not true because the speaker holds a
false belief. In the latter type of situation,
adults are aware that self-interest can lead
one to make statements that are outright
lies (motivated, intentional errors), reflect
biases (motivated but unintentional errors),
or simply are plain old mistakes.

Mills and Keil have examined how chil-
dren evaluate these kinds of statements.
In the first setting, where the outcome of 
a footrace was ambiguous, second- and
fourth-graders, unlike kindergartners, were
less apt to believe contestants who claimed
to have won as compared to those who
admitted defeat. In another setting in
which the outcome was unambiguous,
kindergartners, second-graders, and fourth-
graders all were inclined to label erroneous
claims aligned with the speaker’s self-inter-
est as lies and those aligned against as mis-
takes; however, sixth-graders demonstrated
the beginnings of an awareness of how
self-interest might unintentionally induce 
a misstatement and hence identified some
of the erroneous claims as the products 
of bias. — GJC

Psychol. Sci. 16, 385 (2005).
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GPCR Library Properties:
• Comprised of >10 unpublished ‘preferred templates’ 

   mimicking beta-turns, and using in-house building blocks, 

   culminating from a four year R&D effort

• Over 25,000 drug-like, highly pure, small molecule 

   compounds

• Successful identification of both agonists and antagonists

• Drug discovery advancements by several Independent 

   laboratories 

• Designed to enable rapid hit-to-lead optimization with 

   quick follow-up in medicinal chemistry services

In-house Validation: 
Targeted Library vs. Diverse Library

ChemBridge’s Preferred GPCR Libraries
Internally & Externally Validated for Difficult Targets

•10,000 compounds randomly 
  selected from the ChemBridge   
  GPCR targeted library
  screened at 10µM

•10,000 compounds from a 
  similar ‘control’ diversity 
  library screened under 
  identical conditions 

Melanocortin-4 Cell-Based Agonist 
Screening Experimental Results: Client Statement

“We are very pleased with the quality of the ChemBridge 
GPCR-focused library, particularly since the library 
helped us to resurrect several projects that we had 
previously dropped due to lack of leads.”
Jeremy Caldwell, Ph.D.  
Director of Molecular and Cellular Biology
Genomics Institute of the 
Novartis Research Foundation
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R E S O U R C E S

Liquid
Assets
Whether it’s the Everglades or just a
seasonal pool, a wetland is a haven for life. Find out where these
habitats are located across much of the United States with the
Wetlands Mapper* at this U.S. Fish and Wildlife Service site. The
tool lets you zoom in to a scale of just a few meters. The site
also lists wetland plant species and reports on how fast wet-
lands are vanishing (23,000 hectares a year in 2000). The U.S.
Geological Survey’s National Wetlands Research Center† offers
fact sheets on topics such as mangroves and climate change as
well as the nutria, a ratlike invasive species chomping its way
through Louisiana’s dwindling swamps. An online library
includes reports documenting the ecology and habitat needs of
more than 100 coastal wetland residents, from the black
abalone to the yellowtail snapper.

* wetlands.fws.gov
† www.nwrc.usgs.gov

R E S O U R C E S

Still in the Crosshairs
The Cold War may be long over, but the
threat of nuclear annihilation remains. To
drive home the point, the nonprofit Feder-
ation of American Scientists provides its
Nuclear Weapon Effect Calculator, a Java
applet that lets visitors see how
far the zone of destruction would
stretch if an atomic bomb of a
specific size exploded in Wash-
ington, D.C., or in one of 24 other
American cities. “This is just a
very graphic way to let anyone
see what the effect of a bomb on
his city would be,” says Ivan Oel-
rich, director for the federation’s
strategic security project.

The foundation’s Web site offers
scientific guidance on issues from
energy-efficient housing to bio-
medical computing, but its focus is
nuclear arms control. You’ll find
tutorials on timely questions such
as how a gas centrifuge could help
a rogue nation amass the uranium
necessary to make a bomb. Reports
also apply technical expertise to policy
analysis, arguing for instance that an
adversary could evade the U.S.’s proposed
earth-boring “bunker buster” bomb simply
by tunneling deeper.

www.fas.org

I M A G E S

The Earth in Your Computer
Few of us will ever gaze down at Earth from space.With the free pro-
gram World Wind, though, even chairbound adventurers can swoop
past Japan’s Mount Fuji (right), trace
the fractures in a Greenland iceberg, or
zoom in on their houses from high alti-
tudes.The software from NASA’s Ames
Research Center knits together satellite
images and elevation data, letting users
chart spectacular virtual trips. For more
than 30 major U.S. cities, the program
features 25-centimeters-per-pixel color
images—a resolution that allows view-
ers to pick out cars on the Golden Gate
Bridge. Black-and-white aerial photo-
graphs and topographic maps capture
the rest of the country. Users can also overlay the latest temperature
and cloud-cover measurements and summon data on fires, floods,
storms,and volcanic activity.You’ll need Windows,a 3-D graphics card,
and a 1.4 gigahertz or faster processor.

worldwind.arc.nasa.gov 

NETWATCH
edited by Mitch Leslie

E X H I B I T S

A Killer Remembered
Americans were so worried about polio in the early and middle 20th century that some
towns forbade travelers under 16 years old from entering, fearing they might be carrying

the disease. At Whatever Happened
to Polio? you can look back at those
nervous days and learn about the
vaccines that helped stamp out polio
in the United States.

The new Web site, which accom-
panies an exhibit at the Smithsonian
Institution, marks the 50th anniver-
sary of the polio vaccine. It offers
period photos, audio clips from polio
survivors, and other resources that
chart the disease’s wrenching impact
on society and families. For instance,
newly diagnosed children were often
quarantined for up to 14 days, fol-
lowed by several weeks of limited
contact with their parents.Technolo-
gies of the day included these cum-
bersome iron lungs that helped para-
lyzed patients breathe (left).You can

also learn about Jonas Salk’s and Albert Sabin’s vaccines. Salk introduced his vaccine first,
but Sabin’s,which relied on a weakened virus rather than an inactive one,was more widely
used. A final section looks at current efforts to eradicate polio from the few countries
where it remains.

americanhistory.si.edu/polio

Send site suggestions to netwatch@aaas.org.Archive: www.sciencemag.org/netwatch
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CAMBRIDGE, U.K., AND TOKYO—The contenders
to host the $11 billion ITER fusion project—
Japan and the European Union—finally
appear to have made a deal. After 16 months of
negotiations, the two parties have agreed on a
package to compensate the runner-up. The
only thing left is to name the winner, which
must be done by the end of June. And if Euro-
pean politicians and Japanese newspapers are
to be believed, the most expensive science
experiment on Earth will be built in France.

The original schedule for building the
International Thermonuclear Experimental
Reactor (ITER) called for a siting decision to
be made in December 2003 between
Cadarache in southern France or Rokkasho
in northern Japan. But the project’s six part-
ners split down the middle: The United States
and Korea supported the Japanese site,
whereas Russia and China backed the E.U.
site in France. Technical studies early last
year failed to produce a clear favorite. Since
then, European and Japanese officials have
been chalking up frequent-flyer points in lob-
bying their partners.

The aim of ITER is to recreate the power

of the sun on Earth. Hydrogen isotopes in a
superhot plasma fuse rapidly enough to gen-
erate roughly 10 times more heat than the
reactor needs to keep running. This would

ensure that a future fusion power plant will
produce excess electricity. Building such a
reactor is a huge undertaking: Construction
costs alone are projected at $5 billion over 
10 years, and another $6 billion will be spent

on operating the reactor and decommission-
ing it at the end of the 30-year project.

Much of this money will be spent in the
host country, so the competition for this prize
has been fierce and protracted. But during an
E.U. delegation visit to Tokyo on 12 April, the
two sides resolved to settle the site issue before
the 6 July start of the G8 economic summit of
industrialized nations in Scotland (Science, 15
April, p. 337). After an apparently productive
discussion between Japanese Prime Minister

Junichiro Koizumi and E.U.
officials at a 2 May meeting in
Luxembourg, The Yomiuri
Shimbun, one of Japan’s lead-
ing daily papers, quoted gov-
ernment sources as saying
Japan might be willing to give
up its bid for ITER if it won a
lucrative role in building the
reactor. And late last week, at a
meeting on earth observation
in Geneva, Japanese and E.U.
officials finally worked out a
formula that was acceptable to
both sides.

The details have not been
made public, but E.U. officials

have told Science that ITER’s host will be
expected to foot 50% of the bill. The other five
partners would contribute 10% each. Most of
these contributions will be in the form of com-
ponents built in their own countries and
shipped to the site. But the unsuccessful con-
tender will have a “privileged” position in the
project, producing 20% of ITER’s compo-
nents but only paying for 10%, with the extra
funding coming from the successful host. E.U.
sources say the payment will be low-key, made
through industrial contracts.

That’s not all the runner-up will get. Its
nationals will be guaranteed a minimum
share of ITER’s staff—20%, according to
Japanese newspapers. And it will get to host a
new parallel research effort to help commer-
cialize fusion, with one possibility a materials
testing center to assess whether reactor lin-
ings can stand up to decades of neutron bom-
bardment. E.U. sources say that this facility
could cost as much as $1 billion, divided
evenly between Japan and the E.U.

The formula must still be approved by all
six ITER partners. Shuichiro Itakura, head of
the Office of Fusion Energy at Japan’s educa-
tion ministry, says the formula is simply a
“common view” between the two negotia-
tors. “It still needs to be reviewed within the
[Japanese] government,” he adds. But in

ITER Rivals Agree to Terms;
Site Said to Be Cadarache
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California Institute Picks City by the Bay
After a heated competition akin to select-
ing a venue for the Olympics, San Fran-
cisco has been chosen as headquarters for
the California Institute for Regenerative
Medicine (CIRM).

Ten California cities vied to host the 
50-person managerial hub of the $3 billion,
10-year research program created by pas-
sage of Proposition 71 last November. Bid-
ders offered a splendid array of perks from
free office space to health club member-
ships to access to private jets.

A search committee accorded points to
each city on the basis of qualities such as
research environment, office space, and con-
ference facilities. San Francisco led Sacra-
mento and San Diego in the technical rank-
ings that went to the 29-member oversight
committee, which chose San Francisco over

San Diego by a vote of 16 to 11.
Some observers worried about regional

bias on the oversight panel, headed by Bay
Area financier Robert Klein. Indeed, the
committee was split almost equally
between northern and southern Californi-
ans, and all voted accordingly except for
two members from Los Angeles, notes Jane
Signaigo-Cox of the San Diego Regional
Economic Development Corporation. But
she thought the vote was “fair.”

Pushed aggressively by Mayor Gavin
Newsom, San Francisco’s bid was worth
about $18 million. Delayed by lawsuits
alleging conflict-of-interest violations
and inadequate state oversight, CIRM
hopes to award its first research grants
by November.

–CONSTANCE HOLDEN

S T E M  C E L L  R E S E A R C H

Rebaking the pie. To compensate the runner-up, ITER’s host will
place 10% of its contracts there. The host will also pay for half of
a new facility in that country.

P A G E 9 3 6                           9 3 8               
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Europe, some are boldly predicting that
ITER will be built in France, in line with the
E.U.’s position that it’s Cadarache or nothing.
Going even further, President Jacques Chirac
said on French television on 4 May that
France was “on the verge of getting ITER
sited at Cadarache.”

E.U. officials are more reticent than the
French. One senior official says he is “confi-
dent of a resolution,” but it is still “a very del-
icate situation.” Japan’s Ministry of Educa-
tion put out a statement strongly denying it

has given up trying to bring ITER to
Rokkasho. Researchers are staying quiet for
fear of jeopardizing the deal, but the politick-
ing appears to have added a fusion develop-
ment facility that was not originally on the
negotiating table. “I think it’s important that
an additional facility is now included,
because ITER alone is not going to provide
all the data we need to move toward commer-
cialization,” says Yoshikazu Okumura of the
Japan Atomic Energy Research Institute.

Politicians from the six ITER partners

are now looking to wrap things up at a late
June meeting in Moscow. The venue is sym-
bolic: It was here in 1985 that Soviet
researchers persuaded President Mikhail
Gorbachev to approach Western leaders
with the idea of working together on a global
fusion research project that would benefit
society and reduce international tensions.
For a while, ITER seemed more likely to do
the opposite. But the injured feelings may
soon pass into history.

–DANIEL CLERY AND DENNIS NORMILE
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Faced with a $1 billion cost overrun, NASA
managers last week began to search for
cheaper designs for the $3.5 billion James
Webb Space Telescope (JWST). But
astronomers say the initial attempt to scale
back the complexity of the spacecraft and its
instruments is a nonstarter for the mission
slated for a 2011 launch as a follow-on to the
Hubble Space Telescope. 

The crisis comes just as the decision not to
send a space shuttle servicing mission to
Hubble seems likely to be overturned by
NASA’s new chief Michael Griffin. Some sci-
entists worry that extending the life of Hubble
into the next decade could add to the pressure
to scale back Webb, which is the top priority
in the astronomy community’s decadal plan
put together under the auspices of the
National Academies.

Named for one of NASA’s first adminis-
trators, Webb will use its 6.5-meter mirror and
four major instruments to observe primarily
the infrared portion of the spectrum, peering
back in time to the era of galaxy formation
and piercing interstellar dust to get close-up
views of other planetary systems. It may also
provide clues to the elusive nature of dark
matter. The telescope’s science team includes
Europeans, Americans, and Canadians.

Until just a few weeks ago, astronomers
thought the telescope was on track despite a
budget request this year from NASA to trim
$55 million from its account over the next 
5 years. That’s before its prime contractor,
Northrop Grumman, wrote NASA that the
telescope would cost $309 million above the
previous estimate, according to John
Mather, NASA’s JWST project director. The
largest chunk of that increase was a shift in
the spacecraft testing from a facility oper-

ated by NASA’s Lewis Research Center in
Cleveland, Ohio, to Johnson Space Center in
Houston, Texas. The Lewis facility proved
inadequate for handling the full spacecraft,
and alterations would have been too costly.
Additional technical changes to the design
have added nearly $100 million to the cost.

It’s also going to cost more to launch the
telescope. It was originally slated to fly on a
U.S. rocket before the European Space
Agency (ESA) offered an Ariane 5 as its
major contribution to the program. The offer
provoked complaints from U.S. industry and
other government agencies, but after months
of wrangling, the White House has given
Griffin authority to use the European rocket,
which he is expected to do shortly. Accom-
modating Webb on Ariane, combined with a
likely 1-year launch delay, bumps up its price,
as does an increased reserve fund ordered by
NASA. New rules that require NASA proj-
ects to include all costs associated with the
program mean another $100 million. When
you add it all up, according to JWST program
scientist Eric Smith, the total overrun is
approximately $1 billion. 

To reduce JWST costs, NASA managers
last week suggested returning to a scaled-
back version proposed in the mid-1990s.
Under that plan, JWST’s mirror would be
only 4 meters in diameter, and its ability to
detect certain wavelengths would be signifi-
cantly reduced. As a result, data on some
objects would take as much as 25 times longer
to gather than with the current design. The
telescope’s expected lifetime also would be
halved, to 5 years. 

“It would not be scientifically sensible to
fly that mission,” says Peter Jakobsen, ESA’s
study scientist for JWST. Other scientists

agree. In a meeting last week with NASA
officials, the JWST science team rejected the
alternative as unacceptable. “It is clear to sci-
entists that almost all science would be lost”
in this plan, says Mather.

NASA managers have given scientists a
couple of weeks to come up with a better
alternative. But their job won’t be easy. “If the
funding is not compatible with breakthrough
science, then [more] money needs to be
moved to JWST, or it should be canceled,”
says George Rieke, an astronomer at the Uni-
versity of Arizona in Tucson who is a 
co–principal investigator on one instrument.
Adds Mather: “It’s a scary moment.”

–ANDREW LAWLER

With reporting by Govert Schilling.

New Space Telescope May Be Scaled Back
N A S A  A S T R O N O M Y

Webb woes. NASA’s next-generation telescope
has suddenly gotten $1 billion more expensive.

              9 4 0                          9 4 3           9 4 5
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Los Alamos Appoints Interim Director
George “Pete” Nanos has stepped down as
director of Los Alamos National Laboratory
on the eve of a competition to manage the
New Mexico weapons lab.

The University of California (UC), which
operates Los Alamos for the Department of
Energy (DOE), announced last week that
nuclear weapons physicist
Robert W. Kuckuck, 65, will
become interim director on 
16 May. Nanos, a retired Navy
admiral, joined the laboratory
in January 2003, pledging to
right the ship after a series of
security lapses. But tough
reforms, a decision to shut the
lab down last year after a laser
accident, and his brash style—
he called scientists “cowboys”
during the shutdown—earned
him harsh reviews from lab
scientists. A series of suspen-
sions following the disappear-

ance of classified disks—later found never to
have existed—led to outrage in New Mexico
and Washington, D.C., alike. Massachusetts
Institute of Technology historian Hugh
Gusterson calls Nanos “the most unpopular
director the lab has ever had.” Nanos is taking
a job with the Pentagon’s Defense Threat

Reduction Agency.
“Nanos was between a rock

and a hard place,” says Pete
Stockton, an investigator with
the Project on Government
Oversight, a Washington, D.C.,
watchdog group. Last week,
Defense Nuclear Facilities
Safety Board acting Chair A. J.
Eggenberger told Congress
that the shutdown—which is
estimated to have cost more
than $120 million—“resulted
in the identification of numer-
ous corrective actions.” But at
the same hearing, DOE’s

Inspector General Gregory Friedman reviewed
a litany of lingering management problems.

Nanos’s rocky tenure, insiders say, under-
scores the risk facing UC’s Board of Regents.
“Some think UC might walk away” from the
competition, says Doug Roberts, the Los
Alamos computer scientist who runs a Web
site for anonymous comments from lab
employees. Last month, Sandia National
Laboratories operator Lockheed Martin
recruited Sandia’s former director, Paul
Robinson, for its bid (Science, 15 April, 
p. 339). The National Nuclear Security
Administration is expected to release final
contract language shortly. 

Oak Ridge National Laboratory Director
Jeff Wadsworth calls Kuckuck (pronounced
“cook-cook”) a “terrific team builder.” A
physicist and former deputy director of
Lawrence Livermore National Laboratory in
California, he is not expected to be part of
UC’s management team if it competes for the
Los Alamos contract. –ELI KINTISCH
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Moving on. Nanos had a rocky
tenure at Los Alamos.

Long before the Black Death or AIDS rav-
aged society, there was leprosy. But for a dis-
ease that has devastated humans for millen-
nia, leprosy remains enigmatic. Where did it
originate, and how has it followed people
seemingly everywhere they’ve gone? 

The first comprehensive genetic compari-
son of the bacterial strains that cause the dis-
ease is providing some answers. On page
1040, molecular microbiologist Stewart Cole
of the Pasteur Institute in Paris and colleagues
use rare DNA differences among leprosy
strains culled from various corners of the
world to infer an East African or Near East
origin of the disease. Their findings also chal-
lenge popular theories of how leprosy spread
and indicate that colonialism and the slave
trade helped bring the sickness to West Africa
and much of the New World.

“It’s very interesting work that should help
us fill in the picture of how human migration is
tied to the dissemination of leprosy,” says
Daniel Hartl, a population geneticist at Har-
vard University in Cambridge, Massachusetts. 

Confirmed reports of leprosy first appear
around 600 B.C.E. in sacred Indian texts that
describe a victim’s loss of finger and toe sensa-
tion—a hallmark of the damage the bacterium
Mycobacterium leprae inflicts on the nervous
system. By medieval times, cultures around the
globe were familiar with the deforming lesions

and decaying flesh that resulted in lepers being
burned at the stake or carted off to die in remote
colonies. Antibiotics helped bring the disease
under control in the 1940s, but it persists in
poor regions, and there are more than 500,000
new cases reported each year.

Scientists rely on genetic differences
among strains to trace the history of a microbe,

but seven strains of the leprosy bacterium, col-
lected by Cole’s group from an array of coun-
tries, had practically identical genomes. 
“M. leprae has the lowest level of genetic diver-
sity of any bacterium I’m aware of,” says Cole.
“One clone has infected the whole world.”

The intense similarity between strains
compelled the researchers to take a closer
look at their samples. Eventually they found
subtle DNA sequence mutations called single
nucleotide polymorphisms that allowed them
to break a total of 175 worldwide strains into
four types. Most Central Asian strains were of
the type-1 variety, whereas type 2 predomi-
nated in Ethiopia, type 3 in Europe, North
Africa, and the Americas, and type 4 in West
Africa and the Caribbean. 

The mutation patterns among the strains
suggest that leprosy originated in either Cen-
tral Asia or East Africa, says Cole, who favors
the latter location because type 2 is the rarest
and, thus, likely the oldest. “India has been
stigmatized as the cradle of leprosy,” Cole
says. “But the disease could have just as likely
arisen in East Africa.”  

The data also challenge the theory that
Alexander the Great’s soldiers brought lep-
rosy to Europe when returning from their
Indian campaign. “That would have required
a transition from type 1 to 2 to 3,” says Cole.
It’s more likely, he argues, that the soldiers
contracted the bug in the Near East.

Another striking finding is the apparent
effect of European emigration and the West
African slave trade on the spread of leprosy. 
M. leprae types 3 and 4 are more similar to each
other than they are to type 1, indicating that

Global Spread of Leprosy Tied to
Human Migration

M I C R O B I O L O G Y

Worldwide toll. Leprosy persists among people
in poor regions, such as these women in
Afghanistan.

▲
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these activities, rather than human passage from
Asia via the Bering Strait, brought the disease to
the New World. “Leprosy has clearly migrated
with human populations in orderly patterns,”
says Cole. “And in places like the Americas,
where the disease is relatively new, you’re really
seeing the negative side of colonialism.”

Molecular anthropologist Connie Mulli-
gan of the University of Florida, Gainesville,
says the data tying colonialism to the spread

of leprosy are “really good,” but she’s not con-
vinced there’s enough evidence to favor type
2 over type 1 as the original leprosy strain.
Still, Mark Achtman, a microbial population
geneticist at the Max Planck Institute for
Infection Biology in Berlin, says that this new
study is bringing us closer to understanding
leprosy’s past. “As humans, we want to know
where we came from,” he notes. “The same
goes for our diseases.” –DAVID GRIMM
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No Stemming the Tide
New York state legislators have so far
failed to pass a stem cell research bill, but
private donors are busy making sure the
state stays abreast of California in the
stem cell stakes.

Last week, Mount Sinai School of
Medicine in New York City announced a 
$10 million donation from financier
Leon D. Black for the Black Family Stem
Cell Institute. The new institute
becomes the latest work outside the
federal government’s stem cell guide-
lines. Last year, Weill Medical College of
Cornell University, also in New York City,
was given $15 million by Houston phi-
lanthropists Shahla and Hushang Ansary
to establish the Ansary Center for Stem
Cell Therapeutics.

The Black Institute will be led by stem
cell biologist Gordon Keller, who plans to
hire six more researchers. “Yes, the private
gifts are flowing,” says Keller. “There’ll be
a lot happening in New York.” Keller
acknowledges that he’s had some nibbles
from California but that the new gift
“allows us to build a very strong stem cell
program here at Mount Sinai.”

–CONSTANCE HOLDEN

ALS-Vet Linkage Pursued
The ALS Association is pushing for more
research into why U.S. military veterans
seem more prone to amyotrophic lateral
sclerosis (ALS), also known as Lou Gehrig’s
disease, than the general population.

The reasons aren't clear. Last year, a
Department of Veterans Affairs (VA)
report by an outside panel of veterans
and scientists concluded that there was a
"probable link" between neurotoxins and
Gulf War illnesses, some of which resem-
ble ALS symptoms.That finding was criti-
cized by a number of researchers (Science,
1 October 2004, p. 26).

At least two studies have found that
veterans of the 1990–91 Gulf War were
roughly twice as likely to develop ALS.
But because ALS usually strikes in the
40s and 50s, those samples were rela-
tively small. A much broader study was
published in January in Neurology:
There, a team of Harvard epidemiolo-
gists reported that men in the military
had a roughly 50% greater chance of
contracting ALS—meaning their lifetime
risk rose from 2 to 3 in 1600.

This week the association called for
additional funding to tackle the apparent
link between ALS and military service and
also asked Congress to respond to the VA
report's recommendations.

–JENNIFER COUZIN

Climate change has fish populations on the
move. In Europe’s intensively fished North
Sea, the warming waters over the past quarter-
century have driven fish populations north-
ward and deeper, according to a study by con-
servation ecologist John D. Reynolds of the
University of East Anglia in Norwich, U.K.,
and his colleagues. Such warming could
hamper the revival of overfished species and
disrupt ecosystems, they assert. The warming
is expected to continue in the North Sea, and
although fish species living to the south will
likely move north and replace departing ones,
the forecast for the region’s fisheries will
depend on whether the species
that succeed are marketable.

“This is another clear indi-
cation that warming is playing
a role” in ocean ecosystems,
says physical oceanographer
Ken Drinkwater of the Institute
of Marine Research in Bergen,
Norway. Although there have
been many studies looking at
the effects of climate change on
marine species, “no one has
looked in detail at changes in
distributions of commercial
and noncommercial species,”
says fish biologist Paul Hart of
the University of Leicester in
the United Kingdom. Similar climate-induced
shifts in fish populations, he adds, might hap-
pen in other temperate seas, including those
around Europe and much of the United States.

The study, published online this week by
Science (www.sciencemag.org/cgi/content/
abstract/1111322), used extensive records of
fishing catches made by research vessels
between 1977 and 2001, a period during
which the North Sea’s waters warmed by 
1ºC at the sea floor. Reynolds’s team cast a
wide net, compiling data on the sea’s 36 most
common bottom-dwelling fish. They found
that two-thirds of the populations moved
toward cooler waters—either going north or
to deeper waters, or both. “We saw shifts in
both commercial and noncommercial
species, and across a broad set of species,”

says conservation ecologist Allison Perry of
the University of East Anglia. The f ish
species whose distribution have shifted tend
to be smaller and mature earlier, she and her
colleagues noted.

“Those fish that didn’t shift raise interest-
ing questions,” adds Perry. Such species
might be more closely tied to particular habi-
tats or might not spread as quickly because of
longer generation times. Because species are
redistributing at different rates or not at all,
the shifts could rend ties within ecosystems.
Species are often adapted to each other and
have developed mechanisms for avoiding cer-

tain predators or catching specific prey, Hart
says: “If suddenly faced with new predators
or prey, this could change the balance.” More-
over, if the timing of development shifts dif-
ferently among various species, “this could
affect the match or mismatch between the
fishes’ food and predators,” Drinkwater says.

Heavy commercial fishing has already
pushed some species in the North Sea to the
edge of extinction, and some researchers
worry that the changing climate will exacer-
bate those problems. “Fishing is undoubtedly
the most important factor for all the commer-
cial species,” says fisheries biologist Niels
Daan of the Netherlands Institute for Fish-
eries Research in IJmuiden. “But it is possible
the warming could prevent the recovery of
stocks.” –MASON INMAN

Fish Moved by Warming Waters
E C O L O G Y

Gone fish. Warming waters in the North Sea may make it harder
for commercial fishers to find their normal catch.
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Academic and industry scientists are fight-
ing proposed changes to export-control rules
that could restrict some foreign nationals
from using sensitive equipment when they do
research in the United States. But federal
officials say opponents are vastly overesti-
mating the impact of the changes on the
research enterprise. 

The rules, enforced by the Commerce
Department’s Bureau of Industry and Secu-
rity (BIS), apply to persons from countries
that the U.S. government says pose national
security threats. The list includes China,
India, and Russia, which are major sources of
U.S. scientific talent. Universities have tradi-
tionally believed that an exemption for basic
research in the rules applied to them. But in
March 2004, the Department of Commerce
Inspector General (IG) noted that the use of
export-controlled equipment for research was
not exempt, meaning that universities would
need licenses to employ foreign nationals in
certain research projects.

Based on the IG’s
recommendations,
the bureau clarified
the license require-
ment. It also pro-
posed changing the
criterion for granting
a so-called deemed
export license from
the foreign national’s
country of citizen-
ship to his or her
country of bir th.
That change is
intended to block
foreign nationals
from subverting the
rules by establishing
citizenship in an-
other country not on the danger list. The
changes, which were published in the 
28 March Federal Register, are open for
public comment until 27 May.

BIS officials predict that
the number of researchers
requiring licenses will be
very small. But Daniel Mote,
president of the University of
Maryland, College Park, says
his school will need to spend
$1.5 million to find out, that
is, to classify research equip-
ment on campus into differ-
ent categories of export-
controlled items and monitor
their use. For practical rea-
sons, he says, institutions
may decide “when in doubt,
apply for a license.” One way
for the government to reduce
the regulatory burden on
campuses, Mote said at a 

6 May meeting at the National Academies,
would be to grant international students and
postdoctoral scholars a deemed export
license when they receive visas. 

Schools Fear Impact of Proposed License Changes
S E N S I T I V E  T E C H N O L O G Y

Détente Declared on NIH Biodefense Funding
Microbiologists concerned that the buildup of
biodefense research could be hurting basic
research are celebrating a small victory after
meeting with top National Institutes of Health
(NIH) officials last week. Both sides agreed
they should stop quibbling over grants data,
and instead, NIH and the microbiology com-
munity should look at what scientific areas
are falling through the cracks.
“These are positive develop-
ments,” says Richard Ebright,
a microbiologist at Rutgers
University in Piscataway, New
Jersey, and a leading critic of
NIH’s biodefense spending.

The meeting marked a
change in tone for NIH offi-
cials, who until now have
defended funding decisions
that more than 700 microbi-
ologists questioned in a open
letter (Science ,  4 March, 
pp. 1396 and 1409). The let-
ter claimed that giving the
National Institute of Allergy
and Infectious Diseases
(NIAID) $1.5 billion more
for biodefense has diverted microbiologists
from studies of model organisms and non-
biodefense pathogens. As proof, the
authors noted a sharp drop since 2000 in
grants funded by the two main study sec-
tions reviewing those proposals.

NIH Director Elias Zerhouni and NIAID
Director Anthony Fauci initially said that non-
biodefense grants rose through 2003 at NIAID
(Science, 1 April, p. 49). Since then, NIH has
analyzed bacteriology grants across all 27
institutes, and NIH’s Sally Rockey presented
the data last week at a closed meeting with a
half-dozen outside scientists including leaders

from the American Society for Microbiology
(ASM) in Washington, D.C. The new data
show a roughly 17% drop in nonbiodefense
grants in 2003, the first year of the influx of
biodefense funding (see graph, above).

Ebright, who has calculated a 40% drop for

2003, points out that NIH found a decline even
though it used an “extremely inclusive” defini-
tion that picked up grants in areas such as 
psychosocial research. But NIH extramural
research chief Norka Ruiz Bravo insists that
the drop coincides with a reduction in all disci-
plines as NIH’s budget growth slowed after a 
5-year doubling. “Without biodefense, the pic-
ture would be much bleaker” for microbiolo-
gists, Ruiz Bravo says. Even NIH’s critics
agree that it’s hard to say if there has been a
tradeoff. “The numbers are all so convoluted,
it’s like the blind guys feeling the elephant,”
says Stanley Maloy of San Diego State Univer-
sity in California, another meeting participant.  

NIH and ASM are now planning a work-
shop to probe further. “The bigger issue is, what
are the trends in the field, the gaps, what needs
to be done,” says Ruiz Bravo. That idea pleases
ASM, which has worried about a “perceived
decline in interest” in basic microbiology for 
10 years, says ASM president James Tiedje of
Michigan State University in East Lansing.
“This workshop is an important goal for us.”

The microbiologists’ letter suggested
broadening the definition of biodefense to
include work on model organisms. But one
signer, Barry Bloom of Harvard University,
says Congress will expect NIH to spend its
money on potential bioterror agents. As for
where the money will come from, Bloom
says, “it’s a matter of priorities” for the entire
NIH budget. –JOCELYN KAISER

M I C R O B I O L O G Y
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The price of security. Maryland’s
Daniel Mote says rule changes could
cost his university $1.5 million.

Numbers game. Some scientists blame a drop in nonbiodefense
bacteriology grants on the rise in biodefense funding.NIH disagrees.
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Peter Lichtenbaum, assistant secretary of
commerce for export administration, sug-
gested another approach: Universities could
apply for a deemed export license when
enrolling international students and employ-
ing foreign researchers. “BIS grants 99% of
applications,” he says. Instead of classifying
every piece of research equipment at the insti-
tution, he says, schools could identify tech-
nologies used by foreign nationals and then
decide which ones needed a license.

Rachel Claus, a Stanford University attor-
ney who specializes in export-control regula-
tions, says BIS visited the campus last month
and determined that “virtually none” of the
equipment at a materials science and a
nanofabrication lab would require a license.

That’s because instruction manuals “were
publicly available for all of the items,” she
says. “But making that determination for the
entire campus would certainly be a big under-
taking,” she adds. 

The proposed shift in the demographic
criterion for determining the need for a
license also drew flak. Basing license require-
ments on country of birth would be a turnoff
to researchers born in “countries of concern”
who come to the United States as citizens or
permanent residents of a third country such as
Canada, says Cynthia Johnson, director of
government relations at Texas Instruments.
The fallout from that rule would “make it dif-
ficult for industry to retain them,” she says.

–YUDHIJIT BHATTACHARJEE
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U.S. Funds Innovation Summit
Lawmakers worried about science and the
future of U.S. industry are planning a fall
conference to examine the problem. Provi-
sionally dubbed the Innovation Summit, the
event is the brainchild of Representative
Frank Wolf (R–VA), chair of an appropria-
tions panel that oversees several science
agencies.After hearing a colleague,Vernon
Ehlers (R–MI), lament the state of U.S. com-
petitiveness,Wolf inserted $1 million for the
event into a 2005 supplemental funding bill
that passed Congress this week.

–ELI KINTISCH

Sex Differences at NIH
The National Institutes of Health (NIH) isn’t
paying enough attention to biological differ-
ences between the sexes, according to an
advocacy group.

Only 3% of recent grants include a
hypothesis about sex or gender differences,
says the Society for Women’s Health
Research in a report released this week. Insti-
tutes that study behavioral and mental
health research, such as the National Insti-
tute on Alcohol Abuse and Alcoholism (at
8%), are doing a better job. But the society
found that the topic barely registers at the
big five institutes, including those for heart
disease and cancer.

The group’s report doesn’t say what the
proportion should be, but “5% to 8% would
be fabulous,”says Sherry Marts, vice 
president for scientific affairs at the society.

–JOCELYN KAISER

Student-Friendly Visas
Foreign graduate students and postdocs
seeking U.S. visas should not be required
to prove they plan to return home, says a
new report from the National Academies.
The change is needed for the country to
attract and retain sufficient scientific tal-
ent, says the report, which also recom-
mends two new visa categories for gradu-
ate students and postdocs to help the
government track them.

Under the U.S. Immigration and
Nationality Act, most applicants for non-
immigrant visas have to convince con-
sular officials that they intend to return
home.The requirement is “a frequent
basis for denial of visas in many countries
including China, India, and Russia,” says
Norman Neureiter, who served on the
academies’ panel and directs the Center
for Science,Technology, and Security Pol-
icy at AAAS (publisher of Science).The
change would require congressional
approval.

–YUDHIJIT BHATTACHARJEE

Astronomers think they have witnessed their
first colossal crash of two neutron stars, an
event that has tantalized theorists for decades.

Shortly after midnight EDT on 9 May, a
NASA satellite detected a sharp flare of
energy, apparently from the fringes of a dis-
tant galaxy. The news from Swift, launched in
November 2004, was quickly disseminated to
ground-based astronomers, triggering hours
of intense research. As Science went to press,
exhausted observers verified that their early
observations look a lot like a neutron-star
merger. “Prudence would say that we need a
strong confirmation, but we’re very excited
by it,” says astronomer Joshua Bloom of the
University of California, Berkeley.

Colliding neutron stars would help explain a
puzzling variety of the titanic explosions called
gamma ray bursts (GRBs). Astronomers are
confident that “long” bursts, lasting from sec-
onds to a few minutes, arise from gigantic stars
that explode when their dense cores collapse and
create black holes. But “short” bursts, emitting
pulses of gamma rays in fractions of a second,
have been utterly mysterious. The most popular
theory holds that each member of a massive
binary-star pair could explode as supernovas,
leaving neutron stars that spiral inward and
eventually merge in a cataclysmic flash.

The new midnight burst fits that picture.
Picking up a 0.05-second spike of gamma
rays from the constellation Coma Berenices,
Swift took less than a minute to swivel and
point its x-ray telescope at the GRB. It
detected 11 photons—an extremely faint sig-
nal, but enough to notify ground-based tele-
scopes of the approximate location.

Hours later, two telescopes—the 3.5-meter
WIYN Telescope at Kitt Peak, Arizona, and
the 10-meter Keck I Telescope at Mauna Kea,
Hawaii—saw a faint patch of light within the
search area, aligned with the outskirts of a

galaxy about 2.7 billion light-years away. The
galaxy is a massive blob in which no new stars
have formed for billions of years.

Such a location is exactly where astronomers
expect to see neutron stars collide, says Swift
lead scientist Neil Gehrels of NASA’s Goddard
Space Flight Center in Greenbelt, Maryland.
Fierce kicks from supernova explosions should
expel the neutron-star pair far from its native
galaxy. Perhaps billions of years later, the stars
coalesce in a brief fury of energy—probably
forming a new black hole. “Everything seems to
fit,” Gehrels says. “It’s the most interesting 
possibility for short bursts.”

Other telescopes were set to scour the site of
the GRB this week, including the Chandra 
X-ray Observatory. Confirmation that the
burst’s afterglow is indeed related to the old
galaxy would solidify the discovery, says astro-
physicist Shri Kulkarni of the California Insti-
tute of Technology in Pasadena: “I think we’re
seeing a faint supernova from the dead stuff in
the neutron stars.” –ROBERT IRION

Signs Point to Neutron-Star Crash
G A M M A  R AY  A S T R O N O M Y

Neutron-star cataclysm? A faint patch of light
(green arrow) may mark the spot where two
neutron stars collided.

http://www.sciencemag.org


The idea gelled at the Havana Club in New
York City, over Cuban food and heated con-
versation. Gathered at the Manhattan restau-
rant were trustees of a patient advocacy
group, the Foundation Fighting Blindness
(FFB) in Owings Mills, Maryland, and one of
its founders, a wealthy New Jersey business-
man, Gordon Gund. Gund lost his vision at
age 30 from an inherited disease. 

The group was grappling with a question
confronting more and more advocacy organi-
zations, particularly those f ighting rare
“orphan” diseases. One hundred sixty million
dollars of research funding from FFB, spread
across more than 3 decades, had helped
uncover upward of 150 disease genes for reti-
nal disorders. But it had failed to yield treat-
ments for thousands of children whose sight
was fading. Pharmaceutical companies were
hesitant to enter a field that promised hefty
risks and relatively low payoffs. 

Out of that luncheon 3 years ago emerged
a new scheme: FFB would fund its own costly
clinical trials of therapies for retinal diseases.
The foundation isn’t alone as it tries to bridge
the gap between basic and clinical science.
Advocacy groups have long voiced frustration
with the pace of therapy development. But the
abundance of new basic research findings,
particularly in genetics, is supplying advo-
cates from Connecticut to California with
ammunition to press forward with treatments. 

For instance, the discovery 7 years ago
of a gene linked to Batten disease, a fatal
neurological disorder, prompted a family
with two affected sons to help launch a
gene-therapy trial. Fed up with the lack of
new therapies since the 1989 discovery of
the cystic fibrosis gene, the Cystic Fibro-
sis (CF) Foundation in Bethesda, Mary-
land, has inked agreements with 
38 biotechnology companies and is pour-
ing tens of millions of dollars into drug
development. Advocates in more common
disease areas, such as type 1 diabetes and
prostate cancer, are also increasingly fund-
ing clinical research (see table, p. 941), as
is the American Cancer Society. 

But the challenges are perhaps most acute
in the orphan disease world. Many of these
conditions lack treatments altogether, and
because of a paucity of patients, groups may
have trouble raising large sums of money and
attracting corporate and scientific interest, all
needed to support clinical trials. Groups like

the CF Foundation and FFB unabashedly say
they’re modeling themselves after biotechnol-
ogy companies. But as advocacy groups adopt
corporate principles and plunge into clinical
trials, they find themselves navigating the
sometimes hazy borders separating business,
advocacy, and science. 

One of the biggest questions is whether to
seek a return on investment—which some, like
the CF Foundation, have chosen to do—and
how to do so without letting go of the original
goal: finding potentially unprofitable treat-

ments for small numbers of patients. Compli-
cating matters is that several trials favored by
orphan disease groups involve gene therapy, an
endeavor tainted by deaths and complications
that have left companies leery. 

Shifting from a fundraising to a corporate
mindset can also set off tensions: Late last
month, FFB’s board of directors, composed
of affected individuals and their families,
fired its new chief executive officer, a Stan-
ford business school graduate named Ritchie
Geisel, according to the departing executive.
He’d been hired in part to push the foundation
to think like a biotechnology company, but
his approach apparently didn’t mesh with that
of longtime FFB donors.

“You’ve got a little foundation playing
pharmaceutical company,” says Alan Laties,
an ophthalmologist at the University of Penn-
sylvania in Philadelphia and longtime chair
of FFB’s scientific advisory board. Therapy
development is “very, very diff icult” for
novices venturing in, says Laties. 

Still, these foundations and the scientists
supporting them say they have little choice but
to forge ahead. “We’re looking at … just 
200 kids in the world,” says Ronald Crystal of
Cornell Weill Medical Center in New York
City, who’s running the gene therapy trial for a
form of Batten disease. “Do we abandon
them?” he asks. “The answer is obviously no.” 

Filling a gap
The National Organization of Rare Disorders
counts 6000 orphan diseases, defined as
those affecting fewer than 200,000 people in
the United States—not a big draw for phar-
maceutical companies. The 1983 passage of
the U.S. Orphan Drug Act, designed to entice
companies with extra patent protection,
improved the situation somewhat. Genzyme,
a Cambridge, Massachusetts, biotech, has
enjoyed financial success by focusing on rare
lysosomal storage disorders such as Fabry
disease, which causes blood vessel and organ
complications. Genzyme charges about
$200,000 for a year’s worth of Fabrazyme,
approved in the United States in 2003 and C
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As advocacy groups in the orphan disease world plunge into clinical trials, they’re faced with a delicate balancing act

Advocating, the Clinical Way

News Focus

Farsighted. Gene therapy restored Lancelot the
dog’s vision. Advocate Gordon Gund hopes treat-
ments supported by his foundation will do the
same for people.

http://www.sciencemag.org


earlier in Europe. By and large, though, the
Orphan Drug Act “doesn’t reduce [cost]
enough to get companies to go over that hur-
dle,” says Robert Greenberg, president and
CEO of Second Sight, a Sylmar, California,
company that’s developing retinal prostheses. 

One of the first advocacy groups to step
in where companies declined to tread was
the CF Foundation, a well-heeled nonprofit
with a $157 million annual budget. CF
patients produce excess mucus that clogs
their lungs and pancreas. Most die of lung
infections by their 30s. 

In 2000, the foundation set up a grant-
distributing subsidiary, Cystic Fibrosis Foun-
dation Therapeutics, which has since helped
establish a “pipeline” of experimental 
CF drugs. In 2004, the foundation funneled
$36 million into the program, which includes
clinical trials, screening to identify new drug
targets, and animal testing. It distributed 
$11 million for basic research. The founda-
tion is currently helping fund 21 clinical tri-
als, up from six in 1999, says president and
CEO Robert Beall. 

Like pharmaceutical companies, the CF
Foundation includes stringent conditions in
its partnership agreements, such as linking
payments to research milestones. Foundation
contracts demand that intellectual-property
rights for a drug revert to the foundation if a
company drops the program. “You have to
structure these deals to hold people account-
able,” says Beall. “It’s a business relationship,
not necessarily a charitable one.” 

And like a company, the foundation seeks a
return on clinical investments that reach the
market. This has happened just once so far, with
an aerosolized antibiotic called TOBI. The CF
Foundation invested $1.8 million in TOBI in the
early 1990s and reaped $17 million in royalties
after TOBI was approved in 1997, money it
plowed back into its research program. (The
foundation does not collect royalties long-term,
although it sometimes controls drug patents.)

The CF Foundation has also had some
high-profile failures. In March, it announced
that a phase II gene-therapy trial by Targeted
Genetics in Seattle, Washington, had
flopped. “We’ve been funding them for
years,” says Suzanne Pattee, vice president of
public policy and patient affairs at the 
CF Foundation. Such failures highlight the
risk of financing therapies: They cost far
more than basic research grants, and disap-
pointments are common.

New directions
Last fall, when Gund was weighing similar
issues for FFB, he traveled to Beall’s Bethesda
office for advice. By then, FFB had laid out its
new strategy with its scientists, patients and

families, drug companies, and venture capital-
ists—encountering a dubious response at first. 

How in the world would they raise the tens of
millions of dollars needed to fund clinical work?
Could they count on partnerships with industry?
Would basic research fall by the wayside?

“I thought, ‘Oh God, there goes
the money’” for basic science, says
Stephen Daiger, a geneticist at the
University of Texas Health Science
Center in San Antonio who has long
received grants from FFB, which
funds about $10 million a year in
basic research. He studies retinitis
pigmentosa (RP), the disease from
which Gund suffers and the original
focus of the foundation. Even
though scientists such as Daiger say
they’re eager for FFB’s new direc-
tion to pan out, Daiger wonders whether the
foundation can keep funding basic research at
the same level—which it promises it will do—
while ramping up a new clinical program. 

To date, FFB has supported research into
gene therapy, cell transplants, and prosthet-
ics that have slowed or reversed the effects
of retinal disease in at least six animal mod-
els. Those affiliated with FFB talk enthusi-
astically of Lancelot, a shaggy, cream-
colored briard born blind whose sight was
partially restored by gene therapy and

whose picture, with Gund and his wife
Lulie, graces the FFB offices. A clinical
trial of that gene therapy, for a form of RP
called Leber congenital amaurosis, is slated
to start this year. FFB plans to contribute
funds. “If there was ever a time to move to
humans, this is it,” says Daiger.

Not everyone agrees, however. “The mecha-
nisms [of disease] are known; the mechanisms
for treatment are not as evident,” says Joe 
Hollyfield, director of ophthalmic research at
the Cleveland Clinic Foundation in Ohio. 
He questions how “100 genes and 100 path-
ways” can be translated into therapies. 

Nonetheless, FFB is proceeding apace.
Last year it launched the National 
Neurovision Research Institute (NNRI), a
subsidiary that will fund clinical trials and
act like a broker, helping garner financing
for researchers pursuing promising thera-

pies for retinal dis-
eases. It will focus
on areas in which
intellectual property
is undisputed.

“We’re moving
toward developing a
venture fund” of 
$20 million to 
$50 million, with
money raised largely
from venture capital-
ists and possibly the 

government, says Edward Gollob, a New
Jersey businessman and FFB’s president.
His daughter began losing her sight to RP at
around age 8. 

Picking and choosing
For FFB, going clinical could be a rocky ride.
In January 2004, the foundation hired Geisel to
replace its CEO of 18 years, whose expertise
lay in fundraising, not business. Last month,
Geisel says he was abruptly asked to leave. “It
was very unexpected,” he says, citing “issues

with the board” as a reason for his departure. In
an earlier interview, Geisel noted that FFB
“still has elements of the family foundation”
and explained that he was brought on to pro-
vide “more proactive leadership.” 

Last week, the foundation announced the
appointment of a new CEO, William Schmidt,
who starts next month. Unlike Geisel, Schmidt
doesn’t hold an MBA, although he has exten-
sive experience in nonprofit management.

Meanwhile, plans for NNRI are chugging
along. The institute will in some ways be like
any start-up company: result-oriented with
strict deadlines. It will expect a return on its
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Stolen sight. Retinitis pigmentosa destroys pho-
toreceptors in the eye, gradually erasing vision.
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Sound investment.The Cystic Fibro-
sis Foundation garnered $17 million
after TOBI, a CF drug, hit the market.

Advocacy Groups

2004
Budget

(in millions)
No. of ongoing
clinical trials

ALS Therapy Development Foundation

Cystic Fibrosis Foundation

Foundation Fighting Blindness

Juvenile Diabetes Research Foundation

Multiple Myeloma Research Foundation

Myelin Repair Foundation (multiple sclerosis)

Nathan’s Battle Foundation (Batten disease)

Prostate Cancer Foundation

$4

$157

$16

$147

$11

$1.25

$1

$26

1

21

none yet

17

6

none yet

1

N/A

Moving Dollars Toward the Clinic

▼
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investment for products that reach the market.
“We’ve got to” make a return to keep NNRI
viable over the long term, says Gund, a ven-
ture capitalist himself. 

But specific plans remain in flux. Key
questions include what to fund, how to
raise money, and how to structure agree-
ments with companies. One underlying
tension is balancing a therapy’s benefits
against the size of the market it could
serve: Should a treatment that could help
just hundreds of patients get funding over
one that might potentially benefit many
more patients with a common disease such
as macular degeneration? 

Suggestions about what NNRI should
finance are guided by Morton Goldberg, an
ophthalmologist at Johns Hopkins Univer-
sity in Baltimore, Maryland, who chairs
NNRI’s board of directors and who helps
juggle advice from affected family members,
scientists, and companies. In his Hopkins
office, where a smiling portrait of himself
hangs on the wall behind his desk, Goldberg
says that in addition to gene therapy, promis-
ing approaches for retinal diseases include
growth factors that protect nerve cells behind
the eyes; retinal prosthetics, which have been
tested in small clinical trials; some nutri-
tional agents; and retinal cell transplants.
Nearly all these therapies will require com-
pany funds at later stages of development.

A particularly vexing question is to
what extent corporate interest should gov-
ern NNRI’s funding decisions. Many oph-
thalmologists consider retinal gene thera-
pies among the most promising potential
treatments. But from a business perspec-
tive, gene therapy may not be the best
investment. Recent disasters in the field—

including three cases of leukemia among
children with an immune disorder who
received gene therapy—have raised red
flags for companies.

Another issue is the size of the market for
a particular gene therapy. After the first RP
gene was pinpointed in 1990, more than 
50 others followed, each of which causes reti-
nal disease in just a fraction of RP patients.
“It’s so hard to say” whether retinal gene
therapy makes sense as a business strategy,
says Daniel Lubin, a venture capitalist advis-
ing NNRI. The gene therapy closest to clini-
cal testing could help 2000 people. Lubin,
managing partner and co-founder of Radius
Ventures in New York City, argues that “what
you want to do is identify orphan situations
where the science is potentially a platform
that’s applicable to other” disorders, such as
macular degeneration, for which there is a
much larger market. 

Although FFB’s executives agree that a
“larger platform” is ideal, Stephen Rose,
the foundation’s chief research off icer,
notes that a potential cure for even a subset
of patients “would be 1000 people who
have had their sight restored.” After all,
NNRI was formed in the f irst place
because FFB’s longtime constituents, a
fractured market of roughly 200,000
patients, were being neglected by pharma-
ceutical companies. 

Balancing act
Having a hand in therapy development is so
new for most advocacy groups that almost
none have seen a treatment through from start
to finish. Even so, some advocates recognize
that they risk becoming overly entwined with
the drug industry, with whom they must part-

ner, and with the treatments they help
develop, whether or not their group profits. In
theory, that could mean highlighting a ther-
apy that’s no better than another, or no longer
offering the kind of dispassionate treatment
advice that advocacy groups strive to supply. 

The 7-year-old Multiple Myeloma
Research Foundation (MMRF) in New
Canaan, Connecticut, has chosen not to
reap a return on its investments. Co-
founder Kathy Giusti, a former pharma-
ceutical executive with this blood cancer,
says that a quarter of the group’s funds
come from drug companies, but she 
doesn’t intend to let that fraction rise. “We
don’t want to rely on them,” she says of
pharmaceutical companies, because that
could disrupt MMRF’s efforts to be bal-
anced in describing treatment options 
to its constituents.

Money aside, objectivity can be tough
for advocates devoted to seeking new med-
ical therapies. “You form your own biases;
you need to be honest with yourself about
that,” says Jamie Heywood, an engineer
who launched the ALS Therapy Develop-
ment Foundation 6 years ago after his 
29-year-old brother Stephen was diagnosed
with amyotrophic lateral sclerosis (ALS).
Two of the drugs Heywood’s foundation
tested in mice have advanced to human 
trials, which the group is helping fund. But
Heywood believes biases can be overcome.
We “all have people we love dearly with this
disease,” he says. “There’s a very strong
bias corrector there.” 

One way to avoid bias is by leaving the
fine print about trial design and enrollment
up to companies and scientists, who often
insist on this. Phil Milto recalls the anxiety
of not knowing whether his sons would be
part of the Batten disease trial that his
group, Nathan’s Battle Foundation, had
pushed forward. (Both boys were admitted.) 

FFB’s chief operating off ice Randy
Hove agrees that FFB’s board of directors,
made up of affected individuals and family
members, “will not make any decisions”
about trial design and enrollment. All trials
are vetted by the Food and Drug Adminis-
tration before a therapy is tested in
humans—regardless of who funds it. 

How advocacy groups pursue therapy devel-
opment may ultimately reflect their allegiance
to the corporate mindset many are embracing.
As FFB welcomes a new party, the venture cap-
italists, to the table, its original “shareholders”
will remain: wealthy benefactors with retinal
disease in their families, who over the years have
contributed millions in donations and who are
impatient to realize the fruits of their gifts.
Coaxing new factions to cooperate with long-
standing ones will call for deft handling from
FFB’s newest leader. 

–JENNIFER COUZIN
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In-house mouse. The ALS Therapy Development Foundation runs its own mouse labs for drug
research.
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Oceanographer David Karl was thrilled when
National Science Foundation (NSF) officials
told him in January that his proposed 
$20 million center on microbial diversity in
the oceans had been selected for its next class
of six Science and Technology Centers
(STC). The approval capped Karl’s 2-year
quest for a spot in a flagship program,
launched in 1987, that promotes multisite,
interdisciplinary research on important scien-
tific questions that affect society.

Then came the bad news: NSF was scaling
back its plans, officials told him, and could
make only two awards this spring. That left
Karl and three other would-be center direc-
tors in a limbo that will likely extend until
next year, after Congress approves NSF’s
2006 budget and the agency decides whether
it can afford any more of the centers, which
typically operate for 10 years. And NSF offi-
cials aren’t making any promises.

NSF’s indecision has sent Karl scrambling
to keep his multiuniversity team intact and to
explore alternative sources of funding if NSF
doesn’t come through. (A pledge from the
state of Hawaii to pick up all of the mandatory
30% outside contribution assumes that NSF
would fund the project.) At 55, having spent
his entire scientific career at the University of
Hawaii, Manoa, Karl is also taking a fresh
look at some tempting job offers from other
universities in case the NSF center falls
through. For researchers who flooded NSF
with 159 proposals back in 2003, the status of
the latest STC competition is a depressing
reminder that big-ticket items are increas-
ingly vulnerable in a budget that is contract-
ing rather than doubling over 5 years, as Con-
gress and President George W. Bush had
promised in 2002.

The cutback also reflects a rethinking of
NSF’s current $350 million annual invest-
ment in nearly 200 centers of various sizes
and shapes (see table, right). “We need to
weed our garden,” NSF Director Arden
Bement told Congress this spring about the
agency’s portfolio of centers. “Perhaps they
need to be more narrowly defined, to make
sure that they are closer to the core mission of
each directorate and the agency as a whole.”

Bement says he doesn’t plan to pull the plug
on any existing centers, but he expects to take a
“very hard look” at any future competition.
NSF’s oversight body, the National Science

Board, has begun to ask similar questions and
has asked NSF staff for a briefing on the topic
at its meeting later this month.

The modern version of an NSF center was
developed by then-Director Erich Bloch in the
mid-1980s. Shrugging off complaints that the
centers would eat into NSF’s bread-and-butter
grants to principal investigators (PIs) and tarnish
the foundation’s reputation for supporting 
bottom-up science, Bloch created a new vehicle,
called Engineering Research Centers (ERC),
and later, STCs. Funded at $2 million to $4 mil-
lion a year for up to 10 years, the 
centers were intended to
tackle emerging 
scientific challenges

that also affect people’s lives. The inaugural
class of STCs, for example, includes centers on
superconductivity and the prediction of storms.
NSF has “graduated” 40 such centers and is cur-
rently supporting 19 ERCs and 11 STCs.

Fears that the centers would devour PI
grants proved groundless; NSF typically
devotes about 7% of its overall budget in
any given year to them. Once that was clear,
centers of various sizes, scopes, and dura-
tions began popping up like toadstools after
a rainstorm. In 2003, NSF created a third,
cross-agency vehicle on a par with the STCs
and ERCs, called the Science of Learning
Centers (SLC). By next year NSF hopes to
be supporting seven such centers, with
annual individual budgets approaching 
$5 million a year.

Although most NSF managers hold indi-
vidual awards to be sacrosanct—“I call them
our great discovery machine,” says Joe
Dehmer, who heads the physics division—
they also see centers as an excellent way to
tackle major questions that require a concen-
tration of resources. “The CLTS [Centers for

Centers of Attention: NSF Takes
Fresh Look at Their Proliferation
Faced with a shrinking budget, NSF’s new director says it’s time to “weed our garden” of
centers. But will pruning stunt the growth of science?

Research Funding
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Learning and Teaching] were developed
when it became clear that in addition to train-
ing new science and math teachers for the
public schools, we also had to address the
need to train the next generation of the teach-
ers of those teachers,” explains Judith Rama-
ley, the former head of Education and Human
Resources (EHR) who in July assumes the
presidency of Winona State University in
Minnesota. Dehmer says the 10 Frontier
Physics Centers “have also turned out to be
great magnets for talent.” 

That autonomy has led some NSF man-
agers to continue proposing centerlike mech-
anisms. In chemistry, for example, division
director Art Ellis last year gave $500,000
awards to three chemical bonding centers “to
show us why they should grow into an NSF-
like center.” If they can’t, Ellis says, the
money will likely flow back into the pot for
individual investigators. The materials sci-
ence division, which has a long history of
supporting centers, is in the midst of a recom-
petition for roughly half of its 28 centers. The
solicitation was open to anyone, says division
director Tom Webber, adding that it’s typical
for newcomers to best incumbents for a few
of the prestigious slots.

For other programs, however, the chillier
climate for centers is translating into stricter
rules for the next competition. Next year, half
of the physics centers that Dehmer assembled
in 2001 will compete for another 5 years’
worth of funding. But outsiders need not
apply. “Typically, we like to have an open
competition,” Dehmer says, with the option
of enlarging the program if the proposals are
suff iciently strong. But under the new
regime, Dehmer says, “there will be no cen-
ters [added] and no substitutes” if one or more
existing centers fail to make the grade. “You
could say we’re taking a pause.”

The same diet of budget cuts and upper
management scrutiny has devastated
EHR’s learning and teaching centers, says
Ramaley, who left NSF in December.
“They were a wonderful attempt to
address several pressing needs, from
developing future [academic] faculty to
collaborating with local school districts to
preparing [public school] teachers,” she
says. “I considered them at the core of the
EHR research portfolio.” Ramaley antici-
pated supporting as many as 20 centers,
from preschool to the doctoral level and
covering all aspects of science and math
education. But this year, after making 17
awards in 2000–04, NSF canceled a new,
smaller competition that would also have
given incumbents a chance for a second, 5-
year award. The announcement has raised
fears among science educators that the
CLT program might expire quietly once
existing grants run out.

Bement says that centers still play an

important role in NSF’s portfolio and that
he isn’t questioning the value of any par-
ticular initiative. At the same time, he says
he got the message last summer when
House appropriators attempted to remove
funding for the entire 2005 class of STCs.
The full Congress rescinded the move in
the fall, giving him the authority to fund as
many STCs as he saw fit. But he read the
House language as a signal to proceed
with caution. 

For Karl, that policy means more adminis-
trative headaches. His proposed Center for
Microbial Oceanography: Research and Edu-
cation features activities to be carried out by
teachers moving to Hawaii from the main-
land, as well as work by young tenure-track
scientists who are counting on the center to
advance their careers. “I’m not complaining,”
he says, “and I’m confident that in the end we
will be able to proceed. But in the meantime,
it’s very frustrating.” –JEFFREY MERVIS
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In the 1962 James Bond film Dr. No, the suave
British secret agent awakens to find that some-
one has slipped a tarantula into his bed. It’s an
uncomfortable scene. As the hairy arachnid
creeps up 007’s arm, horrified viewers can
almost feel their own arms tingle. Bond’s fear
and discomfort are contagious, as he squirms
and maneuvers to shake the thing off.

Most people can tell what’s going through
Bond’s mind without giving it any thought,
says Christian Keysers, a neuro-
scientist at the University of Groningen in the
Netherlands who incorporated the tarantula
scene into his recent presentation at the
annual meeting of the American Association
for the Advancement of Science (AAAS) in
Washington, D.C. Aside from aiding our
enjoyment of movies, this instinctive ability to
put ourselves in another’s place is an impor-
tant, real-life social skill that helps us size up
potential friends, foes, and mates and enables
us to learn from watching others,  Keysers
says. But how does the brain accomplish this

type of mind reading?
Keysers and many of his colleagues sus-

pect that the answer has something to do with
“mirror” mechanisms in the brain that trans-
late the observed movements and experiences
of others into the patterns of neural activity
that normally underlie our own motion and
experience. In other words, if you get the
creeps watching the spider crawl up James
Bond’s arm, it may because the scene fires up
the same neurons that would be active were the
spider making its way up your arm.

In recent years, neuroscientists have doc-
umented just this type of brain activity. Fol-
lowing the discovery of monkey neurons that
mirror observed movements, researchers
have turned to the human brain and found
neural activity that mirrors not only the
movements but also the intentions, sensa-
tions, and emotions of those around us. 

The study of the brain’s mirror systems
will do for psychology what the study of
DNA has done for biology, predicts Vilaya-

Reflecting on Another’s Mind
Mirror mechanisms built into the brain may help us understand each other

Neurosc ience

Unnerving. The brain’s mirror systems may help us understand 007’s predicament.
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nur Ramachandran, a neuroscientist at the
University of California, San Diego. “It’s
opening doors into new realms like empathy,”
he says.

Others are more tempered in their enthusi-
asm, but many cognitive neuroscientists
agree with Ramachandran that mirror sys-
tems in the brain represent a potential neural
mechanism for empathy, whereby we under-
stand others by mirroring their brain activity.
That idea is bolstered by new evidence of
abnormalities in the mirror systems of people
with autism and other disorders that impair
the ability to empathize with and understand
the behavior of others.

Monkey see, monkey do 
In the early 1990s, Giacomo Rizzolatti and
colleagues at the University of Parma in Italy
encountered a surprise while investigating a
region of the macaque monkey brain that is
important for planning movements. Neurons
in this region of frontal cortex, known as 
F5, become active before a monkey reaches
out with its arm—to grasp a peanut, for exam-
ple. The team noticed that a small subset of 
F5 neurons also responded when a monkey
happened to see a researcher reach for a
peanut—even if the monkey never moved a
muscle.

“We didn’t believe it,” Rizzolatti says. The
team’s skepticism dissipated with repeated
experiments, however. The finding was excit-
ing, Rizzolatti says, because it fit with ideas
that were coming together at the time in phi-
losophy and cognitive science, such as the
hypothesis that understanding the behavior of
others involves translating actions we observe
into the neural language of our own actions.
The monkey mirror neurons seemed to do
just that, providing a potential neural mecha-
nism to support that proposal.

Subsequently, researchers used func-
tional magnetic resonance imaging (fMRI)
and other techniques to investigate brain
activity as people made—and observed oth-
ers making—hand movements and facial
expressions. These studies identified mirror-
like activity in several regions of the human
brain, including a region of frontal cortex
homologous to F5.

This human frontal region, known as
Broca’s area, is also involved in speech pro-
duction—a connection that snared the
attention of researchers studying the evolu-
tion of language (Science, 27 February
2004, p. 1316). Rizzolatti and others have
argued that mirror neurons could facilitate
the imitation of skilled movements like the
hand and mouth movements used for com-
munication. A paper published by his team
last year in Neuron, for example, suggests
that the mirror system in the frontal cortex
is active as novices learn to play chords on a
guitar by watching a professional guitarist.

Similar learning by imitation is a key fea-
ture of language acquisition in infants and is
widely considered a prerequisite for lan-
guage evolution. 

Although no one has looked for mirror
activity in babies imitating their mothers’
speech, another team recently described
mirror activity related to speech in adults.
Last June, Marco Iacoboni of the University
of California, Los Angeles, and colleagues
reported in Nature Neuroscience that listen-
ing to speech cues up activity in regions of
the frontal cortex that are active during
speech production.

Good intentions
The brain’s mirror systems may also decipher
the intentions and future actions of others,
according to recent work. In one study,
Iacoboni and colleagues, including several
members of the Parma team, scanned the
brains of 23 volunteers as they watched short
video clips that depicted scenes from before
and after a mock tea party. The “before” clip
featured a steaming cup and a teapot along-
side a plate of edible goodies. In the “after”
clip, volunteers saw the messy aftermath,
including crumbs and a used napkin. At the
end of both clips a hand reached in from off-
screen and grabbed the teacup. The grasping
movement was identical in each clip, but the
context suggested different intentions: drink-
ing tea in the “before” clip versus cleaning up
in the “after” clip.

The volunteers’mirror systems registered
the difference, the research team reported in
the March issue of PLoS Biology. An area of
the right frontal cortex previously shown to
have mirrorlike responses to hand move-

ments was more active during observation of
the grasping movement when the implied
intention was drinking, compared to when it
was cleaning up. Both clips elicited more
neural activity in this brain area than did a
clip of a hand grabbing a teacup from an
empty background. The findings indicate
that neurons in this region are interested not
only in the motion but also the motivation
behind it, Iacoboni says. Knowing what oth-
ers intend to do is extremely valuable in
social situations, he adds. If John sees Katie
reach for a cup of hot tea, for instance, he’d
like to know whether she intends to drink it
or throw the contents in his face. 

In the 29 April issue of Science (p. 662),
Rizzolatti’s team reports similar findings in
monkeys. The researchers first trained the
monkeys to grasp a piece of food from a table
and either eat it or place it in a cylinder on the
table. Then they recorded the activity of indi-
vidual neurons in the monkeys’ inferior pari-
etal lobule—a region of cortex distinct from
F5 that also has mirror neurons. About two-
thirds of the parietal mirror neurons tested
responded differently during the reach move-
ment when the goal of the action was differ-
ent. Three-quarters of these brain cells
responded more vigorously when the goal
was eating; the rest responded more vigor-
ously when the goal was placing.

Next, the researchers recorded from a sub-
set of these parietal neurons while the mon-
keys watched a person do the same task. The
person’s reach and grasp movements were
identical in both conditions—only the pres-
ence or absence of the cylinder at the start of
each trial revealed whether the grasp would
be followed by eating or placing. Even so,
most of the parietal neurons showed the same
preferences during the observed reach that
they’d shown when the monkeys did the task
themselves: Neurons that responded more
strongly when the monkey reached to eat
responded more strongly when the monkey
observed a person reaching to eat. Rizzolatti
says the findings suggest that the mirror neu-
rons can, based on context, predict the next
action in a series of actions.

Mutual feelings
Purists insist that the term “mirror neuron”
applies only to the F5 and parietal 
movement-related neurons in monkeys, the
only individual neurons whose mirror proper-
ties have been studied. But there’s evidence
that humans have multiple mirror systems,
including ones that have nothing to do with
planning movement.

Last year in Neuron, Keysers and col-
leagues described mirrorlike responses in a part
of the brain involved in the sense of touch. Vol-
unteers wearing shorts slid into an fMRI scan-
ner, and researchers gently brushed the sub- C
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Tea time. These images of a mock tea party
helped reveal that a person’s brain can discern
whether another person intends to drink tea or
clean up a mess.

N E W S F O C U S

http://www.sciencemag.org


jects’ bare legs. At the same time, the scanner
revealed the brain regions that responded.
While inside the scanner, the subjects also
viewed several video clips that showed an
actor’s legs being stroked by a rod or brush.

Both conditions—the actual touch and
the observed touch—elicited similar activity
in the subjects’ secondary somato-
sensory cortex, an area involved in process-
ing touch. This area was not acti-
vated, however, when the subjects
viewed videos in which the brush
approached the actor and slid back
and forth without actually making
contact. It’s as if the brain translates
vision into sensation, Keysers says.
He proposes that this process is why
the tarantula scene in Dr. No gives
people the heebie-jeebies, and why
we flinch when we see someone cut
her finger with a kitchen knife.

But in the case of pain, the shared
feeling may be more emotional than
visceral. In a study reported last year,
Tania Singer of University
College London and col-
leagues used fMRI to
measure how the brains of
16 women responded
when they either received
a painful shock or saw
their romantic partner get
shocked (Science, 20 February
2004, p. 1121 and 1157). The two situ-
ations elicited activity in many of the
same brain regions, but the shared
responses were limited to areas that
process the emotional content of pain.
Regions of the somatosensory cortex
that register the location and nature of painful
stimuli remained quiet when the women simply
observed a shock. Women who scored higher
on a written test of empathy showed greater
brain responses while observing their partners’
shock. Two similar studies by other teams have
subsequently produced comparable findings.

Other types of emotional empathy may 
also invoke neural systems involved in ex
periencing an emotion directly. In 
2003, Iacoboni and colleagues reported in the
Proceedings of the National Academy of Sci-
ences that regions of frontal cortex are active
when subjects either observe or imitate emo-
tional facial expressions. Later that year, Key-
sers and colleagues reported in Neuron that a
brain region called the insula responds when
people experience disgust or witness it in oth-
ers. In this study, subjects inside an fMRI scan-
ner donned a mask through which the
researchers could pipe various odors. The smell
of rotten eggs and rancid butter evoked activity
in brain regions such as the anterior insula, a
region associated with experience of disgust.
That particular area also became active when

the subjects simply watched a video in which
an actor sniffed a glass and signaled by his
facial expression that he’d gotten a whiff of
something foul. Observing someone else’s
expression of disgust apparently activates our
own neural representation of disgust, says Key-
sers. His team is now investigating whether this
concept extends to other emotions, such as fear.

Keysers’s report in Neuron meshes with
case studies of people who, as a result of a

stroke or other causes, suffer damage to their
insula, says Ralph Adolphs, a cognitive neuro-
scientist at the California Institute of Technol-
ogy in Pasadena. He and others have found that
such people are unable to detect disgust in the
facial expressions of others and are impaired in
their ability to experience disgust themselves.
In general, Adolphs says, people with impaired
emotional experience are also impaired at rec-
ognizing and judging emotions in others. That
suggests that one strategy for empathizing
with others is by simulating aspects of their
presumed emotional state within our-
selves, he says.

Broken mirrors
People with autism and related disorders tend
to have abnormalities in several behaviors
linked to mirror neurons, including imitation,
language development, and the ability to inter-
pret the actions and emotions of others. A
process that derails the brain’s mirror sys-
tems—perhaps due to some miscue during
brain development—could explain why these
complex symptoms appear together, says Justin

Williams, who studies autism at the University
of Aberdeen, United Kingdom. A handful of
recent reports hint at exactly that. For example,
a study by Finnish researchers, published last
year in the Annals of Neurology, used magne-
toencephalography to compare the brain activ-
ity of eight people with the autism-related dis-
order Asperger syndrome to that of 10 healthy
subjects while each imitated facial gestures
shown in a series of still pictures. The team

reported weak and sluggish neural
activity in the Asperger patients, most
notably in Broca’s area, the human
homolog of F5, the brain region in
monkeys where mirror neurons were
first discovered.

Several teams are now using
fMRI, with its higher spatial 
resolution, to better pinpoint mirror
activity in autistic people. At the
AAAS meeting in February, Iacoboni
presented preliminary results from an
fMRI study of autistic and normal
children between the ages of 10 and
14. The children observed and imi-

tated emotional facial
expressions. In the autistic
children, mirror activity in
the frontal cortex was
reduced relative to that seen
in normal children the same
age, Iacoboni reported.

Even among the normal chil-
dren, differences in mirror activity
correlated with the children’s scores
on surveys that gauge how easily they
can imagine another person’s per-
spective and how readily they
empathize with the problems of oth-
ers.

Still, most researchers say there’s more to
empathy than mirror mechanisms. In Key-
sers’s view, such mechanisms provide only an
intuitive, gut-level feeling that underlies
empathy. “It’s what gives you the richness of
empathy, the fundamental mechanism that
makes seeing someone hurt really hurt you,”
says Keysers. But he adds that there are other
cognitive processes, at least in humans, that
put information from the mirror systems into
context. After all, without such checks and
balances, we would be unable to spot some-
one faking an emotion, Keysers says.

We’re also able to understand what some-
one is experiencing without experiencing it
ourselves, adds Michael Arbib, a computa-
tional neuroscientist at the University of
Southern California in Los Angeles: “If you
see someone behaving badly, a sadist, you
hopefully don’t share their joy.” A full account
of the neural basis of empathy, Arbib and oth-
ers say, will require understanding how the
brain deciphers the information it gets from the
mirror systems—in other words, finding out
what’s behind all the mirrors. –GREG MILLER
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Shared experience. Certain brain areas (white) are active during
both the experience and observation of disgust (left) or touch (right).
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Cultivating the 
Third Eye

The zoology laboratory of Dungar College
in the small town of Bikaner in the Indian
state of Rajasthan has some strange

inmates: more 
than 50 three-
eyed frogs.The
amphibians have
confirmed a long-
held suspicion of
developmental
biologists that
pineal glands
retain the ability 
to respond to light
and even to form
into eyes.

Zoologist Om
Prakash Jangir and his colleagues earlier
found that if they removed tadpoles’ eyes
and raised the animals in a medium enriched
with vitamin A, a new eye developed within
10 days over the site of the pineal gland.The
researchers then transplanted tadpole pineal
glands between the eyes of month-old frogs.
With the help of some vitamin A, most of
the amphibians developed third eyes within
15 days, the scientists report in the May issue
of the Indian Journal of Experimental Biology.

“In lower vertebrates, the pineal organ
had a visual role which got lost during
evolution. Our experiments show that 
this vestigial organ can be activated in 

vertebrates,” says Jangir. Both the eyes 
and the pineal organ depend on similar
developmental signals in the embryo and
express the same homeobox gene, he says.
Ramesh Ramachandra Bhonde of the
National Center for Cell Science in Pune
calls the achievement “an important 
milestone” that contributes to the value 
of the pineal gland as a model in studies of
both evolution and development.

Mating for Autism?
If cases of autism are on the increase, as
some believe, here’s one provocative 
explanation: Blame the rise on marriages
between like-minded people, whom psy-

chologist Simon Baron-Cohen of Cambridge
University in the U.K. calls “systemizers.”

Baron-Cohen argues that autism 
and related conditions like Asperger’s 
are manifestations of what he calls the
“extreme male brain”: one with weak social
skills and a strong tendency to “systemize,”
or think according to rules and laws. In a
study of 1000 U.K. families, he has reported
that the fathers as well as the grandfathers
of children with autism spectrum conditions
are more likely to work in professions such
as engineering.And the mothers are also
likely to be systemizers “with male-typical
interests,”he says.

Baron-Cohen, whose theory is in press
at the journal Progress in Neuropsycho-
pharmacology and Biological Psychiatry,
says he and colleagues are performing
genetic studies, collecting subjects, and
conducting population surveys in systemizer-
heavy areas, such as Silicon Valley, to test
the idea that techies marrying each other 
is raising autism rates.

Some balk at the idea. Psychologist 
Elizabeth Spelke of Massachusetts
Institute of Technology says there’s 
no good evidence for an “inborn, male
predisposition for systemizing.”
But psychiatrist Herbert Schreier of
Children’s Hospital in Oakland,
California, believes the intermarriage 
of techies “probably does account for
why you have pockets of high autism
around Stanford and MIT.” Drawing on
his own practice, he adds that fathers
of children with learning disabilities
have a disproportionate tendency to 
be engineers or computer scientists.
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RANDOM SAMPLES
Edited by Constance Holden

Last week, archaeologists in Cairo unveiled a well-preserved, newly discovered 2300-year-
old mummy—which Egyptian Antiquities chief Zahi Hawass says “may be the most beau-
tiful mummy ever found in Egypt.”The unidentified figure has a golden mask and is covered
in brilliantly colored images of gods and goddesses as well as illustrations of the mummi-
fication process. It
was found 2 months
ago in the Saqqara
pyramids complex,
20 kilometers south
of Cairo, in the
necropolis of King
Teti. Scientists plan
to do computed
tomography studies
of the mummy
before it goes on
display.

Counting by Gates

Microsoft Chair Bill Gates may
know how to add up the profits of
his software giant, but his math is
a bit shaky on the labor power
front. Microsoft has many vacant
positions because “there just aren’t as many [U.S.] graduates with a computer science
background,” Gates lamented last month at a forum on innovation and education at the
Library of Congress in Washington,D.C.The shortage of grads “creates a dilemma for us, in
terms of how we get our work done,” noted the world’s richest man.

But the data tell a different story.A newly published survey by the Computing Research
Association (CRA) of top university departments show that the number of U.S. bachelor’s
degrees awarded in computer science rose by 85% from 1998 to 2004; a similar rise has
occurred in doctoral programs since 1999 (see graph, above).The annual number of new
undergrad majors has admittedly fallen off since the dot.com bust in 2000, notes CRA’s Jay
Vegso.“But these numbers have always been cyclical,”he says.“I don’t see any reason to panic.”
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Norway’s Nobels. Sweden’s
Nobel Prizes just got a little
neighborly competition.
Last week, Norwegian-born
philanthropist Fred Kavli
announced three $1 million
prizes for research in astro-
physics, neuroscience, and
nanotechnology.The Norwegian
Academy of Science and 
Letters will make the biennial
selections beginning in 2008.

The fields were chosen
because they are ripe for
important breakthroughs, says
David Auston, president of the
Kavli Foundation, which sup-
ports 10 research foundations
worldwide (Science, 21 Janu-
ary, p. 340), and may be
revised over the years.

Kavli, who made his fortune
selling sensors for automobiles
and aircraft, wants the new
prizes to recognize “more 
daring” discoveries than the
Nobels.Auston says: “If a
major development occurred
in the last 5 to 10 years, we
want to acknowledge that.”

Hazard-meister.After a career
spent helping protect fellow
Filipinos from natural hazards,
the former head of the Philippine
Institute of Volcanology and
Seismology has fallen victim 
to a more mundane hazard of
his profession.

On 28 April, Raymundo
Punongbayan, 68, died in a heli-
copter crash that also claimed
the lives of four staffers from

the institute that he elevated 
to international prominence.
The group was returning from 
a landslide hazard survey.

In 1991, Punongbayan won
acclaim for
an effort
that moved
80,000
people from
harm’s way
before
Mount
Pinatubo
erupted.
“Ray
brought
Philippine
natural-
hazard
efforts into the modern world,”
says volcanologist Christopher
Newhall of the U.S. Geological
Survey in Seattle,Washington.
“He was a good scientist and 
a masterful public relations 
person and politician.”

Integration pioneer. Social psy-
chologist Kenneth Clark, whose
work on the negative effects of
school segregation was instru-
mental in the historic 1954
Supreme Court ruling outlawing
the practice, died on 1 May 
at his home in Hastings-on-
Hudson, New York. He was 90.

Clark belonged to a pioneer-

ing generation of African-
American scholars.He was the
first to earn a doctorate in 
psychology from Columbia Uni-
versity (his wife and collaborator
Mamie Phipps Clark was second);
the first to become tenured in
the City College system of New
York; the first elected to the New
York State Board of Regents; and
the first black to be president of
the American Psychological
Association (APA).

Clark and his wife are
remembered for a famous
study using black and white
dolls that showed that children
in a segregated school thought
the black dolls were bad. As APA
president, he created a Board of
Social and Ethical Responsibility
that brought problems of social
justice within psychology into
greater prominence.“
Clark was a
deeply compas-
sionate person
committed to
racial equality,”
says psycholo-
gist George
Albee, a former
president of the
association.
“He was a quiet,
scholarly man
but persistent
and unwavering.”
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P I O N E E R S

Loud and clear. Physicists can filibuster, too. That was the
message from string theorist Ed Witten, who read from a parti-

cle physics textbook during a
mock filibuster at Princeton
University begun late last
month to protest a Republican
threat to eliminate the fili-
buster by changing the rules of
the U.S. Senate. The student-
organized protest was held
outside a campus building
named for its donors, the family
of Senate Majority Leader Bill
Frist (R–TN).

Listening to physics—
Nobelist Frank Wilczek joined
the protest—was a welcome
change from a steady diet of
novels and phone books offered

up by other speakers, says Princeton sophomore Asheesh
Siddique, one of the organizers:“We thought it was very cool.”

S I D E L I N E S

Housekeeping fellowships. Nobelist Christiane Nüsslein-Volhard
says she is tired of watching young women scientists struggle to
balance family and career. So the developmental geneticist has
launched an initiative to help pay for household help.

The Christiane Nüsslein-Volhard Foundation will give roughly
$600 a month to a handful of top-notch, early-career scientists
who are mothers. Nüsslein-Volhard, director of the Max Planck
Institute for Developmental Biology in Tübingen,Germany,says the
money is not primarily intended for daycare but to pay someone to
help with cleaning and cooking.

It’s maddening “when a top woman scientist can’t make it to a
seminar because she has to go home and do the laundry,”says Maria
Leptin, a developmental biologist at the University of Cologne in
Germany and a member of the foundation, which has so far
raised over $500,000. “She should concentrate on what is most
important—doing her work and spending time with her family—

and nothing else.”The first awards, lasting 1 to 3 years,will be made later this year and then annually.
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An Open Mind
Is a Trojan Horse?

GEORGE ANDERSON APPARENTLY MISUNDER-
stands the real issue regarding the anti-
evolution stickers that have been put into
biology textbooks in Georgia (“Keeping
an open mind?,” Letters, 22 Apr., p. 495).
He seems to think that the creationism-
evolution discussion is similar to a political
debate, where different viewpoints from
different people are equally valuable and
important. The creationism-evolution
discussion is not such a debate. 

The question is whether the scientific
evidence for evolution is greater or less
than the scientif ic evidence for divine
creation. There is no middle ground in this
debate, unlike in political debates; it is a
scientif ic question that can only be
answered with scientif ic methodology.
Stating that one side is correct and the other
side is wrong may be perceived as dogma-
tism and arrogance in a political debate,
but it is the ultimate goal of a scientif ic
discussion, because science proceeds by
the removal of erroneous ideas through
critical experiments and observations. The
highest level one can hope to achieve in the
scientific domain is to formulate a theory,
which is some set of hypotheses that have
been confirmed by empirical evidence. In
that sense, evolutionary theory does not
differ from other scientif ic theories in
chemistry or physics—for example, the
general theory of relativity. 

Why not put warning stickers about
theories in chemistry and physics text-
books? The reason should be obvious to
most scientists: The stickers in the biology
textbooks are there for ideological reasons,
not because those who have pushed for
them are particularly interested in education
of children. Rather, they want to question
the scientific evidence for a well-established
theory (evolution) because they oppose it
from a religious viewpoint. We should fight

against this special treatment of evolutionary
theory and avoid letting creationist propa-
ganda and antiscientific attitudes permeate
schools and textbooks.

ERIK I. SVENSSON

Department of Animal Ecology, Lund University,
Lund S-22362, Sweden.

Terrestriality and
Tool Use

IN THEIR BREVIA “CAPUCHIN STONE TOOL
use in Caatinga dry forest” (10 Dec. 2004,
p. 1909), A. C. de A. Moura and P. C. Lee
report that in the dry Caatinga habitat of
Piauí (northeastern Brazil), capuchin
monkeys (Cebus libidinosus) dig for
tubers and use stones to crack open
embedded food. Because tool use may
allow monkeys to survive periods of food
scarcity, they argue that its occurrence is
related to energy bottlenecks. However,
this argument is weakened by the frequent
observations of spontaneous tool use by
capuchins in captivity and in
semi–free-ranging, provi-
sioned groups, and by the
absence of tool use in wild
groups facing energy bottle-
necks in many habitats (1).
Moreover, according to
Moura (2), the group that he
observed was provisioned.
Thus, food scarcity seems an
unlikely explanation for tool
use by capuchin monkeys.

We propose instead that
terrestriality, promoted by
foraging on the ground, is the
key factor promoting the
emergence of tool use in capuchins.
Spending time collecting or searching for
food on the ground, rather than in trees,
increases an individual’s chances of
attempting to collect or process foods
where potential tools are also present. Food
that requires removal from the ground or
other strong embedding matrix, such as a
husk, is particularly likely to elicit tool use
as a natural extension of species-typical
foraging actions that combine objects and
surfaces (1). This hypothesis leads us to
predict that tool use in wild capuchins will
be more strongly associated with time spent
on the ground foraging, particularly for
encased foods, than with energy bottle-
necks. If the hypothesis is correct, the
possibility that terrestrial foraging habits
supported the discovery of tools in human
ancestors deserves attention.

ELISABETTA VISALBERGHI,1 DOROTHY MUNKENBECK

FRAGASZY,2 PATRÍCIA IZAR,3 EDUARDO B. OTTONI3

1Istituto di Scienze e Tecnologie della Cognizione,
Consiglio Nacionale delle Ricerche, via Aldrovandi
16B, Rome 00197, Italy. 2Department of
Psychology, University of Georgia, Athens, GA
30602, USA. 3Department of Experimental
Psychology, University of São Paulo, Avenida Prof.
Mello Moraes, 1721, Cidade Universitaria, São
Paulo 05508-20, Brazil.
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Response
VISALBERGHI ET AL. RAISE AN INTERESTING
and important point; terrestriality provides
significant tool use opportunities for pri-
mates. We proposed that the use of embed-
ded resources was associated with habitual
food scarcity and that the energetically
expensive use of stones and other tools was
a vital mechanism for food acquisition.
Visalberghi et al. suggest that these
capuchins were not energy limited because

one group was partially
provisioned, and they
provide other examples
of tool use by provi-
sioned groups. In con-
trast, tool use has been
seen in three unprovi-
sioned groups (our
Brevia), and palm nut
cracking was suggested
to be habitual for
capuchins in Caatinga
in nearby Piauí (1).
Terrestriality, tool use,
and food limitations are
potentially linked, but

we would place a priority on energy
requirements being met in this habitat
through extractive foraging with tools. First
principles suggest that the foraging strategy
is a consequence of what is available in the
habitat rather than a secondary conse-
quence of changing substrate or mode of
locomotion.

If terrestriality is essential for the appear-
ance of tool use, why is tool use rarely, if
ever, seen in terrestrial capuchins in richer
wild habitats? Defler (2) observed Cebus
albifrons in Colombian semideciduous
forest and did not see a single event of tool
use in over 500 contact hours. Stones were
common, palm nuts were available and
consumed by the monkeys, and the mon-
keys spent up to 50% of time on the
ground. In contrast, capuchins in the harsh
Caatinga spend less than 23% of time on

Letters to the Editor
Letters (~300 words) discuss material published
in Science in the previous 6 months or issues of
general interest. They can be submitted
through the Web (www.submit2science.org) or
by regular mail (1200 New York Ave., NW,
Washington, DC 20005, USA). Letters are not
acknowledged upon receipt, nor are authors
generally consulted before publication.
Whether published in full or in part, letters are
subject to editing for clarity and space.
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the ground (3). Dry forests have lower
diversity and lower net productivity than
do rainforests (4), and the Caatinga is
impoverished in comparison to other
Neotropical dry forests (3, 5); thus, energy
bottlenecks are severe. Capuchins in this
habitat frequently use twigs as probing
tools, unassociated with terrestriality.
Although the use of digging stones is
obviously related to the exploitation of
subterranean resources, we suggest that
this technology is both more diverse and
more complex than the link to ground for-
aging suggested by Visalberghi et al.

PHYLLIS C. LEE AND ANTONIO C. DE A. MOURA

Department of Biological Anthropology, University
of Cambridge, Downing Street, Cambridge CB2
3DZ , UK.
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Consensus About
Climate Change?

IN HER ESSAY “THE SCIENTIFIC CONSENSUS
on climate change” (3 Dec. 2004, p. 1686),
N. Oreskes asserts that the consensus
reflected in the Intergovernmental Panel
on Climate Change (IPCC) appears to
reflect,  well,  a consensus. Although
Oreskes found unanimity in the 928 arti-
cles with key words “global climate
change,” we should not be surprised if a
broader review were to find conclusions at
odds with the IPCC consensus, as “con-
sensus” does not mean uniformity of
perspective. In the discussion motivated
by Oreskes’ Essay, I have seen one claim
made that there are more than 11,000 arti-
cles on “climate change” in the ISI data-
base and suggestions that about 10%
somehow contradict the IPCC consensus
position.

But so what? If that number is 1% or
40%, it does not make any difference what-
soever from the standpoint of policy action.
Of course, one has to be careful, because
people tend to read into the phrase “policy
action” a particular course of action that
they themselves advocate. But in the IPCC,
one can find statements to use in arguing
for or against support of the Kyoto
Protocol. The same is true for any other
specific course of policy action on climate
change. The IPCC maintains that its assess-
ments do not advocate any single course
of action.

L E T T E R S
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So in addition to arguing about the sci-
ence of climate change as a proxy for polit-
ical debate on climate policy, we now can
add arguments about the notion of consen-
sus itself. These proxy debates are both a
distraction from progress on climate
change and a reflection of the tendency of
all involved to politicize climate science.
The actions that we take on climate change
should be robust to (i) the diversity of sci-
entific perspectives, and thus also to (ii) the
diversity of perspectives of the nature of the
consensus. A consensus is a measure of a
central tendency and, as such, it necessarily
has a distribution of perspectives around
that central measure (1). On climate
change, almost all of this distribution is
well within the bounds of legitimate scien-
tific debate and reflected within the full text
of the IPCC reports. Our policies should not
be optimized to reflect a single measure of
the central tendency or, worse yet, carica-
tures of that measure, but instead they
should be robust enough to accommodate
the distribution of perspectives around that
central measure, thus providing a buffer
against the possibility that we might learn
more in the future (2).

ROGER A. PIELKE JR.
Center for Science and Technology Policy Research,
University of Colorado, UCB 488, Boulder, CO
80309–0488, USA.
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Response
PIELKE SUGGESTS THAT I CLAIMED THAT
there are no papers in the climate literature
that disagree with the consensus. Not so. I
simply presented the research result that a
sample based on the keywords “global cli-
mate change” did not reveal any, suggest-
ing that the existing scientific dissent has
been greatly exaggerated and confirming
that the statements and reports of leading
scientif ic organizations—including the
U.S. National Academy of Sciences—
accurately reflect the evidence presented in
the scientific literature. 

Pielke is quite right that understanding
the results of scientific research does not
implicate us in any particular course of
action, and the purpose of my Essay was
not to advocate either for or against the
Kyoto accords or any other particular pol-
icy response. A full debate on the moral,
social, political, ethical, and economic
ramifications of possible responses to cli-
mate change—as well as the ramifications
of inaction—would be a very good thing.
But such a debate is impeded by climate-
change deniers. In this respect, I am in
complete agreement with Pielke’s conclu-
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sion, which was precisely the point of my
Essay: Proxy debates about scientif ic
uncertainty are a distraction from the real
issue, which is how best to respond to the
range of likely outcomes of global warm-
ing and how to maximize our ability to
learn about the world we live in so as to be
able to respond efficaciously. Denying sci-
ence advances neither of those goals. 

NAOMI ORESKES

Department of History and Science Studies Program,
University of California at San Diego, La Jolla, CA
92093, USA.

Interpreting Correlation
as Causation?

THE BRIEF ITEM “GAMBLING AS ADDICTION”
(Random Samples, 21 Jan., p. 349) typifies
the serious problems of interpretation that
modern imaging techniques seem to have
magnified many times.

In the study discussed, gamblers were
subjected to functional magnetic reso-
nance imaging (fMRI) scans while play-
ing a simple game. Upon winning, the
gamblers showed a less pronounced
increase in ventral striatal activity than
did control subjects (1). A simple inter-
pretation would be that jaded gamblers
had become less reactive to winning, and
the research team had observed neurolog-
ical underpinnings of this habituation.
Instead, the researchers are described as
having uncovered “abnormalities,” and
that gamblers may “compensate for defi-
ciencies in their brain reward systems…”

Any behavioral difference is presum-
ably correlated with a difference in neuro-
logical activity. However, the dangers of
leaping to causal conclusions involving
brain abnormalities can be seen by apply-
ing the same logic to the posterior hip-
pocampus enlargement found in London
cab drivers (2). Rather than concluding that
the enlargement results from spatial
demands, we might conclude that this
“abnormality” creates an insatiable need
for spatial stimulation, chaining its victims
to potentially dangerous employment with
limited executive prospects.

It is always tempting to treat physiological
correlates of behavior as causing behavior,
but that should make us doubly vigilant about
overlooking the well-known limitations in
the information that correlations are capable
of providing.

JAMES W.ALDRIDGE

Departments of Psychology and Anthropology,
University of Texas–Pan American, Edinburg, TX
78541, USA.
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T
he love affair between development
and evolution has not always been
easy. The emergence of causal

embryology in the late 19th century trig-
gered developmental biologists to focus on
their favorite animal or piece thereof (at the
expense of a wider consideration of animal
forms), whereas evolutionists have under-
standably shown little interest in the complex
mechanisms underlying variation. The 
passion in this old couple was nevertheless
revived in the early 1980s, following 
several revolutionary discoveries that led to
the novel discipline of “evo-devo.” Endless
Forms Most Beautiful, as its subtitle indicates,
is about this “new science,” a qualification
somewhat at odds with a major concept Sean
Carroll develops in the book: that novel
forms are always modif ications of pre-
existing ones. This likely also applies to the
history of ideas and disciplines.

It is admittedly diffi-
cult for today’s young
biologists to imagine the
impact of these discover-
ies on our conceptual
frameworks, and we all
wonder how people could
possibly have thought 
differently before. Carroll
(a developmental geneti-
cist at the University of
Wisconsin, Madison)
takes us for a journey
into the early days of the
f ield, introducing the
fundamentals of evo-
devo through a historical
perspective. This is not
always the simplest way
to give a state-of-the-art
account of a particular
field of research, yet the
author succeeds in the
task. The book opens
with a clear introduction of both the context
and the basic tenets of evo-devo. Carroll
explains the relevance of developmental
mechanisms as sources of evolutionary inno-
vation. He presents evo-devo as a science of

inference, in which molecular features such
as gene expression or regulatory specifici-
ties observed in two distinct
animals are postulated to have
existed in their common ances-
tor. This really is the modus
operandi of the discipline, and
throughout the book he offers
many illuminating examples to
validate this approach.

So what was the evo-devo
revolution about? We can rec-
ognize several key claims. First,
genes control development.
Second, all animals develop by
using the same set of genes. Third, the basic
genetic principles underlying animal devel-
opment are shared. That is, the same genes
are used in much the same way, and they
participate in the same networks, which in
turn interact with each other in a rather

generic fashion throughout the animal
kingdom. Last, various parts of the same
animal are built following the same logic,
again by using similar modules and net-
works of genes. Nature is parsimonious,
and things that work in particular functions
are often subsequently recruited in parallel
with the emergence of evolutionary innova-
tions. Tinkering, multifunctionality, redun-
dancy, and modularity are the key words of
the discipline; also crucial is the notion of a

genetic “tool kit” for animal development, a
notion that is used throughout the text. As
one would expect, arthropods occupy a
large share of this description, which
reflects both the history of the field and the
expertise of the author. Carroll discusses
the impact of sequencing the entire DNA of

species, which has revealed
great similarities among the
genomes of different species,
and the concurrent change 
in paradigm that leaves us 
wondering why then are we so 
different from other animals.
The chapter dealing with 
primate evolution (subtitled
“The Making of Homo sapiens”)
is especially thought-provoking
in this respect. 

Among the various tool kits,
the Hox gene family receives special attention
because of its importance in the development
of these new concepts. Yet no explanation, not
even a tentative one, is offered as to why this
group of genes had (have) such a high epis-
temic value. Carroll shows how modifica-
tions in Hox gene regulation are associated
with changes in forms—how minor causes
can lead to major morphological effects
such as the presence or absence of legs and
wings. Nonetheless, among the various
examples Carroll provides to illustrate this
basic principle, I most enjoyed the chapters
dealing with phenomena where these latter
genes have little if any importance: the
questions of butterfly eyespots, mammalian
coat colors, and mimicry. These are dis-
cussed at some length, but anyone inter-
ested in knowing how butterflies can dis-
play such a variety of splendid wings will
enjoy the details.

Evo-devo bears great hopes, but the
approach also carries significant drawbacks.
This is one aspect of the field that may have
deserved more attention in the book. Carroll
indeed tells us the best of evo-devo, dis-
cussing case studies in which developmental
genetics, often backed up by functional
assays, is associated with both molecular
biology and a good knowledge of systemat-
ics and evolution. Not all studies are so com-
prehensive, and overly bold hypotheses are
not rare in the field. At times, researchers
take the “one P–one T” approach (one poly-
merase chain reaction to one theory),
through which a mere expression domain
can generate grandiose theories.

Another second aspect is perhaps of a
more epistemological nature. To begin,
development cannot explain evolution.
Understanding developmental mechanisms
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Produced with a common tool kit. Although of different sizes,
Drosophila forewings and hindwings are subdivided by the same tool
kit proteins (compare purple, red, and green-yellow patterns between
the two wings).
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can give us some hints as to how modifica-
tions thereof may have led to what we see
today. But all animals available for such
experimentation, regardless of their appar-
ent levels of complexity, are themselves the
result of millions of years of evolutionary
tinkering, following a roadmap that we can-
not possibly understand since it bears no
intrinsic logic other than what is possible to
do. In addition, the question of model 
systems deserved some attention, as these
species are chosen because they often 
display a highly adapted feature, such as the
wings of butterflies or the cell lineage of
nematodes. One may thus wonder how
many (if not all) of such systems will be
necessary to fully understand the core of the
universal rules at work. 

A fundamental question raised by evo-
devo—what is the impact of this discipline
on our thinking about the evolutionary the-
ory?—is addressed at the end of the book.
Here, I must admit, I was hoping for some
more provocative thoughts. Carroll’s ortho-
doxy in his belief in Darwinism is some-
times awkwardly close to that expressed by
creationists when arguing the opposite.
Evo-devo is presented as an explanatory
framework for gradualism—as a demon-
stration of the critical importance of selec-
tion in the emergence and maintenance of
new forms and patterns. There is nothing

wrong with this framework of course, and a
more critical view is understandably diffi-
cult to express (even for a reader of
Descartes) when disputes about aspects of
evolutionary processes are so often used by
creationists to argue against evolution itself. 

Nonetheless, the best way to defend a
theory is to criticize its unavoidable weak-
nesses, and the question of how evo-devo
may help in this endeavor deserved a few
paragraphs. “Endless forms most beauti-
ful,” the quotation from Charles Darwin
used as the book’s title, is by itself a source
of confusion. Does “endless” mean the
never-ending production of novel forms
within a limited set of possibilities (in the
past, present, and future)? Or does it imply
that nature can produce a potentially infi-
nite number of forms, which are then
reduced by natural selection? This consid-
eration is not merely philological, as it
touches on the realm of possibilities
wherein the “chance” of Jacques Monod or
the “tinkering” of François Jacob could take
place. Given that the same genes, modules,
and mechanisms are at work throughout
developing animal bodies, in many parts
and at different times, can we still think of
variation as affecting single parts of an oth-
erwise unchanged organism? Carroll
briefly addresses this fundamental issue,
mentioning the difficulty in transferring

concepts from microevolution to macroevo-
lution. However, he does not discuss evo-
devo’s potential impact in readjusting the
balance from an indefinite variation (the
power of selection) to a perhaps more
restricted number of possible variations
imposed by the now-apparent internal con-
straints of developmental systems.

The book is somewhat difficult to clas-
sify. It is obviously neither a textbook nor a
historical or epistemological essay about
the relation between development and evo-
lution. The field it describes is itself evolv-
ing, and if a revised edition is ever prepared
some parts will stay as they are, some may
disappear, and some will be modified along
the way. Endless Forms Most Beautiful
offers an excellent introduction to the still-
young discipline of evo-devo. Readers will
find an enjoyable account by a scientist who
for more than 20 years has not only wit-
nessed but contributed to the ongoing saga.
Anyone interested in animal development
and evolution will appreciate the book. I
particularly recommend it to students and
junior scientists still wondering about what
to do in their future careers. They will
quickly grasp the enormous potential of this
field. The genuine passion Carroll has for
the beauty of nature may also show them
how fun science can be.

10.1126/science.1109964

S
ir Fred Hoyle will be remembered as
the British scientist who, above all
others, brought astronomy into the

world of 20th century physics. It is fitting
that Conflict in the Cosmos has been written
by a scientist whose high-school fascina-
tion with astronomy led to a career in the
field. Through that career, Simon Mitton
gained both the scientif ic knowledge
needed to follow Hoyle’s life from birth in
1915 to death 86 years later and the experi-
ences necessary to follow the intricacies of
Cambridge University politics. Mitton also
possesses several other advantages: access
to Hoyle’s correspondence, manuscripts,
and other papers maintained at St. John’s
College, Cambridge, and the help and
friendship of Lady Barbara Hoyle, whom
Fred married in December 1939 and with
whom he shared a loving and supportive
marriage.

After a prologue that sets
the stage for the account of
Hoyle’s lifetime of achieve-
ments and battles, Mitton
begins his narrative at teatime
in Cambridge University’s
Institute of Theoretical As-
tronomy (IOTA), the institute
Hoyle created. It is August
1972, IOTA has recently been
merged with the historic
Cambridge Observatories,
and Hoyle is about to leave for
good. Mitton takes us on
Hoyle’s last tour of the insti-
tute before turning to his subject’s family
background and early life in England’s west
Yorkshire. The account conforms to Hoyle’s
own description in his autobiographical
books (1, 2).

Life in west Yorkshire in the 1920s was not
easy, and one can see the effects that Hoyle’s
childhood had in building the stamina and
independent thinking that supported him all
his life. As Mitton describes, Hoyle’s father
served as a machine gunner in World War I and

lived through those years of slaughter before
returning to the rigors of life in the wool trade.
Hoyle’s mother, an accomplished pianist,
earned a little to supplement the pittance the
government supplied to veteran soldiers’

families by playing the piano at
the town’s cinema. Her son
always loved music, especially
that of Bach and Beethoven. As
a young boy, Hoyle studied the
locks of the local canal and
used his father’s old chemistry
textbook to conduct gunpowder
experiments in the scullery.
Mitton offers a vivid account 
of Hoyle’s early school days, 
during the hard years of the 
failing wool industry. After his
dismal experiences at the local
“dame school” (where one

teacher taught all children up to age 11 in a 
single room), Hoyle’s budding intellectual
ability was recognized, treated with respect,
and fostered at Bingley Grammar School. Its
head played a crucial role in shaping his future:
“Without the encouragement and determina-
tion of Alan Smailes, I would never have
reached Cambridge.”

Undergraduate studies in Cambridge and
the beginning of his career in research led to
one of Hoyle’s most important friendships,
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that with Raymond Lyttleton. The book
describes their early research on the accretion
mechanism for the capture by stars of matter
from interstellar space. But World War II
started, and the emerging importance of radar
and the wartime need for mathematical physi-
cists took Hoyle away from Cambridge into
the pastures of Sussex where secret work on
radar was conducted. In this work, he was
joined by two of the many young emigré 
scientists who escaped from Hitler’s persecu-
tion in Germany and Austria,
Thomas Gold and Hermann
Bondi. The chapter “Hoyle’s
Secret War,” which describes this
work on radar, also includes sev-
eral recollections from Bondi and
an account of Hoyle’s first visit to
the United States. Hoyle made the
trip in order to attend a meeting on
radar research held in Washington,
D.C., but in typical fashion he
turned it into an opportunity to
travel west and visit the Mount
Wilson Observatory. There he
made the acquaintance of Walter
Baade, the German-born as-
tronomer who discovered that stars
come in populations defined by
their ages and their location in the
Milky Way. Hoyle enjoyed this
introduction to the excitement of observa-
tional astronomy, so far beyond the dull stuff
going on in Cambridge. Those who have had
the good fortune to know Baade personally
can understand the effect the meeting had on
Hoyle’s emerging ideas about the lifetime of
stars and the implications of observations by
Edwin Hubble and Milton Humason of the
recession velocities of galaxies.

This same period saw Hoyle’s emer-
gence as a gifted communicator to the 
general public in talks for the British
Broadcasting Corporation and in popular
books. In the years immediately after the
war, Bondi, Gold, and Hoyle collaborated
on their “steady-state cosmology,” in which
the recession velocities of galaxies are 
balanced by a slow creation of new matter.
Mitton’s account of the ensuing encounters
at the Royal Astronomical Society meetings
in London gives full documentation of the
animosity that this theory engendered, a
response I still find hard to comprehend. 

The steady-state theory was one point of
contention between Hoyle and the radio
astronomer Martin Ryle, whose group worked
in Cambridge’s Cavendish Laboratory. Mitton
discusses the antagonism and rivalry between
the two researchers, which continued through
the 1950s, in the appropriately named chapter
“Clash of Titans.” 

In the early 1950s, Hoyle developed his
fruitful collaboration and lifetime friend-
ship with William Fowler, an experimental

nuclear physicist at Caltech. During a sab-
batical year at Cambridge, Fowler intro-
duced my husband, Geoffrey (who had a
research fellowship in Ryle’s group), and
me to Hoyle. Geoffrey and I were working
on abundance of elements in stellar atmo-
spheres. A decade earlier, Hoyle had begun
to ponder how the mix of chemical ele-
ments observed in the Sun’s spectrum could
have formed. His work on nuclear reactions
in stars had now led him to an explanation

for the synthesis of elements up to iron.
Fowler brought the four of us together to
develop our comprehensive theory of these
processes (3). Mitton’s detailed account of
Hoyle’s achievements in these years amply
demonstrates the genius of his subject. 

Hoyle envisioned IOTA as a place where
serious work in theoretical astronomy would
attract visitors from all over the world and
where the bright students and postdocs in
Cambridge could mix in a free atmosphere of
ideas, research, and discussions. Mitton
describes the many years of effort that Hoyle
expended to establish the institute, which
opened in 1965. Characteristically, Hoyle had
a great deal to say about the architecture of
the building and the needs for a good lecture
room and an accessible electronic computer. 

After five successful years of astronomi-
cal research at IOTA, Hoyle’s life in
Cambridge entered a dark period that this
biography does not dodge. Inevitable profes-
sional jealousies and the problem of obtain-
ing continued funding for IOTA intruded.
Mitton describes the events that precipitated
Hoyle’s abrupt 1972 resignation from the uni-
versity that had been his scientific home
since his entry as an undergraduate in 1933.
Hoyle had always preferred occupying his
mind with interesting puzzles, problems, and
scientific concerns rather than with academic
politics. He did not adequately deal with the
threat posed by one of his Cambridge col-
leagues who, in Ray Lyttleton’s picturesque

phrase, was “rusted in” to what had been
planned as a rotating position. While Hoyle
was engaged in the last stages of the impor-
tant work on the design and construction for
the Anglo-Australian Telescope and the
southern 48-inch Schmidt telescope, his
position at Cambridge was successfully
attacked. When he was not chosen to direct
the new Institute of Astronomy, he made a
rapid and characteristic decision: he resigned
the Plumian professorship, departed from

Cambridge, and found a new
home in the Lake District.

Through arrangements made
by his friends and colleagues,
Bernard Lovell at the University of
Manchester and Chandra Wickra-
masinghe at Cardiff University, he
spent his following years as a visit-
ing professor at their institutions.
He finally retired to an apartment
in Bournemouth, which remained
a base where he and Barbara could
welcome visiting friends. A tragic
fall during a visit to his sister back
in his childhood home in Yorkshire
led to a long treatment for a broken
shoulder, during which he contin-
ued to work on cosmology. He died
three years later. 

Conflict in the Cosmos success-
fully captures the remarkable breadth of a 
fascinating and influential scientist. I knew
Hoyle for some 50 years and was continu-
ously amazed by the many different areas he
got into, always with new and interesting
ideas. He tackled the riddle of Stonehenge, he
wrote plays and science  f iction novels
[including The Black Cloud (4), now consid-
ered a classic], he penned opera lyrics with
composer Leo Schmitt, and he worked on the-
ories of panspermia to explain the origin of
life on Earth. These are among the many
diverse topics covered in the book’s last chap-
ter. Anyone interested in the development of
20th century astronomy and cosmology
should read and enjoy Mitton’s account of
Hoyle’s life and accomplishments.

References
1. F. Hoyle, The Small World of Fred Hoyle: An

Autobiography (Michael Joseph, London, 1986).
2. F. Hoyle, Home Is Where the Wind Blows: Chapters

from a Cosmologist’s Life (University Science,
Berkeley, CA, 1994).

3. E. M. Burbidge, G. R. Burbidge, W. A. Fowler, F. Hoyle,
Rev. Mod. Phys. 29, 587 (1957).

4. F. Hoyle, The Black Cloud (Heinemann, London, 1957).

10.1126/science.1111602

C
RE

D
IT

:C
O

U
RT

ES
Y

 E
.M

.B
U

RB
ID

G
E

Hoyle in his prime. Hoyle, Fowler, and the Burbidges continued their
work on the origin of the chemical elements far beyond their classic B2FH
(3). At this gathering at Caltech in about 1970, the four are ordered, left to
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D
o scientists in countries with the
greatest burden of disease or weakest
health systems contribute to science-

related improvements in health? National
scientif ic outputs reflect not only new
knowledge, but also capacities to adapt and
benefit from research conducted globally.

Although we recognize that evidence of
scientific activity is found beyond the articles
indexed by internationally recognized refer-
ence databases (1), we base our analysis on
the Thomson Scientific databases, which
include the addresses of all collaborating
authors, during a 10-year period. Although
there have been many studies of international
research output (2–5), they have been broader
in describing the scope of research across
nonmedical fields, yet narrower in their defi-
nition of health-related research. Unlike pre-
vious studies, we do not confine scientific
outputs addressing health to biomedical
research only. We note that the knowledge
required to address physical, mental, and
social components of health and to organize
and provide preventive,
curative, and palliative
services within any
country must draw on
many more scientif ic
disciplines and research
outputs. Therefore, we
include fields and jour-
nals that cover a wider
range of health topics,
primarily referenced
within the Science
Citation Index (SCI), as
well as health-related
journals from the Social
Sciences Citation Index
(SSCI). Major cate-
gories in addition to bio-
medical sciences include clinical medicine,
pharmacology, public health and health sys-
tems, social sciences and social welfare, envi-
ronmental sciences, and food sciences related
to health (6). Expanding our analysis beyond

biomedical research and including a broader
range of scientific outputs relevant to health
increased by 15% the number of countries
represented, primarily the low-income coun-
tries. The total number of journals included
during the period 1992 to 2001 was 4061,
with more than 3.47 million peer-reviewed
publications (i.e., articles, notes, and reviews)
analyzed, and with collaborating authors
residing in 190 countries (7). Although 23
languages were represented by at least one
publication in 2001, about 96% of publica-
tions were in English.

Scientific publications on health topics
were disproportionately distributed and highly
concentrated among the world’s richest coun-
tries (see table, this page). More than 90% of
the publications were produced by scientists in
20 countries. The top seven countries are also
the G7 countries, which has not changed in the
last decade (2). The United States was the most
prolific, with its authors contributing to more
than a third of worldwide production. Another
third was shared by authors with affiliations in

the United Kingdom,
Japan, Germany, France,
Canada, and Italy. The
remaining third came
from authors residing in
183 countries, 13 of
which constituted the
bulk of them. These pro-
portions have been rela-
tively stable over the 10-
year period except for a
clear upward trend in
Brazil, China, and, in
particular, the Republic
of Korea—more than a
ninefold increase. The
contribution to scientific
publications on health

differs by country-income groups, as defined
by the World Bank in 2001 (see figure, this
page, and table, page 960). High-income (HI)
countries had a relatively constant share of
worldwide publications between 1992 and
2001. Upper-middle-income (UMI) countries,
by contrast, increased their contribution by
about 30%, although their overall share
remains at 3% of worldwide production.
Scientists residing in lower-middle-income

(LMI) countries have also increased their con-
tribution by more than 20%, with over a 6%
share of worldwide production in 2001. This
growth is largely due to increased publications
indexed from Brazil, China, and Turkey, which
together have overcompensated for the
decrease in publications indexed from the
Russian Federation. The low share of publica-
tions (less than 2% of the total) indexed from
low-income (LI) countries declined by about
10% (8). Only one-fifth of the total for these
63 countries is produced in Sub-Saharan
Africa (46 countries), whereas the bulk was
mainly from Southeast Asia. India contributed
73% of the research outputs of LI countries in
2001, up from 66% in 1992.

These results provide further evidence that
the gap in scientific publications between LI
countries and the rest of the world has widened
(9, 10). Although the causes are not simple to
understand, this decreasing proportion for LI
countries (especially in Sub-Saharan Africa) in
contrast to gains by LMI countries, underlines
ongoing calls to improve capacities and net-
works, to intensify equitable research partner-
ships, to increase public funding for research
and innovation strategies addressing national
health priorities, and to increase the visibility of

P U B L I C  H E A LT H

Increasing International Gaps
in Health-Related Publications

Guillermo Paraje, Ritu Sadana,* Ghassan Karam

The authors are at the World Health Organization CH-
1211 Geneva 27 Switzerland.

*Author for correspondence. E-mail: sadanar@who.int

POLICY FORUM

140.0
LI
LMI

UMI
HI

120.0

100.0

80.0

Year

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01B

as
e 

ye
ar

 1
99

2 
= 

10
0

Trends in scientific publications.
Countries are classified as LI, low income;
LMI, lower-middle income; UMI, upper-
middle income; HI, high income. Trends in
scientific publications (63 LI, 54 LMI,
31 UMI, and 42 HI countries). Publication
shares are indexed at 100 in 1992.

TOP 20 HEALTH-RELATED
PUBLICATION PRODUCERS

Average 
Global Share 

Top 20 producers 1992–2001

USA 36.68

United Kingdom 8.57

Japan 8.11

Germany 6.63

France 5.19

Canada 4.02

Italy 3.54

Netherlands 2.33

Australia 2.27

Spain 2.06

Sweden 1.93

China 1.63

Switzerland 1.39

India 1.16

Israel 1.04

Belgium 1.03

Denmark 0.90

Finland 0.89

Brazil 0.73

Republic of Korea 0.59

Rest of the world 9.32

Total 100.00

http://www.sciencemag.org
mailto:sadanar@who.int


960

research undertaken in
these countries (10–14).

Within each economic
category, two tiers of
countries appear to exist,
with publications highly
concentrated in a few.
Thus, national income
does not fully explain 
differences in the share of
scientific publications on
health topics.

What enables or hin-
ders conducting and pub-
lishing research within
each group of countries
should be further explored
and understood from a
systems perspective (15,
16). China’s increasing
proportion of worldwide
outputs addressing health
topics can be attributed 
to specif ic changes in
research policies during
the past two decades,
including an increasing
value on the assessment of
research outputs (17, 18). The government
has implemented break-through policies
that provide intensive financial support to
key laboratories and institutions, as well as
leading disciplines, including those related
to health. That China was the only develop-
ing country participating in the Human
Genome Project provides evidence of these
investments (19). Having at least one article
indexed in a Thomson Scientific database is
now required for most academic promo-
tions, and each article is f inancially
rewarded. Efforts to increase the quality of
research include stronger institutional and
peer-review mechanisms, more interna-
tional cooperation, and major government-
sponsored foreign education programs. To
reduce “brain drain,” expatriate Chinese
researchers are being lured back with strong
incentives (known as the “tortoise policy”
introduced in the late 1990s) including high
wages, housing, and a research environment
that includes good facilities, flexible work
schedules, and fostering and maintaining
close collaborations with foreign research
institutions, as well as among national uni-
versities, public institutions, and private
companies (17, 20).

Rapid and steady economic and social
development provides the backdrop to the
Republic of Korea’s gains. The government
remains the main player behind the enormous
increase in the country’s research and develop-
ment expenditures over the last 30 years,
reflecting a jump from 0.31% of GDP to nearly
3% of GDP, with GDP itself increasing sub-
stantially. In 1994, seven ministries signed a

pact to transform the
Republic of Korea into one
of the top countries in
biotechnology by 2010
(21). The government has
also initiated financing
mechanisms and pro-
grams for technology
transfers from academic
institutions, where almost
all research is conducted,
to private-sector f irms
(21). Collaborations and
exchanges with foreign
institutions on other health
topics are also rising, as
evidenced by the opening
of a new Institut Pasteur in
Seoul in 2003. Some top
institutions have started
awarding points for publi-
cations as a means for pro-
motion (18).

A more worldwide
research base is likely to
increase the relevance of
and access to scientific
outputs for countries

with overburdened health systems, as well
as ultimately to enlarge the impact of scien-
tific activities on health status. Given the
mounting gap in the share of worldwide sci-
entific publications addressing health top-
ics between low-income countries and the
rest of the world and a highly concentrated
production pattern within each economic
category of countries, strategies to enhance
scientific capacities need to reflect the het-
erogeneity found across countries; to
require support at national, regional, and
international levels for extending benefits
to a greater number of countries; and to
involve a wide range of actors beyond those
traditionally working on biomedical or even
clinical research. A key area for action is to
understand and support what pushes and
pulls scientists in diverse low-income coun-
tries to contribute to worldwide publication
on a broad range of health topics and to inte-
grate them into the global science commu-
nity. Meanwhile, general policies need to
recognize the enormous heterogeneity that
is found within countries commonly
grouped together. In addition, donor poli-
cies need to be consistent with these
approaches and to be backed up by the polit-
ical, financial, and social support required
for longer-term gains without imposing pri-
orities that are not in countries’ interests.
Increasing capacity must also be coupled
with increasing demand and the use of rele-
vant health research in low-income coun-
tries. Since 2000, the African Capacity
Building Foundation broadened its mandate
to strengthen analytical capacity in the

African region beyond macroeconomic pol-
icy analysis to include core public-sector
and training and research institutional
development and to increase its portfolio to
cover health issues. In 2004, it committed
$37.5M for national and regional programs
in Sub-Saharan Africa, on top of $250M
disbursed in the region since 1991 (22).
These and similar efforts should be strongly
supported.
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1
8 May 2005 marks the 25th anniver-
sary of the massive eruption of Mount
St. Helens. This eruption involved

diverse geological processes (1) that dis-
turbed forests, meadows, lakes, and rivers
(2) (see the figure). A huge landslide and
searing flows of hot gases and pumice frag-
ments (pyroclastic flows) inundated 60 km2

of land, obliterating preexisting ecosystems
and landforms. A steam-driven blast left
blown-down forest and scorched standing
forest over more than 500 km2, but
deposited generally <1 m of new material.
A gentle rain of tephra (airborne volcanic
rock fragments) fell from the sky and blan-
keted >1000 km2 of live forest and aquatic
systems with >5 cm of deposits (2). The ini-
tial impression of a lifeless landscape
quickly changed as surviving plants and
animals reemerged. 

Survival of organisms was strongly
influenced by characteristics of disturbance
processes, local site conditions, and biolog-
ical factors (2). In areas of pyroclastic flow
and avalanche debris, almost no organisms
survived; but elsewhere, diverse refuges
facilitated survival. In the blast area,
survivors included plants with under-
ground buds, burrowing animals, and
organisms protected by snow, topog-
raphy, or other features (2). In the area
of thin tephra fall, organisms that
were able to stand above or penetrate
the deposits had a greater potential
for survival. Certain life-history
attributes also favored survival; for
example, some anadromous f ish
(which return from the sea to rivers to repro-
duce) and migratory bird populations were
not present during the eruption. Organism
size also proved important: Large species
and individuals suffered greater mortality
than did small ones. Surviving organisms

included all of the primary trophic groups—
herbivores, predators, scavengers, and
decomposers. Thus, complex foodwebs
quickly developed in the emerging ecosys-
tems. Surviving species provided source
populations, ameliorated site conditions,
processed dead biological legacies (such as
toppled trees) of the pre-eruption system,
and established ecological interactions.

The timing of the eruption—that is, time
of day, time of year, and the
stage of development (succes-
sion) of plant and animal com-

munities—strongly influenced patterns of
survival and succession (2). The early morn-
ing eruption allowed nocturnal animals to
be protected in their subterranean retreats.
The early spring eruption meant that snow
and ice created refuges and that plants had
not yet broken winter dormancy at high ele-
vations. The early successional stage of
many recently harvested forest sites led to a
profusion of wind-dispersed seeds of pio-
neer plant species. The importance of tim-
ing underscores the significance of chance
in survival and successional pathways.

Key successional processes after any
major disturbance include dispersal, site

amelioration, establishment of organisms,
species accrual, biotic interactions, and
changing community structure (2). Dispersal
pattern and rate were influenced by distance
from source populations, wind patterns,
landscape permeability, and mobility of
seeds, spores, and organisms. Site ameliora-
tion was critical: The new volcanic substrates
had low nutrient status, little moisture hold-
ing capacity, and limited shade, but differed
from lava flow substrates common in other
volcanic terranes in that they were readily
penetrated by plants and animals. Site ame-
lioration occurred via weathering, decompo-
sition, addition of nutrients to soils, microbial
activity, mixing of soils by animals, and
clearing of suspended particulates from
lakes. Over time, community structure
increased across all disturbance zones as

species accrued, individuals and popu-
lations grew and spread, and interac-
tions developed. 

The rate of ecological response varied
greatly among the different environments.
In the quarter century since the 1980 erup-
tion, lakes and most streams have largely
returned to ecological conditions typical of
forested areas of the region. Throughout the
vast blast area, the terrestrial landscape has
transformed from barren gray to mostly
green with vegetation dominated by herbs,
shrubs, and small patches of surviving
trees. On the debris-avalanche and pyro-
clastic-flow deposits, vegetation is lush
around ponds and wetlands, but sparse herb
and shrub cover characterizes uplands and
actively eroding sites. The number of verte-

E C O L O G Y

25 Years of Ecological Change
at Mount St. Helens

V. H. Dale, C. M. Crisafulli, F. J. Swanson

V. H. Dale is at the Oak Ridge National Laboratory,
Oak Ridge, TN 37831–6036, USA. C. M. Crisafulli is
with the U.S. Department of Agriculture (USDA)
Forest Service, Pacific Northwest Research Station,
Forestry Sciences Laboratory, Olympia, WA 98512,
USA. F. J. Swanson is at the USDA Forest Service,
Pacific Northwest Research Station, Forestry Sciences
Laboratory, Corvallis, OR 97331, USA. E-mail:
dalevh@ornl.gov

PERSPECTIVES

Mount
St. Helens

Crater walls
Lava dome
Debris avalanche
Mudflow
Pyroclastic flow
Scorched forest
Blown-down forest
Lakes
Streams

5

Kilometers

0 10

Coldwater Lake

Spirit Lake

Castle Lake

North Fork Toutle River

South Fork Toutle River

Green
River

The diversity of geophysical disturbances. Views north from the summit of Mount
St. Helens across Spirit Lake to Mount Rainier before (top) and after (bottom) the
eruption of Mount St. Helens on 18 May 1980. (Left) This eruption involved several
landscape-modifying processes: a massive landslide (debris avalanche), a lateral blast
that blew down forest and scorched standing forest, pyroclastic flows, and mudflows
down rivers that drained the volcano.

www.sciencemag.org SCIENCE VOL 308 13 MAY 2005

mailto:dalevh@ornl.gov
http://www.sciencemag.org


13 MAY 2005 VOL 308 SCIENCE www.sciencemag.org962

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

brate species and their population sizes
have increased dramatically since 1980.
Birds have colonized in lock-step with
increased habitat structure, but assemblages
remain limited by the lack of forest struc-
ture. Yet even in the most disturbed areas,
nearly all species of small mammals associ-
ated with undisturbed forests have returned.
Secondary disturbances have modif ied
pathways of succession. Shifting river chan-
nels, small landslides, and mudflows have
repeatedly reset succession, enhancing the
heterogeneity of vegetation patterns over
the volcanic landscape.

Human activities have greatly altered nat-
ural ecological processes in many areas
affected by the eruption. However, the U.S.
Congress established a 43,300-ha National
Volcanic Monument where natural processes
can proceed unimpeded. Environmental sci-
entists have provided advice concerning pro-
tection of natural features; management of
erosion, floods, and natural resources; and
development of interpretive programs and
educational opportunities. During the deci-

sion-making process, potential risks to
human life or property often outweighed
ecological concerns. 

A quarter century of ecological studies at
Mount St. Helens has produced important
lessons. First, living and dead biological
legacies (for example, dead trees and rotten
logs) are integral to the ecological response,
even after severe disturbances. Second, eco-
logical succession is very complex, proceed-
ing at varying paces along diverse paths, and
with periodic setbacks through secondary
disturbances. Consequently, no single, over-
arching succession theory provides an ade-
quate framework to explain ecological
change. Third, chance factors, such as tim-
ing of the disturbance at various scales, can
strongly influence survival and the course of
succession. Finally, environmental scientists
have provided a long-term and broad-scale
view of how human actions can affect eco-
logical systems, a requisite but not always
integral component of decision-making.

The future at Mount St. Helens will be one
of continuing change. The pace of ecological

change will be determined by complex
processes of ecological succession influenced
by landscape position, topography, climate,
and further biotic, human, and geophysical
forces. The current volcanic activity at Mount
St. Helens attests to its dynamic character (3).
Even so, many biotic, landform, and soil lega-
cies of the 1980 eruption will influence eco-
logical processes for centuries to come.
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I
n 1952, Stanley Miller, working with
Harold Urey, simulated the atmosphere
of early Earth with a gas mixture of

methane (CH4), ammonia (NH3), molecular
hydrogen (H2), and water. When he intro-
duced an electrical spark to represent light-
ning, he observed the formation of amino
acids, the building blocks of proteins (1).
Miller later showed that the amino acids
were the result of reactions in liquid water
(representing Earth’s ocean) of simple
organic molecules such as hydrogen
cyanide (HCN) and formaldehyde (H2CO)
formed in the gas mixture (2). His experi-
ment turned the study of the origin of life
into an experimental science.

However, by the 1960s, the validity of
hydrogen-rich (and hence reducing) model
atmospheres for early Earth, such as the CH4-
NH3 atmosphere used by Miller and Urey,
was under attack (3). Since the 1970s, carbon
dioxide (CO2)–rich atmospheres have been
favored (4). Miller has shown that the produc-
tion of amino acids and other organic mole-

cules is orders of magnitude less efficient in
such atmospheres (5). For this and other rea-
sons, the Miller-Urey approach to the origin
of life has fallen out of favor with many
researchers. But on page 1014 of this issue,
Tian et al. (6) argue that the early-Earth
atmosphere might have been hydrogen-rich
after all.

In early models of Earth’s evolution,
the planet’s iron-rich core was assumed to
have formed slowly over hundreds of mil-
lions of years. Prior to core formation,
metallic iron would have been abundant in
Earth’s mantle, in effect providing a huge
oxygen sink. As a result, carbon and nitro-
gen compounds emitted (“outgassed”)
into the atmosphere—for example, in vol-
canic eruptions—would have been satu-
rated with hydrogen (CH4 and NH3). Early
life would have used the abundant organic
molecules produced by Miller-Urey syn-
thesis for energy and raw materials. Core
formation would have freed the oxygen,
leading to outgassing of CO2 rather than
CH4 (7). Abiotic organic production would
have plummeted, whereupon life would
have evolved to cope with this change. It
was an elegant picture—but probably
largely wrong.

It now appears that Earth was hot at the
time of its formation, because it accreted from
fast-colliding planetesimals. It seems unavoid-
able that the core formed virtually simultane-
ously with Earth itself. If the iron was largely
sequestered in the core from the start, then
there never was a Miller-Urey atmosphere.
Even if there ever had been such an atmo-
sphere, modeling suggested that it would be
quickly destroyed by solar ultraviolet light.
However, this problem would be circum-
vented by the formation of a high-altitude
organic haze, similar to that in the atmosphere
of Saturn’s moon Titan (8). Thus, if Earth ever
had a Miller-Urey atmosphere, it could be sus-
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tained. But it remains unclear how to form
such an atmosphere to begin with.

Tian et al. (6) may have found a way to
sidestep these problems. In their model, the
atmosphere is CO2-rich, not CH4-rich, but
contains as much as 30% H2. The model uses
the current hydrogen outgassing rate,
increased by at most a small factor to account
for the geologically more active early Earth.
What is new is their transonic hydrodynamic
escape model: For an atmosphere rich in H2,
the escape of hydrogen to space is hydrody-
namic and limited by the availability of
extreme ultraviolet light from the Sun. The
model yields an escape rate that is much
lower than previously found. Because less H2
escapes, if Earth ever had an H2-rich atmo-
sphere, it could be sustained.

The figure shows why this matters for
the origin of life. HCN and H2CO are pro-
duced at much lower yields in CO2-rich
atmospheres than in CH4-rich ones, but pro-
duction is particularly low in CO2-rich
atmospheres when H2/C ratios fall below 1
or rise above 5 to 10 (5). Tian et al. (6) sug-
gest that they can keep H2/C > 1 in their
model, although this also depends on the
poorly known CO2 abundance. Their H2-
CO2 atmosphere is less favorable for
organic production than a Miller-Urey one,
but far better than previously preferred
model atmospheres with H2/C ~ 0.001.

Many uncertainties and problems remain.
Tian et al. focus on the oceans as the “birth-

place of life,” but polymerization of amino
acids into proteins (or nucleotides into RNA) is
thermodynamically unfavorable in liquid
water. Furthermore, in an early ocean as saline
as that of today, the salt inhibits key prebiotic
reactions (9). The bulk ocean may thus have
been one of the worst places to try to originate
life. After making life’s building blocks in the
ocean, one needs to look elsewhere to carry the
chemistry further. Some authors have aban-
doned this heterotrophic picture of the origin of
life in favor of an autotrophic model, in which
metabolic reactions that can fix their own car-
bon are the first steps on the road to life (10).

How does prebiotic organic production in
the atmosphere of Tian et al. compare to other
sources of organic molecules on early Earth?
Because of uncertainties in the hydrogen con-
tent of the early atmosphere, examinations of
this question have considered a range of H2/C
ratios (11). As model atmospheres become
more hydrogen-rich, production of organic
molecules through electrical discharges or
ultraviolet light becomes increasingly impor-
tant relative to delivery of organic molecules
by meteorites or comets. Yet shock-tube
experiments suggest that in Miller-Urey
atmospheres, atmospheric shocks from mete-
ors and impacts could be a dominant energy
source for organic synthesis (11). Impactors
may also have been a major driver of organic
production in an early H2-rich atmosphere. 

These are tumultuous times in the study of
the origin of life. The early ocean may have

been even less hospitable for prebiotic chem-
istry than previously thought (9), and claimed
evidence for the earliest signatures of life on
Earth is being strongly challenged (12). Now
a 30-year, albeit shaky, consensus on the
nature of the early atmosphere may have to be
reexamined, and the geochemical implica-
tions of an H2-rich early atmosphere will need
to be scrutinized. This turmoil makes it a great
time for young scientists to enter the field, but
it also reminds us that some humility regard-
ing our favorite models is in order. As Jacob
Bronowski noted, “Science is a tribute to what
we can know although we are fallible” (13).
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G
ram-negative bacteria such as
Escherichia coli are defined by the
presence of a second or outer mem-

brane bilayer that serves as a unique protec-
tive coat. While all cells have a membrane
bilayer that forms a barrier to the passage of
hydrophilic (water-soluble) compounds, the
outer membrane is an asymmetric bilayer
whose outer layer (or leaflet) contains a spe-
cial lipid known as lipopolysaccharide
(LPS). LPS decreases membrane fluidity,
thereby creating a barrier to the diffusion of
potentially toxic hydrophobic compounds
(1). LPS is synthesized as a precursor known

as Ra-lipid A in the inner leaflet of the inner
membrane bilayer (2). Before it moves to the
outer membrane, Ra-lipid A is flipped to the
outer leaflet of the inner membrane, where a
polysaccharide O-antigen chain is added to
form mature LPS. 

Two papers by Dong et al. (3) on page
1023 and Reyes et al. (4) on page 1028 of
this issue shed light on this flipping mecha-
nism. These studies elucidate the structure
and dynamics of MsbA, an adenosine
triphosphate (ATP)–binding cassette (ABC)
transporter believed to accomplish this flip-
ping event. ABC transporters, such as the
homodimer MsbA consist of two helical
membrane-spanning domains and two
nucleotide-binding domains. Two ATP mol-
ecules bind along the dimer interface, inter-
acting with residues in two conserved
motifs, the Walker A motif from one

nucleotide-binding domain and the ABC
family signature motif from the opposing
domain. Conformational changes in the
nucleotide-binding domains, induced by
binding and hydrolysis of ATP along the
dimer interface, are coupled to conforma-
tional changes in the membrane-spanning
domains that then mediate transport of sub-
strate. One paper describes the x-ray crystal
structure at 4.2 Å of MsbA from Salmonella
typhimurium and is the third in a series of
structures of MsbA from different organisms
determined by the Chang laboratory (4).
Although the first two structures have been
criticized as nonphysiologic on the basis of
aberrant behavior of the nucleotide-binding
domains, it looks as though the third one
may be the charm (see the figure). In the new
structure, the nucleotide-binding domains
appear correctly folded. They face each
other across the dimer with an orientation
similar to that seen in the ATP-bound dimers
observed in the earlier structures (5, 6),
except that the dimer interface is more open.
In addition, both nucleotide and Ra-lipid A
are bound in a configuration suggestive of a
“post-hydrolysis” state: Adenosine diphos-
phate (ADP) is present in one of the two
nucleotide-binding domains, and Ra-lipid A
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appears to have already been flipped to the
outer leaflet of the inner membrane. The
location of Ra-lipid A in the structure adds
credence to the hypothesis that the lipid is
flipped from one leaflet to the other, rather
than being expelled directly into the periplas-
mic space that lies between the outer and
inner membranes.

In the first MsbA structure, the “open-
apo” form (no ligands bound), the ABC fam-
ily signature motif faces away from the two-
fold axis of symmetry, contrary to our under-
standing that ATP is hydrolyzed at the dimer
interface (7). Also, 40% of the residues in the
nucleotide-binding domain are “missing”
and presumably disordered. Comparison of
the second structure, the “closed-apo” form,

with the newest structure reveals dramatic
differences in folding of the nucleotide-bind-
ing domains. The Walker A motif is located
too far away from other conserved motifs in
the “closed-apo” structure to form an active
ATP-binding site at the interface. The three
structures also reveal three very different
ways by which the membrane-spanning
domains interact at the dimer interface.
Given the unusual flexibility exhibited by the
nucleotide-binding domains in these three
structures, one must proceed with caution in
drawing conclusions about the actual mecha-
nism of translocation when comparing the
structures of the attached membrane-span-
ning domains. Translocation by ABC trans-
porters requires conformational changes in
the nucleotide-binding domains that are
induced by ATP binding and hydrolysis.
These are thought to control conformational
changes in the membrane-spanning
domains. In the second structure, the anom-

alous packing of the nucleotide-binding
domains into a tightly closed but nucleotide-
free dimer may have influenced the confor-
mation and dimeric interaction of the mem-
brane-spanning domains in a nonphysiologic
way. Clearly, independent means are
required to assess the relevance of each of
these unique configurations to the transloca-
tion cycle. The great value of these structures
for the larger transporter community is that
they offer a framework for formulating and
testing hypotheses.

The accompanying paper by Dong et al.
comprehensively takes on this challenge by
attaching more than 100 spin-labeled
probes to different amino acids in the mem-
brane-spanning domain of MsbA to define

the structure and dynamics of this trans-
porter during ATP hydrolysis (3). This elec-
tron paramagnetic resonance (EPR)–based
approach, known as site-directed spin label-
ing, can define secondary structure ele-
ments in a protein and determine whether a
given amino acid side chain is buried in the
protein or is exposed to the lipid or to the
aqueous environment. It is made all the
more powerful by the structural coordinates
for MsbA that provide a model to test.
Moreover, transport proteins can be studied
in the membrane, a more physiologic condi-
tion. Although several aspects of the MsbA
structure are confirmed by the EPR analy-
sis, discrepancies are also apparent. One
notable example is how the extracellular
loops of the dimer pack together. Substrate
is proposed to pass through this interface
during transport, and EPR suggests that
these loops are more mobile and accessible
to the aqueous environment in apo-MsbA

than in either the open- or closed-apo struc-
tures. Furthermore, the distances between
identical residues in the two loops, as meas-
ured by EPR, are not consistent with these
structures either. Intriguingly, this region of
MsbA is clearly more open in the new struc-
ture. The EPR constraints from this paper
can now be applied to the new structure to
see how well they match. 

Vanadate is frequently used to trap ABC
transporters in the catalytic transition state
for ATP hydrolysis (8, 9). Although it is
used for this purpose in both papers, some
clarification is in order. Vanadate acts as an
analog of the γ-phosphate of ATP, forming a
complex with Mg and ADP that mimics the
transition state of ATP during hydrolysis.

Trapping actually occurs after ATP
hydrolysis when vanadate replaces
phosphate in the active site. The
authors of the EPR paper conserva-
tively refer to this condition as a
“post-hydrolysis” state even though
it may mimic the transition state
with MgADP and vanadate tightly
bound between subunits (10). To
analyze the dynamics of MsbA dur-
ing the translocation cycle by EPR,
the authors examined the effect of
nucleotide binding and hydrolysis
in the nucleotide-binding domains
on the conformation of the mem-
brane-spanning domains.  They
observed rigid body motion of
membrane-spanning domains that
could alternate the exposure of a
central chamber to each side of the
membrane. Residues in the inner
leaflet and the intracellular domain
come closer together, possibly to
close the chamber, while residues at
the periplasmic surface simultane-
ously move farther apart. This pic-

ture concurs nicely with EPR work showing
that closure of the nucleotide-binding
domains upon ATP binding and hydrolysis
coincides with substantial opening at the
periplasmic surface in a bacterial importer
(11). The concept of closure of the cytoplas-
mic chamber emerges from comparison of
the two apo MsbA structures, although per-
haps not for the same reason; changes in
distance between specif ic residues, as
measured by EPR, are not compatible with
an overlay of the two structures.

MgATP and vanadate were also added
to MsbA during crystallization in the hope
of obtaining the structure of MsbA trapped
in the catalytic transition state. The struc-
ture does indicate ADP and vanadate at
just one of the two nucleotide-binding
sites, consistent with biochemical experi-
ments (8, 9). However, the signature motif
from one nucleotide-binding domain is
disengaged from nucleotide bound to the
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Three structures of MsbA. The membrane-spanning domains are gray, the intracellular domains are orange,
and the nucleotide-binding domains are green (RecA-like domain) and cyan (helical domain). Conserved seg-
ments present at the active site in the nucleotide-binding domains: red, Walker A motif (WA); magenta, ABC
family signature motif; blue,Walker B motif; yellow, Q loop.ADP and LPS are represented as ball-and-stick mod-
els. [Adapted from (7)]
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Walker A motif of the second nucleotide-
binding domain, creating an open dimer
interface. This conformation is not consis-
tent with biochemical characterization of
the catalytic transition state. Vanadate-
induced cleavage of both the Walker A and
family signature of the maltose transporter
demonstrates the close proximity of both
motifs in the vanadate-trapped species
(10), and mutagenesis experiments high-
light the importance of the family signa-
ture in catalysis (12, 13). The MsbA struc-
ture is characterized as a “post-hydrolysis”
ADP-vanadate state rather than the cat-
alytic transition state specifically because
of this open nucleotide-binding site dimer
configuration. These results raise the ques-
tion of why ADP and vanadate are asym-
metrically “trapped” in just one of the two

sites if the dimer has opened. Low resolu-
tion prevents an answer here. Perhaps, at
4.2 Å, there are not enough data to reveal
differences between the two monomers
within the dimer. The authors forced the
monomers to be identical by imposing
strict noncrystallographic symmetry. In
the end, we are presented with a less than
satisfying symmetric solution to the struc-
ture of what may be an asymmetric dimer
in the crystal. This data set does not allow
us to draw specific conclusions about side-
chain interactions and, more important,
protein-nucleotide interactions. That
awaits atomic resolution.
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B
y analyzing the DNA of living humans
from different locations, geneticists
are able to assemble a detailed recon-

struction of prehistoric human colonization
of the world. This
research endeavor
was championed by
the late Allan Wilson
and his colleagues

(1, 2), who led the way with their studies of
maternally inherited mitochondrial DNA
(mtDNA). Their work led to the proposal of
a recent African origin for modern humans,
some 5000 generations ago. Anthro-
pologists and geneticists have since joined
forces to create a broad framework of possi-
ble prehistoric human migration routes and
time scales (3–6). The two latest additions to
this framework are described by Thangaraj
et al. (7) on page 996 and Macaulay et al. (8)
on page 1034 of this issue.

Our current understanding is that mod-
ern humans arose ~150,000 years ago, pos-
sibly in East Africa, where human genetic
diversity is particularly high. Subsequent
early colonization within Africa is sup-
ported by old genetic mtDNA and Y chro-
mosome branches (often called “hap-
logroups”) in the Bushmen or Khoisan of
the Kalahari Desert, and in certain pygmy
tribes in the central African rainforest. Early

humans even ventured out of Africa briefly,
as indicated by the 90,000-year-old Skhul
and Qafzeh fossils found in Israel. The next
event clearly visible in the mitochondrial
evolutionary tree is an expansion signature
of so-called L2 and L3 mtDNA types in
Africa about 85,000 years ago, which now
represent more than two-thirds of female
lineages throughout most of Africa. The rea-
son for this remarkable expansion is
unclear, but it led directly to the only suc-

cessful migration out of Africa, and is genet-
ically dated by mtDNA to have occurred
some time between 55,000 and 85,000 years
ago. Studies of the paternally inherited Y
chromosome yield time estimates for the
African exodus that are in broad agreement
with those derived from mtDNA.

It is at this point in the narrative that the
studies by Thangaraj et al. (7) and Macaulay
et al. (8) come into the picture. Which route
did the first Eurasians take out of Africa?
Most obvious, perhaps, is the route along the
Nile and across the Sinai Peninsula leading
into the rest of the world (see the figure). But
if that were so, why was adjacent Europe set-
tled thousands of years later than distant
Australia? In Europe, Neanderthals were
replaced by modern humans only about
30,000 to 40,000 years ago, whereas south-
ern Australia was def initely inhabited
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46,000 years ago and northern Australia and
Southeast Asia necessarily even earlier (9,
10). Or did our ancestors instead depart from
East Africa, crossing the Red Sea and then
following the coast of the Indian Ocean (11)?
A purely coastal “express train” would con-
veniently explain the early dates for human
presence in Australia, but would require that
humans were capable of crossing the mouth
of the Red Sea some 60,000 years ago. Why,
then, was this feat not repeated by any later
African emigrants, particularly when the
Red Sea level dropped to a minimum about
20,000 years ago?

Ideally, these questions would be
answered by investigating ancient fossils and
DNA from the Arabian Peninsula. But
because this option is currently not available,
Thangaraj et al. and Macaulay et al. have cen-
tered their investigation on the other side of
the Indian Ocean, in the Andaman Islands and
Malaysian Peninsula. Both groups used
genetic studies of relict populations known to
differ substantially from their Asian neigh-
bors to estimate the arrival time of the first
humans in these locations. Thangaraj and col-
leagues sampled the Andamanese, who were
decimated in the 19th century by diseases
imported by the British and then suffered dis-
placement by modern Indian immigration
(12). Macaulay and co-workers sampled the
native tribal people of Malaysia, called the
Orang Asli (“original people”).

Fortunately, the two teams arrived at com-
patible conclusions. In the Andaman Islands,
Thangaraj et al. identif ied the M31 and 
M32 mtDNA types among indigenous
Andamanese. These two mtDNA types
branched directly from M mtDNA, which
arose as a founder 65,000 years ago. This time
estimate for the arrival of M founder mtDNA
is matched by that of Macaulay and co-work-
ers. These investigators found mtDNA types
M21 and M22 in their Malaysian data set.
These M types are geographically specific
branches of M that branched off from other
Asian mtDNA lineages around 60,000 years
ago. Thus, the first Eurasians appear to have
reached the coast of the Indian Ocean soon
after leaving Africa, regardless of whether
they took the northern or the southern route.
Interestingly, the adjacent Nicobar Islands do
not harbor any old mtDNA branches specific
to the islands. Instead, their mtDNA has a
close and hence recent genetic relationship
(on the order of 15,000 years or less) with the
mtDNA of other Southeast Asian popula-
tions. This is not unexpected given the more
Asian appearance of the Nicobar islanders.

Macaulay and colleagues go two steps fur-
ther and estimate the prehistoric migration
speed of early humans along the coast of the
Indian Ocean; they also estimate the likely
population size of the emigrant population.
Comparing genetic dates of founder types

between India and Australia, and assuming a
12,000-km journey along the Indian Ocean
coastline, they suggest a migration speed for
the first Eurasians of 0.7 to 4 km per year. This
value is of the same order of magnitude as
genetically dated inland journeys of migrant
populations during the last Ice Age, 60,000 to
10,000 years ago (6).

One intriguing question is the number of
women who originally emigrated out of Africa.
Only one is required, theoretically. Such a sin-
gle female founder would have had to carry the
African L3 mtDNA type, and her descendants
would have carried those mtDNA types (M, N,
and R) that populate Eurasia today. Macaulay et
al. use population modeling to obtain a rough
upper estimate of the number of women who
left Africa 60,000 years ago. From their model,
they calculate this number to be about 600.
Using published conversion factors, we can
translate this estimate into a number between
500 and 2000 actual women. The authors’pre-
ferred estimate is several hundred female
founders. All such estimations are influenced
by the choice of parameters and by statistical
uncertainty; hence, it is understood that the true
number could have been considerably larger or
smaller. Improved estimates will involve com-
puter simulations based on informed scenarios
using additional genetic loci.

Time is short if researchers wish to secure
data on dwindling indigenous populations
such as the Andamanese and the Orang Asli.
The studies by Macaulay et al. and Thangaraj
et al., which are devoted to the peoples
inhabiting the “southern route” along the
Indian Ocean, are therefore very welcome.
We hope that the new findings will inspire
archaeological exploration between the
Arabian Peninsula and Southeast Asia in
search of the remains of the first Eurasians
50,000 to 100,000 years ago. 
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T
he San Andreas fault is one of the
most famous and—because of its
proximity to large population centers

in California—one of the most dangerous
earthquake-generating faults on Earth.
Concern about the timing, magnitude, and
location of future earthquakes, combined
with convenient access, have motivated
more research on this fault than on any
other. In recent years, an increasing number
of sites along the fault have provided evi-
dence for prehistoric earthquakes (1, 2).

Damaging earthquakes are generated by
rupture that can span hundreds of kilome-
ters on a fault. Data from many sites must
therefore be integrated into “rupture scenar-

ios”—possible histories of earthquakes that
include the date, location, and size (length
of fault rupture) of all earthquakes on a fault
during a period of time. Recently, rupture
scenarios for the southern San Andreas fault
have stimulated interest in how different
scenarios affect interpretations of seismic
hazard and underlying models of earth-
quake recurrence behavior.

Large earthquakes occur infrequently on
individual faults. Scientists therefore cannot
test recurrence models for damaging earth-
quakes by waiting for a series of large earth-
quakes to occur or by consulting instrumental
records, which span at most 100 years.
Records of large earthquakes must be dug out
of the geologic record to characterize earth-
quakes that predate the instrumental record. 

Such studies tend to provide samples of
the date and ground displacement at isolated
sites along the ruptures, hundreds of kilome-
ters long, caused by large paleoearthquakes.
Key insights into fault recurrence behavior
have been gained from site-specific data on
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the southern San Andreas fault (3, 4).
However, measurements of the date and dis-
placement often vary considerably between
sites. Further advances in understanding the
San Andreas fault will require the construc-
tion of rupture scenarios. Given the large
body of data and recent advances in interpre-
tive methodology, this goal is now within
reach for the southern San Andreas fault.

To date, 56 dates of prehistoric earth-
quakes have been published, based on data
from 12 sites on the southern 550 km of the
San Andreas fault. There are also
about 10 paleoseismic records for
the earthquakes of 1857 and 1812.
Analysis of these data (4, 5) yields
probability density functions of
the dates of the earthquakes (see
the first figure). These date distri-
butions provide the raw material
for correlating ruptures from site
to site and the f irst step toward
constructing a history of large
earthquakes.

Unfortunately, rupture scenarios
based on earthquake date alone are
poorly constrained and support a
wide range of earthquake models.
The existing data can be explained by
highly periodic overlapping ruptures
(see the second figure, top panel),
randomly distributed ruptures (mid-
dle panel), and even repeated rup-
tures spanning the entire southern
San Andreas fault (bottom panel).
Each model implies a different level
of hazard to the Los Angeles region
(see the figure legend, second figure)
and supports a different physical
model of faulting (2).

Strong overlap of event dates
(see the f irst f igure) may occur
when many sites along the fault
record the same earthquake or a
sequence of earthquakes occur

within years or decades. Poor or no overlap
may indicate earthquakes with lesser rupture
extent or errors in the dating and interpreta-
tion of paleoseismic data. Given the rupture
lengths of the 1812 and 1857 earthquakes
(~150 and 300 km, respectively) and the lack
of substantial rupture in the 148 years since
1857, most scientists doubt the possibility of
frequent small ruptures on the southern San
Andreas fault. Three recent developments
strengthen the hypothesis that the fault breaks
in relatively infrequent, large earthquakes.

First, the relationship between a displace-
ment observed at a site and the probability of
seeing the same rupture at the next site along
the fault has been quantified (6). Commonly
observed displacements of 4 to 7 m (7, 8)
imply rupture lengths of more than 100 km
(9), much more than the distances between
paleoseismic sites. Date ranges from nearby
sites that overlap poorly are thus likely in
error. Second, different chemical, physical,
and biological fractions of materials such as
peat and charcoal yield very different radio-
carbon dates (10–12). Because the type of
material varies between sites, overlap of dates
may be imperfect even if a single rupture
spans the sites. Third, careful documentation
of evidence from multiple excavations 
(8, 10–12) shows a wide range in the quality
of event evidence from excavation to excava-
tion and site to site. Thus, the evidence for
some paleoearthquakes may have been 
misinterpreted.

A much clearer picture of earthquakes on
the southern San Andreas fault should
emerge in the next 5 to 10 years. The groups
of earthquake date ranges seen every ~200
years in the first figure will probably with-
stand this reevaluation. Some of these
groups contain a single earthquake that 
ruptured through many sites and may have
ruptured large parts of the southern San
Andreas fault. Others contain multiple
earthquakes at individual sites and could be
multiple earthquakes with overlapping 
ruptures, like the 1812 and 1857 earth-
quakes (see the second figure). The current
148-year hiatus is probably not exceptional.
However, no lull in the past 1600 years
appears to have lasted more than ~200 years,
and when the current hiatus ends, a substan-
tial portion of the fault is likely to rupture,
either as a single long rupture or a series of
overlapping ruptures in a short time interval.
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T
itan, Saturn’s largest moon, and Earth are the only two bodies in our solar system with nitrogen-
rich atmospheres. Although Earth’s atmosphere has evolved partly under the influence of life
(and includes carbon dioxide as the main carbon species), Titan’s remains more primitive,
reducing, and rich in methane, and may resemble that hypothesized for the early Earth. Our first
close view of Titan came from Pioneer and the two Voyager spacecraft, which flew by in the late
1970s and early 1980s. These spacecraft provided a taste of Titan’s atmosphere and its structure,

determined Titan’s size and density (a mixture of rock and organic ices), and showed that the moon lacked a
significant magnetic field, although it is affected greatly by its orbit in and out of Saturn’s magnetic field.
Detailed study of Titan, however, has been limited because its atmosphere is so thick that, like those of Venus,
Jupiter, and Saturn, it is difficult to see the surface beneath the haze. 

Cassini is equipped with a variety of instruments to both sample the haze and reveal the surface beneath
it, and observations of Titan were a primary goal of the mission. Cassini also carried and released the
Huygens probe, which successfully sampled Titan’s atmosphere and landed on
its solid surface late last year. The papers in this issue, including a summary by
Mahaffy (p. 969), describe results from the first two passes of Cassini by Titan,
including through its uppermost atmosphere. 

To see through the haze, Cassini carries a radar mapper that with each pass
will build up a map of Titan’s surface. The initial flyby has already revealed
much (see the cover); as discussed by Elachi et al. (p. 970), Titan apparently has
a relatively young flat surface with only a few large and degraded impact

craters, but with a striking variation in the deposits.
Together these features seem to indicate that there has
been active resurfacing, likely through some form of
ice volcanism. 

A variety of other spectrometers on Cassini
sampled and viewed Titan’s atmosphere, providing
new information on its composition and structure
and showing some parallels with Earth’s atmosphere
[see Waite et al. (p. 982), Shemansky et al. (p. 978),
and Flasar et al. (p. 975)]. Methane is abundant
close to the surface, and Cassini has revealed
several complex hydrocarbon species higher in the
atmosphere. A tantalizing result is that although
radiogenic argon is present (probably produced by
outgassing of the moon’s interior), the other argon

isotopes that should have been present in an initial atmosphere are absent. 
Cassini also measured the effects of Titan’s passage through Saturn’s

magnetic field [see Wahlund et al. (p. 986), Mitchell et al. (p. 989), and Backes
et al. (p. 992)]. It found and passed through a magnetic ionopause in Titan’s
atmosphere, below which the field strength dropped to zero, confirming
Voyager’s observation that Titan lacks a magnetic field.

Cassini is planning to revisit Titan more than 40 times during its mission,
repeating many of these analyses and mapping different parts of the moon’s surface.
Together with the Huygens data, these data should help us understand the origin
and evolution of Saturn’s largest moon and, by analogy, Earth’s early history.

–BROOKS HANSON
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Intensive Titan Exploration Begins
Paul R. Mahaffy

The Cassini Orbiter spacecraft first skimmed through the tenuous upper atmosphere of
Titan on 26 October 2004. This moon of Saturn is unique in our solar system, with a
dense nitrogen atmosphere that is cold enough in places to rain methane, the feedstock
for the atmospheric chemistry that produces hydrocarbons, nitrile compounds, and
Titan’s orange haze. The data returned from this flyby supply new information on the
magnetic field and plasma environment around Titan, expose new facets of the
dynamics and chemistry of Titan’s atmosphere, and provide the first glimpses of what
appears to be a complex, fluid-processed, geologically young Titan surface.

More than two decades ago, the Voyagers 1 and

2 spacecraft encountered Saturn on their grand

tour of the solar system. In the summer of 2004,

the Cassini mission—a sophisticated, heavily

instrumented robotic platform—returned from

Earth for a more systematic study of this gas

giant with its complex system of satellites and

icy rings. The mission had Titan (Fig. 1), Saturn_s
biggest moon, firmly in its sight.

The European Space Agency (ESA) and the

Italian Space Agency collaborated with NASA

on the Cassini mission. NASA_s Jet Propulsion
Laboratory led the development of the Cassini

Orbiter and the ESA, that of the Huygens Probe

of Titan_s atmosphere. Instruments from both

sides of the Atlantic were developed for both the

Orbiter and Probe payloads. After a 7-year

interplanetary cruise, the Huygens Probe was

finally released from theOrbiter and successfully

parachuted into Titan_s atmosphere on 14

January 2005. During descent, it transmitted data

back to the Orbiter and even continued to send

back data for some time after it landed on Titan_s
surface. The Huygens data are still being

analyzed, but data collected from several in-

struments on the Cassini Orbiter before, during,

and after the first Titan flyby on 26 October

2004 are published in this issue (1–7); some

reports include data from the second Titan

flyby on 13 December 2004.

The orbital tour of a distant giant planet system

is an ambitious undertaking. The first such en-

deavor, the Galileo mission, orbited Jupiter from

1995 to 2003 and sent a probe into its atmosphere.

The mission demonstrated that such an in-depth

study could provide astonishing discoveries, such

as the likely existence of an ocean beneath the

surface ices of the jovian moon Europa (8).

The Cassini spacecraft was launched in 1997

to study Saturn and its icy rings and at least 34

moons. From the start, the mission put a special

focus on the moon Titan. This satellite is a unique

object in our solar system (9), with a surface

pressure 1.5 times as high as that at the surface of

Earth and near-surface atmospheric temperatures

below 100 K. The nominal mission length of 4

years should allow more than 70 orbits about

Saturn; the resulting 44 close flybys of Titan will

allow extensive study of its atmosphere and its

surface. Close flybys of the moons Enceladus,

Phoebe, Hyperion, Dione, Rea, and Iapetus are

also part of Cassini_s grand saturnian tour (10).
Voyager imagedTitan and obtained ultraviolet

and infrared spectra from its atmosphere, but was

unable to penetrate the orange hydrocarbon haze

to get a clear view of the surface. Voyager mea-

surements and stellar occultations suggested that

the atmospheremight be cold enough to turn even

its highly volatile methane into rain droplets, but

speculation regarding possible hydrocarbon lakes

or even a global hydrocarbon ocean awaited

future validation. Eventually, both the Hubble

space telescope and Earth-based radar were able

to penetrate the haze and demonstrate that Titan_s
surface is heterogeneous. But it was left to the

Cassini mission to examine this surface in detail.

About 1% of Titan_s surface was imaged by

the Cassini radar on the first flyby. On page 970,

Elachi et al. (1) report a complex, crater-poor

surface with evidence of surface flows. Based on

these early results, the authors argue that Titan

may be cryovolcanically active. The radar is not

the only tool available from the Orbiter to view

the Titan surface. Future comparison of radar

data with imaging data, using spectral bands

that penetrate the haze, will facilitate interpre-

tation of surface features. The high-resolution

images of the surface obtained by the Huygens

Probe just before landing provide ground truth

to the Orbital data at one surface location.

The primary constituent of the Titan atmo-

sphere is nitrogen, with several percent of

methane and trace amounts of stratospheric

hydrocarbons and nitriles. Such a reducing

environment may resemble that on early Earth,

before microbial activity transformed Earth_s
atmosphere into a more oxidized state. The sim-

ple chemical building blocks of life, such as

the amino acids that form proteins, contain both

carbon and nitrogen, and knowledge of the

prebiotic chemistry on Titan may help to elu-

cidate chemical processes related to early life

on Earth. The simplest molecule that contains

both nitrogen and hydrogen (HCN) and heavier

nitriles are found in Titan_s atmosphere.

On page 975, Flasar et al. (2) derive tem-

perature and wind profiles and provide a refined

value for the abundance of CH
4
and CO in the

atmosphere, based on data from the Cassini

Fourier Transform Infrared Spectrometer. They

also demonstrate seasonal variations in several

trace hydrocarbon and nitrile species (such as

C
2
H
4
, C

3
H
4
, C

4
H
2
, HCN, HC

3
N, and C

2
N
2
) by

comparison with abundances of the same spe-

cies measured at a different time of year during

the Voyager flyby. The interplay of atmospher-

ic dynamics and heterogeneous or gas-phase

chemistry that produce seasonal effects such

as the terrestrial Antarctica ozone hole can

now be systematically studied in another at-

mosphere with Cassini instruments.

Three other papers report imaging of ener-

getic neutral atoms surrounding Titan EMitchell

et al., page 989 (4)^, measurements of magnetic
fields along the path of the spacecraft EBackes
et al., page 992 (3)^, and cold-plasma measure-

ments in Titan_s ionosphere EWahlund et al.,

page 986 (5)^. Together, these highly comple-

mentary data sets can be used to model the

response of Titan_s atmosphere to the input of

energetic particles, primarily from the rapidly

rotating Saturn magnetosphere. This process not

only sends material from Titan into the magneto-

spheric system; it also provides one energy source

for the continuous production of complex hydro-

carbons, nitriles, and aerosols from the N
2
and

CH
4
feedstock. On page 978, Shemansky et al.

(6) describe the composition of Titan_s upper at-
mosphere, derived from Cassini ultraviolet spec-

Solar System Exploration Division, NASA, Goddard
Space Flight Center, Greenbelt, MD 20771, USA.
E-mail: paul.r.mahaffy@nasa.gov

Fig. 1. A false-color view of Titan. This false-color
image of Titan, derived from multiple wave-
lengths, was acquired during the first close flyby.
Red and green colors (denoting infrared wave-
lengths) highlight methane, whereas the blue
color (ultraviolet) shows the high atmosphere
and detached hazes. Clouds are apparent near
Titan’s South Pole. [Credit: NASA/JPL]
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trometer data using stellar occultations after the

13 December flyby. The chemical composition

of the upper atmosphere of Titan along the

spacecraft track, derived from mass spectrom-

eter measurements, is reported by Waite et al.

on page 982 (7).

The desire to understand the formation and

evolution of extrasolar planetary systems also

motivates the detailed study of the Saturn sys-

tem. Cassini observations will not only test and

validate models of the processes that shaped the

saturnian system into its collection of rings,

satellites, and plasma; they will also provide an

improved theoretical basis for understanding

the conditions necessary for the emergence of

planetary systems around young stars.

The in situ measurements provided by

Cassini_s flight through the upper atmosphere of

Titan may constrain models of how this moon

formed (11). For example, if CO and N
2
were

dominant in the formation region of Saturn,

clathrates (inclusion compounds within a host

lattice such as water) of these molecules, together

with the primordial and chemically inert 36Ar and
38Ar that were present during Titan_s formation,

might be incorporated into the planet. Alterna-

tively, the source of the present N
2
atmosphere

might be NH
3
that was later transformed into ni-

trogen. Measurements of the 36Ar and 38Ar argon

isotopes relative to the radiogenic 40Ar (released

later into this atmosphere from the decay of 40K)

may distinguish between these alternatives. Like-

wise, tests of how much of Titan_s atmosphere
may have been lost over its history can come

from measurements of the isotope ratios 15N/14N,

because loss to space fractionates these isotopes,

with preferential loss of the lighter 14N. The

Cassini Orbiter mass spectrometer data (7), com-

bined with Huygens Probe mass spectrometer

(12) measurements of these same isotope ratios in

the deep atmosphere, will provide better observa-

tional constraints on models of Titan formation.

The Cassini Orbiter/Huygens Probe mission

provides an extraordinary example of a successful

international collaboration in space exploration.

The navigation (9) of this sophisticated science

platform precisely to its targeted destination in

Titan_s upper atmosphere, the successful deploy-
ment and entry of the Huygens Probe, the solid

performance from the large number of instru-

ments, and the demonstration of the ability to

flawlessly plan and execute complex measure-

ment sequences are a tribute to the skill, ded-

ication, and perseverance of the multinational

Cassini team. Future Titan flybys will incremen-

tally build up the map of Titan_s surface and

sample the atmosphere at different locations and

seasons. The data from the first flyby reported

here (1–7) provide a preview of the insights that

can be expected from the next several years of ex-

ploration and are the first steps toward a substan-

tially deeper understanding of this distant world.
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Cassini Radar Views the Surface of Titan
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The Cassini Titan Radar Mapper imaged about 1% of Titan’s surface at a resolution of
È0.5 kilometer, and larger areas of the globe in lower resolution modes. The images
reveal a complex surface, with areas of low relief and a variety of geologic features
suggestive of dome-like volcanic constructs, flows, and sinuous channels. The surface
appears to be young, with few impact craters. Scattering and dielectric properties are
consistent with porous ice or organics. Dark patches in the radar images show high
brightness temperatures and high emissivity and are consistent with frozen hydrocarbons.

Saturn_s largest satellite, Titan, is the only

moon and one of only four solid bodies in the

solar system to host a thick atmosphere,

uniquely distinguished by nitrogen and meth-

ane and a complex suite of organic products

of these molecules. Its primitive chemistry

may reveal clues about the prebiotic origin

of materials that ultimately gave birth to

life in our solar system. The mapping of

Titan is an especially challenging puzzle

because the most likely constituent materials

(e.g., water-ammonia and other ices, hydro-

carbons, tholins) in this chemical and temper-

ature regime are likely to exhibit different

scattering properties than at Earth and Venus,

the only other worlds mapped by spaceborne

radar (1–3).
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The Cassini mission_s Titan Radar Mapper

operates in four modes: radiometry, scatterome-

try, altimetry, and synthetic aperture radar

(SAR) imaging (4). SAR mode requires ranges

less than È4000 km; high-resolution SAR

(È500 m/pixel) can be collected only below

È1500 km. Data reported here are from the first

close flyby, designated T
A
, which occurred

on 26 October 2004 at a minimum range of

1174 km, the first of 45 planned close flybys (4).

Inbound full-disk radiometry and scatterometry

scans of large regions, including the Huygens

probe landing site (5, 6), were acquired from

È25,000 km at differing angles. SAR coverage

extending through closest approach over an arc

of È100- was followed immediately by an

altimetry track covering an arc of È10-. Scat-
terometry scans and radiometry scans in

orthogonal linear polarizations were collected

outbound. Observation geometries and details,

coverage diagrams, and higher resolution

images are available in (4).

The SAR image strip (Fig. 1; Fig. 2 in

detail) reveals a variable surface with distinct

units and features. On the basis of brightness,

texture, and morphology, we define five units,

two of regional scale and three of local scale.

About one-quarter of the swath is composed

of a regional-dark, homogeneous unit with

relatively low backscatter (see the bottom half

of Fig. 2A and parts of Fig. 2, D and E), which

includes regions of variable backscatter with

indistinct boundaries and scattered SAR-bright

spots that may be small topographic features.

Most of the rest of the swath consists of a

higher backscatter, regional-mottled unit that is

gradational at its boundaries with the darker,

homogeneous unit. Two discrete SAR-bright

units are distinguished. A bright lobate unit

(Fig. 2E) occurs in several locations across the

swath. The lobate boundaries range from

distinct to gradational, with variable brightness

across the unit. Both sheet-like and more

digitate examples appear, sometimes asso-

ciated with quasi-circular features. A bright,

lineated unit exhibits sharp boundaries and

bright, lineated interiors (Fig. 2C). The linea-

tions are parallel and are spaced 1 to 2 km

apart. This unit appears similar to grooved ter-

rains seen at several scales onGanymede (7, 8).

The fifth unit is SAR-dark and occurs as iso-

lated patches a few tens of kilometers or less

across (Fig. 2, B to D). One such dark patch is

near the western end of the swath. These

patches tend to be irregular, with sharp bound-

aries; many are interconnected by narrow

sections, giving the impression that their dis-

tribution is topographically controlled, perhaps

by depressions, valleys, and channels.

A large, roughly circular feature about

180 km in diameter is prominent in the SAR

strip, centered near 50-N, 87-W (Fig. 2B, at

left). The International Astronomical Union

(IAU) has provisionally approved the name

Ganesa Macula for this feature. It has sugges-

tions of a volcanic construct, possibly a dome;

it could also occupy an old impact scar. Along

its edges are SAR-bright flanks; at its center,

instead of a central peak, is an apparent central

depression, about 20 km in its longest dimen-

sion, that resembles a volcanic crater. Several

sinuous channels and/or ridges radiate from the

central feature; these appear to carry material

from the center. The 90-km sinuous features

trending southeast could be responsible for

transport of material to the SAR-bright regions

along the flank. The terrain along the eastern

margin is complex, exhibiting multiple lobate

forms that may be flows.

A plot of the scatterometry backscatter cross

section versus incidence angle shows both

specular and diffuse-scattering echoes (Fig.

3A). The region where specular reflections

could be observed was restricted by the Titan-

spacecraft geometry to the central part of the

inbound scatterometer raster map, but diffuse

scattering was observable over a larger area,

and the plot indicates considerable heterogene-

ity. Figure 3B shows a crude classification of

the scatterometer measurements into high,

medium, and low diffuse cross-section classes,

with their locations plotted on Cassini Imaging

Science Subsystem (ISS) imagery (9). This

model-independent classification shows cross

sections clearly correlated with the near-

infrared (near-IR) albedo observed by ISS.

Figure 4A shows a map of the cross section

normalized to constant incidence angle by a

simple cosecant model, revealing a strong cor-

relation with the ISS image (Fig. 4C) in the

low incidence angle region as well. Xanadu,

the bright, continent-sized region at 90- to

150-W, shows the strongest backscatter, in-

cluding a particularly bright spot near 120-W
that is undistinguished in the near-IR.

The passive radiometer mode acquired

an inbound unresolved disk brightness mea-

surement and two low-resolution outbound

microwave brightness maps. Disk-averaged

brightness temperatures from these observa-

tions are 85 K, 85 K, and 86 K (each T5 K),

respectively, consistent with Earth-based mea-

surements (10, 11). Assuming a physical

surface temperature of 94 K, these data

Fig. 1 (on facing pages). SAR image strip acquired by Cassini’s Titan
Radar Mapper during the Titan TA flyby, with 5- latitude � 10- west
longitude graticule. Resolution is È500 m at image center, increasing to

È1400 m at eastern end. The image has been corrected to constant
incidence angle with the use of the backscatter model shown in Fig. 3A
and logarithmically scaled. Letters indicate regions enlarged in Fig. 2.
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correspond to an overall surface emissivity of

È0.9. For a dielectric surface that can be

characterized by the Fresnel equations, this is

consistent with a dielectric constant of 2 to 3.

The polarization and center-to-limb brightness

distributions of the full-disk radiometer images

are consistent with a uniform surface temper-

ature and a bulk dielectric constant e 0 2, and

are inconsistent with solid water ice (e 0 3.1) or

ammonia ice (e 0 4.5). In particular, the

polarization differences yield broadly uniform

solutions for e 0 2.1 and 1.6, respectively, in

northern and southern mid-latitude regions. The

radiometry maps show considerable bright-

ness temperature variations e10 K between

regions e500 km in extent that can be attributed

to emissivity variations (Fig. 4B). These varia-

tions are negatively correlated with those of the

backscatter cross section.

Altimetry data were analyzed by a simple

threshold algorithm and reduced to elevations

relative to a sphere (Fig. 5); absolute radii are

awaiting more accurate trajectory data. Relief

along the altimetry track covered in this north-

ern region is quite low, varying only È150 m

over 400 km. This is a small sample (0.02% of

the surface) and does not currently coincide

with SAR or optical coverage. However,

Cassini radiometry and scatterometry maps of

the outbound hemisphere (4) and ISS images

(9) indicate that the altimetry does not cross

any notable terrain boundaries. The SAR

images also provide information about topo-

graphic relief of resolved geologic features, but

without the geometric rigor of the altimetry. A

few features in the SAR swath exhibit the close

bright-dark downrange pairing that is charac-

teristic of topographic shading. Radarclinomet-

ric analysis allows crude estimates of heights.

The strongest sense of relief is given by small

apparent hills, 5 to 10 km in width (Fig. 2F).

Many of these show bright-dark pairing in the

downrange direction, making it unlikely that

they are flat surfaces of variable scattering.

They were imaged at a lower incidence angle

relative to most of the strip, maximizing topo-

graphic modulation. We estimate that the relief

is only È100 m and slopes are È3- to 5- (12).
Applying this approach to a flow-like feature at

41-W, 47-N indicates a height of È250 m,

bounding slopes of È7-, and a flat top.

The potential pitfalls of overinterpreting

brightness as slopes may be illustrated by the

Fig. 2. Enlargements of the Cassini SAR image shown in Fig. 1. The letters correspond to the locations shown along the edge of the SAR strip in Fig. 1. Each
image covers an area È175 km high, with north approximately at top and illumination approximately from bottom. See text.

Fig. 3. Angular and spatial depen-
dence of Cassini Titan TA inbound
scatterometer data. (A) Plot of
backscatter cross section versus
incidence angle shows specular
behavior at small incidence angles
(blue) and dropoff at largest
incidence angles (red). Data at
intermediate angles (green) show
multiple populations (i.e., surface
units) with distinct and only
weakly incidence-dependent cross
section. Data have been classified
into low, medium, and high cross
section (dark to light green).
Curve is simple cosecant (inci-
dence) backscatter model used
to normalize images in Figs. 1
and 2 and scatterometry in Fig. 3A.
(B) Map of scatterometer mea-
surements overlaid on Cassini ISS
image map (9), colored according
to incidence angle and backscatter
classification as in (A). High- and
low-incidence classes are geo-
graphically restricted because of
observation geometry, but cross-
section classes at intermediate
angles correlate clearly with near-
IR albedo.
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large, bright, flow-like feature shown in Fig.

2E. Backscatter varies linearly across this

feature, so if it is topographic, it is roughly

parabolic in cross section, with maximum

slopes of T4-; the height of the 70-km–wide

eastern part isÈ1000 m. These dimensions are

comparable to thick flows on Ariel (13) and

would require an implausibly large amount of

geothermal heat to be expressed over time as

cryomagma. An alternative interpretation that

we prefer, given the diffuse appearance of the

feature, is that brightness is related to a

compositional or textural gradient on the

surface of a much thinner flow.

Given Titan_s unique combination of atmo-

sphere and temperature, the interpretation of

these data is necessarily speculative until

coverage is increased and is obtained from

multiple instruments. Most notable is the lack

of unambiguous impact craters visible in the

SAR strip. Objects producing craters smaller

than È20 km would be screened by Titan_s
present atmosphere (14, 15). Heavily cratered

terrains on other large saturnian satellites

typically have 200 to 400 craters per 106 km2

larger than È20 km (16); we should expect to

find 100 to 200 craters here if this were an

ancient surface. With no fresh craters and only

a few degraded candidates, the resurfacing rate

must be considerably higher than the impact

cratering rate. We conclude, therefore, that this

part of Titan_s surface is geologically young.

Crater obliteration may be due to burial, either

by deposition of stratospheric photochemical

debris or direct accretion and windblown dep-

osition; pluvial erosion or deposition; tectonic

processes; or cryovolcanism. The lobate units,

channels, and other flow-like features suggest

pluvial or volcanic processes; the presence of

apparent volcanic constructs and a simple cal-

culation of available resurfacing materials (17)

favor cryovolcanism.

The SAR and scatterometer observations

are consistent with previous Earth-based data,

even though the wavelengths and the specific

areas observed differ. Arecibo (wavelength 0
13 cm) observations of Titan show a diffusely

scattered component, with a weak specular

component present for about 75% of the

observation (18), indicating smooth surfaces

with slopes as shallow as 0.2- and Fresnel

reflectivities of several percent. The specular

component has not been seen in radar obser-

vations of other icy solar system bodies; it

requires the existence of regions that are nearly

flat at subcentimeter scales. However, diffuse

reflection of most of the echo power requires

near-surface structural complexity (e.g., rough-

ness or fractures and voids) at scales Q0.5 cm.

Surface roughness alone from geochemically

plausible minerals would be too weak to

produce the observed echoes. Therefore, al-

though surface roughness per se may contrib-

ute to variations in the radar brightness, we

concur with Campbell and co-workers (18) and

attribute the bulk of Titan_s radar echo (away

from the specular peak in Fig. 3) to volume

scattering, in which case multiple scattering in

icy materials is known to be able to produce

strong returns.

Titan_s scatterometry, with both specular

and diffuse components, in some ways resem-

bles those of the Moon and the inner planets

(19), albeit at a much higher magnitude. Such

large variations in radar brightness in both

components suggest that Titan_s near-surface

structure and composition are heterogeneous.

Volume scattering depends critically on the

transparency of themedium (20, 21) andwould

be much greater for nearly pure water ice Eas
on the icy Galilean satellites (22)^ than if ab-

sorbing material such as ammonia or silicates

were present, as may be the case for Iapetus

(23) and comets (24). Therefore, variability in

composition remains an important candidate

to explain variations in radar reflectivity, al-

thoughwe believe volume scattering in low-loss

media to be an important effect, particularly

in the SAR-bright regions.

At global scale, Titan differs from cold, icy

surfaces such as Europa and Ganymede, where

microwave emissivities of 0.5 to 0.6 and high

radar reflectivity indicate the dominance of

Fig. 4. Comparison of radar scatterometry and radiometry with near-IR albedo for a subset of the
region in Fig. 3. Simple cylindrical projection is shown, with north at top. Star indicates approximate
landing site of Huygens probe. (A) Backscatter cross section s0 normalized to constant incidence angle
according to model curve from Fig. 3A. Black indicates data gaps where scan raster separation
exceeded beam width. (B) Deviation of brightness temperature T0 from model, plotted with reversed
grayscale to facilitate comparison. (C) Portion of ISS image mosaic (9). Negative correlation between
scatterometry and radiometry is near-perfect, given slightly coarser resolution of latter. Radar-ISS
correlation is also strong but has noteworthy exceptions such as extremely radar-bright, low-emissivity
spot within Xanadu Regio at 120-W, which is undistinguished optically.

Fig. 5. Cassini radar altimetry
profile. Leftmost data shown are
near 10-W, 29-N, trending south-
southeast. Raw elevations relative
to a 2575-km sphere (gray) have
been smoothed by convolution
with a Gaussian function with
standard deviation È7 km (solid
black line) to suppress the point-
to-point variations (root mean
square È20 m) due to noise; bi-
directional slopes were calculated
from the smoothed elevations.
Horizontal resolution is limited by
beam width to È25 km. Only
elevation changes within the pro-
file are significant, given current
errors in trajectory information used to reduce the data.
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volume scattering from the subsurface rather

than from a simple dielectric half space (25). A

much more complicated model for Titan, in-

volving multiple surface layers and composi-

tional heterogeneities, may be required to

reconcile the Cassini scatterometry and radi-

ometry observations. All materials posed as

candidates for Titan_s surface other than those
containing ammonia are expected to have very

low microwave absorption at temperatures

È100 K, and would have to be tens of meters

deep to produce the observed emission.

The strong correlation between radiometry

and optical data (Fig. 4, B and C) is not

understood. The strong correlation between the

SAR-bright and SAR-dark features and radio-

metrically cold and warm regions, respectively

(Fig. 4, A and B), also suggests that volume

scattering is one cause of the SAR-bright

regions. If the SAR brightness were solely

due to slopes, the correlation with brightness

temperature would be positive. Surface rough-

ness alone would have a small effect on

thermal emission at the SAR viewing angle.

A possible hypothesis is that (i) the optically

brighter and colder areas are fractured or

porous ice, producing volume scattering and

resulting low emissivity, as on the surfaces of

Europa and Ganymede; and (ii) the optically

darker, warmer, high-emissivity areas have a

lower average dielectric constant, being com-

posed of either an organic sludge (26, 27) or a

porous material of high dielectric constant,

such as water ice.

The location of reservoirs of organic liquid

is unclear, although patches of SAR-dark

material occupy È1% of the swath and may

well represent concentrations of organics. So

far, these patches have been too small to

resolve with radiometry. Shallow deposits of

liquid hydrocarbons could, however, be trans-

parent to microwaves, as is the case for cold

and pure water ice (28). Alternatively, the

liquid hydrocarbons could be masked by

floating solids. All materials likely on Titan

would sink in liquid ethane and methane, with

the exception of the polymerized product of

acetylene (polyacetylene), itself the most abun-

dant solid product of stratospheric photolysis

(29). Some forms of polyacetylene exhibit mi-

croporous structures with density È0.4 g/cm3,

lower than any expected combination of

methane, ethane, and nitrogen in surface liq-

uid form (28, 29). This material is a weak

semiconductor and, if suspended or floating on

liquids, it could appear relatively bright to

radar and optical sensing and would contribute

enough small-scale roughness to suppress the

specular reflection at optical wavelengths.

From even this limited view of its smallest

details, it is clear that Titan_s surface is com-

plex and young, although we note again that

only 1% of it has been imaged by SAR. As we

progress through the mission, we expect SAR

coverage of more than 25% of the planet, near-

global radiometry and scatterometry coverage,

and tens of altimetric profiles, providing

increasingly instructive information about the

processes at work on Titan.
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Temperatures obtained from early Cassini infrared observations of Titan show a
stratopause at an altitude of 310 kilometers (and 186 kelvin at 15-S). Stratospheric
temperatures are coldest in the winter northern hemisphere, with zonal winds
reaching 160 meters per second. The concentrations of several stratospheric organic
compounds are enhanced at mid- and high northern latitudes, and the strong zonal
winds may inhibit mixing between these latitudes and the rest of Titan. Above the
south pole, temperatures in the stratosphere are 4 to 5 kelvin cooler than at the
equator. The stratospheric mole fractions of methane and carbon monoxide are (1.6 T
0.5) � 10j2 and (4.5 T 1.5) � 10j5, respectively.

Unlike other moons in the solar system, Titan

has a substantial atmosphere and offers an in-

teresting comparison with Earth and the other

planets. Its pressure at the surface is 1.5 times

Earth_s, but its temperature is much colder, 90

to 94 K (1–3). Like Earth, Titan_s atmosphere

is primarily N
2
, but CH

4
(not O

2
) is the next–

most abundant constituent. Dissociation of CH
4

and N
2
by ultraviolet sunlight and energetic

electron impact leads to a rich mixture of or-

ganic compounds (4–6). Titan_s winter polar

atmosphere may be analogous to the terrestrial

Antarctic ozone hole but with different chem-

istry. Infrared observations from the Voyager

spacecraft indicated cold stratospheric tem-

peratures, strong circumpolar winds, and an

enhanced concentration of several organic com-

pounds in the north-polar region, which was

coming out of winter in 1980 to 1981 (7–9).

This enhanced concentration suggests that the

winter polar atmosphere was isolated from

that at low latitudes. Titan has a 16-day period

and rotates slowly, like Venus. Both have at-

mospheres that rotate globally much faster

than their surfaces. Unlike Venus, however,

Titan has a large seasonal modulation in its

stratospheric temperatures and winds (2, 7).

Here we summarize results from early

Cassini orbiter observations of Titan by the

Composite Infrared Spectrometer (CIRS). The

observations were made on 2 July 2004 (flyby

T0), shortly after Cassini was inserted into

orbit around Saturn, and on 13 December 2004

(flyby TB). CIRS consists of two Fourier-

transform spectrometers, which together mea-

sure thermal emission from 10 to 1400 cmj1

(wavelengths 1 mm to 7 mm) at an apodized

spectral resolution selected between 0.5 and

15.5 cmj1 (10, 11). The far-infrared interfer-

ometer (10 to 600 cmj1) has a 4-mrad field of

view on the sky. The mid-infrared interferom-

eter consists of two 1 � 10 arrays of 0.3-mrad

pixels, which together span 600 to 1400 cmj1.

Like Earth, Titan has a well-defined strato-

sphere. It has been well characterized at

altitudes up to È225 km by Voyager radio-

occultation and infrared observations (1, 7, 8)

and also by the Infrared Space Observatory

(12). Titan stellar occultations have been used

to probe the mesosphere at altitudes of 300

to 500 km (13, 14). In this region, the re-

trieved temperature profiles show great vari-

ability, possibly because of the influence of

vertically propagating waves. The accuracy

of the retrieved temperatures decreases at al-

titudes below È300 km because of the un-

certain contribution of aerosol absorption to

the signal. None of these observations defined

the stratopause, which is the maximum in the

temperature profile separating the mesosphere

from the underlying stratosphere. The strato-

pause temperature and its location are deter-

mined by the vertical variation of aerosol

heating, infrared cooling to space by C
2
H
6
,

and, to a lesser extent, heating of CH
4
in its

near-infrared bands (15). At these altitudes,

CH
4
is well mixed, but the aerosols tend to de-

crease with altitude and C
2
H
6
increases slowly

with altitude (6). The spatial resolution of the

mid-infrared detector arrays allowed CIRS to

observe Titan_s atmosphere on the limb, where

the line of sight extends through the atmo-

sphere to deep space. In this mode, the altitude

coverage and vertical resolution was deter-

mined by the array pixels (11). Figure 1A shows

that vertical profiles up to the 0.01-mbar

level (410 km) are feasible. At 15-S, a well-

defined stratopause is evident near 0.07 mbar

(310 km) with a temperature of 186 K.

CIRS mapped stratospheric temperatures

over much of Titan (Fig. 1, B and C) in the

second half of 2004, with its mid-infrared ar-

rays in the nadir-viewing mode. This corre-

sponded to early southern summer (solstice

was in October 2002). The warmest temper-

atures were near the equator. Temperatures

were moderately colder at high southern lati-

tudes (by 4 to 5 K near 1 mbar), but they were

coldest at high latitudes in the north, where it

was winter. The thermal wind equation re-

lates the variation of zonally averaged tem-

peratures with latitude to the variation of the

mean zonal winds along cylinders parallel to

Titan_s rotation axis (16). The derived zonal

winds (Fig. 1D) were weakest at high southern

latitudes and increased northward. The maxi-

mum winds were at low and mid- northern

latitudes, reaching 160 m sj1 between 20-
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and 40-N. The zonal winds at the 10-mbar

level in Fig. 1D, which are not known, were

set to zero. The errors from this assignment

should not materially affect the displayed

winds where they were strong, at low latitudes

and in the north. The largest relative errors are

likely to be at high southern latitudes, where

the derived winds were smallest (16).

The CIRS observations, taken with earlier

studies, indicate that the strongest zonal winds

migrate seasonally in the stratosphere. Voyager

infrared observations, taken in 1980 shortly af-

ter the northern spring equinox, indicated that

the strongest winds were at mid- and high

northern latitudes, and also at high southern

latitudes (8). Subsequent stellar-occultation

central-flash data provided information on the

winds on the 0.25-mbar isobar in the upper

stratosphere. An occultation of Sgr 28 in 1989,

during northern summer, showed a strong jet

(175 m sj1) centered at 65-S (13, 17). A more

complex wind structure was observed in De-

cember 2001, a few months before northern

winter solstice; a 220-m sj1 jet was centered

near 60-N, and a somewhat weaker jet had a

maximum near 20-S, with strong winds extend-
ing to 60-S (18). The CIRS data indicate that

the southern-hemispheric winds have weakened

and the strongest northern-hemispheric winds

have migrated toward the equator (Fig. 1D).

This is not a simple hemispheric reflection of

the high-latitude jet observed during the Sgr

28 occultation, which occurred approximate-

ly one-half–Titan year earlier (13).

The lower temperatures at the south pole

of Titan during early summer are in marked

contrast to the south-polar warming seen in

Saturn_s stratosphere (19). A radiative expla-

nation by itself is not straightforward, because

the radiative relaxation time in Titan_s upper
stratosphere is so short (È1 year, compared

with Saturn_s orbital period of 29.5 years).

Time-dependent radiative models of Titan,

which assume opacities that are uniform in lat-

itude, predict that the south pole near 1 mbar

is 16 to 17 K warmer than the equator at the

current season (20). Instead, it is 4 to 5 K

colder. The gaseous opacity in the stratosphere

Fig. 1. Temperatures and zonal winds in Titan’s atmosphere. (A) Vertical
temperature profile near 15-S, retrieved from a combination of nadir- and
limb-viewing spectra (16). The dashed portions of the curve represent the
regions where temperatures are not well constrained by the spectra and
are more influenced by the Voyager radio-occultation profiles (1) and ra-
diative mesospheric models (15) used as the initial estimate. (B) Temper-
atures (K) on the 1.8-mbar isobar, obtained from nadir-viewing spectra
at 3-cmj1 resolution. The map is a combination of observations taken on
2 July 2004, which were primarily in the southern hemisphere at longi-
tudes centered near 0-, and observations on 13 December 2004, which
were in both hemispheres at longitudes centered near 146-W. The hori-
zontal resolution is 5- of great-circle arc. The temperature errors from
instrument noise are 0.2 K at most locations, increasing to È0.4 K at high

northern latitudes, where there are fewer data. (C) Meridional cross section
of stratospheric temperatures (K) averaged over available longitudes [see
(B) for horizontal coverage], with latitude as the horizontal coordinate and
pressure as the vertical coordinate (altitude is indicated on the right). The
errors in zonal-mean temperature from noise range from 0.03 to 0.1 K. (D)
Zonal winds (m sj1), calculated from the temperatures in (C) using the
thermal wind equation for a thick atmosphere (16). Positive numbers in-
dicate eastward velocities. Winds at the 10-mbar level have been set equal
to zero. At low latitudes within the parabola, this boundary condition is
insufficient for calculating the winds, and they have been omitted (16).
At 15- latitude, the noise in temperatures propagates into errors of 6 and
9 m sj1 at the 5- and 0.5-mbar levels, respectively; at higher latitudes
the error decreases roughly as 1/tan (latitude).
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could be heterogeneously distributed so that it

cools less at low latitudes than at high lati-

tudes, whereas fewer aerosols at the south pole

could lead to less solar heating there (21).

The colder south pole may also be a man-

ifestation of a lagged stratospheric cross-

equatorial circulation (8). Although the radiative

relaxation time is short compared with season-

al time scales, temperatures and zonal winds

are coupled because of the thermal wind equa-

tion. The need to transport axial angular

momentum from the hemisphere going into

summer, where meridional temperature gradi-

ents are weakening, to that going into winter,

where the gradients are strengthening, adds

an inertia to the system that causes a phase

lag of about one full season. It may be that the

circulation is transporting angular momentum

northward in early southern summer, with an

attendant upwelling at high southern latitudes

and adiabatic cooling. The vertical velocities

required are small, about 0.05 cm sj1 (16).

Two-dimensional coupled radiative-dynamical

models with parameterized eddy mixing, which

simulate the transport of radiatively active gas-

eous constituents and aerosols, have been de-

veloped to predict Titan_s seasonal behavior.

Although these models have been tuned to re-

produce the stratospheric temperatures observed

by Voyager reasonably well, they fail to ac-

count for the cooler south-polar temperatures

observed now, instead predicting temperatures

È10 K warmer than at the equator (22).

Titan_s atmosphere is rich in organics:

hydrocarbons and nitriles (figs. S1 to S3).

Hydrocarbons form from the photolytic and

catalytic dissociation of CH
4
. Nitriles are

created by dissociation of N
2
from ultraviolet

sunlight and impacts by energetic electrons

from photoionization and the magnetosphere,

followed by reactions with hydrocarbon radi-

cals (4–6). Voyager 1 infrared data (9), which

were obtained during Titan_s early northern

spring, showed that the concentrations of ni-

triles (HCN, HC
3
N, and C

2
N
2
) and the more

photochemically active hydrocarbons (C
2
H
4
,

C
3
H
4,
and C

4
H
2
) were enhanced at high north-

ern latitudes by factors of 10 to 100, compared

with the concentrations at low latitudes. The

CIRS observations in early northern winter

show an enhancement of several of the same

constituents at northern latitudes (Fig. 2), but

by a smaller amount. Indeed, C
2
H
4
now shows

not an enhancement, but a twofold depletion

at high northern latitudes. If the Voyager re-

sults are typical, then one can expect a build-up

of the relative concentrations of these organ-

ic compounds through the winter into early

spring. Numerical simulations suggest that the

enhancement of these species is associated

with an axisymmetric meridional circulation

that subsides in the polar region during win-

ter and early spring (22, 23). Most of the en-

hanced species have larger mixing ratios at

higher altitudes, where they are photochemi-

cally formed. Subsidence brings these enriched

parcels of atmosphere down to the levels of

the observed emission, È1 to 10 mbar (9).

Subsidence also brings the species into winter

shadow, where they are shielded from further

photodissociation (24). For the enhancements

to persist at high northern latitudes, lateral mix-

ing with the atmosphere at other latitudes must

be inhibited, compared with the transport by

the meridional circulation.

Titan_s strong circumpolar winds (Fig. 1D)

may facilitate this isolation, which is also a

critical ingredient of the terrestrial Antarctic

polar vortex during winter (25). There, the

concentrations of species such as CH
4
and HF

imply strong descent from the mesosphere

well into the stratosphere, and these gases

have sharp gradients across the polar vortex

(26). Indeed, the whole process leading to the

ozone hole within the vortex—the cold polar

temperatures leading to the formation of strato-

spheric clouds, which denitrify the polar atmo-

sphere by heterogeneous chemistry, liberating

gaseous Cl
2
; its photodissociation in the spring

into Cl, which in turn irreversibly destroys O
3
—

requires the polar air to be isolated from the

warmer, lower-latitude air that contains reac-

tive nitrogen compounds (25). Planetary waves,

which normally efficiently mix air masses, are

unable to penetrate the polar vortex until later

in spring, when polar temperatures rise and

the circumpolar winds weaken. Planetary-scale

waves on Titan have not been well character-

ized yet. The CIRS observations indicate that

any thermal contrasts associated with waves

are small at present. The maximum zonal vari-

ation in temperature observed in the available

coverage shown in Fig. 1B is G1 to 1.5 K.

In the southern hemisphere, where it was

summer, the hydrocarbons and nitriles were

more uniformly distributed with latitude (Fig. 2).

The numerical simulations (23) attribute such

flat structure to rising motions in the summer

hemisphere, bringing material impoverished in

the trace organics from altitudes below their

condensation level in the lower stratosphere.

An interesting result pertains to C
2
H
4
. Recent

analysis of Keck broad-band filter observations

acquired from 1999 to 2002 suggests that C
2
H
4

was 12 to 20 times as abundant in the south-

polar region as at the equator (27). The CIRS

data show little enhancement at the south pole.

The relevant C
2
H
4
photolysis rate Efrom (28),

adapted for full illumination and l 9 160 nm^
is 2 � 10j7 s–1, or a 60-day lifetime for an

individual molecule. Although a 12- to 20-fold

enhancement in C
2
H
4
could be removed in 150

to 180 days photochemically, it is not clear

what caused the enhancement reported from

the Keck data, because the period of ob-

servation was already middle to late spring in

the southern hemisphere, a period when rising

motions are predicted (23), and the diurnally

averaged solar illumination changes slowly.

CH
4
is a condensable gas in Titan_s tropo-

sphere. Analysis of Voyager_s far-infrared and

radio-occultation data indicate that its mole

fraction near the surface ranges from 0.06 at

low latitudes to 0.02 at high latitudes (3). The

lifetime of CH
4
in Titan_s atmosphere is only

4 � 107 years (29), and it requires a surface or

interior source if the current inventory is typi-

cal of Titan_s long-term history. The distribu-

tion of stratospheric CH
4
is probably uniform

(17). Analyses of Voyager_s infrared observa-

tions (in the n
4
band of CH

4
near 1300 cm–1)

and radio-occultation soundings led to esti-

mates of the CH
4
stratospheric mole fraction

in the range 0.005 to 0.045 (table S1). Part

of this uncertainty resulted because the CH
4

n
4
-band line-formation region is near 1 mbar,

where Voyager radio-occultation data have large

Fig. 2. Meridional distribution of several hydro-
carbons and nitriles, retrieved from the spectral
regions displayed in fig. S3, but at a resolution
of 3 cm–1 (16). The vertical distribution of the
gases was assumed to be uniform above the
condensation level in the lower stratosphere.
The temperature profile in Fig. 1A was used as
an initial estimate, and the stratospheric tem-
peratures were retrieved at different latitudes
from radiances in the n4 band of CH4. The er-
rors indicated include those from noise in the
spectral region containing the emission lines of
the individual molecules, as well as from noise
in the retrieved stratospheric temperatures.
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errors. Uncertainties in the argon abundance

and the cold-trapping constraint applied in the

tropopause region also contributed to the errors

in the estimated CH
4
mole fraction. The use

of the pure rotational lines of CH
4
in the far-

infrared (fig. S2B) eliminates many of these

ambiguities. The line-formation region is in

the stratosphere between 3 and 20 mbar (140 to

80 km altitude), which mostly lies between the

two regions accessible to direct-temperature

sounding, the upper troposphere and tropopause

region between 500 and 50 mbar (20 to 60 km),

and the upper stratosphere between 5 and

0.5 mbar (130 to 230 km). Nevertheless, in-

terpolation between the two altitude ranges

constrains the temperatures sufficiently to make

an improved determination of the stratospheric

CH
4
abundance. The optically thick n

4
band is

not too sensitive to the CH
4
abundance, but is

more sensitive to the stratospheric temper-

atures, because it is on the Wien tail of the

Planck function. The rotational lines are almost

optically thin, and therefore they are more sen-

sitive to the stratospheric CH
4
abundance but

less sensitive to temperature, because they lie

at wave numbers below those at the peak emis-

sion (fig. S1) (30). Figure S4 illustrates fits for

synthetic spectra with different CH
4
mole frac-

tions. The best fit in a least-squares sense to

all the rotational lines corresponds to a mole

fraction of (1.6 T 0.5) � 10j2. This is compa-

rable to the mole fraction determined at 1000-

to 1200-km altitude from remote-sensing and

in situ measurements (table S1), indicating that

CH
4
is fairly well mixed up to these altitudes.

In addition to containing CH
4
, the far-

infrared contains rotational lines of stratospher-

ic emission from CO and HCN (fig. S2A).

The rotational line-formation region of CO is

similar to that of CH
4
. We find from a least-

squares fit of all the lines observed in indepen-

dent selections of spectra from the T0 and TB

flybys that the CO mole fraction is (4.5 T 1.5)�
10j5, assuming that it is uniform with altitude

(31). This is consistent with the determination

E(5.0 T 1.0)� 10j5^ by Gurwell and Muhleman

(32), and marginally consistent with what

Hidayat et al. (33) inferred below the 1-mbar

level from disk-averaged heterodyne millime-

ter observations E(2.5 T 0.5) � 10j5^. Within

the errors, it is also consistent with the tropo-

spheric value E(3.2 T 1.0)� 10j5^ derived from
5-mm spectra (34), although one cannot rule out

that the stratosphere has a higher concentration.

One might expect the mole fractions of CO in

the stratosphere and troposphere to be more or

less equal, because CO does not condense at

the temperatures and abundances observed, and

the time constant for photochemical adjustment

under current conditions is È109 years (4).
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R E P O R T

The Cassini UVIS Stellar Probe of the
Titan Atmosphere

Donald E. Shemansky,1* A. Ian F. Stewart,2 Robert A. West,3 Larry W. Esposito,2 Janet T. Hallett,1 Xianming Liu1

The Cassini Ultraviolet Imaging Spectrometer (UVIS) observed the extinction of
photons from two stars by the atmosphere of Titan during the Titan flyby. Six
species were identified and measured: methane, acetylene, ethylene, ethane,
diacetylene, and hydrogen cyanide. The observations cover altitudes from 450 to
1600 kilometers above the surface. A mesopause is inferred from extraction of the
temperature structure of methane, located at 615 km with a temperature minimum
of 114 kelvin. The asymptotic kinetic temperature at the top of the atmosphere
determined from this experiment is 151 kelvin. The higher order hydrocarbons and
hydrogen cyanide peak sharply in abundance and are undetectable below altitudes
ranging from 750 to 600 km, leaving methane as the only identifiable carbonaceous
molecule in this experiment below 600 km.

On 13 December 2004, the Cassini UVIS

observed the occultation of two stars, Shaula

(l Sco) and Spica (a Vir) near the end of the

second Titan flyby (labeled T
B
). Both mea-

surements of atmospheric transmission were

obtained in egress: Spica was in the northern

hemisphere over a range of latitudes and

Shaula at a southern latitude, –36- (fig. S1).
Observations were made with the extreme

ultraviolet (EUV) and the far ultraviolet

(FUV) UVIS channels (1). Data from Spica

were compromised by spacecraft pointing drift

but provide useful comparative atmospheric

structural information at lower altitudes (2).

The spectral range of the FUV observations

(110 nm to 190 nm) is effective for the

identification and determination of the hydro-

carbon species abundances. These complement

and extend solar occultation results from

Voyager 1 and 2 in 1980 to 1981 (3, 4) into

the range 900 to 1200 km for CH
4
. Our data
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cover altitudes of 450 to 1600 km, showing

the presence of a mesopause at 615 km. The

distribution of higher order hydrocarbons and

HCN in the results reported here shows a

distinct divergence from inferences in the

recent reanalysis (4) of the Voyager data.

We begin the description of the properties

of the photon transmission at low altitudes,

where the stellar photons are first detected in

egress. Although the Spica results were

affected by pointing drift at high altitude, a

useful comparison can be made with Shaula at

low altitudes (2), where transmission proper-

ties of species, other than the N
2
, hydro-

carbons, and HCN identified here, determine

the observed photon flux. In the spectral

region 180 to 190 nm defined as c (2), ex-

tinction by the carbonaceous species (and N
2
)

considered here is negligible. The Spica oc-

cultation occurred in the northern hemisphere

over a latitude range of 70- to –30-, whereas
Shaula occurred at a nearly constant –36-
latitude (fig. S1). Measurable signal begins

(first light) in c at 293 km in Shaula data and

279 km in Spica (fig. S2). The extinction of

radiation in region c below 300 km and ex-

tending to below 200 km is attributed to spe-

cies other than those identified in the UVIS

spectra. The altitude difference (14 km) in

first light between Shaula and Spica is

attributed to global nonuniformity in atmo-

spheric structure, because the asymptotic scale

heights in the two data sets differ by 50%

(11.1 and 7.5 km), with extinction a factor of

4 to 5 deeper for Shaula compared with Spica

at 360 km (fig. S2), whereas the transmission

curves match almost exactly above 500 km.

The species in this region of the atmosphere

do not have an identified spectral signature but

are important components affecting the ther-

mal and dynamic structure (5, 6) that con-

stitutes a major target of the Cassini Program.

Aerosols are probably responsible for the ex-

tinction in this region. The narrow feature at

510 km in the Shaula profile may be the scatter-

ing haze seen in reflected sunlight in the Cassini

Imaging Science Subsystem (ISS) (7). The data

analyzed here are composed of sets of five

contiguous exposure records that contain the

spectral signals integrated over intervals of

approximately 20 km of vertical atmospheric

structure. The effective impact parameter al-

titude for analysis of each group of five mea-

surements is determined by weighting against

the estimated atmospheric scale height. Themin-

imum scale height in the CH
4
data is È40 km.

The reduction process to obtain species

line-of-sight (LOS) abundances, by necessity,

was carried out by simulation of the instrument

response to modeled spectra, because of sub-

stantial internal scattering effects in the

combined optical and detector system. The

absorption structures of the six species recog-

nized in the data have distinctive spectral

shapes, but they are heavily overlapped. The

data-reduction process was therefore carried

out by iterative fitting of each of the observed

absorption spectra by forward synthesis (2).

Figure 1 shows the derived altitude distribution

of abundance (molecules cm–2). Uncertain-

ties in the derived values, including a large

component attributed to problems with the

experimental cross sections of the higher hy-

drocarbons and HCN discussed in the supple-

mentary online materials (2), are shown inFig. 1.

The photoabsorption cross sections (8–20)

used here are the most recently available. The

absorption spectra allow measurement of six

species in the Titan upper atmosphere: CH
4
,

C
2
H
2
, C

2
H
4
, C

2
H
6
, HCN, and C

4
H
2
(methane,

acetylene, ethylene, ethane, hydrogen cyanide,

and diacetylene) (Fig. 1).

The most important properties of the de-

rived abundances from the present experiment

plotted in Fig. 1 are the presence of a distinct

change in slope in all of the species near 800

km altitude and the sudden leveling off of the

LOS abundances of the higher hydrocarbons

and HCN below 750 and 600 km. Model cal-

culations fitting the CH
4
abundance data are

shown plotted over the data in Fig. 1. The

model fit to the data provides an extraction of

the density, fundamental scale height, and

temperature profiles of this species. This

detailed model calculation, described below,

was limited to CH
4
in the present work. The

leveling off in the abundances of the higher

order hydrocarbons and HCN below 750 and

600 km is an indicator that these species are

not measurably present below these altitudes.

The latter result is strongly divergent from the

recent reanalysis of the Voyager solar occul-

tation (4). The observed changes in the profiles

of the higher order hydrocarbon and HCN dis-

tribution indicate that these species are subject

to strong photochemical source-and-sink pro-

cesses. Figure 1 includes abundance values for

CH
4
from the Voyager experiment (4) and cal-

culated LOS values from the Cassini IonNeutral

Mass Spectrometer (INMS) experiment inbound

density measurements from the first Titan flyby

(labeled T
A
) provided by Yelle (21).

We obtain values of species number den-

sities from the abundances shown in Fig. 1 by

assuming that the atmosphere is hemispheri-

cally uniform, because the observations are

intrinsically an integration along the LOS

through the extent of the atmosphere. The

derivation of the density, scale height, and

temperature distribution of CH
4
is obtained

assuming a hydrostatic atmosphere. The trans-

mission of the stellar flux through the atmo-

sphere is developed through the relations

ln
In

I0n

� �
0 j2

Z ‘

0

knd‘ ð1Þ

kn 0 snnð‘Þ ð2Þ

tn 0 kn‘̄‘ ð3Þ

h 0 n̄nð‘Þ‘̄‘ ð4Þ
where ‘ (cm) is location along the path of the

flux through the atmosphere, k
v

is the

absorption coefficient (cm–1), t
v
is optical

depth, n(‘) (cm–3) is gas number density, s
v

(cm2) is the scattering or absorption cross

section, In
0 is the incident differential stellar

flux, and In is the emergent differential flux

observed by the spectrograph. The quantity

h
i
(h) (cm–2) is the abundance for species i,

and the bar quantities are effective values.

We based our analysis on the quantity In/In
0

so that no absolute values of stellar flux are

required. An example of a ln(In/In
0) spectrum

containing observed data compared with the

model simulation used to extract absorber
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Fig. 1. Derived abun-
dances of hydrocarbon
species and HCN iden-
tified in the UVIS oc-
cultation of Shaula at
Titan flyby TB. The data
are plotted in base
10 logarithm of abun-
dance (cm–2) against
line-of-sight impact
parameter h. A model
fit to the CH4 data is
shown superimposed,
which has allowed
derivation of tempera-
ture, scale height dis-
tribution, and number
density as functions of
altitude. The calcu-
lated abundance of CH4 derived from the INMS data (21) from flyby TA (fig. S1) is also included.
The Vervack et al. (4) derivation of CH4 abundance from the Voyager encounter is also plotted,
indicating close conformance with the INMS-derived values (21).
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abundances, h
i
(h), is shown in Fig. 2. Re-

ducing the values of h
i
(h) to atmospheric

vertical density distribution requires, effec-

tively, differentiation of h
i
(h) as a function of

LOS impact parameter, h, the minimum

vertical altitude in the atmosphere. Direct

differentiation of h
i
(h) is not practical, and in

practice the density must be derived through

an iterative forward-modeling process. The

fundamental equation connecting pressure P

and mass density r
i
(h) at altitude h is

dP 0 jgrdh ð5Þ

dP

P
0 j

1

HðhÞ dh ð6Þ

HðhÞ 0 kTðhÞ
m̄mðhÞgðhÞ ð7Þ

riðhÞ 0 niðhÞmiðhÞ ð8Þ

where H is scale height, and g(h), m(h), and

T(h) (gravitational acceleration, effective mass,

and temperature, respectively) are altitude-

dependent quantities, as indicated. The number

density n
i
(h) is obtained from

riðhÞ0
riðh0ÞTðh0Þ

TðhÞ exp

Z h

h0

j
m̄mðhÞ
k

gðhÞdh
TðhÞ

� �

ð9Þ

n
i
(h) must then be derived from h

i
(h) through

the relation

hðhÞ 0 2:

Z ‘

0

nð‘; hÞd‘ ð10Þ

These equations relate to a hydrostatic atmo-

sphere and for this reason are limited in ap-

plicability to the globally nonuniform Titan

atmosphere. If the atmosphere is not simple,

as is the case for Titan, Eq. 10 must be solved

iteratively on the distribution of h
i
(h) to

extract n
i
(h), m(h), T(h), and ultimately H(h)

Eg(h) is, of course, a known quantity^. The
quantity m(h) has a complex dependence on

atmospheric dynamics in this case (22), but

there are constraints that limit behavior. Low in

the atmosphere, it is safe to assume a fully

mixed structure, so m(h¡) is fixed to the

value 28 atomic mass units (amu), determined

by the dominant N
2
component. It is this fac-

tor that constrains T(h) for CH
4
in our analysis

at altitudes up to 700 km. The derived tem-

perature and scale height distribution for CH
4

is given in Fig. 3. Solutions to higher altitude

then involve a collision frequency and bulk

motion (diffusion) dependent transition to the

asymptotic diffusive-separation value ofm(h) 0
16 amu for CH

4
. The departure from a mixed

to diffusively separated atmosphere is indi-

cated in Fig. 3 in the plot of the inferred N
2

scale height profile, shown as open triangles

above 800 km, to be compared to the closed

triangles. This result does not coincide with

the analysis of the Cassini INMS experiment

(23) but does agree approximately with recent

model calculations (24–26).

The atmospheric kinetic temperature ex-

tracted from the derived CH
4
abundance de-

clines rapidly with increasing altitude from

173 K at 450 km to 114 K at 615 km and rises

at higher altitudes to 151 K at the top of the

atmosphere. The location of the minimum

temperature coincides approximately with the

location of maximum abundance of HCN and

the higher order hydrocarbons and marks the

location of maximum infrared radiative

cooling to space (Fig. 1). The kinetic temper-

ature at the top of the atmosphere is, within 5%,

in agreement with the results of the in situ

Cassini INMS (23) (149 K) at the first Cassini

encounter (T
A
). Above 1200 km, the scale

height depends on altitude according to the var-

iation in g(h), with constant m(hd) 0 16 amu

and kinetic temperature rising from 148 K

to a terminal 151 K. The modeled values of

CH
4
abundance shown in Fig. 1 are based on

the iteratively determined CH
4
scale heights

and temperatures given in Fig. 3. The sharp

decline in temperature from an altitude of

450 km to 615 km required to fit the Shaula

CH
4
abundance distribution has a temperature

lapse rate of –1 K/km at 450 km and a mean

of –0.37 K/km to the mesopause (for Earth,

–6 K/km between stratopause and meso-

pause), compared with a predicted adiabatic

lapse of –0.94 K/km. Figure 3 includes a plot

of the Voyager results from the radio occulta-

tion (27) measurements showing the derived

lower atmosphere temperature structure from

ground level to 200 km, leaving a gap between

200 km and 450 km with the present results.

The Yelle et al. (28) recommended and min-

imum engineering models of vertical temper-

ature distribution are also shown in Fig. 3.

The solution of Eq. 10, confined by the

abundance values derived from the observa-

tions, to obtain the temperature and scale

height profiles proceeds through the integra-

Fig. 2. Example of
observed Shaula trans-
mission spectrum from
the Cassini UVIS FUV
spectrograph, compared
with a model synthesis
of the absorbers CH4,
C2H2, C2H4, C2H6,
HCN, and C4H2 at
weighted mean im-
pact parameter h 0
868.4 km. Abundance
values of the absorb-
ers (cm–2) are given. A
distinct deficiency in
the fit to the observed
transmission spectrum
appears at 144.5 nm
and 164.5 nm, identi-
fied as Rydberg resonances in C4H2. The experimental data for C4H2 are saturated in these features
and cannot reproduce the observed spectrum at these locations. At deeper locations in the atmo-
sphere, modeled C2H2 resonances that are satisfactory in the spectrum shown here are no longer
adequate because of temperature dependence in the absorption properties. Structure near the H Lya
line in the stellar spectra is caused by the dominance of internal instrumental scattering where the
stellar flux is negligible.
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Fig. 3. Scale height (H)
and temperature (T) de-
rived for CH4 from a
model fit to the UVIS
FUV abundance data
shown in Fig. 1. The
inferred scale height for
N2 is shown, indicat-
ing the location of de-
parture from a mixed
atmosphere in this anal-
ysis. The Voyager radio
occultation results (27),
giving temperature distri-
bution from 0 to 200 km,
are included for com-
parison, along with the
Yelle et al. (28) recom-
mended and minimum engineering models. The recommended model (28) is based on the original
analysis of the Voyager Titan occultation, which reported a top-of-atmosphere temperature of
178 K.
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tion of Eq. 9, directly provides an extraction

of the species density distribution. The

densities for CH
4
obtained in this way are

shown in Fig. 4. The densities of the remaining

species are estimated by rough approximation

to the modeling process described here for

CH
4
. The densities at selected altitudes for the

measured species, compared with recent

model calculations (24), are shown in Table 1.

The analysis from the Vervack et al. (4, 29)

work on the Voyager encounter data is in-

cluded in Fig. 4. A model fit to the INMS (23)

data, beginning at 1174 km, is also shown in

Fig. 4, extended through the post-T
A

model

calculations by Yelle (21). The INMS (23)

densities fall below the present values by a

factor of 2 at 1200 km. Important aspects of the

comparison of these results are that the INMS-

Yelle CH
4
densities parallel the present values

above 1200 km (which indicates both to be dif-

fusively separated distributions at essentially

the same temperature) and that below 1200 km,

the Vervack et al. and INMS-Yelle results

show smaller CH
4

scale heights than the

present work (Fig. 4). This trend is consistent

with the high-altitude transition to a mixed

atmosphere in the former inferred isothermal

structure, compared with the downwardly de-

creasing temperature in the present results with

a significantly lower homopause. It is plausible

that these differences are driven by atmospher-

ic dynamics (30, 31), because the Voyager and

INMS observations were obtained across the

terminator and the UVIS LOSwas primarily in

the dark southern hemisphere atmosphere (fig.

S1). We regard this difference as probably

driven by global nonuniformity in atmospheric

structure rather than reflecting actual dif-

ferences in data extraction in the two experi-

ments, but there is certainly room for error on

either side of this issue. The Voyager ingress

and egress results straddle Shaula at 900 km

(Fig. 4). Model (24) calculations agree within

uncertainty with our determination of CH
4

density at the lower altitudes, but the model

shows a trend (Fig. 4 and Table 1) from low to

high altitude consistent with differences in

applied temperature structure. In contrast, our

data show greater densities than the model (24)

for the higher hydrocarbons and HCN by

factors of at least 2 (Table 1). The consistently

larger derived densities for all of these species

suggest that the differences are physically real.

The Cassini UVIS data also imply that the

lower atmosphere is layered (Fig. 1) in the

higher order hydrocarbons and HCN. Below

600 km, the density of these species drops pre-

cipitously to undetectable levels, to mixing ra-

tios four to six orders ofmagnitude below that of

CH
4
. This result is in strong disagreement with

inferred measured densities of higher order hy-

drocarbons and HCN from the Voyager exper-

iment (4) below 600 km. The implied lack of

efficient radiators below 600 km provides a pri-

mary reason for the rise in the derived kinetic

temperature below 615 km shown in Fig. 1.

This structure is different from that implied

in photochemical models of the Titan atmo-

sphere, in large part because atmospheric hazes

are the least understood components of the

Titan atmosphere. No publishedmodels to date

directly address the thermal, radiative, and

collisional accommodation properties of the

haze in constraining the atmospheric thermal

structure (24, 26, 32).

The UVIS occultation experiment at the

Titan T
B
flyby thus shows the presence of a

mesopause with a relatively deep minimum in

temperature in the dark south latitude atmo-

sphere. The inference is that this is a structure

similar to Earth_s mesopause, where the effect

of radiative cooling in reducing atmospheric

temperature is balanced by the downward

flow of heat from the thermosphere. Normaliz-

ing to the density of N
2
established at 1174 km

by the INMS experiment, our predicted den-

sity of N
2
at 615 km using the UVIS tempera-

ture profile is 4 � 1013 cm–3. This is a high

value, and it remains to be seen whether this

is compatible with the density profile from the

surface up to 200 km determined by the

Voyager radio occultation or whether atmo-

spheric dynamics seriously affects vertical dis-

tribution in local time (30, 31). Sicardy et al.

(31) report the presence of a strong 200 m s–1

jet at northern latitudes, tapering to zero in

south latitudes, and a well-confined inversion

layer with a temperature increase of more

than 15 K in a span of 6 km near 510 km, in

ground-based stellar occultation observations

spanning the altitude range 250 to 550 km. A

layer of the reported subscale height size (31)

would be attenuated in the UVIS T
B
experi-

Fig. 4. The density
distribution of CH4 de-
rived from the reduc-
tion of the UVIS Shaula
occultation data is com-
pared with the INMS
(21) inbound values
and the ingress-egress
extraction by Vervack
et al. (4, 29) from the
Voyager occultation.
The CH4 densities in
the Wilson and Atreya
(24) model are also
plotted at selected
altitudes. (See Table 1.)
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Table 1. Derived species densities at selected altitudes from the Cassini UVIS experiment compared with
model calculations by Wilson and Atreya (24).

Altitude (km) Number density (cm–3)

h CH4* C2H2. C2H4. C2H6. C4H2. HCN.

454
- 5.5 � 1012 ¬ ¬ ¬ ¬ ¬
` 5.5 � 1012 3.6 � 109 1.3 � 108 6.0 � 109 4.9 � 106 7.4 � 108

500
- 2.5 � 1012 ¬ ¬ ¬ ¬ ¬
` 2.2 � 1012 1.8 � 109 1.4 � 108 2.7 � 109 6.9 � 106 4.1 � 108

615
- 1.6 � 1011 1.4 � 109 ¬ ¬ ¬ 3.1 � 108

` 1.7 � 1011 3.2 � 108 1.2 � 108 3.6 � 108 6.5 � 106 1.0 � 108

707
- 2.1 � 1010 3.9 � 108 ¬ 2.8 � 108 ¬ 3.3 � 108

` 2.6 � 1010 9.9 � 107 8.5 � 107 1.1 � 108 2.4 � 106 4.3 � 107

753
- 1.0 � 1010 P P 2.2 � 108 1.4 � 107 2.1 � 108

` 1.1 � 1010 5.9 � 107 7.1 � 107 6.7 � 107 1.4 � 106 3.0 � 107

845
- 2.4 � 109 1.7 � 108 6.9 � 107 6.8 � 107 9.7 � 106 5.3 � 107

` 2.7 � 109 2.3 � 107 4.1 � 107 2.3 � 107 4.0 � 105 1.7 � 107

914
- 9.6 � 108 5.1 � 107 4.6 � 107 4.1 � 107 9.4 � 106 4.1 � 107

` 1.2 � 109 1.2 � 107 2.3 � 107 9.0 � 106 1.4 � 105 1.1 � 107

1006
- 3.3 � 108 2.0 � 107 2.5 � 107 2.6 � 107 4.3 � 106 3.2 � 107

` 4.5 � 108 4.5 � 106 8.8 � 106 2.4 � 106 3.5 � 104 5.4 � 106

1213
- 4.3 � 107 ¬ P ¬ ¬ ¬
` 8.0 � 107 4.9 � 105 8.0 � 105 1.4 � 105 9.5 � 102 6.2 � 105

1350
- 8.3 � 107 ¬ 9.3 � 106 ¬ ¬ ¬
` 3.0 � 107 1.2 � 105 1.7 � 105 2.6 � 104 7.3 � 102 1.4 � 105

1397
- 1.3 � 107 ¬ P ¬ ¬ ¬
` 2.2 � 107 7.2 � 104 1.0 � 105 1.5 � 104 3.1 � 102 8.3 � 104

*UVIS values estimated uncertainty G T20%. .UVIS values column systematic uncertainties as large as 100%. Point-
to-point uncertainties È30%. -UVIS data values. `Wilson and Atreya model (24). ¬Densities too low to
measure. PDensities not calculated.
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ment. It is clear that the atmosphere in the

range up to 600 km is a very complex system

that will have to be examined over latitude

and season to be understood.
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Ion Neutral Mass Spectrometer Results
from the First Flyby of Titan

J. Hunter Waite Jr.,1 Hasso Niemann,2 Roger V. Yelle,3 Wayne T. Kasprzak,2 Thomas E. Cravens,4 Janet G. Luhmann,5
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Rob Thorpe,9 Jing Xu,1 Bruce Block,1 Ken Arnett1

The Cassini Ion Neutral Mass Spectrometer (INMS) has obtained the first in situ
composition measurements of the neutral densities of molecular nitrogen, methane,
molecular hydrogen, argon, and a host of stable carbon-nitrile compounds in Titan’s
upper atmosphere. INMS in situ mass spectrometry has also provided evidence for
atmospheric waves in the upper atmosphere and the first direct measurements of
isotopes of nitrogen, carbon, and argon, which reveal interesting clues about the evo-
lution of the atmosphere. The bulk composition and thermal structure of the moon’s
upper atmosphere do not appear to have changed considerably since the Voyager 1
flyby.

This Report documents neutral composition

measurements made with the INMS during the

first low-altitude pass through Titan_s upper

atmosphere by the Cassini-Huygens space-

craft on 26 October 2004. During the T15 min

before and after its closest approach, INMS

acquired a rich data set of information on

Titan_s atmospheric composition and structure

covering an altitude range from 3000 to 1174

km. The closest approach occurred at 38.774-
latitude, 88.45- west longitude at a solar local
time of 16.753 hours. The highest priority ob-

jective of the Cassini orbiter during the first

flyby was tomeasure the densities of the major

atmospheric constituents N
2
and CH

4
and the

inferred thermal structure between 1174 and

2000 km, because these data were important

in planning the Huygens probe insertion and

subsequent Cassini orbiter flybys. However,

these measurements and subsequent analysis

yielded substantial scientific results, including

(i) the existence of large-amplitude (È10 K)

and large–spatial scale (È180 km) atmospher-

ic waves between 1100 and 1500 km, (ii) the

identification of a suite of carbon-nitrile com-

pounds at higher altitudes than anticipated

(È1200 km), and (iii) the determination of the

isotopic ratios of nitrogen in N
2
, carbon in

CH
4
, and the abundance of 40Ar as well as an

upper limit for the mixing ratio of 36Ar. We

begin with a brief description of the instru-

ment, then present the data set, and finish

with a discussion of the major results enu-

merated above.

INMS is a dual–ion source quadrapole mass

spectrometer covering the mass range of 0.5 to

8.5 and 11.5 to 99.5 daltons (1, 2). The dual-

source design combines classic closed and

open ionization source configurations designed

to measure inert species and reactive species

and ions, respectively. The primary data re-

ported in this paper were obtained with the

closed source, which is designed to measure

nonreactive atmospheric gases. In the closed

source, the neutral gas flows into a spherical

antechamber where it thermally accommo-

dates with the walls of the antechamber before

flowing through a transfer tube to an electron

ionization source; there, the gas is ionized by

an electron impact at 70 eV. The high flyby

velocity of the Cassini spacecraft with re-

spect to Titan (È6 km sj1) produces a dynam-

ic pressure enhancement in the antechamber,

which increases sensitivity (1, 2). Reactive

species are not measured in this configuration.

Ionization of the primary constituents N
2

and CH
4
by the electron ionization source

produced not only the primary ions N
2
þ and

CH
4
þ but also dissociative fragments (over-
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bars in Fig. 1). It also measured a host of ions

and fragments due to minor atmospheric spe-

cies (H
2
, C

2
H
2
, C

2
H
4
, C

2
H
6
, C

3
H
4
, and Ar).

All of the measurable product channels

were determined during the flight unit and

engineering unit calibrations (with the excep-

tion of C
2
N
2
, C

3
H
4
, C

4
H
2
, HCN, and HC

3
N,

which were obtained from National Institute

of Standards and Technology tabulations) and

are subsequently used in the deconvolution of

the spectra. The spectrum displayed in Fig. 1

(acquired every 4.6 s between the altitudes of

1230 and 1174 km and which can be co-

added to enhance the signal-to-noise ratio)

includes a mass scan covering the range from

1 to 99 daltons. This altitude range was chosen

to be within approximately one atmospheric

scale height of the Cassini closest approach

(CA) altitude. The signal in each mass bin is a

combination of the signals from the ionization

or dissociative ionization of several species.

Calibration data provide the sensitivity and

the distribution of the dissociation products.

Spacecraft velocity and altitude are used to

compute the ram flow enhancement. From this

data, a matrix is constructed relating instru-

mental response for various mass channels to

the atmospheric composition. An inversion of

this matrix with suitable numerical methods

(3) yields abundances for a range of species.

The measurements (and matrix elements) are

weighted by the reciprocal measurement error.

Using two independent methods, we found

the derived volume-mixing ratio of methane

to be between 2.2 and 2.7% (for the first and

second method, respectively) in the upper at-

mosphere. For the first method, we calculated

the average ratio from the mass deconvolu-

tion of the average spectra between 1230 and

1180 km in the ingress data set as described

above; for the second method, we used a dif-

fusion model containing CH
4
and H

2
with an

altitude-independent eddy diffusion coeffi-

cient and temperature as free parameters to

fit the data in the altitude range of 1174 to

1500 km. The temperature structure between

1174 and 1500 km was found to be isothermal

with a temperature (TSD) of 149 T 3 K for the

combined ingress and egress N
2
and CH

4
data

sets (Fig. 2). A weak horizontal temperature

gradient (È2 K/1000 km) was seen between

ingress (145.8 K) and egress (151.8 K). From

Fig. 2 we also note the close agreement of the

present observations with the Voyager ul-

traviolet spectrometer data Ereanalysis by

Vervack (4)^. The extension of the INMS den-

sity profile (solid line) to lower altitudes in

this case is with the assumption of a 149 K

isothermal profile down to 900 km.

Some other important atmospheric quan-

tities can also be derived from the density mea-

surements. An eddy coefficient ofK 0 4.2� 109

cm2 sj1 was determined by fitting the com-

bined set of ingress and egress data (K 0 1.6 �
109 cm2 sj1 was found for ingress data alone

and K 0 8.3 � 109 cm2 sj1 for egress data).

Adequate fits were obtained assuming con-

stant K with altitude. These values imply a

homopause altitude defining the boundary

between the well-mixed and diffusively sepa-

rated portions of the atmosphere; the altitude

was calculated by finding the intersection

between K and the N
2
-CH

4
binary diffusion

coefficient profiles. We found the homopause

at 1195 T 65 km. Finally, the exobase above

which the mean free path of a particle is equal

to the atmospheric scale height was calculated

from the measured densities to be at an alti-

tude of 1429 T 5 km.

We observed strong temperature perturba-

tions superimposed on the isothermal profile

derived from altitude analysis of the combined

ingress and egress N
2
and CH

4
data sets. These

perturbations along the spacecraft track can be

mapped either horizontally or vertically and

appear to represent either a vertically prop-

agating oscillation or an intrinsic harmonic

of the atmosphere. Only the vertical mapping

case is presented in Fig. 3, suggesting a wave

amplitude of 10 K and a vertical wavelength of

180 km. The origin of these waves in Titan_s
upper atmosphere could be an energy or mo-

mentum source located at lower altitudes in the

15

13

36

40

Fig. 1. The averagemass spectrum from 1 to 99 daltonsmeasured by INMS on the 26October flyby (TA)
between the altitudes of 1174 and 1230 km. The average spectrum includes only inbound data where
the INMS was pointed along the spacecraft velocity vector. The solid black line represents the mea-
sured, background-corrected spectra and the red circles represent the reconstructed spectra using the
values of Table 1. The error bars displayed are the larger of the 20% calibration uncertainty or the 1s
statistical uncertainty. counts/IP, counts per integration period. The bars above the graph indicate the
mass/charge locations of the ionization and dissociative ionization fragments of the species indicated.

Table 1. Minor species determined from the mass spectral deconvolution with 1s error. C6H6 may
represent a contaminant. Data are expressed in values of the mole fraction. C2H4 value depends on the
value adopted for HCN. The following species were identified at less than 5 ppm: C3H8, C4H2, HCN,
HC3N, C6H6, and C2N2.

Species INMS-derived values CIRS values (7)

CH4 2.19 � 10j2 T 0.002 � 10j2 1.6 � 10j2 T 0.5 � 10j2

H2 4.05 � 10j3 T 0.03 � 10j3 Not measured
C2H2 1.89 � 10j4 T 0.05 � 10j4 3.3 � 10j6 T 0.3 � 10j6

C2H4 2.59 � 10j4 T 0.70 � 10j4 to
5.26 � 10j4 T 0.08 � 10j4

1.6 � 10j7 T 0.7 � 10j7

C2H6 1.21 � 10j4 T 0.06 � 10j4 2.3 � 10j5 T 0.4 � 10j5

C3H4 3.86 � 10j6 T 0.22 � 10j6 1.2 � 10j8 T 0.3 � 10j8
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atmosphere, or they could represent an external

source from Saturn_s magnetosphere, or both.

Analysis of an average spectra for the alti-

tude range of 1230 to 1174 km near CA allowed

us to determine a preliminary list of carbon-

nitrile compounds and their abundances. The

spectral fit from our deconvolution, discussed

above, is shown in Fig. 1, and the resulting list

of compounds is provided in Table 1. At this

preliminary stage in the analysis, the abun-

dances of molecular species are not well-

established because we have not completed a

thorough analysis of systematic uncertainties,

most notably the interaction of potentially

reactive species (such as HCN) with the wall

of the antechamber for an impact velocity of

È6 km sj1. However, we are confident in the

detection of all species listed in the table.

The spectral analysis procedure also leads

to a determination of isotopic ratios for nitro-

gen (14N/15N) and carbon (12C/13C), a deter-

mination of the 40Ar mixing ratio, and an upper

limit on the 36Ar mixing ratio in the upper

atmosphere. Because the lowest altitudes sam-

pled by INMS on this first Titan flyby were

evidently below the homopause, these volume-

mixing ratio values can be used to infer mix-

ing ratios for the well-mixed atmosphere at

lower altitudes. The statistical error associated

with determining the volume-mixing ratios

by this method is on the order of 1%, but the

uncertainties associated with the calibration

data lead to an overall uncertainty of 20%

(Table 2). However, the calibration uncertain-

ties cancel for the isotopic ratios reported so

that the only error sources are statistical or

systematic errors introduced by the analysis

method. Another method was also used to de-

termine the isotopic abundances in which in-

tegrated sums of measured abundances (and

errors) below 1230 km are used. The results

of the two approaches are given in Table 2.

There is good agreement between the methods

for the carbon ratio, leading us to conclude

that systematic errors are small and that sta-

tistical errors define the uncertainty. In the

case of the nitrogen ratio, the saturation in the

mass-28 channel required scaling of the low-

sensitivity counter to replace data from the

saturated high-sensitivity counter. At this time,

the scale factor is not well-determined, result-

ing in systematic errors that are differential

between the two methods. Thus we quote a

range of values that define our uncertainty in

this regard and we have verified the reported

isotopic ratio value at higher altitudes where

the N
2
data in channel 28 are not yet saturated.

INMS measurements obtained during the

first pass of the Cassini orbiter through Titan_s
upper atmosphere lead to some important

conclusions. A key finding is the apparent

stability of the atmosphere over the 25 years

since the Voyager flyby, as indicated by the

comparison shown in Fig. 2. We suggest that

this may be due to the thermostatic control

exercised on the upper atmosphere by the in-

frared active species HCN. Another key result

is the location of the homopause at È1195 km,

which is much higher than was expected Etable
1 in (1)^ (5). This result indicates that turbulent
mixing extends to very high altitudes, and is

consistent with the discovery by INMS of large

scale–size and large-amplitude atmospheric

waves in the upper atmosphere (Fig. 3). The

large-scale size of the atmospheric waves was

anticipated and is a consequence of atmospheric

filtering by wind shears and thermal gradients at

lower altitudes, and the large wave amplitude is

within the limits of model predictions (6).

The existence of heavy hydrocarbon spe-

cies at altitudes above 1200 km is another

possible consequence of the well-mixed at-

mosphere. An alternative explanation is that

previous determinations of the production rates

for these chemical species at high altitudes are

too small. Most of the observed compounds

were identified earlier in the lower atmosphere

Etable 1 in (1)^ (5). A comparison of INMS-

derived high-altitude values with those deter-

mined in the lower atmosphere from Cassini

Composite Infrared Spectrometer (CIRS) mea-

surements (7) is shown in Table 1. Modeling

and further analysis of the new atmospheric

data will lead to explanations of the large abun-

dance of complex hydrocarbons and nitriles at

high altitudes.

The measured isotopic ratios have impor-

tant implications for the evolution of the Titan

atmosphere and interior over geological time.

The isotopic ratios for nitrogen (14N/15N) and

carbon (12C/13C) can be used to constrain the

role of atmospheric escape and other physical

and chemical processes in the Titan system.

The 14N/15N ratio of 172 to 215 (Table 2) is

between that of Mars and Earth, indicating

either substantial escape of the atmospheric

reservoir of nitrogen since capture or release

from the interior or an initial source of nitro-

gen with an isotopic ratio closer to the solar

wind value of 200 T 55 (8, 9). Comparison of

these results with model results of Lunine

et al. (10) is informative. If one assumes that

the initial nitrogen isotopic ratios were similar

to those of Earth E14N/15N 0 272.0 T 0.3 (11)^,
that the exospheric temperature has remained

near 150 K, and that the relative position of

the homopause and exobase has remained un-

changed over the course of atmospheric evo-

lution, then the formulation of Lunine et al.

combined with INMS measurements suggests

a loss of atmospheric nitrogen over the history

of the atmosphere by a factor of 1.7 T 0.05 to

10 T 5 from its original levels, depending on the

efficiency (0 to 0.6) for dissociative fraction-

ation of the isotopes. This also assumes that

the upper end of the INMS measurement range

for this ratio (i.e., 215) is representative of the

present-day isotopic ratio. Correspondingly, if

we use the lower end of the INMS-measured

range (172), the range of atmospheric loss

factor becomes 2.8 T 0.2 to 100 T 75. Clearly,

it is hard to constrain the amount of atmo-

spheric loss over geological time with the

present data set. The quoted uncertainty is

largely due to our imprecise knowledge of

the position of the homopause and exobase.

However, large uncertainties about the initial

Titan isotopic ratio (8, 9) and the role of dis-
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sociative fractionation limit us to conclude

only that the Titan atmosphere was at least

50% denser in the past.

A perplexing aspect of the nitrogen iso-

topic ratios comes from comparing the INMS-

measured molecular nitrogen isotopic ratio

value to earlier ground-based determinations

of 14N/15N in HCN measured in Titan_s strato-
sphere (12, 13). The HCN-derived values

show enrichment of the heavier isotope of ni-

trogen that is more than a factor of 2 larger

than the INMS-measured values for the molec-

ular nitrogen isotope ratio. Chemical frac-

tionation is the most likely source of the

difference, but estimates so far do not come

close to explaining the difference (14, 15).

The heavy isotope enrichment of nitro-

gen stands in contrast to the carbon isotopic

ratio (12C/13C 0 95 T 1). The ratio is well-

determined and slightly above the terrestrial

value of 89.01 T 0.38, but certainly within the

present constraints of determinations for Jupiter

(94 T 12) and Saturn (89þ25
j18

) (10). This sug-

gests that the methane in the atmosphere is

being replenished by an interior source at a rate

fast enough that escape is not the dominant

effect on the isotopic ratio. This is consistent

with our understanding of photodissociation

rates for methane and the associated deposi-

tion of complex hydrocarbons on the surface.

This dissociation process acts as the dominant

sink for the atmospheric portion of the carbon

cycle on Titan. INMS measurements of H
2

outflow can help quantify this process. H
2
is

a byproduct of the methane photodissociation,

and the measured H
2
escape rate of 6.1� 109 T

0.2 � 109 cmj2 sj1 represents a photodis-

sociation rate of 5 � 1027 methane molecules

per second and an atmospheric carbon resi-

dence time of 5� 107 years. However, this does

not explain the elevated isotopic ratio value

indicating an increase of the light 12C isotope

relative to the 13C isotope when compared

with the terrestrial value of 89.01 T 0.38 (11).

Such a light isotope enhancement on Earth

of up to È10% is associated with biology (16);

on Titan a more likely process involves vapor

pressure isotope effects at the surface (17).

However, using a diffusion model and our

present estimate of thermal structure and at-

mospheric diffusion to propagate the upper

atmospheric value to the surface (Table 2), we

obtained a surface value of 81, which is be-

low the terrestrial value. Clearly, combining the

INMS data with information obtained by the

Huygens Gas Chromatograph Mass Spectrom-

eter is necessary to reach closure on this issue.

The volume-mixing ratios of the isotopes

of argon can be used to study both interior and

accretion processes. 40Ar is likely produced

by radioactive decay of 40K, as it is on Earth,

and therefore the mixing ratio of 40Ar can be

compared to estimates of the radiogenic pro-

duction and release of potassium in the mantle

rocks. The measured 40Ar is 7.081 � 10j6 T
0.1 � 10j6 as compared with an upper limit of

0.05 to 0.07% set by McKinnon_s estimate

(18). This suggests either that the outgassing

of the interior has an efficiency of È1% or

(less likely) that the 40Ar was lost to space at

an early phase of atmospheric evolution. On

the other hand, the nondetection of 36Ar and
38Ar may suggest that N

2
was not trapped in

nebula ices in the form of clathrate hydrates

(19–22). The upper limit of less than 6� 10j7

by volume set by INMS for the 36Ar abun-

dance ratio leads to the conclusion that the

nitrogen in the moon_s atmosphere was not

brought to Titan as N
2
trapped in clathrates

but was likely derived initially from ammo-

nia ice or ammonia hydrate formed in the

local Saturn nebulae (23) or in the solar nebula

(24) and subsequently converted to N
2
by

photochemical processes (25) and/or from

high-temperature shock formation of N
2
(26).

The first measurements of Titan_s neutral
composition in the upper atmosphere lead to a

number of notable conclusions about the cur-

rent atmospheric structure and about the evo-

lution of Titan_s atmosphere and interior. The

atmosphere likely formed from the outgassing

after planetesimals composed of silicates,

water ice, clathrates of methane, and ammonia

hydrates coalesced to form the moon. Subse-

quent photochemistry and/or shock-induced

chemistry likely converted the atmospheric

nitrogen into molecular nitrogen. The early

atmosphere was 1.6 to 100 times more sub-

stantial and was lost through escape over the

intervening 4.5 billion years due to the reduced

gravity associated with the relatively small

mass of Titan. Carbon in the form of methane

has likely continued to outgas over time from

the interior, given that much of its subsequent

photolysis products have been deposited in the

form of complex hydrocarbons on the surface

(È5 � 1027 sj1 as estimated from the H
2
es-

cape rate of 6.1 � 109 T 0.2 � 109 cmj2 sj1

measured by INMS) and some of it has also

been lost to space E2 � 1025 sj1 as estimated

from modeling of the exospheric loss of car-

bon (27)^. The carbon isotopes in the upper

atmosphere appear to be isotopically light due

to atmospheric diffusion effects or vapor phase

isotope effects at the surface resulting from

condensation, evaporation, and sublimation of

surface methane.
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R E P O R T

Cassini Measurements of Cold Plasma
in the Ionosphere of Titan

J.-E. Wahlund,1* R. Boström,1 G. Gustafsson,1 D. A. Gurnett,2 W. S. Kurth,2 A. Pedersen,3 T. F. Averkamp,2

G. B. Hospodarsky,2 A. M. Persoon,2 P. Canu,4 F. M. Neubauer,5 M. K. Dougherty,6 A. I. Eriksson,1

M. W. Morooka,1 R. Gill,1 M. André,1 L. Eliasson,7 I. Müller-Wodarg6

The Cassini Radio and Plasma Wave Science (RPWS) Langmuir probe (LP) sensor
observed the cold plasma environment around Titan during the first two flybys.
The data show that conditions in Saturn’s magnetosphere affect the structure and
dynamics deep in the ionosphere of Titan. The maximum measured ionospheric
electron number density reached 3800 per cubic centimeter near closest approach,
and a complex chemistry was indicated. The electron temperature profiles are con-
sistent with electron heat conduction from the hotter Titan wake. The ionospheric
escape flux was estimated to be 1025 ions per second.

The giant planet Saturn and its magnetosphere

rotate with a period of È11 hours, which can

be inferred from radio measurements (1). At

the distance of the large moon Titan E20 Sat-

urn radii (R
S
)^, this corotation causes a

magnetospheric plasma flow of several hun-

dred kilometers per second that affects the

upper ionized part of the thick atmosphere of

Titan. Atoms and molecules in the upper

atmosphere are ionized by solar ultraviolet

(UV) radiation and by impacts of energetic

particles that originate mainly from the

magnetosphere. The aeronomic and electro-

dynamic processes involved in the inter-

action further produce a complex organic

chemistry within the nitrogen- and methane-

rich atmosphere of Titan as well as a loss of

atmospheric constituents, providing in turn a

source of plasma for the magnetosphere of

Saturn (2).

The two first flybys of Titan (T
A
and T

B
)

on 26 October and 13 December 2004 were

very similar. Both occurred at 10.5 Saturn

local time (LT) near the front side of Saturn_s
magnetosphere, and both approached inbound

from the sunlit side and through the wake of

Titan (Fig. 1). The outbound passes partly

traversed a shaded region caused by Titan_s
thick atmosphere at a latitude of 30- to 40-N.

The structure and thermal state of the iono-

sphere of Titan were affected by the saturnian

magnetosphere all the way down to closest

approach (1176 km) during both flybys (Figs.

2 and 3). The general shape of the two main

number density maxima near closest approach

in Fig. 2 is broadly consistent with photoion-

ization by UV light from the Sun and impact

ionization by magnetospheric electrons (3, 4).

However, the plasma density was otherwise

very structured and could be related to similar

structures in the magnetic field data. The

density data in Figs. 2 and 3 were collected

at a high time resolution (20 samples/s) and are

derived from the probe current at a constant

bias voltage (È þ10 V), corrected for electron

temperature and adjusted to fit the potential

sweep data points for density. The LP sensor

(5) samples the total electron number density

surrounding the spacecraft, which includes the

naturally occurring plasma electrons as well as

a nearly constant level of photoelectrons around

the spacecraft. The spacecraft-generated photo-

electrons dominated the magnetospheric part of

the flyby. According to measurements by the

Cassini Plasma Spectrometer (CAPS), the mag-

netospheric electron density near Titan was just

below 0.1 cmj3 during T
A
(6).

The calculated magnetic pressure (B2/2m
0
)

of the magnetosphere and the electron

thermal pressure (n
e
k
B
T
e
) of the ionosphere

(where B is magnetic field strength, m
0
is

magnetic permeability, n
e
is electron num-

ber density, k
B
is the Boltzmann constant,

and T
e
is electron temperature) were largely

of the same order of magnitude during the

T
A
flyby (Fig. 2B). Both flybys traversed

the wake of Titan, and the effect of the

magnetospheric dynamic pressure (n
i
m
i
v
i
2/2,

where n
i
is ion number density, m

i
is average

ion mass, and v
i
is ion ram velocity) should

therefore be small near closest approach. The

ionopause, the region where the ionospheric

thermal pressure balances the magnetospheric

pressure, covered an extended region on both

the inbound and outbound trajectories (yel-

low area in Fig. 2). The close relationship

between cold plasma density signatures and

magnetic field fluctuations and comparable

values of ionospheric electron thermal andmag-

netospheric magnetic field pressures confirms

the view that the saturnian magnetosphere is

important for the structure and dynamics in

Titan_s ionosphere.
The Titan wake Bneutral[ sheet, where the

magnetic field sharply rotates and relates to an

electrical current, was identified by the Dual-

Technique Magnetometer (MAG) near 15:35

UT (7). At this time, the RPWS LP detected a

sharp peak in both electron number density

(850 cmj3) and electron thermal pressure

(900 eV/cm3). The altitude thickness of the

compressed plasma sheet was 60 km, which

is on the order of the ion gyroradius.

The LP provides estimates of n
e
and T

e
, but

under some circumstances, values can also be

obtained for m
i
, v

i
, n

i
, ion temperature (T

i
),

solar UV intensity, and spacecraft potential.

An estimate of the effective ion temperature

(T
i,eff

), which is the sum of the thermal ran-

dom ion temperature and the ram ion directed

flow energy ET
i,eff

0 T
i
þ (m

i
v
i
2/2e), expressed
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as electron-volts^, can be obtained from the

slope of the ion current-bias voltage charac-

teristic. If the total ion current to the LP is

dominated by the ram contribution, the ion cur-

rent for a given bias voltage is proportional to

n
i
v
i
/m

i
, and T

i,eff
gives a value of m

i
v
i
2. Thus,

by using the condition that the plasma must be

electrically neutral (n
e
0 n

i
), it is possible to

estimate the ion mass and ram velocity. This

method only works if there is an ion current

signature to the LP and T
i
¡ m

i
v
i
2/2e. The

maximum ion velocity that can be measured

with reasonable certainty is 100 km/s, and

larger ion ram velocities may become under-

estimated (gray areas in Figs. 2 and 3).

The ion velocity during T
A

(Fig. 2C)

decreased from È100 km/s near 15:14 UT

to the spacecraft ram velocity (black line) of

È6 km/s near 15:24 UT. This is the mass-

loading region, and the boundary near 15:14

UT E1.7 Titan radii (R
T
) from Titan^ is called

the mass-loading boundary (MLB) (8). In the

mass-loading region, heavy ions from the

ionosphere are accelerated (picked up) down-

stream by the magnetospheric v � B induced

electric field (around 1 to 2 mV/m). At the

same time, the magnetospheric ion flow slows

down because of the heavy loading of matter by

the ionosphere. A corresponding mass-loading

region and MLB were detected on the outbound

pass between 15:34 and 15:40 UT. Magnetic

enhancements (pileup) were detected inside

both the MLBs as seen from Titan, which

suggests that the magnetic pileup boundary

(MPB) (9) was colocated with the MLB.

No large asymmetry of the mass-loading

region could be detected between the inbound

and outbound passes during T
A
, in stark con-

trast to the findings of the Voyager 1 flyby

(10) and the T
B
flyby. An extended pickup

region was expected on the side of Titan fac-

ing away from Saturn because the gyroradii

of the heavy ionospheric ions should be in

excess of 1000 km. Gyrating ions would

to a large degree be absorbed by collisions

in the dense atmosphere of Titan on the

side that faces Saturn, thereby causing an

asymmetry in the induced magnetosphere

around Titan.

During the inbound pass of the T
B
flyby

(Fig. 3), plasma of ionospheric origin, as

indicated by the enhanced number density of

10 to 100 cmj3 and slowed ion ram speed,

was found as far as 9 R
T
(20,000 km) from

Titan. Thus, the MLB was located at nearly 9

R
T
inbound, whereas a sharp increase in the

ion ram velocity occurred closer to Titan on

the outbound pass. The RPWS LP data during

the T
B
flyby therefore confirm the existence of

an extensive mass-loading region on the anti-

Saturn side of Titan under certain magneto-

spheric conditions, as suggested from theoretical

predictions (11, 12). During other conditions,

the ionospheric plasma is concentrated closer to

Titan (e.g., 15:18 to 15:40 UT during T
A
). Data

from further flybys and comparison with data

from other instruments are needed to infer the

degree of control that the saturnian magneto-

spheric conditions exert on the structure of the

induced space environment around Titan.

The tail or wake region is an outflow region

where plasma escapes a planet or moon. A non-

magnetized (or almost nonmagnetized) object

such as Titan is directly exposed to the external

(corotating magnetospheric or solar wind) flow.

Fig. 2. Cold plasma characteristics during TA. The data reveal a rather symmetric but dynamic
interaction with the magnetosphere of Saturn. The peak in the measured electron number density
Ne is shifted inbound from closest approach because Cassini traversed the dayside hemisphere on
its inbound pass. The MLBs, magnetic wake neutral sheet (NS), and extended ionopause regions
(yellow shading) are indicated. The displayed parameters are (A) Ne; (B) electron thermal pressure
(pe, red), magnetic pressure (pB, green), and the sum (black); (C) ion ram speed (vi,ram) and
spacecraft speed (vsc); and (D) spacecraft potential (usc). The gray shaded areas in (C) indicate
possibly underestimated ion ram speeds.

Saturn
Cassini

Co-rotating
plasma

Sun

Fig. 1. The TA flyby trajectory. Titan’s surface and
approximate ionopause boundary are indicated.
The flyby occurred within the magnetosphere
at 10.6 Saturn LT. The TB flyby was similar.
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Consequently, the erosion of the atmosphere

of Titan may be quite substantial. A total plasma

outflow of 1.2 � 1024 ions/s was estimated

from Voyager 1 observations in the far Titan

wake with the use of simple pressure balance

considerations (10). The RPWS instruments on

Cassini are able to monitor the ion outflow

(and related processes) more directly. An order

of magnitude estimate can be calculated for the

ion outflow during T
A
(Fig. 2) from the product

n
e
v
i
if we assume that the geometry of the

wake region is cylindrical. The density around

15:22 UT was 100 cmj3 and the ram velocity

was 10 km/s, giving a flux of È1012 ions mj2

sj1. A similar flux is inferred between 15:18

and 15:24 UT (or over a distance of 1000 km

across the tail). For the assumption of a cylin-

drical geometry, the resulting total escape flux

amounts to 1025 ions/s. This number will most

likely vary with magnetospheric and illumina-

tion conditions as well as orbit position of

Titan, but it is in rough agreement with theo-

retical predictions (13).

Figure 4 shows the inbound (red) and

outbound (black) altitude profiles of the elec-

tron density and temperature as well as the

averaged ion mass during the T
A
flyby. The

maximum densities near 1250 km were

3800 cmj3 (inbound) and 2000 cmj3 (out-

bound). During T
B
the maximum number den-

sity was 3200 cmj3. The inbound pass

traversed the more sunlit dayside, whereas

the outbound pass traversed the shaded region

behind the atmospheric terminator. Photo-

ionization and ionization by magnetospheric

electrons could explain the overall ionospheric

shape (3, 4), whereas the detailed plasma den-

sity features most probably were related to the

electrodynamic interaction with the magneto-

spheric flow. The altitudes 1750 km (inbound)

and 1400 km (outbound) were associated with

changes in ion composition (Fig. 4), whereas at

lower altitudes the averaged ion mass stayed

above 20 to 30 amu. The ionopause was not

sharply defined but rather smeared over an ex-

tended region from 1750 to 2150 km (inbound)

and from 1400 to 1700 km (outbound). This

smearing can be expected in Titan_s wake, and
it is similar to the ionopause characteristics at

Mars (14) and in contrast to the sharp ionopause

boundary near Venus. On Titan the ionopause

will vary, as it did during T
A
, with magneto-

spheric and illumination conditions.

An intriguing result is the sharp increase in

averaged ion mass (up to 60 to 70 amu) near

closest approach on the outbound pass, which

traversed a region that was less illuminated by

the Sun. The ion mass is derived under the

assumptions that the ion thermal energy is

negligible and that quasi-neutrality applies so

that n
i
, n

e
. If the ion temperature becomes

larger than 1 eV, or if negative ions become a

fair part of the total plasma number density,

then the derived ion mass must be modified

accordingly. The CAPS instrument has de-

tected negative ions near Titan (6). Therefore,

this increase in averaged ion mass might be

due to the presence of some negative ions

(and/or very hot ions, which seems unlikely

in the dense atmosphere that exists here). In

any case, it points to a situation where very

complex organic ion-molecule chemistry oc-

curs in the lower ionosphere.

The closest approach T
A
electron temper-

atures (Fig. 4) were 1200 to 1400 K and in-

creased from these values with altitude. The

magnetic geometry was rather complicated

during the outbound pass, and it was hard to

justify an estimate of the electron heat con-

duction. However, the magnetic geometry did

not change considerably during the inbound

pass, and the estimated electron temperature

gradient (0.1 to 0.8 meV/km) is more reliable.

We conclude that the ionospheric electron

energy balance is controlled mostly by elec-

tron heat conduction from Titan_s wake into

the atmosphere, which is in qualitative agree-

ment with theoretical predictions (15, 16). The

derived electron temperatures near closest

approach during the T
B

flyby were lower

(110 to 1200 K, Fig. 2). Future studies will use

Fig. 3. Cold plasma characteristics during TB. The data reveal a large and asymmetric interaction
where the magnetosphere of Saturn picked up ionospheric plasma as far out as 9 RS inbound from
Titan. The outbound (Saturn-facing) MLB was much closer to Titan and similar to the TA flyby. The
displayed parameters are (A) electron number density, (B) electron temperature (Te), (C) ion ram
speed and spacecraft speed, and (D) spacecraft potential. The gray shaded areas in (C) indicate
possibly underestimated ion ram speeds.
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the LP in a mode that provides better accuracy

for low-temperature values.
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R E P O R T

Energetic Neutral Atom Emissions from Titan
Interaction with Saturn’s Magnetosphere

D. G. Mitchell,1* P. C. Brandt,1 E. C. Roelof,1 J. Dandouras,2 S. M. Krimigis,1 B. H. Mauk1

The Cassini Magnetospheric Imaging Instrument (MIMI) observed the interaction of
Saturn’s largest moon, Titan, with Saturn’s magnetosphere during two close flybys of
Titan on 26 October and 13 December 2004. The MIMI Ion and Neutral Camera (INCA)
continuously imaged the energetic neutral atoms (ENAs) generated by charge exchange
reactions between the energetic, singly ionized trapped magnetospheric ions and the
outer atmosphere, or exosphere, of Titan. The images reveal a halo of variable ENA
emission about Titan’s nearly collisionless outer atmosphere that fades at larger dis-
tances as the exospheric density decays exponentially. The altitude of the emissions
varies, and they are not symmetrical about the moon, reflecting the complexity of the
interactions between Titan’s upper atmosphere and Saturn’s space environment.

Interactions between charged particles and

neutral gases are ubiquitous throughout much

of the solar system, the Galaxy, and the uni-

verse. In the magnetosphere of a magnetized

planet, charge exchange between energetic ions

and the exosphere of the planet or any of its

moons can modify the rate of erosion of the

gravitationally bound atmosphere. This pro-

cess also results in the loss of energy and

material from the magnetosphere. A fast ion

exchanges charge with a cold neutral atom,

becomes an ENA, and freely escapes its pre-

vious magnetic confinement as a newly born

neutral. Left behind is the former cold neu-

tral gas atom, now a cold ion, which is then

typically picked up in the planetary magnetic

and electric fields and swept out of the exo-

sphere where it originated.

Fig. 4. Altitude profiles
of electron number den-
sity (Ne), electron temper-
ature (Te), and mean
ion mass (bmiÀ) during
the TA flyby. The iono-
pause regions and the
magnetic wake neutral
sheet (NS) are indicated.
There seem to be com-
position boundaries as-
sociated with the lower
part of the ionopause
regions. The RPWS LP
also detected signatures
below the maximum den-
sity signatures, which
could be due to substan-
tial amounts of heavy
ions (60 to 70 amu) or
possibly negative ions.
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The initial close encounter between the

Cassini spacecraft and Titan took place on

26 October 2004 as Cassini approached within

a few Titan radii of the moon (Titan_s radius
is 2575 km). This encounter took place as

Cassini was inbound on the day side, at 10:30

local time and about 4 hours after the last

inbound magnetopause crossing. The first re-

solved MIMI/INCA (1) ENA image of Titan_s
exosphere (Fig. 1A) confirms some theoretical

expectations. The hole in the emission, centered

on Titan, was expected and is a result of the

absorption of the ambient energetic ions by Ti-

tan_s dense lower atmosphere (2). The crescent

shape to the emission region was also antici-

pated: The left side (upstream side in the coro-

tating plasma flow) is much dimmer than the

downstream side. Dandouras et al. (3) predicted

this feature and explained it in terms of shad-

owing of the ambient magnetically trapped en-

ergetic ions. Protons with energies covered by

this observation gyrate about the magnetic field,

and the sizes of the gyroradii are comparable to

Titan_s diameter (Fig. 1B). For a nominal mag-

netospheric magnetic field directed from north

to south (downward in the figure), the protons

that are converted to ENAs to the left side of

Titan may intersect Titan_s atmosphere before

they reach the point in their gyrating trajecto-

ries where they can be efficiently converted to

observable ENAs. Protons converted to ENAs

on the right side of Titan have trajectories that

originate far from Titan_s atmosphere, so they

are free to complete their gyration about the

magnetic field without encountering a high-

density neutral gas region. Those particles that

are observed after their conversion to ENAs in-

tersect the densest part of the Titan exosphere,

close to the region where they are traveling,

tangent to constant atmospheric density con-

tours. At the altitude where the exospheric den-

sity is such that they begin to have a high proba-

bility for conversion to ENA, a bright emission

is observed. Above that peak, the emission drops

again as the exospheric density falls roughly

exponentially (2). Oxygen ENAs are also gen-

erated in this interaction, but the statistics are

insufficient to analyze the images in detail.

The ENA emissions (like those in Fig. 1)

varied substantially with time. This is because

Titan is 20 planetary radii from Saturn and or-

bits in the equatorial plane, a region where ion

intensity can vary by orders of magnitude over

hours or even minutes (4). The ENA emission

strength varies because the intensity of ener-

getic ions interacting with Titan varies; Titan_s
atmosphere and exosphere do not vary much

on these time scales. Consistent with this sup-

position, in situ measurements for this flyby as

well as for the 13 December flyby showed es-

sentially random ion intensity variations along

the Cassini trajectory.

The image-integrated ENA emission from

Titan_s exosphere is displayed in Fig. 2. For the
distances represented in Fig. 2 (between 50 and

2 Titan radii), the entire exospheric emitting re-

gion is contained within the INCA field of view

(FOV) of 90- by 120-, and a constant emission

source would vary in integrated strength by the

inverse square law. However, a simple inverse

Fig. 1. (A) ENA image in
20 to 50 keV H of mag-
netically trapped pro-
tons charge-exchanging
in Titan’s exosphere.
Intensity is color-coded
on a linear scale from
0 to 10 ENAs cm–2 s–1

sr–1 keV–1. The limits of
the emission are circum-
scribed by the INCA sen-
sor 90--by-120- FOV.
The latitude-longitude
grid locates Titan (north
up) at 15:14:25 UT on
26 October 2004, the
midpoint of the 8-min
image integration. Sat-
urn is shown to the
right of Titan. The ENA
emission is dominated
by the Titan interac-
tion; general Saturnian
magnetospheric emis-
sion is obscured by Titan’s atmosphere. (B) Schematic proton gyration in a
southward field at Titan. As the magnetic field guiding the proton to the
left approached Titan, the right side of its circle of gyration encountered

the dense atmosphere (absorbing the proton) before the left side, with the
appropriate velocity vector to appear as an ENA at Cassini, reaches the
altitude (exospheric density) of maximum likelihood for charge exchange.

Fig. 2. ENA flux integrated over hydrogen images for specific energy pass bands versus time during
the approach to Titan on 26 October 2004. Between 14:10 and 14:40 UT, the Cassini spacecraft
reoriented for radar imaging of Titan, removing Titan from the INCA FOV and creating the dip in
ENA intensity (shaded area).
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square law is not evident. Instead, the emission

varied considerably with time, because clouds

of magnetically confined ions were swept over

Titan and its atmosphere by the rotation of

Saturn_s magnetic field, which rotates more or

less rigidly with the planet about once every

10 hours 45 min. Indeed, a major peak in the

ENA flux from Titan was measured almost

4 hours before closest approach. As a precau-

tionary measure against high voltage breakdown

in Titan_s atmosphere, for this encounter the

INCA sensor was turned off before closest

approach, so no data are available during or

after closest approach.

On 13 December 2004, Cassini made its sec-

ond close flyby of Titan. The geometry for the

second encounter was nearly identical to that for

the first (including the fact that Cassini was

close to but inside the magnetopause), so we

expected to see essentially the same features.

Instead, the observed interactions were more

complex (Fig. 3). On the approach, the ENA

emission associated with the Titan exospheric

interaction once again varied strongly with time.

However, Titan-associated ENA emission re-

mained low until just before closest approach,

when a cloud of trapped ions swept over Titan,

lighting up the exosphere in ENA. This time, the

ENA emission was relatively symmetric about

the moon, with little hint of a crescent shape

E(Fig. 3, D and E) Titan is not centered in the

FOV, so the circle of emission is cut off to

Titan_s south^. Unlike the 26 October flyby,

INCA remained on until 17 min after closest

approach, so the emission was imaged from a

variety of positions.

The horizontal axis in Fig. 3 is not linear

in time; rather, the time intervals along the

axis have been scaled by the reciprocal of the

spacecraft distance to Titan. This representa-

tion emphasizes the time around closest ap-

proach and provides a format through which

the associated ENA images can be easily

cross-referenced to both time and the variation

in flux. The first hour of this 2-hour segment

was characterized by no discernable ENA

emission from the Titan exosphere (Fig. 3, A

Fig. 3. Energetic hydro-
gen images in the 20
to 50 keV pass band
during the 13 Decem-
ber 2004 encounter.
The images are located
according to their ac-
quisition time. The time-
line is highly nonlinear.
Each image is scaled
linearly in color (inten-
sity) between 0 and the
number immediately to
the lower right, in ENAs
cm–2 s –1 sr –1 keV–1.
RT indicates Titan radii
(2500 km).

Fig. 4. One-minute expo-
sure images in 50 to 80 keV
H during the 13 Decem-
ber 2004 Titan encounter.
Intensity is scaled logarith-
mically between 0.1 and
10 cm–2 s–1 sr–1 keV–1. The
latitude-longitude grid rep-
resents Titan’s position (north
up) at the beginning of the
image acquisition, whereas
the heavy dashed violet line
represents Titan’s limb at
the end of the acquisition.
Likewise, the light solid curves
locate the intersections of
the lines of sight from Cas-
sini to the tangent point of
spherical shells about Titan
at 500, 1000, 1500, I,
3000 km altitude in the
atmosphere at the begin-
ning of image acquisition,
whereas the light blue
dashed curves locate the
same points at the end of
acquisition. (Top) H ENA
emission as it appeared
during approach to Titan.
(Bottom) H ENA emission
as it appeared after closest
approach, when the low al-
titude boundary appears to
be close to Titan’s limb.
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and B). Titan and its atmosphere measurably

absorbed the ENA emission from Saturn_s
magnetosphere (Fig. 3B). In Fig. 3C, which

corresponds in time with the first increase in

the integrated ENA flux (black curve), a hint of

the halo emission seen in the October Titan

encounter is evident. Later (Fig. 3D) the char-

acteristic halo emission is quite evident, includ-

ing the dark region in the lower atmosphere

where the neutral density is too high for sur-

vival of the magnetically trapped ions (2, 3).

By 11:27 universal time (UT) (Fig. 3E)

the peak of the ENA emission was no longer

within the 90--by-120- FOV. The ENA inten-

sity increased all the way to the edge of the

FOV. The emission was considerably more

intense: The color in this image is scaled to

a peak value of 20 cm–2 s–1 sr–1 keV–1, four

times the peak in the preceding images.

Beginning in Fig. 3F, the orientation of

the INCA FOV relative to Titan changed, and

Titan_s limb remained in the FOV for the re-

mainder of the observation. The peak intensity

in the images also rose (note the rescaling of the

color bar). As shown in the last several images,

a qualitative change occurred: The peak emis-

sion, which in Fig. 3, D to F, remained well

above the limb, moved closer and closer to the

limb until the time of Fig. 3, I to K, and then it

appeared at a much lower apparent altitude.

With the use of the currently accepted range

for the Titan exospheric density profile (5, 6),

we calculated the altitude at which we expect

to find the maximum emissions by using the

same approach outlined in Amsif et al. (2) and

Dandouras et al. (3). Because the density pro-

file was slightly different than that assumed in

(2) and (3), the predicted altitude of the peak

was a bit lower (1400 km versus 1700 km).

Emissions are expected to fall steeply below that

altitude, because the mean free path for the ions

and ENAs rapidly shortens in the dense lower

atmosphere (scale height of roughly 150 km).

The observed peak in emission for the October

encounter, at an altitude of È2000 km for the

tangent point of the line of sight, was higher than

the predicted È1400 km. In the 13 December

encounter, the peak emission moved from about

the same tangent point altitude (È2000 km) to

an apparent altitude much lower than can be

easily explained (È1000 km) toward the end of

the encounter (Fig. 4). The model we used to

predict the location of the peak intensity did not

include the complex and important physics of

the interaction between the ionosphere of Titan

and the corotating, magnetized medium in which

Titan is immersed. Treated as noninteracting, the

magnetic field close to Titan has the same mag-

nitude and direction as the field that intercepts

Titan, and the ion interaction with the exosphere

can be described by simple geometry (3).

In actuality, the highly conducting iono-

sphere interacts strongly with the flowing, mag-

netized medium about it, and magnetic flux

piles up on the upstream side and drapes about

Titan into a long tail on the downstream side,

quite analogous to a comet tail in the mag-

netized solar wind. This Alfv2nic interaction
creates much higher magnetic field strengths

than in the unperturbed medium as well as

far different vector directions of the field. The

trapped, gyrating ions are controlled by that

field close to the moon, executing much more

complex motions than those predicted by the

simple noninteracting model. Consideration

of effects of the actual measured magnetic

field on ion trajectories during each flyby sug-

gests that the unexpectedly high altitude for

the peak emission during each Titan approach

may be explained by the departure of these

near-Titan magnetic field characteristics from

the model used by Amsif et al. (2). Images

taken after closest approach on 13 December

(with the peak ENA emission occurring at

anomalously low apparent altitude) will like-

wise require a more sophisticated treatment.

The energetic neutral atom images of Titan

thus have revealed unexpected aspects of the

interaction between the trapped energetic plas-

ma and the exosphere of an outer planet moon.

As is often the case, simple models are not

adequate to describe all of the features found in

the images. The Cassini MIMI images reveal

the structure of ENA emission from the Saturn

magnetosphere–Titan exosphere interaction to

be quite complex. The emission is sensitive to

quantitative details of the electromagnetic in-

teraction of Titan_s atmosphere and ionosphere,

with the fast flowing corotating magnetosphere

surrounding them. Magnetohydrodynamic and

kinetic effects lead to extreme departures of

the magnetic field direction and strength from

the nominal conditions in the unperturbed me-

dium, and the ENA images affirm that im-

proved models of the interaction are required

to represent that complexity.
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R E P O R T

Titan’s Magnetic Field Signature During the
First Cassini Encounter

Heiko Backes,1* Fritz M. Neubauer,1 Michele K. Dougherty,2 Nicholas Achilleos,2 Nicolas André,3

Christopher S. Arridge,2 Cesar Bertucci,2 Geraint H. Jones,4 Krishan K. Khurana,5

Christopher T. Russell,5 Alexandre Wennmacher1

The magnetic field signature obtained by Cassini during its first close encounter
with Titan on 26 October 2004 is presented and explained in terms of an advanced
model. Titan was inside the saturnian magnetosphere. A magnetic field minimum
before closest approach marked Cassini’s entry into the magnetic ionopause layer.
Cassini then left the northern and entered the southern magnetic tail lobe. The mag-
netic field before and after the encounter was approximately constant for È20 Titan
radii, but the field orientation changed exactly at the location of Titan’s orbit. No
evidence of an internal magnetic field at Titan was detected.

We report results from the Cassini magne-

tometer experiment obtained during the first

close encounter Eclosest approach (CA) alti-

tude: 1174 km^ of Cassini with Saturn_s moon

Titan on 26 October 2004. This was the first

opportunity to investigate Titan_s environment

with in situ measurements since the Voyager

1 flyby in 1980. With its extended neutral at-

mosphere, Titan orbits Saturn at a distance of

20.3 Saturn radii (R
S
) and an orbital period

of 15.95 days. For most of its orbit Titan is

inside Saturn_s magnetosphere (1), which is

populated by neutral atoms and plasma from

several potential sources (Saturn atmosphere

and rings, icy satellites, Titan, solar wind) and

at least partially corotates with the planet. Be-

cause Titan_s orbital period is much larger

than Saturn_s rotational period (10.7 hours),
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Titan is embedded in a flow of magnetized

plasma with a relative velocity on the order

of 100 km/s (2). The magnetic field data mea-

sured as Voyager 1 flew by Titan placed an

upper limit on Titan_s internal magnetic field

of 4.1 nT at the equatorial surface (3), which

is approximately equal to the magnetospheric

field at Titan_s orbit. Thus, the interaction of

Titan with Saturn_s magnetosphere is of an

atmospheric type, like, for example, the inter-

action of Venus with the solar wind, but has

some unique features. At times of high solar

wind dynamic pressure, when the magneto-

pause is pushed toward Saturn, Titan can leave

the magnetosphere on the subsolar part of its

orbit and interact with magnetosheath plasma

or even the solar wind. In addition, the iono-

spheric properties on the side of Titan that

faces the oncoming plasma flow vary with

saturnian local time (SLT). The Voyager data

also showed that the magnetospheric plasma

properties are different from those of other

plasmas in the solar system Etrans-sonic, trans-
Aflv2nic, b , 10 (3, 4)^.

Cassini_s magnetometer experiment is de-

scribed in (5). Throughout the encounter, 32

vectors per second were measured by the flux

gate magnetometer. At its first close encoun-

ter (T
A
), Cassini passed through the northern

part (with respect to the equatorial plane) of

the streaming plasma wake of Titan, heading

toward Saturn (Fig. 1). The closest approach

occurred on 26 October 2004 15:30:04 SCET

UTC (6) at an altitude of 1174 km above Titan.

At this time Titan was near the saturnian mag-

netopause at 10:36 SLT (fig. S1), with the dec-

lination of the Sun relative to Titan_s orbital
plane a

sol
0 j23:23- (south summer). At about

12:15 on 25 October and at a radial distance

of È 28 R
S
, Cassini finally crossed the saturni-

an bow shock and entered the magnetosheath,

where strong compressional waves were ob-

served (Fig. 2). The bow shock crossing was

closer to Saturn than it was at Saturn orbit

insertion (7), indicating that the magnetosphere

was now more compressed. At about 10:40

on 26 October, 4 hours before CA and at a

distance of about 39 Titan radii (R
T
), Cassini

finally crossed the saturnian magnetopause;

thus, Titan was well inside the magnetosphere

during T
A
(Fig. 2). Cassini observed the mag-

netic field disturbance generated by Titan_s
interaction with the magnetospheric plasma

between 15:10 and 15:50, centered about CA

(15:30:04). The inbound magnetic field ðB!inÞ
between 12:20 and 14:50, covering a distance

of more than È20 R
T
in Titan_s rest frame,

was notably steady (Fig. 2), with a mean value

of B
!

in 0 ð0:72; 2:38;j5:60Þ nT (8), implying

that the magnetic field was rotated toward

Saturn by an angle of q
x,in

0 23.8-. The angle

between the Saturn-Sun line and Titan_s or-
bital plane was ¬a

sol
¬ 0 23.2-. The rotation

toward Saturn was likely produced by Chapman-

Ferraro currents in the near magnetopause. In

the period after the encounter from 16:10

to 18:40, the outbound magnetic field ðB!outÞ
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Fig. 1. Geometry of Cassini’s
TA encounter. The Titan inter-
action coordinate system (TIIS)
is centered at Titan with the
x axis pointing in the direction
of Titan’s orbital motion, the
y axis pointing toward Saturn,
and the z axis being perpen-
dicular to the orbital plane.
Under ideal conditions, the
incident plasma flow is along
the x direction and the am-
bient saturnian magnetic field
points in the –z direction.
Cassini’s trajectory and the
projections on the three planes
are shown. The drawn vector
with its origin in Titan’s cen-
ter indicates the direction to
the Sun. The wake with re-
spect to an ideal corotating
plasma flow is also indicated.

Fig. 2. MAG data leading up to the Cassini TA encounter (CA). The coordinates are in the
Kronocentric Solar Magnetospheric (KSM) coordinate system (x is in the solar direction, z is in the
plane formed by x and the saturnian dipole axis, and y completes the system). At 12:15 on 25
October 2004, Cassini crossed the bow shock (BS) at a saturnian distance of about 28 RS. The
magnetic field in the magnetosheath showed strong wave signatures. After several magnetopause
crossings, Cassini finally entered the saturnian magnetosphere at 10:40 on 26 October 2004 at a
distance of 21.6 RS from Saturn’s center (MP). The shaded areas mark periods of steady field
inbound and outbound of the encounter.
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was again steady but at a different orientation

B
!

out 0 ð1:99; 3:53;j3:93Þ nT and rotated

more toward Saturn (q
x,out

0 41.9-). The mag-

netic field changed at the position of Titan by

DB
!

0 ð1:59; 1:03; 1:75Þ nT, with the magni-

tude remaining nearly constant (DB G 0.6 nT).

It might appear that Titan marks a boundary

between two different magnetospheric regions,

although no similar feature was observed by

Voyager 1, and this feature may be a tempo-

ral coincidence.

Titan_s large-scale magnetic interaction can

be qualitatively described in terms of magnetic

field line draping—a feature that has been ob-

served, for example, at the solar wind interac-

tion with comets (9). The basic idea is that a

magnetized plasma streaming around a con-

ducting obstacle leads to a draping of the

frozen-in magnetic field around that obstacle

Esee figure 3 in (10)^. A quantitative description

of the magnetic field topology—especially near

the obstacle—is quite complicated because it

involves details of the incident plasma flow and

of the obstacle, which in the case of Titan con-

sists predominantly of the neutral atmosphere

and the ionosphere and their interdependence.

A three-dimensional resistive magnetohy-

drodynamic (MHD) model has been developed

to describe Titan_s interaction with the sa-

turnian magnetospheric plasma (11, 12). The

model includes a static neutral atmosphere

consisting of the two major species N
2
and

CH
4
with radial distributions following (13).

Ionospheric plasma is produced by photoion-

ization and impact ionization by photoelectrons

and magnetospheric electrons. The incident

solar extreme ultraviolet (EUV) flux is pa-

rameterized using the EUVAC model (14) at

solar minimum conditions. Elastic and inelas-

tic collisions of magnetospheric electrons with

the neutral gas and heat conduction along

the magnetic field lines are included (15).

The three-dimensional (3D) ionosphere gener-

ated has a dayside peak electron density of

7200 cmj3 at an altitude of 900 km. The night-

side peak density is lower by an order of mag-

nitude and is located at higher altitudes. We

applied the model to T
A
conditions (16) and

assumed that the incident plasma properties

were similar to the properties deduced from

data measured during the Voyager 1 encoun-

ter (3).

For a comparison with the magnetic field

data measured by the Cassini magnetometer

(MAG) instrument during T
A
, the coordinate

system of the model was rotated with respect

to the TIIS frame (defined in Fig. 1) in order

to obtain the least-mean-square fit of the data

by the model between 15:10 and 15:50. This

was necessary because in the basic model it

was assumed that the incident magnetic field

was in the –z direction. In the rotated frame

the plasma velocity does not deviate from the

ideal corotation direction in the equatorial plane

(G1-) but has a small northward component

(È10-). During the Voyager 1 encounter, the

plasma velocity deviated from corotation by

more than 20- in Titan_s orbital plane (17, 18).
The incident magnetic field is rotated Saturn-

ward (41.7-), which is inside the range between
B
!

in and B
!

out, and has a small x component

(fig. S2). In the rotated frame (where the in-

cident magnetic field is aligned with the –z

axis), the trajectory had to be adjusted appro-

priately. Whereas in TIIS the trajectory has a

small northward component, it is southbound

in the rotated frame (Fig. 3B). The model re-

produces the observed magnetic field structure

very well (Fig. 3A).

Titan_s magnetic field signature in the in-

terval between 15:10 and 15:40 is explained

in terms of results from the model. At 15:10

the magnetic field changed direction and point-

ed toward Titan (B
x
G 0 in Fig. 3A). At this

point, Cassini entered the northern magnetic

tail lobe (Fig. 3B). Two minutes before CA

(15:28), the magnitude of the magnetic field

as measured by Cassini showed a minimum

and the ionospheric electron density, mea-

sured by the Langmuir probe of the plasma

wave experiment (RPWS) (19) onboard the

spacecraft, as well as in the model, was at a

maximum. There are two reasons for the dis-

crepancy between the location of the plasma

density peak and CA: (i) Cassini travels along

its trajectory from the dayside to the nightside

of Titan. At CA, the optically thick atmosphere

has absorbed most of the ionizing EUV. (ii)

As predicted by the model, the ionization rate

Fig. 3. (A) Magnetic field measured by the Cassini
MAG instrument within a 3-hour interval centered
at CA (15:30:04 UTC) (black line) plotted with the
magnetic field along Cassini’s trajectory obtained
by a model (11). The magnetic field signature
caused by Titan’s interaction was observed be-
tween 15:10 and 15:50. The main features of the
signature—a minimum of B 2 min before CA and
an abrupt change of sign of Bx after CA—are well
reproduced by the model. The magnetic field after
the encounter is rotated with respect to the field
before the encounter. (B) Schematic drawing of
the magnetic field on a cut through the wake as

obtained by the model (11). Titan is in gray. The hatched oval illustrates the magnetic wake. In the upper (northern) lobe the magnetic field points
toward Titan, and in the lower (southern) lobe the field points away from Titan. Cassini’s trajectory as it crosses the wake is drawn as a bold line. The
numbers along the trajectory mark the borders between different regions traversed by Cassini [the positions are also marked in (A)]. Between
positions 1 and 2, Cassini was in the northern lobe with the magnetic field pointing toward Titan Bx G 0. Between positions 2 and 3 Cassini dipped into
the magnetic ionopause (MIP). In this region the field was at a minimum and the ionospheric electron density was at a maximum (19). After entering
the northern lobe again for a short time (between positions 3 and 4), the polarity reversal layer (22) separating the northern and southern lobe was
crossed and Cassini entered the southern lobe with Bx 9 0 (between positions 4 and 5). The results of the model (11) that were used to generate this
schematic are shown in the supporting online material (15).
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by magnetospheric electrons is an order of

magnitude lower than the photoionization rate.

Both effects cause the peak location to shift

from CA toward Titan_s dayside, i.e., toward
times before CA. The reduction of the magnet-

ic field magnitude is a consequence of shield-

ing currents flowing in a layer that we call the

magnetic ionopause, which separates the upper

magnetized ionosphere from the lower non- or

weakly magnetized ionosphere. The presence

of this layer has been predicted by 1D models

(20, 21) for the side of Titan facing the

streaming plasma. Our model (11) successful-

ly describes the 3D structure of this layer and

explains the observed magnetic field mini-

mum. After the minimum, the magnetic field

increased and was orientated toward Titan,

indicating that Cassini was still in the north-

ern lobe. About 5 min after CA, B
x
changed

sign abruptly. This point marks the transition

from the northern into the southern magnetic

lobe (Fig. 3B), which occurs as a rotation of

the magnetic field at nearly constant field mag-

nitude (22). Cassini left the southern magnetic

lobe at 15:39 and returned into the unperturbed

saturnian magnetic field. The good agreement

between the modeled (11) and measured mag-

netic field signature of Titan implies that the

signature can be explained without imposing

any internal magnetic field.

This conclusion is consistent with the upper

limit derived from Voyager 1 (3). However, the

geometry of the T
A
trajectory was not favor-

able for detecting an internal field. In addition,

the occurrence of the magnetic field minimum

before CA indicates the existence of a magnet-

ic ionopause at Titan, implying that the lower

ionosphere is non- or weakly magnetized. The

model also shows that the plasma velocity

vector derived from the rotation angles in order

to obtain the best fit aligns nearly perfectly

with the corotation direction in the equatorial

plane, with a small northward component.

From the similarities between model and MAG

data, we suggest that the incident flow plasma

conditions were not substantially different from

Voyager 1 conditions.
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Reconstructing the Origin
of Andaman Islanders
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Avinash A. Rasalkar,1 Lalji Singh1*

The Andaman and Nicobar Islands are inhab-

ited by six indigenous tribal populations. Our

previous work (1) suggested that Andamanese

BNegritos[ have closer affinities with Asian

than with African populations and that the Nic-

obarese have close genetic affinities to South-

east Asians. In a parallel study by Endicott et al.

(2), which also suggested Asian affinities for

the mitochondrial DNA (mtDNA) lineages of

the Andamanese, analyses of museum speci-

mens related the two major lineage groups on

the islands with haplogroups M2 and M4, which

are found commonly throughout India (3–5).

Analysis of a hypervariable se-

quence (HVS-I) motif in-

dicated a link with Papuan

populations (1). These links,

however, relied on nucleo-

tide positions in the control

region of mtDNA that are

known to be hypervariable. To

clarify the phylogenetic posi-

tion of the mtDNA lineages

of the Andaman Islanders, we

analyzed the complete mtDNA

sequence of five Onge, five

Great Andamanese, and five

Nicobarese individuals.

Analysis of the Onge and

Great Andamanese complete

mtDNA sequences revealed

the existence of two previ-

ously uncharacterized clades,

which we named M31 and

M32 (Fig. 1). Analysis of the

complete mtDNA sequences

shows that none of the coding

region mutations defining these two haplo-

groups overlap with the known Indian or East

Asian mtDNA haplogroups (1–5). In our survey

of È6500 mtDNA sequences from mainland

India, none of the M lineages carried the cod-

ing region mutations specific to M31 and M32

(6). Furthermore, none of the haplogroup M

complete sequences reported so far share any

of the mutations that define M31 and M32,

suggesting that these two haplogroups are like-

ly to have evolved in situ on these islands.

Our previous studies have shown that all

Eurasian and Oceanian founder haplogroups—

mitochondrial M, N, and R and Y-chromosomal

C, D, and F—coexist in South Asia, suggesting

their comigration along the southern coastal

route in one wave after the exit of modern

humans from Africa (1, 3–5). Because the

Andaman Negrito populations carry only one

mitochondrial founder haplogroup (M) and

only one Y-chromosomal haplogroup (D), it is

tempting to relate this phylogeographic pat-

tern with a one-haplogroup–one-migration

scenario. However, the shallow phylogenet-

ic time depths of M31 and M32 in Onge and

Great Andamanese populations (Fig. 1) more

likely reflect the effect of genetic drift in

these extremely small populations. Therefore,

it is not surprising that the founding mtDNA

haplogroups N* and R* and Y-chromosomal

haplogroups C and F may have completely

disappeared from the extant Andaman and

Nicobar islanders.

Most Nicobarese mtDNA lineages belong

to either of the two common haplogroups B

and F (1), which are specific to East Asia.

All four Nicobarese B5a sequences clustered

together in a branch defined by three coding

region substitutions (at nucleotide positions

11881, 13145, and 13395) (fig. S1) (7). The

low variation observed both in control and cod-

ing region sequences implies that these lineages

among Nicobarese coalesce to their most recent

common ancestor within the past couple of

thousand years. The phylogenetic analysis of a

Nicobarese F sequence clustered it into haplo-

group F1a1a1. This subclade of haplogroup F

has been observed in China (8), Malaysia, and

Thailand (9), confirming a Southeast Asian ori-

gin of this lineage in Nicobarese. Relatively

older coalescence times for the most recent

common ancestors of Nicobarese and South-

east Asian B5a1 and F1a1a1 lineages (Fig. 1)

are based on only a few samples from South-

east Asia. Therefore, these coalescence times

reflect the time of the origin of these lineages

in mainland Southeast Asia rather than the

time of their migration to the Nicobar Islands.

Our data indicate that two ancient maternal

lineages, M31 and M32 in the Onge and the

Great Andamanese, have evolved in the Anda-

man Islands independently from other South

and Southeast Asian populations. These line-

ages have likely been isolated since the initial

penetration of the northern coastal areas of the

Indian Ocean by anatomically modern humans,

in their out-of-Africa migration È50 to 70

thousand years ago. In con-

trast, the Nicobarese show a

close genetic relation with

populations in Southeast Asia,

suggesting their recent arrival

from the east during the past

18 thousand years.
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Fig. 1. A tree showing the phylogenetic position of the complete mtDNA se-
quences of Andaman and Nicobar islanders. O, G, and N represent Onges, Great
Andamanese, and Nicobarese lineages, respectively; kya, thousands of years ago.
Coalescent times of haplogroups M, N, and R were obtained from Mishmar et al.
(10); a mutation rate of 1.26 � 10j8 was used for other haplogroups estimated
from the present data (7, 10).
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Implementation of the
Semiclassical Quantum Fourier
Transform in a Scalable System
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R. B. Blakestad, W. M. Itano, J. D. Jost, C. Langer, R. Ozeri,

T. Schaetz,- D. J. Wineland

We report the implementation of the semiclassical quantum Fourier trans-
form in a system of three beryllium ion qubits (two-level quantum systems)
confined in a segmented multizone trap. The quantum Fourier transform is
the crucial final step in Shor’s algorithm, and it acts on a register of qubits to
determine the periodicity of the quantum state’s amplitudes. Because only
probability amplitudes are required for this task, a more efficient semiclassical
version can be used, for which only single-qubit operations conditioned on
measurement outcomes are required. We apply the transform to several input
states of different periodicities; the results enable the location of peaks cor-
responding to the original periods. This demonstration incorporates the key
elements of a scalable ion-trap architecture, suggesting the future capability
of applying the quantum Fourier transform to a large number of qubits as
required for a useful quantum factoring algorithm.

Among quantum algorithms discovered up to

this time, Shor_s method for factoring large

composite numbers (1) is arguably the most

prominent application of large-scale quantum

information processing, given that efficient

factoring would render current cryptographic

techniques based on large composite-number

keys vulnerable to attack. The key component

of this algorithm is an order-finding subrou-

tine that requires application of the quantum

discrete Fourier transform (QFT) to determine

the period of a set of quantum amplitudes (1–4).

The QFT is also an essential part of quantum

algorithms for phase estimation and the dis-

crete logarithm (4). In fact, the polynomial-

time QFT is responsible for most of the known

instances of exponential speedup over classi-

cal algorithms.

Relative phase information of the output

state from the QFT is not required when ap-

plied in any of the algorithms mentioned

above; only the measured probability ampli-

tudes of each state are used. This allows the

replacement of the fully coherent QFT with

the semiclassical (or Bmeasured[) QFT (5),

in which each qubit is measured in turn, and

prescribed controlled-phase rotations on the

other qubits are conditioned on the classical

measurement outcomes. This eliminates the

need for entangling gates in the QFT pro-

tocol, which considerably relaxes the required

control of motional states for the trapped-ion

implementation. In addition, the semiclassical

version is quadratically more efficient in the

number of quantum gates when compared

with the fully coherent version (6), a bene-

fit in any physical implementation of quan-

tum computing. The coherent QFT has been

implemented in nuclear magnetic resonance

systems (7–11) but has not been demon-

strated in a scalable system (12). Here, we

describe an implementation of the measured

QFT in an architecture that can be scaled

(13, 14).

The QFT is a basis transformation in an

N-state space that transforms the state kkÀ
(k is an integer ranging from 0 to N j 1) ac-

cording to

kkÀ Y
1ffiffiffiffi
N

p
XNj1

j 0 0

ei2pjk=N k jÀ ð1Þ

The action on an arbitrary superposition of

states may be written as

XNj1

k 0 0

xk kkÀ Y
XNj1

j 0 0

yjk jÀ ð2Þ

where the complex amplitudes y
j
are the dis-

crete Fourier transform (15) of the complex

amplitudes x
k
. For three qubits, switching

to binary notation, where k
1
, k

2
, and k

3
are

the most to least significant bits, respec-

tively, in the label for the state kk
1
k
2
k
3
À 0

kk
1
À�kk

2
À�kk

3
À (k

i
Z A0,1Z), the transform

can be written as (4)

kk1k2k3À Y
1ffiffiffi
8

p ðk0À þ ei2pE0:k3^k1ÀÞ �

ðk0À þ ei2pE0:k2k3^k1ÀÞ � ðk0À þ ei2pE0:k1k2k3^k1ÀÞ
ð3Þ

where E0.q
1
q
2
Iq

n
^ denotes the binary frac-

tion q
1
/2 þ q

2
/4 þ Iþ q

n
/2n. When writ-

ten in this form, it can be seen that the QFT is

the application to each qubit of a Hadamard

transformation Ek0ÀY ð1= ffiffiffi
2

p Þðk0À þ k1ÀÞ and
k1À Y ð1= ffiffiffi

2
p Þðk0À j k1ÀÞ^ and a z rotation

conditioned on each of the less significant

qubits, with a phase of decreasing binary sig-

nificance due to each subsequent qubit, all fol-

lowed by a bit-order reversal (4). The three-qubit

quantum circuit, without the bit-order reversal,

is shown in Fig. 1A. The simplified circuit for

the measured QFT is shown in Fig. 1B.

In the experiment, z rotations are transform-

ed into x rotations, which are more straight-

forward to implement in our system, and

rotations are redistributed to accommodate re-

quired spin-echo refocusing pulses (p rotations)

which reduce dephasing due to fluctuating mag-

netic fields (16–18), but this does not change

the basic protocol. Because of the substitution

of p/2 rotations for Hadamard operations and

our choice of conditional-rotation direction, the

coherent QFT corresponding to our measured

QFT is described by

kk1k2k3ÀY
1ffiffiffi
8

p ðk0Àj eji2pE0:k3^k1ÀÞ�

ðk0Àj eji2pE0:k2k3^k1ÀÞ� ðk0Àj eji2pE0:k1k2k3^k1ÀÞ

ð4Þ
The sign differences from Eq. 3 are unimpor-

tant, because only the probability amplitudes

of the output state are measured; the relative

phases of the output-basis states are arbitrary.

We have applied this three-qubit QFT to input

states of several different periodicities.

The qubits comprise two states of the ground-

state hyperfine manifold of 9Beþ: the state
kF 0 1, m

F
0 j1À, labeled k0À, and the state kF 0

2, m
F
0 j2À, labeled k1À. These states are sep-

arated in frequency by 1.28 GHz. Rotations

Rðq; fÞ 0 cos
q
2
I j i sin

q
2
cos f sx j

i sin
q
2
sin f sy ð5Þ

are performed by means of two-photon

stimulated-Raman transitions (19, 20). Here,

q is the rotation angle, f is the angle of the
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rotation axis from the x axis in the xy plane

of the Bloch sphere (17), I is the identity

operator, and s
x
and s

y
are the usual Pauli

spin operators. The beryllium ions are con-

fined in a linear radio-frequency Paul trap

(21), similar to that described in (18). This

trap contains six zones, and the ions can be

moved between these zones, together or sep-

arately, by means of synchronized variation

of the potentials applied to the trap_s control
electrodes. State determination is made by

projection of the qubit state with the use of

resonance fluorescence (19) (an ion in the k1À
state fluoresces, whereas an ion in the k0À state
does not). Measurement results were record-

ed, and laser pulses were applied by means of

classical logic to implement conditional op-

erations. The QFT protocol proceeded as de-

picted in Fig. 2A, with ions located in the

multizone trap as shown in Fig. 2B.

Five different states were prepared to test

the QFT protocol (Table 1). These states have

periods of 1, 2, 4, 8, and approximately 3.

The three-qubit state space consists of eight

states, labeled k000À, k001À,I, k111À in binary
notation and ordered lexicographically. The

periodicity is derived from the recurrence of

the quantum amplitudes in a superposition of

these eight states.

The period 1 state was generated by ap-

plying the rotation R(p/2,–p/2) to all three ions
in the initial state k111À. The period 2 state

was generated from k111À by physically sepa-

rating ion 3 from ions 1 and 2, applying a

rotation R(p/2,–p/2) to ions 1 and 2, and then

bringing all three ions back together. Similar-

ly, the period 4 state was created by applying

the rotation R(p/2,–p/2) to only the first ion

after separating it from ions 2 and 3. The pe-

riod 8 state was simply the state of the ions

after initialization, k111À.
The most obvious (approximate) period 3

state in this eight-state space is k000À þ k011À þ
k110À (here and in the following, we omit

normalization factors). Because this state_s
periodicity is not commensurate with the state

space, the addition of the next (in a sequence

of three) basis state k001À to this superposition
also results in an approximate period 3 state,
ky

3
¶À 0 k000À þ k011À þ k110À þ k001À. We

used a cyclic permutation of ky
3
¶À; in partic-

ular, adding 3 (mod 8) to each state produces
ky

3
À 0 k011À þ k110À þ k001À þ k100À. This

state is the tensor product of k01À
1,3

þ k10À
1,3

(ions 1 and 3) with k0À
2
þ k1À

2
(ion 2). Starting

from k111À, this state can be prepared by en-

tangling the outer two ions (ions 1 and 3) with

a geometric phase gate embedded between

two rotations—R(p/2,p/4) and R(3p/2,p/4)—
applied to all three ions (21, 22). This was

followed by a rotation R(p/2,jp/2) to all three

ions. This state was produced with a fidelity of

approximately 0.90 (resulting from the reduced

fidelity inherent in multi-qubit entangling op-

erations compared with single-qubit rotations).

Each experiment began with Doppler cool-

ing and Raman-sideband cooling to bring the

ions to the ground state of all three axial vi-

brational modes of the trapping potential and

optical pumping to prepare the three ions in the

internal state k111À (13, 23). The aforemen-

tioned input states were then prepared as de-

scribed above. For each input state, several

thousand implementations of the QFT were

performed, each involving: (i) rotation of ion 1,
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Fig. 2. Circuit for the QFT and locations of the ions in the multizone trap during protocol execution.
(A) The semiclassical QFT (5) as implemented in this Report. The double lines denote classical
information. The closed circles on control lines denote rotation conditional on ‘‘1’’; the open circles
denote rotation conditional on ‘‘0.’’ The initial conditional rotation of qubit 1 ensures that it is in
the nonfluorescing state when the second ion is measured [the second ion is measured in the
presence of the first ion, which contributes negligibly to the fluorescence signal during the second
measurement (25); refer to ‘‘Second qubit measurement’’ in (B)]. This circuit, up to some irrelevant
phases, can be obtained from that in Fig. 1B through conjugation of rotations and reordering of
some operations. (B) The locations of the ions in the multizone trap structure during the QFT
protocol as a function of time. Separation of ions and refocusing operations are performed in zone
6, and all other qubit operations are performed in zone 5.
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(ii) measurement of ion 1, (iii) rotation of

ion 2 conditional on the measurement of ion 1,

(iv) measurement of ion 2, (v) rotation of

ion 3 conditional on the first two measure-

ments, and (vi) measurement of ion 3. Each

experiment required approximately 4 ms af-

ter initial cooling, optical pumping, and state

preparation.

The measured output-state probabilities af-

ter application of the QFT algorithm are shown

in Fig. 3 along with the theoretically expected

probabilities for the five different input states.

The data generally agree with the theoretical

predictions, although the deviations from the

predicted values are larger than can be

explained statistically and are due to system-

atic errors in the experiment. These systematic

errors are associated with the state preparation

(not associated with the QFT protocol) as well

as with the separate detections and conditional

rotations of the three ions (intrinsic to the QFT

protocol). The first, second, and third ions

were measured approximately 1.2 ms, 2.4 ms,

and 3.5 ms after the beginning of the algo-

rithm. Dephasing due to slow local magnetic-

field fluctuations, though mitigated by the

refocusing (spin-echo) operations, grows as a

function of time during each experiment; the

chance that an error occurs because of dephasing

grows from approximately 5% for the first ion to

approximately 13% for the third ion.

Even with these systematic errors, the re-

sults compare well with theory, as can be

shown by examining the squared statistical

overlap (SSO) Ederived from the statistical

overlap of (24)^ of each set of data with the

associated predictions. Here, we define the

SSO as g 0 (S
j 0 0
7 m

j
1/2 e

j
1/2)2, where m

j
and e

j

are the measured and expected output-state

probabilities of state k jÀ, respectively. This is

an effective measure of fidelity without regard

for relative output phases. The lowest mea-

sured SSO for the five prepared states is 0.87,

suggesting that peaks can be reliably located

to determine periodicities as required for Shor_s
factorization algorithm. To verify the reliability

of the protocol for this task, one should com-

pare the experimental and theoretical values of

the measurement probabilities of the output

states where peaks are located. For the period 2

state, the measured probability for the output

state k4À 0 k100À (the measurement outcome

sufficient to determine the periodicity as 2),

was 0.538, an 8% difference from the expected

A

B

C

D

E
Fig. 3. Results of the semiclassical QFT.
Measured probability of each output state
occurring after the application of the protocol
is shown along with the expected transform
output. Each plot contains data from 5000
experiments. The SSO g is a measure of
transform accuracy. Uncertainties quoted for
the SSO are statistical and do not include
systematic errors. (A) to (E) are the QFTs for
ky1À, ky2À, ky3À, ky4À, and ky8À, respectively.
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value of 0.5. For the period 3 state, the sum of

the measured probabilities for output state k3À 0
k011À and state k5À 0 k101À (the states corre-

sponding to the most correct periodicity) was

0.301, a 29% difference from the expected val-

ue of 0.426. Notably, the preparation fidelity

of this state was not as high as for the others.

One other set of input states was created to

demonstrate that the semiclassical QFT pro-

tocol is sensitive to relative input phases. All

the states of Table 1 had amplitudes (of the

basis states in the superpositions) with the

same phase. We also prepared a period 3 state

with a relative phase between some states in

the superposition. By incrementing the phase

of the three uniform rotations used in the

creation of the period 3 state with respect to

the operations in the QFT protocol by a phase

f
R
Ethat is, R(q,f) Y R(q,f þ f

R
)^, we can

create the state

ky3ðfRÞÀ 0 k001À þ eifR k011À þ
k100À þ eifR k110À ð6Þ

The relative phase between pairs of basis

states in this superposition leads to a Fourier

transform that depends on f
R
. The measured

probabilities of the eight output states are

plotted in Fig. 4A along with the theoretical

values in Fig. 4B. The level of agreement can

be seen in Fig. 4C, a plot of the SSO as a

function of preparation phase.

These results demonstrate that for small

state-spaces, the QFT can be performed semi-

classically with a signal-to-noise level suffi-

cient for period-finding in quantum algorithms

by means of a system of trapped-ion qubits.

Even with input state infidelities as large as

0.10, as in the period 3 state created here, the

measured QFT had substantial SSO with the

theoretical prediction for the correct input state.

Furthermore, the effect of the incommensu-

rability of state periodicity with state space is

diminished as the size of the state space in-

creases. Peaks due to similar incommensurate

periodicities will be easier to locate in larger

state spaces (compared to the case of a period 3

state in an eight-state space). Extension of the

technique described here to larger quantum

registers (13, 14) is a function only of trap-

array size and involves a linear overhead in ion

separation and movement. The main source of

intrinsic error in our implementation was qubit

dephasing resulting from magnetic-field fluc-

tuations. Use of first-order magnetic field–

independent qubit transitions (13) can mitigate

this problem and lead to a high-fidelity method

for implementation of the QFT, a necessary

step toward large number–factorization appli-

cations of quantum computing.
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Picometer-Scale Electronic
Control of Molecular Dynamics

Inside a Single Molecule
M. Lastapis, M. Martin, D. Riedel, L. Hellner, G. Comtet, G. Dujardin

Tunneling electrons from a low-temperature (5 kelvin) scanning tunneling
microscope were used to control, through resonant electronic excitation, the
molecular dynamics of an individual biphenyl molecule adsorbed on a
silicon(100) surface. Different reversible molecular movements were selec-
tively activated by tuning the electron energy and by selecting precise
locations for the excitation inside the molecule. Both the spatial selectivity
and energy dependence of the electronic control are supported by spec-
troscopic measurements with the scanning tunneling microscope. These
experiments demonstrate the feasibility of controlling the molecular
dynamics of a single molecule through the localization of the electronic
excitation inside the molecule.

New concepts have recently emerged in which

molecules on surfaces are considered as nano-

machines in themselves (1). However, the use

of a single molecule as a functionalized nano-

machine will require the ability to power and

control numerous dynamic processes at the

atomic scale. Resonant electronic excitation

that activates a specific reversible movement

of the molecule appears to be the most prom-

ising method for controlling the operation of

such amolecular nanomachine. Indeed, electron-

ic excitation has, a priori, several advantages

over other methods, such as vibrational excita-

tion (2–4) or direct scanning tunneling micro-

scope (STM) tip-molecule contact (5). In

particular, electronic excitation should enable

the molecule to be excited into far-from-

equilibrium conformations, resulting in very

rapid, efficient, and more easily controllable

molecular dynamic processes. Such electronic

control has been possible only at the macro-

scopic level for a collection of molecules (6–8).

We will show that electronic excitation and

the ensuing reversible dynamics can be con-

trolled not only at the single-molecule level but

Table 1. Periodic states prepared to test the semiclassical QFT protocol. Numbers in parentheses
indicate experimental uncertainty.

Periodicity State (normalization omitted) Preparation fidelity

1 ky1À 0 k000À þ k001À þ k010À þ Iþ k111À 0.98(1)
2 ky2À 0 k001À þ k011À þ k101À þ k111À 0.98(1)

È3 ky3À 0 k001À þ k011À þ k100À þ k110À 0.90(2)
4 ky4À 0 k011À þ k111À 0.98(1)
8 ky8À 0 k111À 90.99(1)

Laboratoire de Photophysique Moléculaire, Bâtiment
210, Université Paris-Sud, 91405 Orsay, France.
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also inside the molecule, in this case a biphenyl

molecule adsorbed on a Si(100) semiconductor

surface. At low temperatures (5 K), the mol-

ecule behaves as a molecular switch that can be

reversibly moved either from one stable config-

uration to the other or into a transient configu-

ration by resonant electronic excitation with

tunnel electrons from the STM tip. By selecting

precise locations for the excitation inside the

molecule with the STM, specific electronically

excited states are produced, each associated

with a given reversible molecular movement.

A clean Si(100) surface of a p-type B-

doped silicon sample with a resistivity of 0.004

to 0.006 ohmIcm is prepared in an ultrahigh-

vacuum (UHV) chamber, as described else-

where (9). The Si(100) surface (9) was held at

room temperature during the exposure to

biphenyl molecules, which chemisorb in a bi-

stable configuration at this temperature (10).

The sample was then rapidly cooled to 5 K and

transferred into the UHV low-temperature STM

(9). The STM topography of a biphenyl mole-

cule is shown in Fig. 1, together with a diagram

of the adsorption configuration. The molecule

is very stable and has never been observed to

move under normal scanning conditions.

To switch the bistable molecule, the STM

tip was held at a fixed position over a selected

part of the molecule, as indicated in Fig. 1B.

After positioning the tip, the feedback loop was

switched off and a negative voltage V
S
was

applied to the surface for a certain time (from

10 ms to 4 min) depending on V
S
and the

tunnel current. For each manipulation, the tip-

to-surface distance was adjusted to obtain a

given tunnel current. Immediately after the mol-

ecule started to move, the tunneling current I

was abruptly switched from 1.7 to 0.17 nA,

which resulted in an I
on
/I
off

ratio of 10 (Fig. 1F).

This drop in I enabled the measurement of the

time of excitation t
exc

.

Afterward, a new STM topography was

recorded to check that the molecule moved to

the opposite bistable position (Fig. 1C). As

previously discussed (10), this change of

configuration (S
1
Y S

2
) is believed to involve

a rotation of the molecule around a fixed point,

where one phenyl ring (mobile phenyl ring)

undergoes a large movement across the surface

while the other phenyl ring (fixed phenyl ring)

rotates about a fixed point. The distribution of

t
exc

for a given I was obtained by assembling

the results in bins of fixed time over a large

number of experiments (11) (Fig. 1G). An ex-

ponential decay fit gives the average value t of
t
exc

before switching. For each value of V
S
,

the mean value It/e of the number of electrons

necessary for switching the molecule is con-

stant when varying the intensity of the tunnel

current I, indicating a one-electron process (11).

Further proof of an electronic-excitation

mechanism (rather than an electric-field-

induced process) is that the switching yield is

constant when varying the temperature from 5

to 10 K. The switching yield Y
S1YS2

0 1/(It/e),
which is the probability of switching per

electron, is shown as a function of the surface

voltage V
S
in Fig. 2. A threshold energy of

–2.7 T 0.1 eV has been deduced by assuming a

linear-threshold law similar to that for single

ionization by electron impact of gas-phase atoms

and molecules (12). This threshold energy sug-

gests that the p orbitals (highest occupied mo-

lecular orbitals) of the biphenyl molecule,

which are expected to be about 2 to 3 eV below

the Fermi level (13), are resonantly involved in

the excitation mechanism. The electronic-

excitation mechanism consists of the resonant

transfer of an electron from the biphenyl p or-

bitals to the STM tip, thus creating a positively

charged molecular species (14) equivalent to a

transient oxidation of the biphenyl.

This resonant electronic excitation marked-

ly differs from other mechanisms that also

involve electronic coupling but are Boff reso-
nance[ (15–17) or in Bpseudoresonance[ (18).

Indeed, in the resonant electronic case, the

lifetime and the shape of the potential-energy

surface of the electronically excited state

would be expected to play a dominant role in

the molecular dynamics, whereas they should

have little or no influence in the Boff resonant[
or Bpseudoresonant[ cases. The reversible

switching shown in Fig. 1 is reproducible, and

several thousand successive switchings could

be performed on the same molecule, despite

the high energy (several electron volts) of the

excitation. All previously studied electronic

excitation processes (19–21) were associated

with irreversible dissociation, desorption, or dif-

fusion of molecules. Here, for all voltages from

–2 to –5 V and all tunnel currents from 0.1 to

15 nA, no diffusion, desorption, or fragmen-

tation of the molecule was observed.

The ability of the low-temperature STM to

perform experiments with picometer-scale

spatial resolution (22, 23) enables the investi-

gation of both the electronic-excitation pro-

cesses and the ensuing molecular dynamics

within a molecule. Step features in the time

dependence of the tunnel current measured at

three different locations inside the biphenyl

molecule (Fig. 3A) correspond to the revers-

ible switching of the molecule between the

two S
1
and S

2
stable configurations, as already

seen in Fig. 1. The molecule has switched one,

three, and nine times when the STM tip is in

Fig. 1. (A) 90 Å by 90
Å STM topography
(VS 0 –2 V, I 0 0.2 nA)
of biphenyl molecules
on a Si(100) surface at
5 K. (B) A zoom (21 Å
by 21 Å) showing a
single biphenyl mole-
cule in a stable config-
uration (S1). The dot
indicates the STM tip
position during the sur-
face voltage pulse. (C)
Same as (B) after the
surface voltage pulse.
The biphenyl molecule
has switched to its
second stable configu-
ration (S2). (D) and (E)
show schematically the
biphenyl molecule in
its S1 and S2 adsorp-
tion configurations, re-
spectively. The large
circles represent the
silicon atoms of the reconstructed Si(100) surface. (F) Tunnel current during the surface voltage pulse
at VS 0 –2.8V (duration 4 s). (The peaks in the tunnel current before texc are explained in the discussion
of Fig. 3A, curve P1.) After texc, the molecule switches, leading to a sudden drop to 0.17 nA. (G)
Exponential distribution of the time of excitation texc.

Fig. 2. Yields (per electron) as a function of the
surface voltage for molecular switching (YS1YS2),
moving to (YS1YT), and moving from (YTYS1) to
the transient state. Plot on an (A) semi-
logarithmic and (B) linear scale.
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position P
1
, P

2
, and P

3
, respectively. From the

distribution of the time of excitation before

switching, the switching yield has been derived

at each position for V
S
0 –2.5 V: Y

S1YS2
(P

1
) 0

2.7 T 0.5 � 10j12, Y
S1YS2

(P
2
) 0 2.5 T 0.3 �

10j13, and Y
S1YS2

(P
3
) 0 5.0 T 0.6 � 10j11.

This result shows that the switching yield

varies by more than two orders of magnitude

simply by moving the STM tip only 4 )
inside the molecule (from P

2
to P

3
). Quite

unexpectedly, the switching yield is at a

maximum when exciting the less mobile part

of the molecule (location P
3
), as will be

discussed below. There are additional features

in the tunnel-current curves of Fig. 3A con-

sisting of narrow peaks that are far more scarce

in curves P
2
and P

3
as compared with P

1
. We

assign the narrow features to the movement of

the molecule into a transient state (T) located

between the two stable states (S
1
and S

2
) of

the bistable molecule. Transient states can be

observed only if their lifetime is longer than

È1 ms, because the frequency bandpass of

our tunnel-current detection is limited to about

1.3 KHz. Direct evidence that such a transient

molecular state (T) exists was obtained by

rapidly scanning the STM tip along the same

line scan (Fig. 3C). The bright dashes ob-

served in position T indicate the transient mo-

lecular state. Each bright dash in the T state has

a corresponding dark dash in either position S
1

or position S
2
. Such correlations demonstrate

that the narrow peaks in curve P
1
of Fig. 3A

are indeed associated with the movement of the

molecule into a transient state T. The sequence

of narrow peaks in curve P
1
of Fig. 3A were

analyzed in more detail (inset). Both the time

interval between peaks and the width of the

peaks exhibit perfect exponential distributions

(Fig. 3B) whose time constants t
S1YT

and

t
TYS1

, respectively, are inversely proportional

to the tunnel current and do not depend on the

temperature, as observed for the molecular

switching. This result indicates that the series

of peaks observed in curve P
1
(Fig. 3A) cor-

responds to a succession of S
1
Y T and TY S

1

transitions that are both induced by electronic

excitation with the STM tip. The correspond-

ing yields Y
S1YT

0 1/(It
S1YT

/e) and Y
TYS1

0
1/(It

TYS1
/e) are given in Fig. 2 as a function

of the surface voltage for an STM tip in

position P
1
. In fact, at any STM tip position,

the Y
TYS1

yield is found to be several orders

of magnitude larger than the Y
S1YT

yield,

which is consistent with the T state being

transient compared with the S
1
and S

2
states.

Curves P
2
and P

3
of Fig. 3A show less narrow

peaks (S
1
Y T movement) than step features

(S
1
Y S

2
switching), as compared with curve

P
1
. This indicates that the S

1
Y T movement

is less probable than the S
1
Y S

2
switching

when the STM tip is in position P
2
and P

3
.

For example, atV
S
0 –2.5 V, Y

S1YT
(P

3
) 0 1.0 T

0.5 � 10j11 is less than Y
S1YS2

(P
3
) 0 5.0 T

0.6 � 10j11 by a factor of 5. A schematic of

the ground-state potential-energy surface of

this surface molecular switch (1) Ebiphenyl
on Si(100)^ is shown in Fig. 3D.

The Y
S1YT

yield for moving the molecule

into the T state has a threshold surface voltage

at –2.3 T 0.1 V (see Fig. 2) that is significantly

smaller than the threshold (–2.7 V) of the

Y
S1YS2

switching yield. We note that the

Y
S1YT

and Y
S1YS2

yield curves have similar

shapes, in particular that they dip at –3.6 and

–4.0 V, respectively. The voltage shift (0.4 V)

is the same as the corresponding threshold

voltage shift, which indicates that the two ob-

served molecular movements, that is, moving

to the transient state (S
1
Y T) and molecular

switching (S
1
Y S

2
), are both associated with

a resonant electronic excitation with the STM

tip but involve the excitation of two different

Fig. 3. (A) 20 Å by 20 Å STM topography (VS 0 –2 V, I 0 0.56 nA) of a biphenyl molecule. The
tunnel current during the surface voltage pulse (VS 0 –2.5 V, duration 10 s) is shown for three
different STM tip positions, P1, P2, and P3. (B) Exponential distribution of the time interval between
peaks of the tunnel-current curve (P1) in (A). (C) On the left, an STM topography of a biphenyl
molecule shows the repeatedly scanned line. On the right, the line scan is shown as a function of
time (VS 0 –3 V, I 0 0.1 nA). The scan speed is 90 nm/s. The bright features, S1, T, and S2, indicate
the successive positions of the molecule. (D) Schematic of the ground-state potential-energy
surface of biphenyl on Si(100). q is an arbitrary reaction coordinate.

Fig. 4. (A) Tunneling spectra have been re-
corded at the centers of the mobile (Mo)
and fixed (Fi) phenyl rings of a biphenyl mol-
ecule and at the corresponding locations Di
(dangling bonds) and Bb (backbonds) of the
clean Si(100) surface. (B and C) dI/dV curves
have been recorded with a lock-in amplifier
(frequency 930 Hz, voltage modulation 40 mV)
when recording the tunnel current I as a func-
tion of the surface voltage from 0 to –3.0 V.
From this, (dI/dV)/(I/V) has been calculated
numerically. The narrow peaks in the Mo curve
for surface voltages smaller than –2.5 V are
due to molecule motion. The p1 resonance at
–2.1 V and the p2 resonance at –2.5 V are seen
in the Mo and Fi curves, respectively. (D) STM
topography of a biphenyl molecule (VS 0 –2.5 V,
I 0 0.12 nA). (E) Topography of the dI/dV signal
recordedwith the lock-in amplifier at VS 0 –2.5 V,
I 0 0.12 nA, showing the localization of the p2
resonance at –2.5 V.
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molecular resonances p
1
and p

2
, whose en-

ergies are –2.3 and –2.7 eV, respectively.

These different threshold surface voltages in-

dicate that the two S
1
Y T and S

1
Y S

2

movements are independent. Similarly, the

observation that the S
1
Y S

2
motion is a one-

electron process demonstrates that it is a di-

rect process and not just a sequence of S
1
Y

T and T Y S
2
motions. As seen in Fig. 2, the

Y
TYS1

yield for moving the molecule from

the T to the S
1
state has an even lower thresh-

old voltage than the Y
S1YS2

and Y
S1YT

yield

curves. This difference most probably origi-

nates because, when the STM tip is in position

P
1
and activates the T Y S

1
movement, the

molecule in the T transient state is no longer

under the tip and the electronic excitation

process must involve only the transfer of elec-

tronic excitations of the silicon substrate (24)

to the molecule.

Direct evidence of the existence of the two

p
1
and p

2
molecular resonances has been ob-

tained by STM I-V spectroscopy (Fig. 4) (25).

When mapping the I-V spectroscopy over the

entire biphenyl molecule, a resonance at

–2.1 eV (with slight variations of T0.1 eV)

was found localized over the mobile phenyl

ring (Mo), and a second separate resonance at

–2.5 eV (with slight variations of T0.1 eV) was
found localized over the fixed phenyl ring (Fi).

This localization probably reflects the rela-

tively weak coupling between the two phenyl

groups of the molecule, which interact more

strongly with the silicon surface. The slightly

lower energies (0.2 eV) of the two p
1
and p

2

resonances observed in tunneling spectros-

copy compared with their energies derived

from the Y
S1YT

and Y
S1YS2

yield thresholds

result from the I-V spectroscopy method

itself (25). The observed localization of the

p
1
and p

2
resonances (Fig. 4E) correlates well

with the localization of the corresponding

Y
S1YT

(p
1
) and Y

S1YS2
(p

2
) yields. Indeed,

the Y
S1YT

yield is much higher than the

Y
S1YS2

yield with the tip at position P
1
(Fig.

2). The Y
S1YS2

yield has a maximum when

the STM tip is at position P
3
that rapidly de-

creased when the STM tip was moved away

to positions P
1
and P

2
. Thus, depending on

the precise location of the STM tip inside the

molecule, different electronically excited states

(p
1
or p

2
resonances) of the molecular system

can be produced, each associated with a specif-

ic molecular movement (S
1
Y T or S

1
Y S

2
).

Compared with other molecular quantum-

control methods based on the use of photon

absorption selection or coherent control rules

(8), the real-space picometer-scale control

method described here has the advantage of

working with single molecules and of dealing

with a completely different concept based on

the selection of a specific electronically excited

state through the spatial localization of the ex-

citation inside the molecule. This is a crucial

step toward the development of a real quantum

technology able to control the internal operation

of future mono-molecular machines (26).
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Glacial/Interglacial Changes
in Subarctic North
Pacific Stratification

S. L. Jaccard,1 G. H. Haug,2 D. M. Sigman,3 T. F. Pedersen,4

H. R. Thierstein,1 U. Röhl5

Since the first evidence of low algal productivity during ice ages in the
Antarctic Zone of the Southern Ocean was discovered, there has been debate
as to whether it was associated with increased polar ocean stratification or
with sea-ice cover, shortening the productive season. The sediment con-
centration of biogenic barium at Ocean Drilling Program site 882 indicates
low algal productivity during ice ages in the Subarctic North Pacific as well.
Site 882 is located southeast of the summer sea-ice extent even during glacial
maxima, ruling out sea-ice–driven light limitation and supporting stratifica-
tion as the explanation, with implications for the glacial cycles of atmospheric
carbon dioxide concentration.

Air bubbles trapped in Antarctic ice reveal that

the atmospheric concentration of carbon diox-

ide (CO
2
) has varied over ice age cycles, be-

tween 280 parts per million by volume (ppmv)

during interglacials (including the preindus-

trial Holocene) and 180 ppmv during peak

glacial conditions (such as the last glacial max-

imum) (1). Because the ocean holds 50 times

more inorganic carbon than does the atmo-

sphere, the consensus is that changes in ocean/

atmosphere exchange drove the CO
2
changes,

which in turn amplified climate forcings to

yield the large observed amplitude of ice age

cycles. However, the specific cause of glacial/

interglacial CO
2
change remains elusive.

CO
2
is extracted from the atmosphere by

phytoplankton growth in the sunlit surface

ocean, and this carbon is then sequestered in

the ocean interior by the downward rain of

organic matter and its subsequent degradation

back to CO
2
. This biologically driven seques-

tration of carbon in the ocean interior is re-

ferred to as the Bbiological pump.[ In the

modern ocean, the efficiency of the biological

pump is limited by particular regions of the

polar ocean: the Antarctic and the Subarctic

North Pacific. In these regions, vertical ex-

change of water causes deeply sequestered

CO
2
to be mixed back into the surface ocean

faster than phytoplankton fix it back into

organic matter, so that previously deep-

sequestered CO
2
is released to the atmosphere.

Because either increased phytoplankton growth
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or decreased vertical exchange Epolar ocean

stratification (2)^ would work to reduce this

CO
2
leak, both changes have been proposed

to explain the reduction in atmospheric CO
2

during the last ice age (3, 4).

Paleoceanographic data suggest that ex-

port production in the Antarctic Zone of the

Southern Oceanwas lower during glacial times

(2, 5–7). This argues against increased polar

ocean productivity as the driver of lower ice-

age CO
2
levels. However, these data do not

necessarily rule out polar ocean changes as

the cause of glacial/interglacial CO
2
change.

If the productivity decrease was driven by in-

creased light limitation during glacial times

because of nearly year-round ice coverage, then

one would expect Antarctic surface partial

pressure of CO
2
to have been higher during

glacial times. In this case, the region could not

be taken as a driver of lower CO
2
during gla-

cial times unless sea-ice coverage was so per-

vasive as to prevent gas exchange between the

surface ocean and atmosphere (8). In contrast,

if this decrease in productivity was due to de-

creased vertical exchange, lowering the supply

of nutrients from below (iron probably being

the most critical), then the region may indeed

have been a driver of lower glacial CO
2
, even

without limitation of gas exchange by sea-ice

coverage (2, 9).

Different paleoceanographic proxies of

surface ocean nutrient status have yielded

contradictory results and so have not yet con-

vincingly distinguished between these two

different scenarios for the observed glacial

decrease in polar productivity (10). Although

efforts are underway to understand paleocean-

ographic proxies through studies of the mod-

ern ocean, this ground-truthing has proven to

be difficult. An alternative approach to dis-

tinguish among plausible interpretations of

ambiguous paleoceanographic data is to take

advantage of different coring sites to test the

significance of down-core trends; this is the

strategy followed here. We combine the mea-

surement of biogenic barium (Ba), a paleo-

ceanographic proxy of export production (11),

with the use of the open Subarctic North Pa-

cific as an analog to other polar sites (the Ant-

arctic Zone of the Southern Ocean, the Sea

of Okhotsk, and the Bering Sea) that differs

substantially from these sites only in its his-

tory of sea-ice cover.

In sediments retrieved from Subarctic

North Pacific Ocean Drilling Program (ODP)

site 882 (Fig. 1) (50-21¶N, 167-35¶E, 3244 m

water depth), we measured relative elemen-

tal concentrations at submillennial resolu-

tion, using the x-ray fluorescence (XRF)

core-scanner at Bremen University, Bremen,

Germany (12). Assuming that sedimentary alu-

minum (Al) or titanium (Ti) is exclusively of

detrital origin, Ba abundance normalized to

Al or Ti abundance yields an estimate of

the sedimentary concentration of biogenic

(or excess) Ba (BioBa). According to the

same reasoning, calcium (Ca) normalized

to Al or Ti indicates the sedimentary con-

centration of biogenic calcium carbonate

(CaCO
3
). The records of Al and Ti show al-

most identical trends and amplitudes, but the

XRF signal is better for Al, which is thus

used for normalization.

The BioBa record shows a strong climate-

related signal (Figs. 2 and 3), with high con-

centrations during interglacials and lower

values during cold stages. The large-scale Ba

variations cannot be explained as the result of

sulfate reduction and associated barite disso-

lution, because no significant sulfate reduction

is observed in the interstitial water of late

Pleistocene sediments of ODP site 882, and

sedimentary organic carbon is uniformly low

(13). Hence, the sedimentary Ba/Al or Ba/Ti

ratio is interpreted to indicate lower BioBa

accumulation and thus less export of organic

matter from the surface ocean during cold

periods, with the lowest BioBa concentrations

coinciding almost exclusively with the glacial

maxima. These data confirm previously report-

ed observations from the Okhotsk Sea (14–16),

the Subarctic Northwest Pacific (16, 17), and

the Bering Sea (18) indicating that the export

production in the Subarctic Pacific is similar to

that of the Antarctic Zone of the Southern

Ocean in its response to glacial/interglacial

cycles.

However, as compared to the Antarctic or

the Okhotsk Sea, the modern open western

Subarctic Pacific near site 882 is characterized

by much higher summertime sea surface tem-

peratures (SSTs), reaching 12-C. SST recon-

structions for the region from alkenones (19),

foraminiferal Mg/Ca, and foraminiferal trans-

fer functions (20) all indicate that, even

during the coldest times, summertime SSTs

never approached freezing. This corroborates

evidence that ODP site 882 was located well

east and south of the perennial sea-ice extent

during glacial maxima (15, 21). As a result,

sea-ice cover could not have been a major

limitation on the spring/summer growing

season during glacial times. Rather, the sup-

ply of nutrients must have provided the criti-

cal limitation on phytoplankton growth during

glacial times. Iron appears to be the limiting

nutrient today (22), although silicate may

limit diatom production in some areas of the

Subarctic Pacific during the late summer. The

aeolian supply of iron to the region was, if

anything, higher during colder times (23).

Thus, the only clearly plausible mechanism

for reducing the nutrient supply to the eupho-

tic zone above site 882, regardless of which

nutrient most constrained growth during the

Fig. 1. Global map of annual maximum sea-ice concentration. Black dots represent core sites from
the Subarctic North Pacific and the Antarctic Zone of the Southern Ocean in which BioBa records
have been measured [ODP 882; LV28-42-4 (15); MD84-552 (2); PS-1768 and PS-1772 (24); PS-
1575, PS-1648, and PS-1821 (25); and PS-1565 and PS-2551 (26)]. The Antarctic sites, which occur
over a wide range of latitude, and the record from the Okhotsk Sea show a similar correlation
between productivity and climate as measured at North Pacific ODP site 882, with lower BioBa
during ice ages. The colors indicate modern wintertime sea-ice extent (February and September for
the Northern and Southern Hemisphere, respectively); the white dashed lines indicate modern
annual minimum sea-ice extent (80% sea-ice concentration contour, based on satellite data from
NASA International Satellite Land Surface Climatology Project Global Data Sets for Land
Atmosphere Models). We used the http://ingrid.ldeo.columbia.edu/ Web site to design the map.
The blue dot represents the Vostok ice-core site.
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last ice age, is a reduction in the nutrient

supply from below, as would result from polar

stratification during cold periods. As described

earlier, a similar correlation between produc-

tivity and climate appears to apply at various

sites of different latitudes within the Antarctic,

with lower BioBa accumulation during ice

ages (2, 24–26) (Figs. 1 and 3). Given the

constraint on the cause of the productivity

drop in the open Subarctic Pacific, it follows

that the same climate/productivity correlation

in the Antarctic most likely arises from a par-

allel tendency for the Antarctic water column

to stratify in cold climates (2, 9).

A strong temporal correlation exists be-

tween the Subarctic Northwest Pacific BioBa

record and the D/H-derived temperature

record from the Vostok ice core (1), applying

not only to the major climate transitions but

also to some of the more subtle climate vari-

ations (Figs. 2 and 3). Because the Subarctic

Pacific itself is unlikely to have driven the

climate changes observed in the Antarctic ice

cores, Southern Hemisphere climate must

modulate productivity (and, according to the

logic above, stratification) in the polar North

Pacific. Thus, we propose that deep water

formation in the Antarctic during intergla-

cials communicates Southern Hemisphere

warming to the polar Northern Hemisphere,

destratifying the Subarctic North Pacific,

enhancing nutrient supply, and increasing

productivity. The pervasive correlation be-

tween North Pacific stratification and Ant-

arctic climate argues for a simple connection

between polar ocean vertical stability and

mean ocean temperature, such as is provided

by the dependence of the thermal expansion

coefficient of seawater on its absolute tem-

perature (9).

The BioBa maxima during peak intergla-

cials in isotope stages 1, 5, 7, 9, and 11 are

accompanied by CaCO
3
maxima that contain

up to 40% biogenic CaCO
3
in these otherwise

carbonate-free sediments (Fig. 2). The near-

absence of CaCO
3
in most of the record sug-

gests that seafloor preservation of the CaCO
3

rain drives the bimodal character of the

CaCO
3
record. Thus, we interpret the CaCO

3

peaks to indicate times of higher calcite satu-

ration state in bottom water, although changes

in the CaCO
3
flux may well have affected the

peak amplitudes. If the CaCO
3
peaks were

exclusively associated with deglaciation, they

could be explained as the result of previously

recognized processes not necessarily asso-

ciated with the North Pacific (27). Specifical-

ly, at the end of ice ages, deeply sequestered

CO
2
is released from the ocean back into the

atmosphere, where it accumulates or is ab-

sorbed by the terrestrial biosphere. This causes

a transient CaCO
3
preservation event in the

deep sea that has been broadly observed (27).

However, the fact that the CaCO
3
peaks

persist through the interglacials indicates a

glacial-to-interglacial increase in the calcite

saturation state of the deep North Pacific.

Because this saturation state change has not

been so clearly observed in the lower-latitude

Pacific (28), it is best explained as the result

of oceanographic changes within the North

Pacific region. Indeed, a higher deep ocean

saturation state in the region would be the

logical result of a weakening of the Subarctic

North Pacific halocline, which would accel-

erate CO
2
escape through the North Pacific

surface. This effect would have been magni-

fied if interglacial weakening of the strati-

fication was accompanied by less complete

nutrient drawdown at the surface (10).

Although previously generated records of

temperature- and salinity-related proxies in

the North Pacific did not evoke an interpreta-

tion of enhanced glacial stratification, those

records are not inconsistent with it. A reduction

in the halocline during ice ages would have

increased planktonic foraminiferal d18O by up

to 1 per mil (°) more than dictated by glacial

cooling and ice buildup. A sediment core

raised near site 882 indicates a remarkably

modest glacial-to-interglacial d18O decrease
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Fig. 2. BioBa and CaCO3 records from Subarctic North Pacific ODP site 882 compared to the
Vostok CO2 and deuterium (dD) records during the past 450,000 years (1). (A and B) Orbitally
tuned (35) Vostok CO2 and dD records. SMOW, standard mean ocean water; ppmv, parts per million
by volume. (C) ODP 882 submillennial BioBa record versus core depth in meters of composite depth
[calculated from the Ba/Al ratio (12), with a 2-cm sampling interval and data smoothed by a five-
point running mean]. The glacial sedimentation rates are probably somewhat higher than the
interglacial rates because of ice-rafted debris. However, the linearity of the age-to-depth correlation
indicated by comparison of (A) and (B) with (C) does not appear to allow for the concentration
signal to be driven by sediment dilution. Moreover, the detailed similarity between the 882 BioBa
and the Vostok dD records, the latter reflecting atmospheric change in the Southern Hemisphere,
argues against changing ice-rafted debris inputs, the timing of which would follow Northern
Hemisphere climate, as the cause of the variations in BioBa concentration. (D) ODP 882 wt %
CaCO3 (data smoothed by a five-point running mean) calculated from the Ca/Al ratio (12).
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of È1.1° (20), È0.8° of which represents

the global ice volume signal (29). Thus, there is

very little room for glacial cooling, let alone

a glacial increase in local surface salinity.

Indeed, the strongest indication from extant

planktonic foraminiferal d18O data is that

there was a gradual strengthening of the

Subarctic Pacific halocline from the early Hol-

ocene to the present (30). Given other evidence

of climate degradation since the early Hol-

ocene, we take this trend as further evidence

of a cooling/stratification link. With im-

proved age control for our site 882 BioBa

record, we may be able to determine whether

this same trend exists within earlier inter-

glacial periods.

Modeling studies have yet to focus on theCO
2

impact of nutrient drawdown and/or stratification

in the Subarctic North Pacific. The expectation

is that the impact will be modest in comparison

to similar changes in the Antarctic (31), which

appears to ventilate much of the modern deep

ocean (32). However, the evidence reported here

for stratification in the Subarctic North Pacific

during cold periods provides strong support for

a similar change in the Antarctic, which has

long been recognized as a potentially dominant

driver of the glacial CO
2
cycles (3, 4, 33).

We noted previously that the Subarctic

North Pacific underwent stratification upon

the initiation of Northern Hemisphere glacia-

tion 2.7 million years ago (34). Only later did

it become clear that this was contemporane-

ous with similar stratification in the Antarctic

(9). The bipolar nature of this phenomenon

argued for a simple and general connection

between climate and polar ocean vertical sta-

bility. Symmetrically, the data reported here

indicate that the stratification during the late

Pleistocene ice ages proposed previously for

the Antarctic (2–4, 10) also occurred in the

Subarctic North Pacific. This only strengthens

our conviction that a simple physical mecha-

nism must exist by which a cold climate leads

to polar ocean stratification.
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Fig. 3. Detail of Fig. 2, illustrating the strong correlation between the ODP 882 BioBa concentration
(red, now plotted versus time) and the Vostok dD record (gray) (1) over the past 150,000 years. To
improve the correlation with the Vostok record, control points in the ODP site 882 age model have
been adjusted from the initial age model (12). This model was based on foraminiferal d18O data,
which provide unambiguous markers of the glacial terminations but do not tightly constrain the
age of mid-glacial–stage sediments (19). The adjustments to this model represent less than 5000
years in all cases. The BioBa record from Southern Atlantic site PS-1768 (24) is shown for
comparison (blue; indicated in Fig. 1). The basic glacial/interglacial variations are similar in the
Subarctic Northwest Pacific and the Atlantic sector of the Southern Ocean, both in the sense of
change and the absolute concentrations of sedimentary BioBa at minima and maxima. The age
constraints for Antarctic cores are limited by a lack of preserved foraminifera, which is the likely
reason for the poor temporal correlation at the detail level between ODP 882 and PS-1768-8.
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Two Chemically Distinct
Pools of Organic Nitrogen
Accumulate in the Ocean

Lihini I. Aluwihare,1* Daniel J. Repeta,2 Silvio Pantoja,3

Carl G. Johnson2

The chemical dynamics of marine dissolved organic nitrogen (DON), a reser-
voir featuring surface accumulations even in areas where nitrogen limits pro-
ductivity, have yet to be resolved. We exploited differences in the acid lability
of amide bonds within high-molecular-weight (HMW) DON to show that ver-
tical DON profiles result in part from the presence of two chemically distinct
pools of amide. Half of HMWDON in surface waters is present as N-acetyl
amino polysaccharides. In contrast, nearly all deep-sea HMWDON, and there-
fore, most HMWDON, is present in amides that resist both chemical hydrolysis
and biological degradation.

Low concentrations of inorganic nitrogen (such

as nitrates and ammonia) are assumed to lim-

it primary production over wide expanses of

the surface ocean. However, in many of these

areas, dissolved organic nitrogen (DON) accu-

mulates to measurable quantities (1–3) despite

a demonstrated role in fueling both primary and

secondary production (4). Given the importance

of nitrogen for limiting ocean productivity,

mechanisms that regulate DON production

and removal could help control both the ocean_s
N balance and, consequently, the sequestra-

tion of atmospheric carbon dioxide.

Processes that lead to DON accumulation

in seawater are unclear, but vertical profiles

show that upper ocean DON concentrations

are enhanced by 30 to 50% over deep water

values (5). This observation suggests a major

source for DON in the upper ocean and is

consistent with findings that a large fraction

of inorganic N assimilated by marine phyto-

plankton can be returned to seawater as DON

(6). However, an important step for explaining

DON profiles in the ocean is to identify com-

positional features that differentiate DON frac-

tions with diverse biological reactivity. Here

we report evidence for major structural differ-

ences between the DON pools of the surface

and the deep ocean.

About 30% of DON occurs as a high-

molecular-weight fraction (HMWDON) that

can be sampled by ultrafiltration (6, 7). The

depth profile of HMWDON is similar to that of

total DON, with high near-surface concentra-

tions. Despite a decline in HMWDON con-

centrations below the mixed layer, nuclear

magnetic resonance (NMR) spectra and amino

acid analyses imply a homogenous chemical

composition throughout the water column

(8, 9). Nitrogen-15 NMR (15N-NMR) spectros-

copy shows that nearly all HMWDON in the

ocean is chemically bound as amide func-

tional groups (8). Amides are commonly

found in living marine organisms within pro-

teins and biopolymers of N-acetyl amino

polysaccharides (N-AAPs, e.g., chitin and

peptidoglycan). However, acid hydrolysis of

HMWDON yields only small amounts of

amino acids and amino sugars, suggesting

that HMWDON is deficient in these poly-

mers (9, 10). However, previous studies have

also demonstrated that it is difficult to draw

quantitative conclusions from analyses that

require depolymerization of HMWDON com-

pounds (10).

Rather than relying on a hydrolysis method

that efficiently depolymerizes polysaccharides

and proteins, we exploited differences in the

amide bonds of proteins and N-AAPs to quan-

tify the contribution of these biochemicals to

marine DON. Amide bonds in proteins are an

integral part of the peptide linkage, and amide

hydrolysis depolymerizes proteins to yield ami-

no acids (Fig. 1). Amide bonds in N-AAPs are

not an integral part of the glycosidic linkage,

and amide hydrolysis of N-AAPs is not di-

rectly coupled to depolymerization. Instead,

amide hydrolysis de-acetylates the polysaccha-

ride, releasing 1 mole of acetic acid for each

mole of amide-N that is hydrolyzed (Fig. 1).

Therefore, proteins can be quantified and

distinguished from N-AAPs by the products

of acid hydrolysis (amino acids and acetic

acid, respectively). In both cases (proteins

and N-AAPs), the hydrolysis of the amide

bond produces amine-N. We used solid-state

(cross-polarization magic-angle spinning) 15N-

NMR spectroscopy to follow the hydrolysis

of HMWDON amide and quantify the con-

version of amide-N to amine-N. Concurrent

measurements of acetic and amino acid gen-

eration were used to partition HMWDON into

proteins and N-AAPs. These experiments al-

lowed us to construct a budget of nitrogen-

containing biopolymers in marine HMWDON.

High molecular weight dissolved organic

matter (HMWDOM) in surface seawater is

rich in carbohydrate (60 to 80% of total C)

and acetate (5 to 7% of total C), as seen in the
1H-NMR spectrum for Woods Hole surface

seawater (Fig. 2A) Ecarbohydrates, 5.2, 4.5-
3.2, and 1.3 parts per million (ppm); acetate,

2 ppm^. Previous studies have shown that

the chemical composition of Woods Hole

HMWDOM is representative of marine

HMWDOM in general (10, 11). The 15N-NMR

for this sample (Fig. 2B) shows one major

resonance at 124 ppm for amide-N (92% of

total N) and a minor resonance at 35 ppm for

amine-N (8% of total N). We hydrolyzed

1Geosciences Research Division, Scripps Institution of
Oceanography, La Jolla, CA 92093, USA. 2Department
of Marine Chemistry and Geochemistry, Woods Hole
Oceanographic Institution, Woods Hole, MA 02543,
USA. 3Department of Oceanography and Fondap Copas
Center, University of Concepción, Casilla 160-D,
Concepción, Chile.

*To whom correspondence should be addressed.
E-mail: laluwihare@ucsd.edu

Fig. 1. Schematic show-
ing the effect of mild
acid hydrolysis on the
amide linkage of pro-
teins and N-AAPs (chi-
tin). Mild acid hydrolysis
(13) completely destroys
the amide linkage (gray
shaded area) in an N-
AAP and quantitative-
ly releases acetic acid.
However, the glyco-
sidic linkage remains
unaffected, and the
macromolecule is not
depolymerized. Mild acid
hydrolysis could like-
wise destroy the amide
linkage in proteins (gray
shaded area), thereby
depolymerizing the mac-
romolecule to release amino acids. If proteins and N-AAPs are the major biochemical components
of HMWDON, then the sum of acetic and amino acids recovered after mild acid hydrolysis should
equal the amount of amide destroyed during the reaction.
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Woods Hole HMWDON using conditions that

were considerably milder than those typically

employed for peptide bond hydrolysis (12)

but that quantitatively release acetic acid from

N-acetyl glucosamine and chitotriose (13). As

expected in the case of N-AAPs, the acid

hydrolysis (13) removed acetic acid from our

samples (Fig. 2C) in quantifiable yield (Table

1) (14). Concurrent with the loss of acetic acid,

there was a decrease in amide-N from 92% of

the total N (7.1 mmol of N) to 35%, and an

increase in the amount of amine-N from 8% of

the total (0.6 mmol of N) to 65% (5 mmol of N)

N (Fig. 2D and Table 1). Amino acid analysis

showed that some proteins were hydrolyzed to

amino acids that were recovered at 13% (Table

1) of the total N (15). The amount of amide-N

converted to amine-N during acid hydrolysis,

as quantified by 15N-NMR spectroscopy,

nearly equaled the molar sum of acetic and

amino acids recovered by molecular level

techniques (4.4 versus 4.3 mmol) (Table 1).

The agreement between NMR spectroscopy

and these molecular level analyses confirms

that the hydrolyzed amide was originally

present in HMWDON as proteins and N-

AAPs. Under stronger hydrolysis conditions

(12), we were able to recover 21% (1.6 mmol

of N) of the total N in the sample as amino

acids.

Using acetic acid as a proxy for N-AAPs,

our results indicate that HMWDON in sur-

face seawater is 43% N-AAPs (Table 1), 21%

hydrolyzable protein, and 29% (2.2 mmol of

N) nonhydrolyzable amide (16). The remain-

ing HMWDON in our Woods Hole sample

(8%, 0.6 mmol of N) initially present as amine

was not characterized by our analyses but may

be present as basic or N-terminal amino acids

of proteins or as amino sugars. We obtained

a similar agreement between the quantity of

N converted from amide to amine and the

molar sum of amino acids plus acetic acid

recovered by molecular level analyses for

HMWDON sampled from the North Pacific

Ocean (Table 1); the agreement confirms the

ubiquity of N-AAPs. Our analyses demon-

strate that soluble N-AAP biopolymers con-

tribute È26% of the carbon and 40 to 50% of

the nitrogen to surface ocean HMWDOM (16).

Peptidoglycan, currently assumed to domi-

nate the oceanic reservoir of HMWDON, is

rich in N-acetyl glucosamine and N-acetyl

muramic acid (present in a 1:1 ratio) (9). Both

sugars contain amide-N and are potential

sources for the N-AAPs we quantified by our

NMR experiment. The presence of acetylated

amino sugars in HMWDON has been inferred

previously from mass spectrometric data

(17, 18), but recoveries of N-acetyl glucosa-

mine and N-acetyl muramic acid, which make

up the amide-rich glycan of peptidoglycan,

are low (10, 11, 19). Even under conditions

specific for peptidoglycan hydrolysis (20, 21),

we were unable to detect muramic acid in

our samples. Glucosamine, though present,

contributed G1% of the total carbon, far low-

er than the È10% HMWDOM-carbon ex-

Fig. 2. The effect of mild acid hydrolysis (13) on the amide linkages of HMWDON isolated from
Woods Hole surface seawater. (A) The 1H-NMR spectrum [300 MHz, D2O, d (chemical shift in ppm
downfield from tetramethylsilane)] shows bound acetic acid (*, 2.0 ppm). (B) The 15N-NMR
spectrum [400 MHz, solid-state, d (chemical shift in ppm downfield from liquid NH3)] before acid
hydrolysis shows most nitrogen (92%) bound as amide. (C) Mild acid hydrolysis and organic
extraction removes acetic acid, demonstrating complete de-acetylation. (D) This hydrolysis
converts 57% of the amide-N into amine, commensurate with the amount of acetic and amino
acids recovered by molecular level analyses (56%) (Table 1) and increases the total amine-N to
65%. Pyridine added to quantify losses during sample processing showed 98% recovery of
HMWDON. IS, internal standard.

Table 1. Change in amide content and yields of acetic and amino acids, upon mild acid hydrolysis of HMWDON. All percentages are expressed relative to total
mmol of N.

Sample
Total

(mmol N)*
Amide

(mmol N)
D Amide
(mmol N)y

Acetic acid
(mmol)

Amino acids
(mmol)

S Acetic þ amino acids
(mmol)

Unhydrolyzed amide
(mmol N)z

Woods Hole (5 m) 7.7 7.1 (92%) –4.4 3.3 (43%) 1.0 (13%) 4.3 2.7 (35%)
MAB (1000 m) 7.7 7.7 (100%) –1.8 1.3 (17%) 0.8 (10%) 2.1 5.8 (76%)
Hawaii (23 m) 6.2 6.2 (100%) –3.7 3.3 (53%) 0.5 (8%) 3.8 2.4 (39%)
Hawaii (600 m) 6.2 6.2 (100%) –3.7 3.4 (55%) 0.4 (6%) 3.8 2.4 (39%)

*Values are expressed per 100 mmol of HMW dissolved organic carbon and calculated based on the C/N ratio of each sample. .D Amide is the change in the amount of amide-N
after hydrolysis, as quantified by integration of the 15N-NMR spectra. In all cases, hydrolysis resulted in the loss of amide-N. -The quantity (mmol of N) of amide remaining in the
sample after mild (13) hydrolysis, quantified directly by 15N-NMR spectroscopy. Higher concentrations of HCl (12) hydrolyzed a greater percentage of the amide-N, leaving slightly
less (2.2 and 5.5 mmol) amide-N unhydrolyzed in the Woods Hole and MAB samples, respectively. In order to quantify the amount of amide-N remaining after strong acid hydrolysis
the Sacetic acid (mild) þ amino acids (strong) was first determined and then subtracted from the initial amide content of the HMWDON sample (before hydrolysis) (16). Here, acetic
acid is being used as a proxy for N-AAPs.
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pected if all of the acetic acid in our samples

was from peptidoglycan. Possible explanations

for the general discrepancy between NMR-

derived estimates of N-AAPs and molecular-

level carbohydrate analyses are incomplete

depolymerization of N-AAPs and rapid

Maillard condensation reactions of hydrolysis

products (22).

Muramic acid also contains lactic acid,

which can be quantitatively released from pep-

tidoglycan without depolymerizing the glycan

(23). For peptidoglycan, 1 mol of lactic acid

will be released for every 2 mol of acetic

acid. Concentrations of lactic acid (14) in our

samples were G0.4% of HMWDOM-carbon,

an order of magnitude less than expected if

all of the acetic acid we recovered was from

peptidoglycan. The low concentration of lac-

tic acid measured in this study and the low

concentration of D-amino acids previously

reported for HMWDON (9) together suggest

that peptidoglycan is at best only a minor com-

ponent of HMWDON. In addition, the D-amino

acids in HMWDON so far identified to be

present in peptidoglycan (9) could be present in

a number of compounds synthesized by

prokaryotes and eukaryotes (24, 25).

Because N-AAPs represent È40 to 50% of

the HMWDON in surface waters, and given

that 40 to 50% of HWMDON is removed

below the mixed layer (6, 8), we hypothesize

that the global decrease in HMWDON with

depth in the oceans results from the selective

removal of N-AAPs. To test this hypothesis,

we analyzed HMWDOM collected from a

depth of 1000 m in the Middle Atlantic Bight

(MAB), which has radiocarbon, 1H-NMR,

and molecular-level properties characteristic

of deep-sea HMWDOM (10). In agreement

with previous 15N-NMR spectra of deep sea

HMWDON (8), the 15N-NMR spectrum of our

sample shows one major resonance character-

istic of amide-N (100% of total N) (Fig. 3A).

Mild acid hydrolysis (13) decreased amide-N

from 100% to 76% of total N and increased

amine-N from undetectable levels to 24%

of total N (Fig. 3B and Table 1). After acid

hydrolysis, acetic acid was released from

HMWDOM, as were amino acids, which in-

creased from undetectable levels to 10% of

total N. The sum of acetic plus amino acids

(2.1 mmol) in the hydrolysis products was

similar to the increase in amine-N (1.8 mmol

of N) observed with 15N-NMR spectroscopy.

Molecular-level analyses after strong acid

hydrolysis showed deep-sea HMWDON was

17% N-AAPs (Table 1), 12% hydrolyzable

protein, and 71% nonhydrolyzable amide (5.5

mmol of N) (16). Despite the surface water

abundance, a large fraction of N-AAPs are

lost during mixing into the deep ocean. Pro-

ton NMR spectra of numerous deep-sea sam-

ples showed a sharp decrease in acetate below

the mixed layer, confirming the loss of N-

AAPs with depth (Fig. 4). The loss in N-AAPs

and the relative increase in nonhydrolyzable

amides will not result in any change to the
15N-NMR spectrum (8).

The lack of amines in marine HMWDON

implies that amine-N is more labile than

amide-N. Many marine microorganisms have

cell surface–bound deaminases that are ca-

pable of extracting amine-N from a variety

of organic compounds (26). These enzymes

could render HMW amine-N more biologically

available by allowing organisms to bypass

polymer hydrolysis or uptake. The even-

tual depth-dependent loss of N-AAPs from

HMWDON suggests either that N-AAP com-

pounds are labile or that organisms have de-

veloped a mechanism to access the nitrogen in

N-AAPs without complete hydrolysis of the

polymer (perhaps through cell surface–bound

acetamidases). Although we were unable to

depolymerize N-AAPs using acid hydrolysis,

the capacity to enzymatically degrade N-AAPs

may be widespread among marine microbes.

In particular, the ability to hydrolyze chitin

Eb (1Y 4)-(poly) N-acetyl D-glucosamine^
is notable in members of the marine a-
proteobacteria and the Cytophaga-Flavobacter

cluster (27, 28). The widespread occurrence

of chitinase activity and the ubiquity of

chitinase genes in marine bacteria (29) imply

that chitin-like biopolymers are important sub-

strates in the marine environment, consistent

with the abundance of N-AAPs in HMWDON.

The presence of specialized bacteria could

explain the ultimate removal of N-AAPs from

the marine environment.

More than 90% of DON is sequestered in

the deep sea, and most deep-sea HMWDON

300 200 100 0 300 200 100 0

A BAmide N
(100%)

Amine N
24%

Amide N
(76%)

Pyridine
(IS)

Fig. 3. The effect of mild acid (13) hydrolysis on the amide linkage of deep-sea HMWDON. (A) The
15N-NMR spectrum of HMWDON shows only one resonance for amide-N [400 MHz, solid state d
(chemical shift in ppm downfield from liquid NH3)]. (B) Treatment of the sample with mild acid
converts 24% of the nitrogen to amine but does not affect most (76%) of the nitrogen. Pyridine
(IS), added as an internal recovery standard, showed 998% N recovery through the hydrolysis
procedure. Deep-sea HMWDON may also include some (G13% total N) contribution from pyrrole-
and indole-N, which resonate between 130 and 215 ppm and overlap with the amide region in our
15N-NMR spectrum.

7 6 5 4 3 2 1 0

Surface

600m

3600m

Fig. 4. The 1H-NMR spectra [400 MHz, D2O,
d(ppm)] of HMWDOM isolated from several
depths (surface, 600 m, and 3600 m) in the
Pacific Ocean (31-N, 159-W; the total water
column depth was 5770 m). The peak at 2.0 ppm
(*) arises from acetate, which is presumed to be
present in N-AAPs. The clear decrease in the
relative amount of acetate with depth is inter-
preted as a depth-dependent loss of N-AAPs.
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is not hydrolyzed by treatment with strong acids

(Table 1). Hydrolysis-resistant amides have been

observed in marine particulate matter and sed-

iments, where the resistance to chemical hydrol-

ysis has been attributed to physical sorption

and encapsulation (30). Amide-N in DON is

not physically protected, but previous experi-

ments have shown that the biodegradation

rate of labile compounds such as proteins is

substantially reduced by abiotic complexation

within marine DOM (31). Long-term protein-

DOM interactions may lead to structural

modifications that render proteins resistant to

chemical hydrolysis and unavailable to bac-

teria. This mechanism could lead to the seques-

tration of nitrogen in the dissolved phase (32)

and give rise to the hydrolysis-resistant

amide-N observed by 15N-NMR.

Our data show that two chemically distinct

pools of organic nitrogen accumulate in the

ocean. The higher concentration of HMWDON

in the mixed layer (relative to deep ocean val-

ues) largely reflects the presence of N-AAPs,

which degrade on time scales of upper ocean

mixing. These newly added biopolymers

are chemically distinct from the refractory

HMWDON pool that exists throughout the

water column. If we assume the proportion

of N-AAPs, protein, and nonhydrolyzable

amide measured in our samples is represent-

ative of global HMWDON, then as much as

80% of the decrease in HMWDON with

depth involves the removal of N-AAPs. The

abundance of amide-N throughout the water

column suggests amides are more biologically

recalcitrant than other forms of organic-N.

The ubiquity of amide linkages in HMWDON

is not surprising, given that most organic ni-

trogen in phytoplankton is protein. However,

the important contribution of N-AAPs to up-

per ocean HMWDOM, and the resistance of

amides in deep sea HMWDOM to chemical

and biological degradation, are unexpected

results that help elucidate the currency of

DON in the marine nitrogen cycle.
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Assessing Methane Emissions from
Global Space-Borne Observations
C. Frankenberg,1 J. F. Meirink,2 M. van Weele,2 U. Platt,1 T. Wagner1

In the past two centuries, atmospheric methane has more than doubled and
now constitutes 20% of the anthropogenic climate forcing by greenhouse
gases. Yet its sources are not well quantified, introducing uncertainties in its
global budget. We retrieved the global methane distribution by using space-
borne near-infrared absorption spectroscopy. In addition to the expected
latitudinal gradient, we detected large-scale patterns of anthropogenic and
natural methane emissions. Furthermore, we observed unexpectedly high
methane concentrations over tropical rainforests, revealing that emission
inventories considerably underestimated methane sources in these regions
during the time period of investigation (August through November 2003).

Methane (CH
4
) is, after carbon dioxide (CO

2
),

the second most important anthropogenic

greenhouse gas (1). It also has an indirect

effect on climate through chemical feedbacks

(1, 2). More than 50% of present-day global

methane emissions are anthropogenic, the

largest contributors being fossil fuel produc-

tion, ruminants, rice cultivation, and waste

handling (3). The natural source strength of

CH
4
, mainly constituted by wetlands, is

particularly uncertain, because these emis-

sions vary considerably in time and space

(4, 5) and available ground-based measure-

ments are sparse, albeit precise, and limitedly

representative at larger scales. Better knowl-

1Institute of Environmental Physics, University of
Heidelberg, INF 229, 69120 Heidelberg, Germany.
2Section of Atmospheric Composition, Royal Nether-
lands Meteorological Institute, Post Office Box 201,
3730 AE De Bilt, Netherlands.
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edge of the methane distribution and emissions

is indispensable for a correct assessment of its

impact on global change (1). Observations

from space now allow the global detection of

spatial and temporal variations in atmospher-

ic methane concentrations, thereby enabling

identification of known sources and discovery

of new ones, particularly in regions that are

poorly sampled by existing surface measure-

ment networks.

The SCIAMACHY (scanning imaging ab-

sorption spectrometer for atmospheric chartog-

raphy) instrument (6) on board the European

Space Agency (ESA)_s environmental research

satellite ENVISAT records the intensity of

solar radiation, reflected from the Earth surface

or the atmosphere, in more than 8000 spectral

channels between 240 and 2390 nm. From these

measurements, atmospheric trace gas con-

centrations (e.g., BrO, OClO, H
2
O, SO

2
, NO

2
,

CH
2
O, O

3
, N

2
O, CO, CH

4
, and CO

2
) can be

derived (7, 8). The near-infrared spectrometers

are used for global measurement of total

columns of carbon monoxide and greenhouse

gases carbon dioxide and methane. ENVISAT

operates in a nearly polar, sun-synchronous

orbit at an altitude of 800 km, crossing the

equator at 10:00 a.m. local time. SCIAMACHY

offers a variety of measurement geometries. For

column retrievals, we chose the nadir mode in

which the instrument points down almost

perpendicular to the earth_s surface, detecting
reflected sunlight. The spatial extent of the

ground pixels considered in this study is 60 km

(east-west) by 30 km (north-south). Global

coverage is achieved every 6 days.

CO
2
and CH

4
not only absorb thermal ra-

diation from the Earth system, causing radia-

tive forcing, but also solar radiation in the

near-infrared. Hence, these molecules can be

measured by means of the proven method of

differential optical absorption spectroscopy (9)

(DOAS). To account for peculiarities of

spectrometry in the near-infrared (10, 11), we

implemented a new modified iterative algo-

rithm (IMAP-DOAS) (12) that enables precise

and unbiased determination of vertical column

densities (VCDs, the vertically integrated

concentrations from surface to top of atmo-

sphere) of methane and carbon dioxide. The

negligibility of Rayleigh scattering proves to

be a major advantage in the near-infrared: In

the absence of clouds and aerosols, most

photons recorded by the instrument have thus

been reflected at the Earth_s surface, thereby

having traversed the entire atmospheric col-

umn twice. This renders the measurements

sensitive to the lower troposphere, which is a

prerequisite for the detection of near-ground

methane sources. In contrast, thermal-infrared

sounders, which have also been used to

measure CH
4
(13), exhibit a lack of sensitivity

near the ground. However, they could derive

methane abundances in the free troposphere

and stratosphere, thus yielding more accurate

information about the lower troposphere when

synergistically combined with near-infrared

retrievals.

Two main points affecting the retrieval in

the near-infrared have to be considered: First,

the VCD of a well-mixed gas scales linearly

with the total column of all atmospheric con-

stituents, thus with surface pressure. Hence, we

need a proxy for surface pressure to convert

columns intomixing ratios. Second, clouds and

aerosols can substantially alter the light path of

the recorded photons. CO
2
exhibits only very

small variations in its total columns, and the

retrieval window (1562 to 1585 nm) is

spectrally close to the CH
4
retrieval window

(1630 to 1670 nm). Thus, it is well suited as a

proxy for both surface pressure (or, in the

presence of clouds, cloud top pressure) and

changes in the light path due to partial cloud

cover and aerosols. Consequently, we can

derive the column-averaged dry (no water

vapor included) volume mixing ratio (VMR)

of CH
4
in the atmosphere from the ratio of the

CH
4
VCD ðVCH4

Þ and the CO
2
VCD ðVCO2

Þ,
scaled by the global and annual mean of

the CO
2
column-averaged mixing ratio E370

parts per million (ppm)^, i.e., VMRðCH4Þ ,
VCH4

=VCO2
I VMRðCO2Þ. Care should be ta-

ken not to confuse column-averagedVMRswith

surface VMRs. Surface VMRs have a stronger

response to emissions, whereas column-averaged

mixing ratios exhibit less variation and are

slightly lower because of reduced methane

VMRs in the stratosphere.

A retrieval bias is introduced by assuming a

constant column-averagedVMR(CO
2
), where-

as in reality it varies globally and seasonally

over a range (minimum to maximum) of about

11 ppm by volume or 3% (14). This bias will

be largest in Eurasia and North America north

of 40-N. However, south of 40-N the bias can

be assumed to be within 1.5% (14). Methane

enhancements may be masked by our method

in cases of sources leading to similar relative

enhancements of VCO2
and VCH4

(e.g., biomass

burning for certain fire types).

In the next step, we discard all measure-

ments exhibiting substantial cloud cover at

altitudes substantially above the ground, be-

cause we are primarily interested in variations

in the lower troposphere. Figure 1A demon-

strates how we extracted appropriate measure-

ments: Highest CO
2
column observations show

strong anticorrelation with surface altitude,

illustrating the sensitivity to the boundary layer

and being a first proof of the quality of the

measurements. Strongly reduced column re-

trievals can be attributed to the shielding effect

of clouds. We used a lower threshold of VCO2

(red line) to obtain a suitable subset of mea-

surements (gray pixels) representing the lower

troposphere. A scatter plot of VCO2
and VCH4

underlines the close correlation of both mea-

surements in this subset (Fig. 1A). The devia-

tions from the strictly linear correlation bear

the actual information, i.e., the variations of

the CH
4
column with respect to the CO

2

column, which is determined by the length of

the light path and an only slightly varying

CO
2
VMR.

By using only the aforementioned mea-

surement subset, we averaged the CH
4
VMRs

from August through November 2003 on a

horizontal grid (1- by 1-) as shown in Fig. 2.

The latitudinal gradient in the methane VMRs

can be seen, with strongest gradients, as

expected, across the Intertropical Convergence

Zone (ITCZ). Apart from this gradient, large-

scale and strong methane enhancements are

observed in various parts of the world. The

largest abundances are found in the Gangetic

plains of India, Southeast Asia, and parts of

China. According to current emission inventories

(fig. S1) (3), the sources can be mostly attributed

Fig. 1. (A) A scatter plot of the retrieved CO2 VCDs versus surface altitude (August to September
2003). For further evaluations, only pixels above the threshold indicated by the red line are
considered (corresponding to an effective cloud top height of 1 km). (B) A scatter plot of the
retrieved vertical column densities of CH4 and CO2 for all valid pixels. The slight deviations from the
strictly linear correlation between both VCDs can be mostly explained by variations in the CH4 VMRs.
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to rice cultivation in this time period and, to a

lesser extent, to domestic ruminants. Wetlands

presumably caused the observed high abun-

dances in central Africa andManchuria in China.

Fossil fuel production can be associated with

enhanced CH
4
VMRs over the industrialized

Yellow river basin in China and the Appala-

chian basin (coal mining) in the eastern United

States. Waste treatment–related emissions are

likely to add to these in populated areas.

To substantiate our findings, we compared

the measurements with methane concentration

fields simulated with use of a global chemistry-

transport model (TM3) (15) that takes current

emission inventories (16, 17) into account (fig.

S1). The modeled enhancements in the United

States and Asia as well as the north-south

gradient (Fig. 3) strongly resemble the methane

VMRs retrieved by SCIAMACHY in mag-

nitude and spatial extent (Fig. 2). Additional-

ly, persistent long-range transport features

are observed, most clearly over the Pacific

east of Japan (movie S1 and Fig. 2). In

principle, the model enables discrimination of

emissions and transport, e.g., evident in No-

vember 2003, with Africa strongly influenced

by methane transported from South Asia

(movie S1).

Although the general agreement between

the measurements and the model is very good

(fig. S2), there are discrepancies in India and in

the tropics (Fig. 3B). Themeasured abundances

over India are lower than that simulated by the

model. This indicates that the rice emissions

used in our model runs (amounting to 80 Tg

year–1) were probably overestimated. In con-

trast, SCIAMACHY retrievals in the tropics

are up to 4% E70 parts per billion (ppb)^ high-
er than predicted by the model.

We verified that this discrepancy cannot be

attributed to a retrieval error dependent on

solar zenith angle, light-path changes, or

albedo ESupporting Online Material (SOM)

Text^. A model bias, such as an underestimate

of the stratospheric methane abundances or

large errors in the modeled distribution of OH

radicals, can also be excluded (SOM Text).

The higher methane VMRs of the measure-

ment compared with the model can thus be

explained either by tropical methane emissions

not considered in the model, a regional CO
2

depression relative to the annual global mean,

or some combination of both. Although CO
2

flux estimates in the tropical land masses are

uncertain (18), the required depression in the

CO
2
column (3 to 4%) would have an im-

probably high magnitude (14). Hence, we

conclude that tropical CH
4
sources in our

model are underestimated.

The underestimate may be related to

biogenic methane emissions, because there is

a strong spatial correlation between the dis-

crepancies and the presence of broadleaf ever-

green forest (fig. S3) (19). Model simulations

indicate that an additional tropical methane

source of around 30 Tg over the considered

time period (August through November) is

needed if the discrepancy is fully assigned to

methane sources. For comparison, the tropical

source in our model is 45 Tg (table S1).

Potential candidates for the enhanced source

include wetlands, biomass burning, termites,

cattle breeding in pastures, or a hitherto un-

known methane source that might be directly

related to the broadleaf evergreen forest.

Wetland emissions, in particular in the Ama-

zon, appear to be underestimated in our model

Ee.g., Melack et al. (20) estimate an annual

source of 29 Tg of CH
4
for the Amazon,

whereas we used 8 Tg^, but the investigated

period coincides with the dry season in most

of the tropics, when wetland emissions are

supposed to be lowest (20, 21). However, in

the dry season unaccounted biomass burning

can also contribute to the discrepancy. Tropical

fires are characterized by a molar CH
4
/CO

2

ratio (22) that is more than twice the ratio of

their respective background concentrations.

Hence, our measurements are sensitive to these

fires. Lastly, termites constitute a substantial

but poorly constrained tropical methane source

(23). Further validation measurements and

process-based investigations for the considered

Fig. 2. SCIAMACHYmeasurements of column-averagedmethane VMR in ppb
units. Themeasurements are averaged over the time period of August through
November 2003 on a 1- by 1- horizontal grid. At least 5 (and up to 150)
measurements are taken for each grid cell. Only few observations are available

over the ocean, because low ocean reflectivity substantially reduces the
quality of the retrieval, leading in turn to unreliable measurements (standard
deviation of the fit residual above 0.5%) that are discarded. Occasionally, sun
glint or clouds at low altitudes allow measurement over the ocean.
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Fig. 3. (A) The TM3 model results of the column-averaged methane VMR
in ppb for the time period of August through November 2003. Only
modeled values that are colocated in space and time with the respective
SCIAMACHY measurements are used for the averaging. (B) The difference
between the SCIAMACHY measurements and the TM3 model results (D).
The results are displayed in ppb, ranging in most pixels from –20 to 20 ppb

(T1% relative difference). The largest discrepancies can be seen over
tropical broadleaf evergreen forests in South America, central Africa, and
Indonesia. In these areas, measured values are persistently higher than
predicted by the model. Prevailing wind directions cause transport of these
discrepant concentrations over the oceans (e.g., northwest of South
America or west of Africa).
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season in the evergreen forests of tropical

South America, Africa, and Indonesia are

needed to conclude which source type is

responsible for the observed discrepancy and

to what extent this discrepancy is caused by an

underestimated or hitherto unknown methane

source. In addition, investigations of satellite

data for longer time periods are necessary to

estimate the annual methane excess and to

constrain the source attribution.

An additional methane source of 30 Tg in

4 months is large but can be accommodated

by the uncertainty in the global budget, which

is estimated to be 50 to 100 Tg yearj1 (1).

Further, surface observations (24) are not in

disagreement with a large additional tropical

source. Methane emitted in the tropics is

generally rapidly uplifted by convection, so

that the surface stations, which are located in

remote ocean sites, are sensitive to these

emissions only to a limited extent. Inverse

modeling studies based on ground-based

measurements (25, 26) have also indicated

higher tropical emissions than those estimated

from bottom-up inventories. However, this

evidence has been rather indirect and un-

certain. The present satellite measurements

over the tropical land masses are sensitive to

the entire atmospheric column, thus directly

reflecting enhancement patterns.

Globalmeasurement from space has proven

feasible for detection of CH
4
emissions. The

satellite_s ability to sense sources globally is

unique and opens a new window for the

analysis of the biogeochemical cycle of

methane and anthropogenic impacts. With

SCIAMACHY hopefully in operation for

several years to come, we should be able to

examine the temporal and spatial variations of

CH
4
over longer time periods. The integration

of these measurements with atmospheric

models and precise ground-based observations

should greatly reduce uncertainties in the meth-

ane source strength, helping to draw a consist-

ent picture of the global methane budget. This

will be a high priority for climate research.

References and Notes
1. J. Houghton et al., Eds., Climate Change 2001: The

Scientific Basis (Cambridge Univ. Press, Cambridge,
2001).

2. J. Lelieveld, P. J. Crutzen, F. J. Dentener, Tellus B50,
128 (1998).

3. J. G. J. Olivier, J. J. M. Berdowski, in The Climate
System, J. J. M. Berdowski, R. Guicherit, B. J. Heij,
Eds. (A. A. Balkema/Swets and Zeitlinger, Lisse,
Netherlands, 2001), pp. 33–78.

4. L. A. Morrissey, G. P. Livingston, J. Geophys. Res. 97,
16661 (1992).

5. B. P. Walter, M. Heimann, Global Biogeochem. Cycles
14, 745 (2000).

6. H. Bovensmann et al., J. Atmos. Sci. 56, 127 (1999).
7. J. P. Burrows et al., J. Atmos. Sci. 56, 151 (1999).
8. T. Wagner et al., Monitoring of Trace Gas Emissions

from Space: Tropospheric Abundances of BrO, NO2,
H2Co, SO2, H2O, O2 and O4 as Measured by GOME
in Air Pollution X (WIT Press, Southampton, UK,
2002).

9. U. Platt, Differential Optical Absorption Spectroscopy
(DOAS) in Air Monitoring by Spectroscopic Tech-
niques (Wiley, New York, 1994).

10. M. Buchwitz, V. Rozanov, J. Burrows, J. Geophys. Res.
105, 15231 (2000).

11. D. M. O’Brien, P. J. Rayner, J. Geophys. Res. 107,
4354 (2002).

12. C. Frankenberg, U. Platt, T. Wagner, Atmos. Chem.
Phys. 5, 9 (2005).

13. C. Clerbaux, J. Hadji-Lazaro, S. Turquety, G. Mégie, P.
Coheur, Atmos. Chem. Phys. 3, 1495 (2003).

14. S. C. Olsen, J. T. Randerson, J. Geophys. Res. 109,
10.1029/2003JD003968 (2004).

15. F. Dentener, M. van Weele, M. Krol, S. Houweling, P.
van Velthoven, Atmos. Chem. Phys 3, 73 (2003).

16. S. Houweling et al., J. Geophys. Res. 105, 8981 (2000).
17. J. A. Van Aardenne, F. J. Dentener, J. G. J. Olivier, C. G. M.

Klein Goldewijk, J. Lelieveld, Global Biogeochem.
Cycles 15, 909 (2001).

18. K. Gurney et al., Nature 415, 626 (2002).
19. R. S. DeFries, J. R. G. Townshend, Int. J. Remote Sens.

15, 3567 (1994).
20. J. M. Melack et al., Global Change Biol. 10, 530 (2004).
21. A. H. Devol, J. E. Richey, B. R. Forsberg, L. A. Martinelli,

J. Geophys. Res. 95, 16417 (1990).
22. M. O. Andreae, P. Merlet, Global Biogeochem. Cycles

15, 955 (2001).
23. M. G. Sanderson, Global Biogeochem. Cycles 10, 543

(1996).
24. Information about the Climate Monitoring and Diag-

nostics Network (CMDL) can be found online at
www.cmdl.noaa.gov/ccgg.

25. R. Hein, P. J. Crutzen, M. Heimann, Global Biogeochem.
Cycles 11, 43 (1997).

26. S. Houweling, T. Kaminski, F. J. Dentener, J. Lelieveld,
M. Heimann, J. Geophys. Res. 104, 26,137 (1999).

27. Most importantly the authors thank all scientists and
engineers involved in the ESA’s ENVISAT/SCIAMACHY
mission, especially J. P. Burrows and H. Bovensmann
from the University of Bremen, as well as the space
agencies of Germany [German Aerospace Center (DLR)],
Netherlands [Netherlands Agency for Aerospace Pro-
grammes (NIVR)], and Belgium [Belgian User Support
and Operations Center (BUSOC)]. We also thank
R. Washenfelder and G. Toon from Jet Propulsion Lab-
oratory for the updated methane spectral database;
S. Sanghavi for proofreading the manuscript; and the
Netherlands SCIAMACHY Data Center, in particular
A. J. M. Piters and J. van de Vegte from [Royal Neth-
erlands Meteorological Institut (RNMI)], for inval-
uable assistance in handling the SCIAMACHY data
format. We acknowledge the European Commission for
supporting the 5th Framework Programme RTD project
EVERGREEN (contract number EVG1-CT-2002-00079)
and A. P. H. Goede, EVERGREEN project coordinator.

Supporting Online Material
www.sciencemag.org/cgi/content/full/1106644/DC1
Materials and Methods
SOM Text
Figs. S1 to S4
Movie S1

22 October 2004; accepted 9 March 2005
Published online 17 March 2005;
10.1126/science.1106644
Include this information when citing this paper.

A Hydrogen-Rich
Early Earth Atmosphere

Feng Tian,1,2* Owen B. Toon,2,3 Alexander A. Pavlov,2

H. De Sterck4

We show that the escape of hydrogen from early Earth’s atmosphere likely
occurred at rates slower by two orders of magnitude than previously thought.
The balance between slow hydrogen escape and volcanic outgassing could
have maintained a hydrogen mixing ratio of more than 30%. The production
of prebiotic organic compounds in such an atmosphere would have been more
efficient than either exogenous delivery or synthesis in hydrothermal sys-
tems. The organic soup in the oceans and ponds on early Earth would have
been a more favorable place for the origin of life than previously thought.

It is generally believed that the existence of

prebiotic organic compounds on early Earth

was a necessary step toward the origin of

life. Biologically important molecules can be

formed efficiently in a highly reducing atmo-

sphere (CH
4
- and/or NH

3
-rich) (1, 2). They

can also be produced efficiently in a weakly

reducing atmosphere (3–5), where one im-

portant factor influencing the efficiency of

production is the ratio of hydrogen to carbon

(6–8). However, our current understanding of

the composition of early Earth_s atmosphere

suggests it was neither strongly reducing nor

hydrogen-rich. The concentrations of CH
4
and

NH
3
are thought to have been low (9), and the

hydrogen mixing ratio is believed to be of the

order of 10j3 or smaller (10). Because it is

difficult to produce organics in the atmo-

sphere, two directions of research into the ori-

gin of life on Earth have become dominant:

synthesis of organic compounds in hydrother-

mal systems, and exogenous delivery of or-

ganic compounds to early Earth (11). Here

we reexamine the theory of diffusion-limited

escape of hydrogen and show that hydrogen

escape from early Earth_s atmosphere was

not as rapid as previously assumed. Hydro-

dynamic escape should be the dominant mech-

anism of escape, implying a hydrogen-rich

early Earth atmosphere in which organic mol-

ecules could be produced efficiently.

The assumption that the escape of hydro-

gen is limited by diffusion into the hetero-
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sphere from below is applicable only when

the escape is efficient. For Jeans escape to be

efficient, the exobase temperature must be

high. This condition is satisfied in the current

Earth_s atmosphere, where exobase temper-

atures exceed 1000 K as a result of the ef-

ficient absorption of solar ultraviolet (UV)

radiation by atomic oxygen. The prebiotic

Earth_s atmosphere was anoxic and probably

contained substantial amounts of CO
2
(12),

similar to modern Venus or Mars. CO
2
ab-

sorbs UV, but unlike oxygen, it can effec-

tively radiate energy back to space and keep

the exobase temperatures low. The CO
2
-rich

venusian and martian exobases have tem-

peratures of 275 K and 350 K, respectively

(13). In the anoxic early Earth_s atmosphere

with low exobase temperature (14), Jeans es-

cape of hydrogen would have been inhibited.

For present-day Earth and Mars atmospheres,

which have low hydrogen concentrations, the

relatively low hydrogen escape rates caused

by nonthermal processes are comparable to

the Jeans escape rate (15, 16). It is important

to consider how the nonthermal escape rate

might increase in an atmosphere with large

hydrogen abundance. For an H
2
O-rich early

venusian atmosphere, the maximum limit of

the nonthermal hydrogen escape rate (caused

by the saturation of ionization of hydrogen

atoms, which occurs when the homopause

hydrogen mixing ratio reaches 2 � 10–3) is

È1010 cmj2 sj1 (17). The maximum non-

thermal escape rate on early Earth should be

similar to that on Venus (18). Given the low

Jeans and nonthermal escape rates, the total

hydrogen escape rate would not have been in

balance with the volcanic H
2
outgassing rate

on early Earth (10) at the previously suggest-

ed hydrogen mixing ratio of 10j3. Instead,

hydrogen would have been one of the major

constituents in the ancient atmosphere.

H
2
can absorb extreme ultraviolet (EUV),

as can O
2
and CO

2
, but cannot effectively

radiate energy back to space. However, H
2

can escape because of its low molecular weight

and thereby carry energy away to space in

a hydrodynamic hydrogen escape flow. When

hydrogen is the major gas in the heterosphere

and the major absorber of EUV, the escape

of hydrogen would not be diffusion-limited

but would be controlled by the solar EUV flux

available to drive the escape flow (energy-

limited), which would produce an escape rate

smaller than the diffusion-limited escape rate.

In this report, we describe the application

of a hydrodynamic escape model, which was

recently developed to study transonic hydro-

gen hydrodynamic escape (14), to a hydrogen-

rich early Earth_s atmosphere. Because the

solar EUV radiation level could have been

much stronger during the Archean era than

today (19), EUV radiation levels �1, �2.5,

and �5 that of today were used in the sim-

ulations for sensitivity studies.

The velocity distributions in the high-energy

input cases (�2.5 and �5) (Fig. 1A) level off

and converge near the upper boundary of the

model where the sound speed is exceeded

(supersonic flow). Transonic points in the

higher-energy input cases (�2.5 and �5) are

near 10 Earth radii (14). Near the upper bound-

ary of the model, the flow velocity is com-

parable to the escape velocity from the planet.

Escape velocity is exceeded by the combi-

nation of the flow velocity and the thermal

velocity at an altitude below the transonic

points. In the �1 EUV level case, the energy

absorbed is not adequate to drive supersonic

flow, but escape still occurred. Figure 1B shows

the temperature profiles in the correspond-

Fig. 2. Calculated hydro-
gen escape rate from
early Earth’s atmosphere
as a function of the
homopause hydrogen
mixing ratio. The homo-
pause air composition is
assumed to be the same
as that of today, except
for the higher hydrogen
concentration and lack
of oxygen. The diffusion-
limited escape rates,
previously assumed to
apply, are one or two
orders of magnitude
greater than the hydro-
dynamic escape rates
because of overesti-
mated exobase temper-
ature. The dotted curve
shows the Jeans escape rate as a function of homopause hydrogen mixing ratio under the �2.5 energy
input level for the exobase temperatures that are likely to have been present for early Earth. The lower
horizontal line represents the volcanic outgassing rate of hydrogen from the interior of Earth today
(È1.8 � 1010 hydrogen molecules cmj2 sj1) (29). The upper horizontal line is the estimated out-
gassing rate of hydrogen from the interior of early Earth (È5 times the outgassing rate today) (30).

A

B

Fig. 1. (A) Flow velocity profiles in hydrodynamic escape of hydrogen under solar EUV levels �1,
�2.5, and �5 that of today. r0 is the distance between the lower boundary and the center of Earth.
The homopause hydrogen density is 5 � 1012 cm–3 , corresponding to a mixing ratio of 50%. The
dashed curve represents the escape velocity from Earth. The transonic point is marked approx-
imately by a circle. The dash-dotted curve shows the difference between the escape velocity and
the thermal velocity. The exobases are marked by crosses. (B) Temperature profiles in the cor-
responding cases. Although the peak temperatures are in the range of 700 to 800 K, the tem-
perature at the exobases (marked by crosses) is low (500 to 600 K).
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ing cases. Although the peak temperatures are

700 to 800 K in the high-energy input cases,

the temperatures at the exobases (marked by

crosses) are in the range of 500 to 600 K be-

cause of adiabatic cooling associated with the

hydrodynamic escape.

Figure 2 illustrates our calculated escape

rates for varying hydrogen homopause mix-

ing ratios. The Jeans escape rates computed

for the exobases are more than one order of

magnitude smaller than the corresponding hy-

drodynamic escape rates because of the low

exobase temperatures. If the solar EUV radi-

ation level was 2.5 times that of today and

the volcanic hydrogen outgassing rate was

5 times that of today (È9.25 � 1010 hydro-

gen molecules cmj2 sj1), a hydrogen mix-

ing ratio of more than 30% could have been

maintained everywhere below the homopause

by balancing the volcanic hydrogen outgassing

with the hydrodynamic escape of hydrogen

(Fig. 2). By increasing the solar EUV radiation

level to 5 times that of today, the hydrogen

mixing ratio could still have been maintained

at È10%. These mixing ratios are two orders

of magnitude greater than the 10j3 hydrogen

concentration, considering the diffusion-limited

hydrogen escape rate. A hydrogen-rich early

Earth_s atmosphere could be maintained even

for the modest hydrogen outgassing rates ap-

propriate if the oxidation state of Earth_s man-

tle 3.9 billion years ago were the same as it

is today.

The hydrodynamic escape rate increases

nearly linearly as the solar EUV radiation lev-

el increases (Fig. 3), which reflects the energy-

limited nature of the hydrodynamic escape.

The slope depends on the hydrogen density

at the homopause (20).

An early Earth_s atmosphere with high

hydrogen concentration has important conse-

quences for the origin and evolution of life.

Endogenous sources of prebiotic organics,

such as production by lightning or photochem-

istry, are dominant in a reducing early Earth_s
atmosphere, whereas exogenous sources, such

as delivery from space or production in hydro-

thermal systems, become major contributors

in an atmosphere of an intermediate oxidation

state (1). To provide more specific examples

of the influence of high hydrogen concentra-

tion, we consider two organic molecule for-

mation mechanisms, realizing that these are

not the only prebiotic organic molecule for-

mation mechanisms that are affected by the

high hydrogen concentration.

Both H
2
and CO

2
are uniformly mixed be-

low the homopause (21, 22), where we have

shown that the hydrogen mixing ratio could

have been greater than 30%. Most photochem-

istry of interest occurs well below the homo-

pause. Because the CO
2
concentration is likely

to be less than 30%, H
2
/C ratios in early

Earth_s atmosphere could have been greater

than 1 throughout the chemically interesting

part of the atmosphere. The formation of cer-

tain prebiotic organic compounds in an atmo-

sphere of CO
2
or CO by electric discharge

is almost as productive as that in an atmo-

sphere of CH
4
, when H

2
/C Q 1 (7, 8). The

conservative estimate of amino acid produc-

tion rate by electric discharge is 107 kg/year

when H
2
/C Q 1 (23). Although early Earth_s

atmosphere might have been dominated by

CO
2
immediately after the heavy bombard-

ment period, as continents formed on early

Earth, the atmospheric CO
2
concentration

would decline because of weathering, and the

H
2
/C ratio would become suitable for effi-

cient formation of prebiotic organic compounds

through electric discharge. Formation of pre-

biotic organic compounds by electric discharge

at this conservative rate in a hydrogen-rich

early Earth_s atmosphere would have created

an ocean with a steady-state amino acid con-

centration È10j6 mol/liter (24), which is

orders of magnitude greater than the amino

acid concentration estimated for a hydrogen-

poor early Earth_s atmosphere (25). This amino

acid concentration is highly uncertain because

neither the production rate nor the destruction

rate is well known. In addition, organic films

may have formed at the ocean surface, lead-

ing to higher concentrations of organic com-

pounds than in the bulk sea water (26).

Because the magnitude of energy deposi-

tion from electric discharge in the ancient

atmosphere is poorly understood, it is diffi-

cult to predict the exact production rate of

organic materials from these sources. Alterna-

tively, organics can be formed through photol-

ysis of methane by Lyman-a (Ly-a) photons
with subsequent polymerization. The rate of

photochemical haze production is critically de-

pendent on the CH
4
/CO

2
ratio (27). A similar

dependence on the CH
4
/CO

2
ratio has been

found for hydrogen cyanide (HCN) formation

in an atmosphere with N
2
, CO

2
, and CH

4
(5).

We used a one-dimensional photochemical

model to study the organic production rate

in a hydrogen-rich early Earth_s atmosphere

(14). Figure 4 shows that the production rate

of hydrocarbons is enhanced by about three

orders of magnitude (from G107 kg/year to

1010 kg/year) when the hydrogen concentra-

tion in early Earth_s atmosphere changes from

10–3 to 30%. Hence, the atmospheric produc-

tion rate of organics through UV photolysis

would have been orders of magnitude greater

than the rate of either the synthesis of organic

compounds in hydrothermal systems or the

exogenous delivery of organic compounds to

early Earth (28).

On the basis of our new model of hydro-

dynamic hydrogen escape, we conclude that

diffusion-limited escape theory does not ap-

ply to a hydrogen-rich early Earth atmosphere.

Rather, the escape of hydrogen was energy

limited. Hydrogen mixing ratios greater than

30% could have been maintained in the atmo-

sphere of prebiotic Earth without either invok-

Fig. 3. The hydrogen es-
cape rate increases nearly
linearly as the solar EUV
level increases. The slope
is regulated by the homo-
pause hydrogen density n0.

Fig. 4. Hydrocarbon production rate in-
creases rapidly as the hydrogen concen-
tration increases, and exceeds the delivery
of organics by interplanetary dust parti-
cles (IDPs) for H2 mixing ratios above 10%.
pCO2 is the partial pressure of CO2 and
fCH4 is the mixing ratio of CH4.
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ing huge volcanic hydrogen outgassing rates

or assuming a reduced mantle. The efficient

production of organics in a hydrogen-rich ear-

ly Earth_s atmosphere would have led to an

organic soup in the oceans and ponds on the

early Earth. The world ocean could have been

the birthplace of life (14).
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Lichen-Like Symbiosis
600 Million Years Ago
Xunlai Yuan,1 Shuhai Xiao,2* T. N. Taylor3

The fossil record of fungi and lichens is scarce. Here we report the discovery
of lichen-like fossils, involving filamentous hyphae closely associated with
coccoidal cyanobacteria or algae, preserved in marine phosphorite of the
Doushantuo Formation (between 551 and 635 million years old) at Weng’an,
South China. These fossils indicate that fungi developed symbiotic partner-
ships with photoautotrophs before the evolution of vascular plants.

Fungi are a major eukaryote kingdom and per-

form critical ecological roles in nutrient recy-

cling. Many living fungi maintain facultative or

obligate interactions with marine and terrestrial

photoautotrophs (1, 2). However, the fossil rec-

ord of fungi is poor and includes Ordovician

E460 million years ago (Ma)^ glomaleans (3)

and microfossils interpreted as probable fungi

dating to 9720 Ma (4). Fossil evidence for

fungal interactions (such as cyanolichenization,

mycoparasitism, and vesicular arbuscular my-

corrhizal symbiosis) with other organisms comes

from the È400-million-year-old Rhynie chert

in Scotland, which also preserves a diverse
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fungal assemblage, including chytridiomycetes

and ascomycetes (5). In addition, some Ediacara

fossils (575 to 542 Ma) have been interpreted,

on the basis of taphonomic observations, as

fungi (6) and lichens (7).

Here we describe three specimens of lichen-

like fossils occurring in thin sections of two

phosphorite samples from the upperDoushantuo

Formation at Weng_an, South China (8) (fig.
S1). The samples were collected from a 0.5- to

5-m-thick unit of black bituminous phospho-

rite immediately above a karstification surface

in the middle Doushantuo Formation (9). This

unit was probably deposited in a shallow sub-

tidal environment and contains abundant algal

fossils (10, 11). The Doushantuo Formation in

the Yangtze Gorges area is bracketed by U-Pb

ages between 635 T 1 and 551 T 1 Ma (12),

and direct Pb-Pb dating of upper Doushantuo

phosphorite at Weng_an indicates that the fos-

sils described here are probably 599 T 4 million

years old (13); however, Condon and colleagues

argue that the fossiliferrous upper Doushantuo

Formation may be between 580 and 551 million

years old (8, 12).

The lichen-like fossils are completely phos-

phatized. They consist of two closely asso-

ciated components: coccoidal cells and thin

filaments (Figs. 1 and 2). The coccoid cells

are 6 to 15 mm in diameter (average 0 9 mm,

SD 0 2 mm, n 0 25 cells) and are usually clus-

tered (Figs. 1A, 2A, and 2C). They typically

consist of an opaque central body surrounded

by a hyaline envelope 1 to 2 mm thick (Fig. 2E).

In some, the remains of organic sheaths are

visible in the hyaline envelope. These coccoidal

cells are interpreted as sheathed cyanobacteria

(similar to modern Gloeocapsa, Entophysalis,

and Chroococcus) or possibly green algae (sim-

ilar to modern colonial chlorococcaleans).

The filaments are about 0.5 to 0.9 mm wide

(average 0 0.6 mm, SD 0 0.1 mm, n 0 20 fila-

ments). They are up to 50 mm long, although

they may be longer, because the 30-mm-thick

thin section captures only a segment of the

filaments. It is unclear whether they are sep-

tate, because they are opaque. Some fila-

ments branch dichotomously (Fig. 2, E and

G). Many bear opaque, pyriform terminal struc-

tures (Fig. 2, B and D to F) that are smaller

than the coccoidal cells described above, about

3 to 6 mm in maximum dimension (average 0
5 mm, SD 0 1 mm, n 0 6 terminal structures)

and 2 to 4 mm in minimum dimension (av-

erage 0 3 mm, SD 0 1 mm, n 0 6 terminal

structures). Some terminal structures show evi-

dence of possible transverse splits (Fig. 2, D

to E). A number of filaments appear to en-

velop coccoidal cells or are arranged in loops

(Fig. 2C). In some cases, a single filament

connects two pyriform structures, or a single

pyriform structure is connected to multiple

filamentous appendages. The filaments lack

hyaline sheath-like envelopes that characterize

filamentous cyanobacteria, and can be distin-

guished from pseudoparenchymatous multi-

cellular algae preserved in the same deposit

(Fig. 3) (10, 11). In one specimen (Fig. 1A),

which was probably fragmented during post-

phosphatization reworking, the filaments can

be found throughout the entire specimen. In

another (Fig. 1B), the filaments occur on

only one side of the specimen. However, be-

cause the specimens were found in thin sec-

tions, it remains impossible to reconstruct the

three-dimensional structure of the coccoid/

filament association.

We interpret these filaments as fungal hy-

phae and the pyriform terminal structures as

resting spores, reproductive structures, or some

type of fungal vesicle. Alternative interpreta-

tions (such as filamentous cyanobacteria) are

inconsistent with the combination of morpho-

logical features (thin filaments, dichotomous

branching, pyriform terminal structures, and ab-

sence of sheaths). The diameter of the hyphae

may have been reduced during phosphatization

(14), but modern marine fungal hyphae can be

G1 mm in diameter (1). The pyriform terminal

structures are similar to, although smaller than,

modern and fossil glomalean spores or vesi-

cles (2, 3, 15). Furthermore, glomalean (such

as Entrophospora) hyphae can bear terminal

sporiferous saccules and lateral spores (2),

which are similar to those illustrated in Fig. 2E

(white arrowheads).

It is unlikely that the fungal hyphae were

saprophytic or were accidentally preserved with

the coccoidal cells. In all three specimens, the

hyphae are associated only with coccoidal

thalli; they do not occur in pseudoparenchym-

atous red algae in the same deposit (Fig. 3A)

(10, 11), which would be expected if they were

saprophytic. Furthermore, the coccoidal cells

would be expected to show a greater degree of

decomposition if the fungal hyphae were

saprophytic; instead, the preservation of coc-

coidal cells is not inferior to that of the fungal

hyphae. Third, the hyphae appear to be struc-

turally (and not accidentally) associated with

the cyanobacterial coccoids; the coccoid clus-

ters are distinctly compartmentalized and sur-

rounded by abundant hyphae (Figs. 1A, 2A,

and 2C) similar to the hyphal nets described in

the Devonian cyanolichen (16, 17). This struc-

tural association make the coccoidal clusters

appear different from structures described as

Bcell islands[ in Doushantuo multicellular al-

gae (10); cell islands (Fig. 3B) are surrounded

by ellipsoidal cells rather than hyphae. In addi-

tion, some hyphae are in close contact with

coccoid cells (Fig. 2, C and G), suggesting that

there was direct physiological interaction be-

tween them.

The association between coccoidal cells and

fungal hyphae is interpreted to be symbiotic, not

parasitic. The coccoidal thalli show no evidence

of host reaction to mycoparasitism. Neither do

the coccoid cells in contact with hyphae show

morphological abnormality. On the other

hand, there are numerous similar coccoidal

thalli in the same deposit that are not as-

sociated with fungal hyphae (Fig. 3B). Thus,

the coccoidal thalli may have functioned as

facultative photobionts that could form loose

lichen-like or lichenoidal (1) association with

filamentous mycobionts.

Terrestrial lichens, involving ascomycetes

or basidiomycetes as mycobionts and cyano-

bacteria or chlorophytes as photobionts, have

affected global weathering since the Devonian

(5). Modern marine fungi (mostly ascomycetes)

also form a wide range of interactions with

cyanobacteria, chlorophytes, phaeophytes, and

rhodophytes. These interactions can be loose

lichenoidal association with microscopic pho-

tobionts, mycophycobiosis with macroscopic

algae, mycoparasitism, or obligate lichen asso-

ciation (1). Lichenized fungi are phylogenet-

ically widespread within the Dikaryomycota

(Ascomycotaþ Basidiomycota), which suggests

that fungal lichenization may have evolved

multiple times (18–20). However, the broadly

defined symbiotic life-style (including arbuscular

mycorrhizal symbiosis) has a broader phyloge-

netic distribution and characterizes the Sym-

biomycota (Glomeromycota þ Dikaryomycota)

(21, 22). Although most glomerocycetes are ar-

buscular mycorrhizal fungi with vascular plants,

Fig. 1. Thin-section photomicrographs of two better-preserved specimens. (A) Coccoidal thallus
divided by dense filaments in the middle. Further compartmentalization of coccoidal thallus by less
densely packed filaments is visible at higher magnification (Fig. 2, A to C). (B) Coccoidal thallus
with filaments (not discernable at this magnification; see magnified views of arrowed areas in Fig.
2, D to G) in the left part, but not the right part, of this specimen. Scale bars, 100 mm.
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Geosiphon pyriforme (a basal glomeromycete)

is symbiotic with cyanobacteria (23). The

ease with which symbionts can be gained,

lost, and switched in fungal/photoautotroph

associations (24, 25), the fungal phylogenet-

ic tree that is basally populated by aquatic

chytrids (22), and probably fungal fossils from

Proterozoic marine deposits (4) indicate that

the early steps toward fungal/photoautotroph

symbiosis may have begun as facultative

interactions with aquatic cyanobacteria or

algae. The Doushantuo lichenoidal fossils

suggest that these early steps may have oc-

curred long before the colonization of land

by vascular plants, in a shallow marine

ecosystem where a large number of free-

living cyanobacteria, algae, and fungi were

in close association—a necessary step in the

evolution of symbiosis. Thus, this and other

fossil evidence (4) join molecular data (26, 27)

to support a deep history of fungi and lichen-

like symbiosis.
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The Structure of a pH-Sensing
Mycobacterial Adenylyl
Cyclase Holoenzyme

Ivo Tews,1*. Felix Findeisen,1* Irmgard Sinning,1 Anita Schultz,2

Joachim E. Schultz,2 Jürgen U. Linder2.

Class III adenylyl cyclases contain catalytic and regulatory domains, yet
structural insight into their interactions is missing. We show that the myco-
bacterial adenylyl cyclase Rv1264 is rendered a pH sensor by its N-terminal
domain. In the structure of the inhibited state, catalytic and regulatory domains
share a large interface involving catalytic residues. In the structure of the active
state, the two catalytic domains rotate by 55- to form two catalytic sites at
their interface. Two a helices serve as molecular switches. Mutagenesis is
consistent with a regulatory role of the structural transition, and we suggest
that the transition is regulated by pH.

Adenylyl cyclases (ACs) synthesize the univer-

sal second messenger 3¶,5¶-cyclic adenosine

monophosphate (cAMP) (1). Most ACs belong

to class III, such as all mammalian and many

bacterial enzymes (2), and are multidomain

proteins (2, 3). In the genome of the bacterium

Mycobacterium tuberculosis (4), 15 putative

class III ACs (5) with eight different domain

compositions have been identified. For com-

parison, the similarly sized genome of Esche-

richia coli contains a single AC gene, and even

in the human genome only 10 AC genes have

been identified (6, 7). This suggests that myco-

bacteria can respond to changing extra- and

intracellular conditions by cAMP formation.

The mycobacterial AC Rv1264 is auto-

inhibited by its N-terminal domain (8). A knock-

out of the single Streptomyces AC, which has

an identical domain composition to Rv1264,

abolishes the bacterial response to an acidic

milieu that affects differentiation processes

(9). Because M. tuberculosis must counteract

acidification of phagolysosomes during host in-

vasion for intracellular survival (10, 11), we

examined the pH sensitivity of Rv1264 (Fig.

1A) (12). At pH 8, AC activity was 3 nmol of

cAMP&mgj1&minj1 at 0.5 mM adenosine tri-

phosphate (ATP) with a maximal velocity (V
max

)

of 34 nmol of cAMP&mgj1&minj1 and a sub-

strate affinity (SC
50
) of 1.5 mM ATP. At

pH 6, AC activity increased almost 40-fold

to 115 nmol and V
max

increased 12-fold to

420 nmol of cAMP&mgj1&minj1. The sub-

strate affinity increased slightly to 0.8 mM

ATP. The Hill coefficient of 1.9 was unaf-

fected. In contrast, the isolated catalytic do-

main (Rv1264
211-397

) displayed uniformly

high AC activity between pH 5.5 and 8 (Fig.

1A). Thus, in Rv1264, pH sensitivity is

mediated by a distinct regulatory domain,

and the activation by far exceeds the usual

pH dependence of an enzyme. Biochemically,

Rv1264 qualifies as a pH-sensing AC and is a

likely candidate for mycobacterial pH sensing.

To understand the molecular mechanism of

pH sensing and AC regulation, two crystal

forms of Rv1264 were analyzed (12). Aniso-

tropic crystals in a hexagonal space group

with a diffraction limit of 3.3 ) were grown

from Li
2
SO

4
, and the resulting model was

designated the active form of Rv1264 (Fig.

2A); the 2.3 ) resolution structure obtained

from monoclinic crystals grown from poly-

ethylene glycol was designated the inhibited
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Fig. 1. The pH depen-
dence of the AC activ-
ity of the Rv1264 wild
type and mutants. AC
activities of purified
recombinant enzymes
were measured from
pH 4.8 to 8.0, with 0.5
mM ATP as a sub-
strate. Standard devi-
ation (SD) is given by
error bars, if they ex-
ceed the size of the
symbols. The symbol
size itself corresponds
to an SD of 10%. (A)
Rv1264 catalytic do-
main (Rv1264211-397)
(h) and holoenzyme
(&). To facilitate com-
parisons, these curves
are included as dot-
ted lines in the other
panels. (B) Rv1264
M193P/M194P (h). (C)
Rv1264 R309A (&) and
E195A (h). (D) Rv1264
H192A (h) and H192E
(g).

1

1000

100

10

5 6 7 8 5 6 7 8

5 6 7 8 5 6 7 8

pH

n
m

o
l c

A
M

P
•m

g
-1

•m
in

-1
n

m
o

l c
A

M
P

•m
g

-1
•m

in
-1

5

50

500

A 1

1000

100

10

pH

5

50

500

B

1

1000

100

10

pH

5

50

500

C 1

1000

100

10

pH

5

50

500

D

R E P O R T S

13 MAY 2005 VOL 308 SCIENCE www.sciencemag.org1020

http://sciencemag.org/cgi/content/full/308/5724/1017/DC1
http://sciencemag.org/cgi/content/full/308/5724/1017/DC1
mailto:ivo.tews@bzh.uni-heidelberg.de
mailto:juergen.linder@uni-tuebingen.de
mailto:juergen.linder@uni-tuebingen.de
http://www.sciencemag.org


form (Fig. 2B and table S1). The designation

was based on the structural and ensuing

mutagenic analysis (13). Both structures have

three discrete segments, a rigid N-terminal

domain (amino acids 14 to 191), a flexible

linker region (amino acids 192 to 213) (Fig.

2, red), and the C-terminal catalytic domain

(amino acids 214 to 377).

We determined the structures using molec-

ular replacement techniques with the dimer of

N-terminal domains as a search model (deter-

mined previously to 1.6 ) resolution) (14). In

all three structures, the N-terminal dimer com-

prises 20 a helices and has a disc-like shape of

80 by 50 by 20 )3, with an internal contact

surface of 5500 )2. Dimerization involves a

crossover of protein chains by threading of the

aN10 helix of one monomer through the cen-

tral coiled coil of the other monomer (helices

aN4, aN7, aN8, aN9, and aN10) (Fig. 2, A
and B). This results in a domain arrangement

for Rv1264 in which the regulatory domain

of monomer A contacts the catalytic domain

of monomer B and vice versa (Figs. 2 and 3A).

Residues 60 to 191 of the regulatory domain

are essentially identical in both states of the

holoenzyme and can be superimposed with a

root mean square deviation (rmsd) of 1.42 )
over 264 Ca positions.

The catalytic domains in the active state

(Fig. 2A) are arranged head-to-tail in the

wreath-like quaternary structure known from

the C
2
homodimer of rat AC type II (15) (fig.

S1), as well as from the G protein–activated

heterodimer of canine AC type V C
1
and rat

AC type II C
2
catalytic domains (16). Although

sequence identities between the Rv1264 and

mammalian catalytic domains were low, with

22% to canine C
1
and 25% to rat C

2
, the

catalytic dimer of Rv1264 superimposes well

with the mammalian heterodimer (rmsd of

1.76 ) over 256 out of 324 Ca positions). It is

more compact than the mammalian catalytic

domain because of several slightly shortened

loops (fig. S2). A 7–amino acid gap obliterat-

ing the so-called dimerization arm (2, 8, 16)

(fig. S2) is the major reason for a reduction of

the interface from 3800 )2 in the mammalian

heterodimer to 1900 )2 in the Rv1264 active-

state homodimer. The known catalytic residues

of class III ACs (2, 17, 18) in Rv1264 (Asp222,

Lys261, Asp265, Arg298, Asp312, Asn319, and

Arg323) (Fig. 3, B and C, and fig. S2) are in

almost identical positions to those in the

mammalian heterodimer (19). A superposition

of these residues of one active site gave an

rmsd of 0.69 ) over the Ca positions and

1.17 ) over all atoms (Fig. 3B). The phosphate-

coordinating residues Arg298 and Arg323 in

Rv1264 bind to a sulfate ion located in the

position of the b phosphate of the substrate

ATP, as confirmed by modeling ATP into the

active site of Rv1264 by superposition with

noncylizable adenosine 5¶-(1-thiotriphosphate)
(ATPaS-R

p
) from the mammalian heterodi-

meric structure (19). Taken together, these

data demonstrate that the Rv1264 structure

shown in Fig. 2A represents the active state

of the enzyme.

The inhibited state of Rv1264 is charac-

terized by a disassembled active site (Fig. 3C).

The transition from the active to the inhibited

state is accompanied by a marked change in

tertiary structure (Fig. 2). Each of the two

catalytic domains is rotated by 55- and

translated by 6 ) with respect to the fixed

regulatory domains (Fig. 3A and movie S1).

The catalytic residues move by up to 25 )
during this transition (Fig. 3C). In the

inhibited state, residues from a single active

site were È40 ) apart. Additionally, the

Fig. 2. Overall structure of Rv1264 in the active and inhibited states. (A) The active dimer, green,
and (B) the inhibited dimer, blue. Monomers are distinguished by dark and light colors. The
regulatory domains remain essentially unchanged upon enzyme activation, but the interface with
the catalytic domains differs substantially. Secondary structure elements are labeled in the ribbon
diagrams (for one monomer); C- and N termini are also indicated. Structural switch regions, red,
are found in the linker region and in the catalytic dimer. The boxed regions are shown in detail in
Fig. 4. Ribbon diagrams in all figures were drawn with PyMOL (22).

R E P O R T S

www.sciencemag.org SCIENCE VOL 308 13 MAY 2005 1021

http://www.sciencemag.org


interface between the two catalytic domains

was reduced from 1900 )2 in the active state

to 930 )2 in the inhibited state, whereas that

between regulatory and catalytic domains was

increased from 1500 )2 in the active state to

2800 )2 in the inhibited state.

Two regions, called switch elements, under-

go major structural changes (Fig. 2, red). The

a1-switch helix (residues 226 to 231), located

within the catalytic domain (Figs. 2A and 3D),

is also present in the mammalian structures and

contributes to binding of the b/g-phosphates
(18). There, the a1-switch helix and the adja-

cent loop to a2 form the binding site for the

heterotrimeric G protein subunits G
s
a and G

i
a

that regulate the activity of mammalian ACs

(15). In the active state of Rv1264, the a1-
switch is in a helical conformation as in the

mammalian enzymes. However, in the inhib-

ited state, it changes into a random coil with

the Ca atoms moving by up to 11 ) (Fig. 3D).

The second switch element, the aN10
switch, comprises residues 192 to 206 in the

linker region and undergoes the most notice-

able changes between the two states (Fig. 2).

Fig. 3. Active site for-
mation of Rv1264. (A)
Schematic diagram of
domain rearrangements
upon activation. Regu-
latory and catalytic
domains are labeled N
and C, respectively.
Numbers in Å2 refer
to buried surface areas
between domains. (B)
Superposition of the
active sites of Rv1264
(active conformation,
green with black labels)
and a mammalian AC
(19) (1CJK, yellow with
gray labels). ATP was
modeled into Rv1264
by superposition with
ATPaS-RP of 1CJK. The
side chains of seven
key residues, ATP, and
sulfate are shown in
stick representation
with oxygen, red; nitro-
gen, blue; phosphate,
mauve; sulfur, orange;
and Mg2þ and Mn2þ,
light blue. (A) and (B)
after residue names re-
fer to the two mono-
mers. (C) Surface
representation of the
catalytic domains of
Rv1264 in the inhibit-
ed (blue) and active
(green) states. Active-
site residues for one
active site are shown
in stick representation.
For clarity, residues
from the second of the two identical active sites are shown as lines. (D) Detailed view of the a1-switch region (red) from a superposition of the catalytic
domains of the active (green) and inhibited (blue) states of Rv1264 (rmsd of 1.66 Å over 157 out of 163 Ca atoms).

Fig. 4. Detailed view of
two interaction sites of
the aN10-switch helix
with the catalytic domain
in the inhibited state. Wa-
ter atoms are indicated as
red spheres; distances be-
tween polar atoms are
given in Å. (A) and (B) after
residue names refer to the
two monomers, distin-
guished by dark and light
blue colors; the aN10-
switch helix is shown in
red. The positions of these
interaction sites within the
holoenzyme are indicated
in Fig. 2B. (A) Site around
Arg309 involving Asp62,
Tyr66, and Glu195. (B) Site
around His192 involving
Asp312 and Lys261. (C)
View along the aN10-
switch helix showing the
interactions of this helix
with the catalytic domain.
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In the active state, it assumes a random coil

conformation with a short helical segment

(residues 202 to 206) (Fig. 2A) loosely

connecting regulatory and catalytic domains.

High B factors in this region are consistent

with a high mobility that allows the catalytic

domains to assemble both active sites. In the

inhibited state, this segment forms an a helix

with low B values, extending the aN10-helix
of the regulatory domain by 24 ) or four

turns (Fig. 2B) to keep the catalytic domains

apart. The newly formed helical turns partic-

ipate in the interface between regulatory and

catalytic domains. To test whether the integ-

rity of the helical segment is a prerequisite

of pH regulation, two consecutive prolines

were introduced at the beginning of the

aN10-switch. Because of their restricted F
and Y-values, this was not compatible with an

a-helical conformation (20). In the M193P/

M194P double mutant, pH regulation was

lost, and the activity of the mutant holo-

enzyme over the pH range of 5.5 to 8 is

similar to that of activated wild-type protein

at pH 5.5 (Fig. 1B). Thus, the extension of the

aN10 switch helix is a determinant of the

inhibited state.

Two residues in the aN10-switch helix,

identified by mutagenesis, are important for

the interaction between the regulatory and

catalytic domains (Fig. 4C). One site of

interaction comprises Asp62, Tyr66, Glu195,

and Arg309 (Fig. 4A). The arginine points into

a crevice in the regulatory domain and or-

ganizes the other residues through formation

of hydrogen bonds. An R309A mutation ren-

ders the holoenzyme active and unregulated

(Fig. 1C). The same mutation in the isolated

catalytic domain (Rv1264
211-397

R309A) has

no effect (21). Additionally, an E195A mu-

tation partially relieves the inhibition, results

in a fourfold increase in activity at pH 8.0,

and shifts the pH optimum from pH 5.8 to pH

6.5 (Fig. 1C). A further site of interaction at

the beginning of the aN10-switch helix forms

around His192 (Fig. 4B). The catalytic resi-

dues Lys261 and Asp312 are held 14 ) and 21 )
away from their respective positions in the

active state by an interaction with His192

(Figs. 3C and 4B). A H192A mutant shows

the wild-type phenotype at pH 8, but the slope

of activation is shifted by 0.5 pH units toward

the acidic pH (Fig. 1D). At acidic pH, His192

is expected to be protonated, and the positive

charge may result in electrostatic repulsion of

Lys261. Similarly, a H192E mutant has a 10-

fold higher activity at pH 8.0 than the wild-

type protein, indicating that a negative charge

at this position interferes with Asp312 (Fig.

1D). The data indicate that there is no

designated, single amino acid residue that

acts as a pH receptor, but that a network of

hydrogen and ionic bonds in the interface

between catalytic and regulatory domains

mediate pH sensitivity and responsiveness.

Because of the structural similarities be-

tween the catalytic domains of both AC

Rv1264 and mammalian ACs, the a1 and the

aN10 switch regions may be prototypical

regulatory elements for class III ACs. In the

active state of Rv1264, the catalytic domains

align even in the absence of bound nucleotide,

whereas the regulatory domains effectively

impede this alignment in the inhibited state.

The comparison with mammalian enzymes

shows that, in all class III ACs, activity is

tuned by the alignment of the catalytic dimer.

The mode of interaction may differ, but the

repositioning of catalytic domains organized

by a common structural switch may prove to

be a general principle as more AC holoenzyme

structures become available.
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Structural Basis of
Energy Transduction in the
Transport Cycle of MsbA

Jinhui Dong, Guangyong Yang, Hassane S. Mchaourab*

We used site-directed spin-labeling and electron paramagnetic resonance
spectroscopy to characterize the conformational motion that couples energy
expenditure to substrate translocation in the multidrug transporter MsbA. In
liposomes, ligand-free MsbA samples conformations that depart from the crystal
structures, including looser packing and water penetration along the periplas-
mic side. Adenosine triphosphate (ATP) binding closes the substrate chamber
to the cytoplasm while increasing hydration at the periplasmic side, consistent
with an alternating access model. Accentuated by ATP hydrolysis, the changes
in the chamber dielectric environment and its geometry provide the likely
driving force for flipping amphipathic substrates and a potential exit pathway.
These results establish the structural dynamic basis of the power stroke in
multidrug-resistant ATP-binding cassette (MDR ABC) transporters.

ABC transporters transduce the energy of

ATP binding and hydrolysis into the mechan-

ical work of substrate translocation across

cell membranes (1–3). The functional unit

consists of two nucleotide binding and hy-

drolysis domains (NBDs), each coupled to a
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transmembrane domain (TMD) that encodes

the determinants of substrate specificity and

provides a pathway through the membrane.

A subclass of ABC transporters, including

P-glycoprotein (P-gp) and LmrA, consists of

lipid efflux pumps that have been implicated

in multidrug resistance (4–7). MsbA, an ABC

E. coli transporter, transports lipid A across

the inner membrane (8, 9), and its adenosine

triphosphate hydrolysis activity (ATPase) is

stimulated by cytotoxic molecules (10). A

prevalent mechanistic model of MDR ABC

transporters links alternating ATP hydrolysis

by each NBD domain to substrate transport

through changes in orientation and affinity of

the substrate-binding site(s) (11).

Two crystal structures of ligand-free

MsbA define the molecular architecture of

MDR ABC transporters (12, 13). Obtained in

detergent micelles, one structure consists of

two monomers organized in an open confor-

mation where the two TMDs pack asym-

metrically to form a large V-shaped chamber

open to the cytoplasm and the inner bilayer

leaflet (Fig. 1A). In each monomer, the NBD

and TMD are bridged by an intracellular

domain (ICD). In the second structure, re-

ferred to as the closed conformation (Fig. 1C),

rigid-body motion of the TMD and NBD oc-

cludes the chamber to the cytoplasm.

Although the two structures portray a flex-

ible molecule and provide snapshots of the

large conformational motion possible, the ab-

sence of ligands in the crystals does not allow

interpretation of the structural differences in the

context of the transport cycle. Furthermore,

these static structures are not easily reconcil-

able with a body of biochemical and cross-

linking studies of homologous proteins (14–18).

The crystallization in two conformations and

the discrepancies with solution constraints

suggest that apo-MsbA is in a conformeric

equilibrium.

We have investigated the structure of

apo-MsbA in liposomes and mapped confor-

mational changes during the ATPase cycle

by electron paramagnetic resonance (EPR)

analysis of 112 spin-labeled mutants (19)

(Fig. 1A) trapped in four intermediate states.

Spin-label mobilities, collisions with the para-

magnetic reagents nickel(II) ethylenediamine-

diacetate (NiEDDA) and molecular oxygen,

and spin-spin interactions were interpreted as

constraints on the local steric environment,

the accessibility to the bilayer and aqueous

phases, and proximities between identical sites

in the MsbA dimer, respectively (20).

The accessibility (21) data set of apo-

MsbA, shown in Fig. 1B, defines the location

and orientation of transmembrane helices and

maps regions of aqueous solvation in the cham-

ber and the periplasmic loops (labeled EC1

and EC3). We observed distinct patterns of

oxygen accessibility EP(O
2
)^, consisting of

3.6 residue periodicity with an amplitude

gradient, that reflects the transmembrane

orientation of helices 2 and 5 and their direct

contact with the bilayer. In contrast, the lack

of such a pattern along helix 6 suggests that

this helix does not have a lipid-interacting

surface. Supporting this conclusion is the re-

stricted motion of the spin label at sites pre-

dicted to be exposed to the bilayer by the

crystal structures (Fig. 2A). At the periplasmic

side of the transporter, evidence of a loose

structure includes an increase in P(O
2
) and

mobile line shapes (residues 271 and 274 in

Fig. 2B) at the helix 5 C-terminal end and

the adjacent EC3 loop, where monomer-

monomer contacts occur in the crystal struc-

tures. Little if any broadening due to spin-spin

interactions was detected at these sites.

The gradient of decreasing NiEDDA ac-

cessibility EP(NiEDDA)^, starting at chamber-

facing residues in the ICD and the cytoplasmic

ends of the helices, is in agreement with the spa-

tial disposition of the monomers and the pro-

gressive narrowing of the chamber in the open
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Fig. 1. (A) Ribbon rep-
resentation of the struc-
ture of MsbA in the
open state. Highlighted
in green are the seg-
ments in a monomer
subjected to cysteine
substitution and spin
labeling. (B) Accessi-
bility profiles of apo-
MsbA. Red, P(O2); blue,
P(NiEDDA). The dotted
green lines indicate the
boundaries of the helices
and loops on the basis
of the crystal structure
assignment. (C and D)
P(O2) mapped onto a
surface rendering of
the closed and open
states, respectively. The
dashed line through res-
idue 76 defines the
middle of the bilayer.
(E) P(NiEDDA) mapped
onto a surface render-
ing of the open state.
The solid orange lines
represent the bounda-
ries of the bilayer de-
duced from the onset of
in-phase oscillations of
P(O2) and P(NiEDDA)
along helix 2. Surface
representations were
produced with Chimera
(34).
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structure (Fig. 1, A and B). Significant NiEDDA

accessibility continues into the transmembrane

domain including residues such as 82, one

turn away from the middle of the bilayer

defined by the absolute maximum in P(O
2
)

at residue 76.

The trend of looser packing at the peri-

plasmic side of the transporter corresponds

with significant NiEDDA accessibility along

the N-terminal end of helix 6 (e.g., residues

283, 286), EC3, and to a lesser extent the

271 to 274 stretch, all of which are predicted

by the crystal structures to be within the con-

fines of the bilayer. Patterns of P(NiEDDA)

and proximities in EC1 also suggest devia-

tions from the open and closed states. For

instance, strong spin-spin interactions at

residue 57 (Fig. 2C) and, to a lesser extent,

at residues 52 and 58 (22) do not reflect the

pattern of relative proximities observed in the

crystal structures. Multiple conformations of

this loop are implied by the composite nature

of the EPR spectrum at site 57.

To evaluate the compatibility of the EPR

constraints with the crystal structures, the

accessibility parameters were mapped onto

the open and closed conformations (Fig. 1,

C, D, and E). Extensive NiEDDA accessi-

bility and lack of spin-spin interactions sup-

port a dominant openlike conformation or

ensemble of conformations at the cytoplas-

mic end, whereas along the periplasmic side,

where crystal contacts occur, the data set in-

dicates a more open structure and the pres-

ence of hydrated regions in the membrane.

Aqueous solvation in the transmembrane

part of the chamber was also deduced from

accessibility studies of LmrA (23) and P-gp

(24). Our data disagree with the conclusion of

Buchaklian et al. (25) that the MsbA chamber

is not accessible to water. The source of this

discrepancy may be their limited sampling of

the chamber, as they examined the accessibil-

ity of only two sites.

In the TMD, P(O
2
) and the mobility

pattern (fig. S1A) of helix 2 are in general

agreement with its peripheral location and

orientation relative to the bilayer, although

its NiEDDA-exposed surface appears to be

rotated away from the chamber and in con-

tact with a neighboring helix (Fig. 1E). A

similar phase-shift along helix 5 results in

the maxima of P(O
2
) (residues 257 and 258)

partly facing the chamber. The most in-

triguing discrepancy occurs in a region of

helix 6 (residues 283 to 290), where the EPR

constraints are incompatible with the exten-

sive bilayer contact of this helix in both

crystal structures. The simplest model im-

plied by the EPR constraints has helix 6

displaced toward the interior of the dimer,

where it is in tertiary contacts with neighboring

helices. This model is supported by spin-spin

interactions at sites 292 and 296 (Fig. 2C),

which are not predicted by the open confor-

mation and the uniformly restricted mobilities

of the spin label along the helix (22).

An alternative model that resolves these

inconsistencies is based on a recent crystal

structure of MsbA that shows the binding of

a lipid A molecule at the surface of helix 6

(26). Specific contacts with a substrate mol-

ecule may explain the immobilized line

shapes and the lower oxygen accessibility

but not the spin-spin interaction pattern. The

substrate in our samples could be a lipid A

molecule copurified with the transporter, or

the binding site may be occupied by phos-

phatidylethanolamine, a component of our

reconstitution mixture that was shown to be

transported by MsbA (27).

Fig. 2. (A) EPR spectral line shapes in the apo
(gray trace) and the high-energy ADPIVi inter-
mediate (red trace) along the surface of helix 6
exposed to the bilayer in the crystal structures.
The sites are shown in a stick representation on
a ribbon model of the open state. (B) Repre-
sentative EPR spectra in the apo (gray) and
high-energy ADPIVi intermediates (red) show-
ing changes in mobility at selected sites upon
ATP binding and hydrolysis. (C) Changes in
spin-label proximities after ATP hydrolysis at
the periplasmic end (57), the cytoplasmic end
(244, 248, 300, and 303), and the TMD (292
and 296). The arrows point to spectral signa-
tures of spin-spin interactions at 57 and 244.
The broadening of the line shape and loss of
signal intensity are reflected by the scaling fac-
tor applied to the red spectrum. EPR spectra in
panel (C) were obtained with a 200-G field
scan. The spectra in (A and B) were obtained
with a 100-G field scan.
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Overall, our analysis reinforces the model

that apo-MsbA is in an equilibrium that in-

cludes conformers besides the two crystal-

lized so far. Indeed, the extent of opening at

the periplasmic side in these conformers

may be understated by the averaging of the

NiEDDA accessibilities over a heteroge-

neous ensemble. Although the EPR data set

is not indicative of a highly populated closed

state in the ensemble, the averaging may also

understate this population in our analysis.

The dynamic partitioning of MsbA among

these conformers may account for the phase

differences in the accessibility of helices.

The trajectory of the average structure and

the corresponding shifts in the conformeric

equilibrium during the functional cycle have

been captured by the changes in the EPR

parameters in three nucleotide-bound inter-

mediates (11, 28, 29). The ATP-bound state

is trapped by binding of the nonhydrolyzable

analog AMP-PNP. Two post hydrolysis states,

i.e., adenosine diphosphate (ADP)–bound

states, were stabilized by inorganic vanadate

(V
i
) addition after either ATP or ADP binding.

V
i
acts as a g-phosphate analog and, along

with ADP, forms a complex mimicking the

transition state of ATP hydrolysis. Studies of

the ABC transporters P-gp and MalK demon-

strate that a high-energy ADP-bound interme-

diate is more readily trapped by V
i
after ATP

hydrolysis than by direct ADP addition (28, 29).

Changes in P(NiEDDA) upon nucleotide

binding are shown in Fig. 3 and fig. S2. Par-

allel reduction along the ICD and cytoplasmic

ends of helices 2, 5, and 6 reveals a global,

conformational change upon AMP-PNP bind-

ing that occludes the substrate chamber. Oc-

clusion is maintained and accentuated in the

post hydrolysis state populated by adding V
i

and ATP. Concomitant nucleotide-induced in-

crease in spin-spin interactions at multiple sites

in the ICD regions (Fig. 2C) indicates that re-

duced chamber accessibility is due to rigid-

body motion that moves the spin labels into

close proximity (less than 15 )). The pattern

of proximity change is in overall agreement

with the direction of the domain movement

observed in the closed state, although the rela-

tive strengths of spin-spin interactions are not.

The opposite pattern of accessibility and

proximity changes are observed at the peri-

plasmic side of the transporter. The two EC1

loops undergo conformational changes that

increase the distance between residues 57

(Fig. 2C) and 58 from different subunits and

alter the NiEDDA accessibility in the 57 to

61 stretch (Fig. 3A). The loop movement al-

lows increased NiEDDA accessibility at the

periplasmic sides of helix 5 (C terminus),

Fig. 3. Changes in P(NiEDDA) on AMP-PNP binding (A) and after ATP hydrolysis (B). In all panels,
the data in the apo state are shown for reference as blue circles. The dashed lines are as in Fig. 1B.
Shading highlights regions of maximum changes in P(NiEDDA). (C) Changes in P(NiEDDA) in the
high-energy ADPIVi intermediate mapped onto a ribbon representation of the open states. The
bipolar color distribution along with the change in proximities (Fig. 2C) define the closing nature
(red) of the rigid-body motion in the ICD versus the opening nature in the periplasmic side (blue).
The ribbon representation was produced with Chimera (34).
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helix 6 (N terminus), and their interhelical

loop (Fig. 3, A and B), areas of steady-state

hydration in apo-MsbA. The changes in ac-

cessibility, accompanied by changes in mobil-

ities along the 277 to 285 stretch, indicate

extensive repacking (Fig. 2B).

Accessibilities and mobilities of the cyto-

plasmic region in the form populated by direct

ADP and V
i
addition are more similar to those

obtained in the apo state (fig. S2). MsbA binds

ADP as evidenced by the inhibition of ATP

turnover (22). Therefore, the slow formation of

the high-energy intermediate by addition of

ADP and V
i
demonstrates the presence of two

post hydrolysis intermediates with different

free energies.

The rigid-body movement that reduces

the chamber accessibility does not change

the phase of the oxygen accessibility patterns

of helices 2 and 5, consistent with the absence

of large-angle rigid helix rotation (Fig. 4A).

Localized changes in P(O
2
) amplitude asso-

ciated with mobility changes (e.g., residues

72, 79, 83, 257, and 264 in Fig. 2B) indicate

rearrangements in the backbone or tilting and

translational motion relative to neighboring

helices. In the 271 to 275 segment, ATP hydrol-

ysis reduces O
2
accessibility (Fig. 4A, shaded

region) and concomitantly increases NiEDDA

accessibility (Fig. 3B), the types of changes

anticipated as a result of increased hydration.

Bending of helix 6 around a hinge provides a

feasible model for the opposite change in

distance at residue 292 versus residues 300

and 303 in the high-energy intermediate.

From the changes in the EPR constraints

in trapped intermediates, we can reconstruct

the protein rearrangements that mediate tran-

sition to a transport-competent state. The

changes in P(NiEDDA) mapped onto the

open structure in Fig. 3D reveal simulta-

neous closing of the chamber and loosening

of the periplasmic region initiated by ATP

binding. Parallel changes in proximity estab-

lish the rigid-body nature of the underlying

movement. The pattern of changes agrees

with the model of alternate chamber expo-

sure to each side or leaflet (11, 30, 31).

Correlation of the conformational cycle de-

scribed here with previous biochemical data

provides a plausible outline for the mechanism

of transport (Fig. 4B). Substrate binding must

precede chamber occlusion, i.e., it occurs be-

fore ATP binding, consistent with structural

changes observed in two-dimensional crystals

of P-gp (32). Crystal structures of isolated

NBDs demonstrate that ATP binding drives

NBD dimerization to form the ATP sandwich

(33). The free energy of ATP is harnessed to

close the chamber, which thereby traps the

substrate, and the conformational changes are

propagated to reconfigure the periplasmic side.

ATP hydrolysis widens the periplasmic open-

ing such that the ends of helices 5 and 6 at

opposite sides of the transporter have similar

levels of NiEDDA accessibility. The symme-

trization of the chamber dielectric environ-

ment may act as a driving force for flipping

and translocation of the amphipathic substrate

(12, 13). Hydrolysis of the second ATP mol-

ecule and inorganic phosphate (P
i
) release

move the NBDs apart, which restores cham-

ber accessibility for another cycle.

Evidence of spectral heterogeneity in the

EPR data set is consistent with shifts in the

conformational equilibrium during the func-

tional cycle. Starting from an ensemble of

structures, ATP binding and hydrolysis shift

the equilibrium toward states that have a

closed chamber and a looser packing at the

periplasmic side, although in none of the

intermediates do the EPR constraints suggest

a pure crystallographic closed state. The in-

cremental nature of the structural changes on

ATP hydrolysis suggests that ATP binding

may provide the power stroke for transport.

Although further analysis will be required to

interpret the equilibrium data in terms of dis-

tinct conformers, the results provide a per-

spective on the flexibility of MDR ABC

transporters and the conformational cycle that

underlies their function.

References and Notes
1. C. F. Higgins, Annu. Rev. Cell Biol. 8, 67 (1992).
2. C. F. Higgins, Res. Microbiol. 152, 205 (2001).
3. H. Nikaido, J. A. Hall, Methods Enzymol. 292, 3 (1998).
4. C. F. Higgins, R. Callaghan, K. J. Linton, M. F. Rosenberg,

R. C. Ford, Semin. Cancer Biol. 8, 135 (1997).
5. M. M. Gottesman, T. Fojo, S. E. Bates, Nat. Rev.

Cancer 2, 48 (2002).
6. H. W. van Veen, W. N. Konings, Biochim. Biophys.

Acta 1365, 31 (1998).
7. H. W. van Veen, W. N. Konings, Adv. Exp. Med. Biol.

456, 145 (1998).
8. Z. Zhou, K. A. White, A. Polissi, C. Georgopoulos, C. R.

Raetz, J. Biol. Chem. 273, 12466 (1998).
9. W. T. Doerrler, C. R. Raetz, J. Biol. Chem. 277, 36697

(2002).

Fig. 4. (A) P(O2) in the apo
(blue circles) and in the high-
energy ADPIVi intermediate
(red squares). The vertical
green lines are identical to
those in Fig. 1B. Shading high-
lights the region where P(O2)
and P(NiEDDA) change in
the opposite direction. (B)
Mechanistic implications of
the structural rearrange-

ments. From an ensemble dominated by open-like conformers, ATP binding occludes the chamber, presumably through NBD dimerization, and increases
water penetration at the periplasmic side. ATP hydrolysis accentuates the preference for closed-chamber conformations. At this stage, the amphipathic
substrate senses equivalent dielectric environments at either side of the chamber and can partition to the bilayer or aqueous phases. The schematic shows
the turnover of a single ATP molecule as implied by LmrA and P-gp biochemical studies. These studies also show that an intermediate with APD and Pi
bound at a single NBD can rebind ATP and carry out another power stroke. In the low-energy ADP-bound state, chamber accessibility is restored, which
allows the binding of another substrate molecule. r Mg IATP; 4 Mg IADP IPi; & Mg IADP; S, substrate.

R E P O R T S

www.sciencemag.org SCIENCE VOL 308 13 MAY 2005 1027

http://www.sciencemag.org


10. G. Reuter et al., J. Biol. Chem. 278, 35193 (2003).
11. H. W. van Veen, C. F. Higgins, W. N. Konings, Res.

Microbiol. 152, 365 (2001).
12. G. Chang, C. B. Roth, Science 293, 1793 (2001).
13. G. Chang, J. Mol. Biol. 330, 419 (2003).
14. C. F. Higgins, K. J. Linton, Science 293, 1782 (2001).
15. T. W. Loo, D. M. Clarke, J. Biol. Chem. 271, 27482 (1996).
16. T. W. Loo, D. M. Clarke, J. Biol. Chem. 276, 31800 (2001).
17. M. Seigneuret, A. Garnier-Suillerot, J. Biol. Chem.

278, 30115 (2003).
18. D. R. Stenham et al., FASEB J. 17, 2287 (2003).
19. Starting with a cysteine-less MsbA background

where the two native cysteines were replaced with
alanines, we constructed 116 single-cysteine mu-
tants. Only four mutations resulted in either weak
or no expression (51, 53, 282) or slow aggregation
after reaction with the spin label (78). MsbA
mutants were spin labeled after Ni affinity chro-
matography, purified by size-exclusion chromatog-
raphy (SEC) and then reconstituted in unilamellar
vesicles. Details of the structural and functional
analysis of the mutants are in the supporting
material available on Science Online.

20. W. L. Hubbell, H. S. Mchaourab, C. Altenbach, M. A.
Lietzow, Structure 4, 779 (1996).

21. The collision frequency with paramagnetic reagents
was deduced from the analysis of the saturation
behavior of the spin label at each site. Power sat-
uration curves were obtained under nitrogen gas, in
the presence of 20% oxygen, or under nitrogen and
in the presence of 50 mM NiEDDA. Distinct patterns
of oxygen accessibility are expected for transmem-
brane segments, whereas exposure to the aqueous
environments results in high NiEDDA accessibility.
Spin-label mobility was estimated from the inverse
of the central line width.

22. J. Dong, H. S. Mchaourab, unpublished observations.
23. G. J. Poelarends, W. N. Konings, J. Biol. Chem. 277,

42891 (2002).
24. T. W. Loo, M. C. Bartlett, D. M. Clarke, Biochemistry

43, 12081 (2004).
25. A. H. Buchaklian, A. L. Funk, C. S. Klug, Biochemistry

43, 8600 (2004).
26. C. L. Reyes, G. Chang, Science 308, 1028 (2005).
27. W. T. Doerrler, H. S. Gibbons, C. R. Raetz, J. Biol.

Chem. 279, 45102 (2004).

28. A. L. Davidson, J. Bacteriol. 184, 1225 (2002).
29. I. L. Urbatsch, G. A. Tyndall, G. Tombline, A. E. Senior,

J. Biol. Chem. 278, 23171 (2003).
30. P. Mitchell, Nature 180, 134 (1957).
31. P. Mitchell, Res. Microbiol. 141, 286 (1990).
32. M. F. Rosenberg et al., EMBO J. 20, 5615 (2001).
33. P. C. Smith et al., Mol. Cell 10, 139 (2002).
34. E. F. Pettersen et al., J. Comput. Chem. 25, 1605 (2004).
35. We thank D. Piston, A. Beth, C. Cobb, H. Koteiche, and

R. Nakamoto for critically reading the manuscript. This
work was supported by a discovery grant from
Vanderbilt University.

Supporting Online Material
www.sciencemag.org/cgi/content/full/308/5724/1023/
DC1
Materials and Methods
Figs. S1 and S2
Table S1
References and Notes

21 October 2004; accepted 22 February 2005
10.1126/science.1106592

Structure of the ABC Transporter
MsbA inComplexwithADPIVanadate

and Lipopolysaccharide
Christopher L. Reyes and Geoffrey Chang*

Select members of the adenosine triphosphate (ATP)–binding cassette (ABC)
transporter family couple ATP binding and hydrolysis to substrate efflux and
confer multidrug resistance. We have determined the x-ray structure of MsbA
in complex with magnesium, adenosine diphosphate, and inorganic vanadate
(MgIADPIVi) and the rough-chemotype lipopolysaccharide, Ra LPS. The
structure supports a model involving a rigid-body torque of the two trans-
membrane domains during ATP hydrolysis and suggests a mechanism by
which the nucleotide-binding domain communicates with the transmembrane
domain. We propose a lipid ‘‘flip-flop’’ mechanism in which the sugar groups
are sequestered in the chamber while the hydrophobic tails are dragged
through the lipid bilayer.

Multidrug resistance is an alarming and rapidly

growing obstacle in the treatment of infectious

diseases, human immunodeficiency virus (HIV),

malaria, and cancer (1). Drug-resistant bacterial

strains that cause gonorrhea, pneumonia, chol-

era, and tuberculosis are widespread and dif-

ficult to treat (2). In humans, a similar drug

efflux mechanism is a major reason for the

failure of several chemotherapeutics in the treat-

ment of cancers. Found ubiquitously in both

bacteria and humans, ABC transporters have

been implicated in both antibiotic and cancer

drug resistance and represent key targets for the

development of agents to reverse multidrug

resistance (3, 4). Several MDR ABC efflux

pumps have been shown to extrude both lipids

and drug molecules, which suggests a common

transport mechanism for amphipathic com-

pounds across the cell membrane (5, 6).

MsbA is an essential bacterial ABC trans-

porter that transports lipid A and lipopoly-

saccharide (LPS) to the outer membrane (7–10)

and that has been shown to have overlapping

substrate specificity with the multidrug-resistant

ABC (MDR ABC) transporter LmrA and with

humanP-glycoprotein (P-gp) (11). MsbA adeno-

sine triphosphatase (ATPase) hydrolysis is stim-

ulated by LPS and lipid A and also shows

vanadate-inhibited activity (12). LPS makes

up the outer leaflet of the outer membrane in

Gram-negative bacteria and potently activates

the mammalian innate immune system in

response to bacterial infections; it can cause

septic shock (13–15). ABC transporters are

minimally composed of two transmembrane

domains (TMDs) that encode substrate speci-

ficity and a pair of nucleotide-binding domains

(NBDs) with conserved structural features.

Comparison of the x-ray structures of MsbA

and the vitamin B
12

ABC importer, BtuCD,

suggests that differences in substrate specific-

ities are a consequence of structurally diver-

gent TMDs (16–18). These structures, along

with those derived from electron microscopy

(EM) of other MDR ABC transporters, reveal

that large conformational changes are possible

in both the TMDs and NBDs (19–23).

Despite attempts to model the structural

changes of MsbA and other MDR ABC trans-

porters, a detailed view of conformational rear-

rangements during ATP hydrolysis and substrate

translocation has remained elusive (24). What

are the conformational changes of the TMDs

during the catalytic cycle? What residues are

involved in substrate binding and release? And

what specific role does nucleotide binding and

hydrolysis play during the catalytic cycle? To

address these questions, we describe the struc-

ture of MsbA from Salmonella typhimurium

in complex with adenosine 5¶-diphosphate
and inorganic vanadate (ADPIV

i
), Mg2þ, and

rough-chemotype (Ra) lipopolysaccharide

(Ra LPS). The structure provides evidence

for an intermediate after ATP hydrolysis and a

molecular basis for coupling ATP hydrolysis

with amphipathic substrate transport.

Crystals of MsbA in complex with

MgIADPIV
i
and Ra LPS were grown using

detergent-solubilized protein incubated with Ra

LPS purified from S. typhimurium. ATP, Mg2þ,
and boiled sodium orthovanadate were added

to favor the transition state conformation be-

fore crystallization (25). Mass spectrometry

on washed crystals indicated the presence of

Ra LPS, nucleotide, and vanadate. The struc-

ture was determined by single-wavelength

anomalous dispersion (SAD), and the electron

density maps were improved by using non-

crystallographic symmetry averaging to a res-

olution of 4.2 ) (see table S1) (26). The

asymmetric unit revealed two dimers of MsbA

with clear electron density corresponding to a

nucleotide and Ra LPS. The TMDs in each

dimer exhibit a 30- torque relative to the mo-

lecular two-fold axis and an extensive inter-

digitation of the helices (Fig. 1, A and B). A

chemical model with good geometry was built

with R
cryst

of 28% and R
free

of 33%.

In this structure, each dimer contains two

bound LPS molecules located at the protein-
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membrane interface on the outer membrane

leaflet side with the sugar head groups roughly

parallel to the axis of the elbow helix (residues

10 to 24) (Fig. 1C). Electron density was ob-

served for only one nucleotide per dimer in the

active site position (Fig. 1D). To confirm the

positioning of the ADP at this resolution, we

replaced ATP with a 2¶-brominated ATP

analog (27) and collected anomalous diffrac-

tion data at the bromine edge (l 0 0.9198 )).
Anomalous difference Fourier synthesis using

experimental protein phases yielded only one

bromine peak (È5 s) per NDB dimer cor-

responding to the observed electron density for

the nucleotide at the 2¶ position (Fig. 1D). The

position of the vanadium was confirmed by

anomalous Fourier synthesis from diffraction

data collected at the vanadium edge (l 0
2.2608 )). The vanadium peak (È4 s) cor-

responds to the position predicted on the basis

of the MgIADPIV
i
structure of myosin (28). At

this resolution, we have not included either the

coordinated oxygen atoms of the vanadate ion

or Mg2þ in the model described here.

Previous structures have shown MsbA in

open and closed conformations in the absence of

nucleotide. In the open conformation, the two

TMDs interact at the extracellular ends of the

membrane-spanning helices to form an inverted

V-shaped molecule with NBDs distant from

each other. In the closed apo conformation, both

the TMDs and the NBDs are closely packed. In

addition, a large internal chamber accessible

from the cytoplasm is formed between the in-

teracting TMDs (Fig. 2A). The two structures

suggest a highly dynamic sampling of confor-

mational space by the protein in the absence of

nucleotide with respect to the TMD interactions,

lipid bilayer arrangements, and the folding of

the NBDs. Electron paramagnetic resonance

(EPR) studies also indicate that movements in

the TMD are dramatic (29, 30).

Changes in the TMD interactions provide

insight into the pathway of substrate efflux. In

comparison with the apo closed conformation

of MsbA, this structure exhibits a large rigid-

body rotation and translation that result in a

È15 ) opening toward the periplasmic ends

and a È15 ) closing of the NBD-associated

intracellular domain helices (ICD1; residues

111 to 121), which allow accessibility to an

internal chamber from the periplasm but not

from the cytoplasm (Fig. 2B). The third extra-

cellular loops (EC3) mediate the internal con-

tact between the two monomers while placing

the periplasmic ends of the TM5 helices close

together. This causes the periplasmic opening

of the internal chamber to be pinched and di-

vides the opening of the cavity into two lobes

adjacent to TM6, which corresponds to drug-

binding sites observed for LmrA (31) and

human P-gp (32). In this structure, TM5 forms

extensive intermolecular interactions with

TM2 and TM3. Because the ICD1 is formed

between TM2 and TM3, this interaction sug-

gests a probable pathway for transmitting con-

formational changes caused by ATP hydrolysis

to the substrate-binding sites.

Besides affecting the interactions between

TMDs, substrate binding and ATP hydrolysis

also drive changes in the intermolecular helical

packing of the TMDs. Although the TM1 to

TM4 helices are arranged in an overall architec-

ture similar to both the open and closed apo

conformations, TM5 and TM6 reveal significant

rearrangements Eroot mean square deviation

(RMSD) on Ca of 2.1 ) (open) and 1.9 )
(closed)^ (Fig. 2C). In both apo structures, a

conserved residue (Ile257 of S. typhimurium

MsbA) is located near a helical bulge that char-

acterizes TM5. In this structure, this region has

moved toward the interior of the TMD, which

facilitates intermolecular contacts within the

dimer. Similarly, the periplasmic end of TM6

has moved out of the interior, contributing to a

97 ) shift in EC3 between the apo and post

hydrolysis intermediate conformation. The con-

sequence of these intermolecular movements is

a concerted movement of TM1, TM6, and the

elbow helix toward the cell membrane.

A critical question is how substrate speci-

ficity is shared within the subfamily of MDR

ABC flippases. In this structure, we observe

bound LPS on the outer membrane leaflet side

of MsbA forming extensive contacts with TM1

and TM6 from one monomer and with TM2

from the other monomer (Fig. 2D). The hy-

Fig. 1. Structure of MsbA with MgIADPIVi and LPS. (A and B) The MsbA homodimer is shown in two
orthogonal orientations, within the plane of the bilayer and down the two fold, respectively. Green and
blue indicate the two monomers. The TMDs span the lipid bilayer matrix (M), and the NBD forms an
extensive homodimeric interface within the cytoplasm (C). Two Ra lipopolysaccharide (LPS) molecules
(carbon shown in magenta, oxygen in red, nitrogen in blue) are bound on the periplasmic side (P) of
the TMDs. A single ADP molecule (carbon shown in yellow, oxygen in red, nitrogen in blue, phosphate
in purple) is sequestered within the NBD composite active site. (C) Experimental electron density map
(1.0 s) corresponding to bound LPS. (D) Experimental electron density map in blue (1.0 s) surrounding
ADP with anomalous difference maps shown in red (4.0 s) corresponding to the 2¶-ADP position for Br
and in orange corresponding to the vanadate position (4.0 s). The images were created with PyMol (37).
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drocarbon chains of the LPS interact with

apolar residues on this interface, and the head

groups interact with polar residues near the

periplasmic side of the TMD, which includes

the first extracellular loop, EC1 (residues 54 to

68). Interestingly, several conserved residues

between MsbA and P-gp map to the binding

interface of the LPS, which suggests that this

region could be a general binding site for other

amphipathic compounds. These residues are

localized on the elbow helix, TM1, and TM6.

Conserved residues specific to the MsbA

subfamily also map to the EC1 loop, which

interacts with the LPS sugar head groups from

opposing monomers, and to the elbow helix

(Fig. 2D).

The architecture of the NBDs observed

in this model is reminiscent of the dimer sand-

wich structures of the ABC transporters BtuCD

and MJ0796 (33) with the P loop and the

"LSGGQ" signature motif anchoring two

subdomains of the NBD (Fig. 3, A and B).

In the ATP-bound form of the MJ0796 NBD

dimer, the two motifs from opposing NBDs

align to orient the bound ATP molecules and

to form a composite active site. In this struc-

ture, a nucleotide is observed in only one of

the active sites. In addition, the signature

motif from opposing NBDs disengages from

the P loop and bound nucleotide. We interpret

this to imply a post hydrolysis conformation,

and it is likely that the nucleotide from the

empty binding site has already dissociated.

Interaction between theNBDs and the TMDs

involves two conserved motifs. The Q loop

contains a conserved glutamine that coordinates

Mg2þ and the proposed nucleophilic water (34),

and the short conserved ICD1 helix mediates

the contacts with the proximal NBD and the

TMD. In the apo structure of BtuCD, the ICD1-

equivalent helix (termed the L loop) does not

contact the conserved glutamine (Gln80) in the

Q loop (Fig. 3C). However, in the structure

described here, the amino end of the ICD1

(residues 111 to 121) is in position to interact

with the glutamine from the Q loop and fits

Fig. 2. Transmembrane domain
rearrangements and specificity.
(A) Solvent-filled internal
chamber (red) for the closed
apo structure of MsbA (mono-
mers in orange and gray). (B)
Solvent-filled internal chamber
for MsbA complexed with LPS
and ADPIVi (monomers in
green and blue). (C) Superim-
posed TMDs from open apo
(gray), closed apo (orange), and
post hydrolysis conformation of
MsbA (green) show the move-
ment of TM5, TM6, and EC3
(as indicated by arrow). The
helical bulge near residue Ile257

is indicated by an asterisk. (D)
Position of conserved residues
shared by MsbA and P-gp
(pink) and conserved residues
specific to the MsbA subfamily
(blue) mapped onto the struc-
ture of MsbA (white). The LPS
is shown in yellow.

Fig. 3. The composite catalytic site of the
NBDs with substrate and conserved sequence
motifs. (A) Two bound ATP molecules (carbon
shown in green, oxygen in red, nitrogen in blue,
phosphate in purple) are sandwiched between
the P loop (yellow) and LSGGQ (pink) moieties
in the composite active site from MJ0796. The
Q loop is shown in blue. (B) Architecture of
interacting NBDs from MsbA post hydrolysis
intermediate showing one bound ADP (carbon
shown in yellow, oxygen in red, nitrogen in
blue, phosphate in purple) molecule and one
vanadate (orange) per dimer. The nucleotide is
bound to the P loop (yellow) and disengaged
from the conserved LSGGQ signature motif
from the opposing monomer (pink). The Q
loop is shown in blue. (C) Surface view of a
single NBD from the apo structure of BtuCD
shows no interaction between the L loop and
the conserved glutamine (Gln80) (blue) that is
proposed to coordinate the nucleophilic
attacking water (L loop is the ICD1 equivalent,
shown in green). (D) Post hydrolysis interme-
diate MsbA shows the ICD1 helix (green) from
the TMD positioned to interact with conserved
glutamine (Gln424) (blue).
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within an elongated groove on the TMD-

exposed NBD surface (Fig. 3D). As ICD1 is

the only structural motif from the TMD to

interact with the active site of the NBD, it

seems likely that a reorientation of the ICD1

helix to contact with the Q loop could depend

on the catalytic status of the g-phosphate.
Together with previously described MsbA

structures, the model described here provides a

framework for interpreting functional data

concerning MDR ABC transporters. Substrate

recognition by the TMD and nucleotide binding

by the NBD change the conformation of the

molecule and thus promote the formation of the

NBD dimer in an arrangement competent to

hydrolyze ATP. This dimerization of the NBDs

and hydrolysis of ATP together are the Bpower
stroke[ of the transport cycle and drive the

transport of the lipid substrate from the inner to

the outer membrane leaflet through confor-

mational changes in the TMDs. In the post

hydrolysis conformation structure described

here, only one ADP is trapped per dimer, which

suggests that the two NBDs act to hydrolyze

ATP alternately. This would support the model

of alternating catalytic sites proposed for P-gp

(35) and LmrA (36). However, the presence of

two LPS molecules on the outer leaflet side of

the membrane suggests two substrate mole-

cules may be transported per power stroke.

We propose a structurally based mechanism

of LPS flipping whereby the sugar head groups

are sequestered and Bflipped[ in the internal

chamber while the hydrophobic tail of the lipid

is dragged through the bilayer. We have

observed a titratable high-affinity binding site

for several cationic heavy metals such as 2-

chloromercuri-4-nitrophenol and ethyl mercury

chloride located at the interface of the elbow

helix and TM1 (25). We propose that this re-

gion, which contains a locus of conserved res-

idues across this subfamily of MDR ABC

transporters, may point to an initial high-

affinity surface binding site for LPS and other

cationic hydrophobic compounds similar in

chemical structure to most anticancer chemo-

therapeutics. In our proposal, LPS initially

binds near the elbow helix (Fig. 4A). During

the power-stroke step, the sugar head groups

are sequestered within the chamber and flipped

to the outer membrane leaflet by the rigid-

body shearing of the TMDs while the hydro-

phobic tails of the LPS are dragged through

the lipid bilayer (Fig. 4, B and C). The result

is an energetically favorable Bflip-flop[ in

the orientation of the lipid in the bilayer and

the presentation of LPS sugar head groups

on the periplasmic side of the membrane

(Fig. 4D), as observed in this structure.

The size of the chamber is large enough to

accommodate the sugar groups from two Ra

LPS molecules. The head group size of various

LPS and related molecules affects the stimula-

tion of MsbA ATPase activity. A larger stim-

ulatory effect on ATP activity is observed for

Re LPS, which has a shorter head group than

that for Ra LPS. Thismight be an effect of steric

hindrance inside the cavity to accommodate the

sugar head groups. Our model could also extend

to other molecules with cationic/hydrophobic

properties, such as most chemotherapeutic drugs

associated with multidrug resistance. A mecha-

nismwhere export could occur more exclusively

through the chamber for less hydrophobic mol-

ecules is certainly possible. The model described

constitutes a general molecular basis for export

by MDR ABC flippases and the structural char-

acterization of a MgIADPIV
i
post hydrolysis

conformation of MsbA, which provides an

excellent springboard for further studies.
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Fig. 4. Proposed model for sequestering
polar sugar head group of the LPS in
internal chamber of MsbA (only one LPS
shown for clarity). (A) LPS initially binds
to the elbow helix as modeled onto
the closed apo structure. (B) Lipid head
groups are modeled to insert into the
chamber of the apo closed structure.
(C) As the transporter undergoes con-
formational changes related to binding
and hydrolysis of ATP, the head group is
flipped within the polar chamber while
the LPS hydrocarbon chains are freely
exposed and dragged through the lipid
bilayer. Both LPS and MsbA conforma-
tions are modeled. (D) LPS is presented
to the outer leaflet of the membrane as
observed in this structure.
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Human Mpp11 J Protein:
Ribosome-Tethered Molecular
Chaperones Are Ubiquitous

Heather A. Hundley,1,2* William Walter,1

Shawn Bairstow,2 Elizabeth A. Craig1.

The existence of specialized molecular chaperones that interact directly with
ribosomes is well established in microorganisms. Such proteins bind polypeptides
exiting the ribosomal tunnel and provide a physical link between translation
and protein folding. We report that ribosome-associated molecular chaperones
have been maintained throughout eukaryotic evolution, as illustrated by Mpp11,
the human ortholog of the yeast ribosome-associated J protein Zuo. When
expressed in yeast, Mpp11 partially substituted for Zuo by partnering with the
multipurpose Hsp70 Ssa, the homolog of mammalian Hsc70. We propose that
in metazoans, ribosome-associated Mpp11 recruits the multifunctional soluble
Hsc70 to nascent polypeptide chains as they exit the ribosome.

In the crowded cellular environment, folding of

newly synthesized polypeptides into their ac-

tive three-dimensional conformations requires

the action of a class of proteins called mo-

lecular chaperones. These chaperones bind

unfolded polypeptides by interacting with hy-

drophobic regions that are normally sequestered

in the interior of a protein, thereby preventing

aggregation and promoting folding (1, 2). Be-

cause partially synthesized nascent chains are

particularly prone to aggregation, the presence

of specialized molecular chaperones that in-

teract directly with the ribosome near the

polypeptide exit tunnel provides an impor-

tant direct link between translation and protein

folding (3). Such ribosome-tethered chaper-

ones, only identified in microorganisms, are

structurally divergent. Trigger factor, a mem-

ber of the peptidyl-prolyl isomerase family,

is found ubiquitously in bacteria (1). In con-

trast, the yeast ribosome-associated chaper-

one machinery is of the Hsp70:J protein type:

Both the J protein Zuo and its Hsp70 partner

Ssb independently associate with ribosomes

(4, 5). In such systems, both a J protein and

an Hsp70 are obligatory; the J protein serves

to recruit the Hsp70 to substrate polypeptides

as well as to stimulate Hsp70_s adenosine

triphosphatase (ATPase) activity, thus sta-

bilizing Hsp70_s interaction with the substrate

(6, 7).

Identification of ribosome-associated chap-

erones in unicellular but not multicellular or-

ganisms raises the question of whether early

involvement by molecular chaperones at the

ribosome to prevent aggregation of nascent

polypeptides is universally important (8, 9).

As a candidate for a metazoan ribosome-

associated chaperone, we chose the human

protein, Mpp11, which is orthologous to the

yeast ribosome-associated J protein Zuo and is

present in a wide variety of eukaryotes (10, 11).

In addition to having 45% identity in their J

domains—the region of J proteins critical for

functional interaction with Hsp70—Zuo and

Mpp11 are 42% identical in a 80–amino acid

region required for ribosome-association of

Zuo (4).

To determine whether Mpp11 is ribosome

associated, we separated lysates of human

tissue culture cells by sucrose density gra-

dient centrifugation and probed for Mpp11

(12). Mpp11 cosedimented with human ribo-

somal protein L10 (Rpl10) (Fig. 1A). Because

Mpp11 is so highly conserved, we used rab-

bit reticulocyte lysate (RRL) to further assess

ribosome association. After centrifugation of

RRL through a sucrose cushion, the Mpp11

and Rpl10 cross-reactive proteins were quan-

titatively found in the pellet fraction (Fig. 1B).

Because RRL has a high concentration of

nontranslating ribosomes, this cofractionation

suggested that Mpp11 interacts directly with

the ribosome and does not require a nascent

polypeptide chain for association. To test this

idea more directly, ribosomes purified from

RRL and stripped of endogenous Mpp11 by

treatment with high salt were incubated with

purified Mpp11 (Fig. 1C). When added at

a stoichiometry of approximately 1:1, most

Mpp11 sedimented with ribosomes; at a ratio

of 2:1, Mpp11 distributed equally between

the supernatant and pellet, consistent with the

idea that Mpp11 bound directly to mammalian

ribosomes.

Because both Mpp11 and Zuo associate

with ribosomes, we asked if Mpp11 could

substitute for Zuo when expressed in yeast.

Mpp11 partially rescued the cation hypersen-

sitivity of a Dzuo strain (13), as demonstrated

by enhanced growth in the presence of NaCl

or paromomycin (Fig. 2A and fig. S1). To as-

sess whether Mpp11 was ribosome associated

in the heterologous yeast system, lysates pre-

pared from the Dzuo strain expressing Mpp11

were subjected to centrifugation through a

sucrose cushion. Ribosomes were present

in the pellet fraction, as was the vast ma-

jority of Mpp11 (Fig. 2B). The resuspended

pellet was subjected to centrifugation through

a sucrose density gradient. The distribution

of Mpp11 in the gradient closely coincided

with that of ribosomes, even after treatment

with ribonuclease A (RNase A) caused ribo-

somes to migrate as 80S monosomes. Thus,

nearly all of Mpp11 was associated with yeast

ribosomes.

Because of the sequence similarity between

Mpp11 and the region of Zuo required for ribo-

some association, we asked whether the two

proteins interacted similarly with ribosomes.

Ribosomes from wild-type cells and Dzuo cells

expressing Mpp11 were incubated with vari-

ous concentrations of KCl. The endogenous

Zuo and heterologous Mpp11 showed similar

salt sensitivities, with most of the protein
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Fig. 1. Ribosome association of mammalian
Mpp11. (A) Cell lysate from human embryonic
kidney cells (HEK293) centrifuged through a
sucrose gradient of 5 to 47%. Arrow denotes
direction of the gradient. Fractions were col-
lected and subjected to immunoblot analysis
with antibodies directed against human Mpp11
or human Rpl10. (B) Ribosomes from RRL were
isolated by centrifugation through a sucrose
cushion. Equivalent amounts of supernatant (S)
and ribosomal-containing pellet (P) from cen-
trifugation of 5 ml of RRL (T) were subjected to
immunoblot analysis with the indicated anti-
bodies. (C) Indicated concentrations of purified
Mpp11 were incubated in the presence of high
salt–washed ribosomes (È0.5 mM). Samples were
centrifuged and the supernatant (S) and pellet
(P) fractions were analyzed as described above
with the use of the indicated antibodies.
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being released from ribosomes after treat-

ment with 200 mM KCl (Fig. 2C). To test the

idea that the two proteins bind to the same site

on the ribosome, we performed a competition

assay. Ribosomes stripped of endogenous

Zuo by treatment with high salt were incu-

bated with approximately equimolar amounts of

Zuo and increasing concentrations of Mpp11

(Fig. 2D). In the absence of Mpp11, nearly

all of the Zuo was found in the pellet after

centrifugation, indicative of its ribosome as-

sociation. When Mpp11 was present in three-

fold excess, less than 20% of the added Zuo

was ribosome associated, indicating that bind-

ing of Mpp11 and Zuo was mutually exclu-

sive, consistent with the idea that Mpp11 and

Zuo occupy the same, or overlapping, sites on

the yeast ribosome.

Interaction of J proteins with the ATPase

domain of their partner Hsp70 occurs through

the highly conserved J domain. To ascertain

whether Mpp11 functioned as a J protein in

yeast, we exploited the fact that within the J

domain of all known J proteins, there is a his-

tidine, proline, aspartic acid tripeptide (HPD

motif) that is critical for this interaction (14).

We constructed a MPP11 mutant, MPP11
H-Q

,

that replaced the histidine of its HPD motif

with glutamine, an alteration that has been

shown to inactivate many J proteins by ren-

dering them incapable of functioning with

Hsp70 (15, 16). As expected, Mpp11
H-Q

was

unable to rescue the cation hypersensitivity

of a Dzuo strain (Fig. 2A and fig. S2).

Because J proteins function only in part-

nership with an Hsp70, we sought to estab-

lish the yeast Hsp70 partner of Mpp11. Ssb is

the endogenous Hsp70 partner of Zuo (17, 18).

However, no known orthologs of Ssb exist

outside of fungi (19). Zuo and Ssb have co-

evolved to form a specialized Hsp70:J pro-

tein ribosome-associated pair (4). Ssa, on the

other hand, is homologous to the abundant,

soluble cytosolic Hsc70 of higher eukaryotes.

We predicted that human Mpp11 may func-

tion in the yeast cytosol by partnering with

Ssa, rather than Ssb. To test this hypothesis,

we first expressed Mpp11 in a strain lacking

Zuo and Ssb, which has the same phenotype

as a strain lacking only Zuo (consistent with

the evidence that activity of this type of chap-

erone machinery requires both a J protein and

an Hsp70) (4). Mpp11 rescued cells lacking

Ssb and Zuo (Fig. 3A) as well as cells

lacking only Zuo (Fig. 2A). Thus, Mpp11 does

not require Ssb as an Hsp70 partner to func-

tion in yeast.

Ssa is an essential Hsp70. Thus, we could

not directly test whether it is required for

Mpp11 to functionally substitute for Zuo (20).

Instead, we asked whether the ability of Mpp11

to function in yeast was enhanced by increased

expression of Ssa. As expected, the presence

of a plasmid expressing SSA1 had no effect

on the ability of cells lacking Zuo and Ssb to

grow in the presence of cations. However,

when plasmids expressing both Mpp11 and

SSA1 were present, growth was improved com-

pared with the strain expressing only Mpp11

(Fig. 3B). This enhancement required a func-

Fig. 2. Characterization of Mpp11 function in yeast cells lacking Zuo. (A) Serial dilution of Dzuo
cells expressing Mpp11 or Mpp11H-Q, which were spotted on minimal media in the presence or
absence of paromomycin (paro) (250 mg/ml) and incubated at 30-C (3 days) or 1 M NaCl (5 days).
(B) (Inset) Lysate of Dzuo cells expressing Mpp11-HA was centrifuged through a sucrose cushion
separating the ribosome-containing pellet (P) from the supernatant (S). Equivalent amounts of
each fraction were subjected to electrophoresis and immunoblot analysis with hemagglutinin (HA)–
or Rpl3-specific antibodies. The main panel shows the resuspended pellet, which was incubated in the
presence (þ) or absence (–) of RNase and centrifuged through a sucrose gradient of 5 to 47%.
Optical density (OD254) was monitored (top); fractions were collected and subjected to immunoblot
analysis as described above (bottom). (C) Ribosome-containing pellets of Dzuo cells expressing
Mpp11-HA (top) or wild-type cells (bottom) were incubated in the presence of the indicated con-
centrations of KCl for 30 min at 30-C and then centrifuged through sucrose cushions containing the
same salt concentration. Equivalent amounts of the supernatant (S) and pellet (P) fractions were
subjected to electrophoresis and immunoblot analysis with HA- or Zuo-specific antibodies. (D)
Indicated concentrations of purified Zuo and Mpp11 were incubated in the presence of high salt–
washed ribosomes (0.6 mM). Samples were centrifuged and the supernatant (S) and pellet (P)
fractions were analyzed as described above with the use of the indicated antibodies.

Fig. 3. Mpp11 substitutes for Zuo in the ab-
sence of Ssb. (A) Yeast strain HH6 expressing
MPP11 was diluted in a 10-fold series, spotted
on minimal media and incubated at 30-C (3 days)
in the presence and absence of paromomycin
(paro) (250 mg/ml). (B) HH6 was transformed
with control vector plasmids and plasmids ex-
pressing MPP11, SSA1, and both the SSA1 and
either MPP11 or MPP11H-Q. The resulting strains
were diluted in a 10-fold series and incubated at
30-C (3 days) in the presence and absence of
paromomycin (150 mg/ml). (C) Hsp70:ATP-[32P]
complexes were incubated in the presence of
various concentrations of wild-type Mpp11 or
Mpp11H-Q and the rate of hydrolysis of ATP de-
termined. Fold stimulation over the basal rate is
plotted. (Left) Mpp11 and Ssa (solid triangles) or
Ssb (solid diamonds); Mpp11H-Q and Ssa (open
triangles). (Right) Hsc70 and Mpp11 (solid squares)
or Mpp11H-Q (open squares).
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tional J domain, because no suppression was

observed when the mutant Mpp11
H-Q

rather

than wild-type Mpp11 was expressed.

The in vivo results described above sug-

gest that Mpp11 functions as the J-protein

partner of Ssa, not Ssb. To test this idea

biochemically, we asked if Mpp11 could stim-

ulate the ATPase activity of Ssa. Such stimu-

lation, the result of interaction of the J domain

with Hsp70_s ATPase domain, converts Hsp70

to the adenosine 5¶-diphosphate (ADP)–bound

form that has high affinity for substrate poly-

peptides (6, 7). A complex between Hsp70 and

radiolabeled ATP was isolated, and the rate

of ADP formation was determined upon in-

cubation in the presence of increasing con-

centration of Mpp11. Mpp11 stimulated the

ATPase activity of Ssa 12-fold under the condi-

tions tested, whereas the ability of Mpp11
H-Q

was severely compromised, as expected of an

inactive J protein (Fig. 3C). In contrast, Mpp11

did not substantially stimulate the ATPase ac-

tivity of Ssb, even when present at a 10-fold

molar excess. Thus Mpp11 acts as a J-protein

partner of Ssa. If in metazoans, Mpp11 part-

ners with the Ssa homolog, Hsc70, Mpp11

should efficiently stimulate the ATPase ac-

tivity of human Hsc70. Indeed, Mpp11 stim-

ulated Hsc70_s ATPase activity (Fig. 3C).

Additional support for such a partnership

comes from the identification of Drosophila

Zuo/Mpp11 ortholog as an interaction part-

ner with Drosophila Hsc70 in a genome-wide

two-hybrid study (21).

We conclude that Mpp11, an ortholog of

yeast Zuo, is a human ribosome-associated

J protein. We propose that in metazoans,

ribosome-associated Zuo andMpp11 orthologs

recruit the multifunctional soluble cytosolic

Hsc70 to short ribosome-bound nascent chains

as they exit the ribosome. Consistent with this

idea, Hsc70 is not only associated with newly

synthesized polypeptide chains recently re-

leased from ribosomes, but also with ribosome-

associated chains (22, 23). Such recruitment

is reminiscent of other cases in which partic-

ular J proteins determine the site of action of

Hsp70s (24, 25).
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Single, Rapid Coastal Settlement
of Asia Revealed by Analysis of

Complete Mitochondrial Genomes
Vincent Macaulay,1* Catherine Hill,2 Alessandro Achilli,3

Chiara Rengo,3 Douglas Clarke,2 William Meehan,2

James Blackburn,2 Ornella Semino,3 Rosaria Scozzari,4

Fulvio Cruciani,4 Adi Taha,5 Norazila Kassim Shaari,6

Joseph Maripa Raja,6 Patimah Ismail,6 Zafarina Zainuddin,7

William Goodwin,8 David Bulbeck,9 Hans-Jürgen Bandelt,10

Stephen Oppenheimer,11 Antonio Torroni,3 Martin Richards12*

A recent dispersal of modern humans out of Africa is now widely accepted,
but the routes taken across Eurasia are still disputed. We show that mitochon-
drial DNA variation in isolated ‘‘relict’’ populations in southeast Asia supports
the view that there was only a single dispersal from Africa, most likely via a
southern coastal route, through India and onward into southeast Asia and
Australasia. There was an early offshoot, leading ultimately to the settlement
of the Near East and Europe, but the main dispersal from India to Australia
È65,000 years ago was rapid, most likely taking only a few thousand years.

The traditional Bout of Africa[ model for mod-

ern human origins posits an ancestry in sub-

Saharan Africa, followed by a dispersal via the

Levant È45,000 years ago (1, 2). However,

the suggestion of an earlier Bsouthern route[
dispersal from the Horn of Africa È60,000 to

75,000 years ago, along the tropical coast of

the Indian Ocean to southeast Asia and Austra-

lasia (3, 4), has recently gained ground (5–8).

Part of its rationale has been the presence of

a number of Brelict[ populations in southern

India and southeast Asia; it has been sug-

gested that these populations might be the

descendants of such an earlier dispersal,

along with Papuans and Aboriginal Austra-

lians (9).

Following the work of Vigilant et al. (10),

Watson et al. (11) provided evidence from

mitochondrial DNA (mtDNA) patterns for a

single dispersal from Africa, although not distin-

guishing between a northern or southern route.

More recently, the existence of a southern route

has been supported by analyses of mtDNA

restriction enzyme data from New Guinea

(12) and control region sequences from main-
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land India and the Andaman Islands (13–16).

Meanwhile, archaeological evidence has been

found for the occupation of the coast of Eritrea

È125,000 years ago—the oldest known in-

dication of human exploitation of marine re-

sources (17).

However, the published genetic data remain

sufficiently ambiguous for some geneticists to

reject the very existence of a southern route

(18), and the question of single versus multiple

dispersals also remains in dispute. What is

needed to distinguish between the different dis-

persal hypotheses are well-resolved sequence

data from the relict populations themselves.

Here, we test the possible dispersal routes with

a maximum likelihood analysis of complete

mtDNA genomes from the Orang Asli—the

aboriginal inhabitants of Malaysia and the prin-

cipal relict group in southeast Asia (19)—in the

context of other eastern Eurasian and Aus-

tralasian lineages.

We sampled 260 maternally unrelated Orang

Asli, including (i) Semang, who live (or lived

until recently) in small, nomadic hunter-gatherer

groups in the lowland rainforests; (ii) Senoi,

who are traditionally swidden agriculturalists;

and (iii) Aboriginal Malays, horticulturalists

and fishers who most resemble physically the

majority Melayu Malays. It is widely agreed

that the Orang Asli, especially the Semang, are

aboriginal inhabitants of the Malay Peninsula

(19, 20). Moreover, there is a well-documented

archaeological record of continuous occupation

by hunter-gatherers throughout the Holocene,

and an essentially continuous hunter-gatherer

record from at least 40,000 (perhaps 70,000)

years ago (21).

A reconstructed phylogeny of eastern Eur-

asian mtDNA genomes is shown in Fig. 1 (see

fig. S1 for branch labels); ages of the princi-

pal nodes in the tree are shown in table S3.

This analysis yields a time to the most recent

common ancestor of all humans (TMRCA) of

È200,000 years ago, in close agreement with

Mishmar et al. (22). Haplogroup L3 (the Af-

rican clade that gave rise to the two basal

non-African clades, haplogroups M and N) is

È84,000 years old, and haplogroups M and

N themselves are almost identical in age at

È63,000 years old, with haplogroup R diverg-

ing rapidly within haplogroup N È60,000 years

ago. This agrees quite well with the similar-

ity of ages of M and N noted by Forster et al.

(12) Esee also (23)^ and with the ages of both

autochthonous R lineages in India (24) and

the three major haplogroups in China (25).

Three possible hypotheses can be distin-

guished using these data. If modern non-

Africans are descendants of populations that

dispersed along both northern and southern

routes, then mtDNA lineages belonging to relict

populations (including Orang Asli, Papuans,

and Aboriginal Australians) should diverge

from founder types that are distinct from those

leading to the main continental Eurasian groups.

If there were just a single dispersal, then all

non-African populations should diverge from

the same set of founders, which would coalesce

to È45,000 to 50,000 years ago if the Levan-

tine corridor model were correct, or È60,000 to

75,000 years ago if they were all the result of

the proposed earlier single southern route (4).

At this time, a northern passage was most

likely blocked by desert and semi-desert (26).

We assessed the distribution of mtDNAs

present in the Orang Asli (table S2) by search-

ing for their associated control region motifs in

the worldwide mtDNA database (27). Several

are shared with other southeast Asian pop-

ulations, and these most likely indicate Holo-

cene introgression (25, 28). However, most

are virtually unique to the Orang Asli and are

therefore likely to be indigenous. This strong-

ly supports the suggestion that the Orang Asli

harbor Brelict[ mtDNA lineages with time

depths of È44,000 to 63,000 years (27). Their

restricted distribution makes it very likely that

these lineages diverged around that time with-

in mainland southeast Asia. Although caution

is warranted given the time depths involved,

this conclusion is plausible on environmental

grounds. Forests would have flourished on

the lowlands abutting the Malaysian Penin-

sula throughout the last glacial period (21),

which implies that this region acted as a gla-

cial refuge where populations survived and ge-

netic diversity was maintained. Although it is

likely that waves of replacement occurred dur-

ing the late Holocene to the north of the penin-

sula and on the coasts, it appears that they did

not take place in the interior rainforest—or at

least that the ancestors of the Orang Asli sur-

vived, albeit in low numbers, in Malaysia (20).

Furthermore, examination of recently pub-

lished complete mtDNA genomes from Pap-

uans and Aboriginal Australians (29) shows

an analogous situation in which the lineages

are predominantly unique to Australasia but

diverge from the base of all three founder

haplogroups. Both the indigenous Malaysian

mtDNAs and those of Australasia are de-
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rived from the three major Eurasian founder

haplogroups, M, N, and R, which are also

found alongside one another to the west in the

Indian subcontinent (15) as well as through-

out continental Asia (25, 28).

The very similar ages of haplogroups M,

N, and R indicate that they were part of the

same colonization process Esee (23)^. This
most likely involved the exodus of a found-

ing group of several hundred individuals (27)

from East Africa, some time after the appear-

ance of haplogroup L3 È85,000 years ago,

followed by a period of mutation and drift

during which haplogroups M, N, and R evolved

and the ancestral L3 was lost. Although the

details of this period remain to be elucidated,

the next stage is much clearer. The presence

in each region of the same three founder

haplogroups, but differentiated into distinct

subhaplogroups, indicates that there was a

rapid coastal dispersal from È65,000 years

ago around the Indian Ocean littoral and on

to Australasia. Firm minimum archaeological

age estimates are somewhat more recent—

È50,000 years for Australia (30) and È45,000

years for southeast Asia (31)—but early evi-

dence may have been lost to sea level rises.

Moreover, human populations may then have

diffused from the coast into the continental

interiors more gradually, leaving a greater ar-

chaeological signature on the landscape as

they grew in size.

This evidence suggests that this coastal

trail was likely the only route taken during the

Pleistocene settlement of Eurasia by the an-

cestors of modern humans, and that the pri-

mary dispersal process, at least from India to

Australasia, was very rapid. A founder analysis

of western, southern, and eastern Eurasian and

Australasian complete mtDNAs suggested a

shallow gradient of arrival times, fromÈ66,000

years ago in India to È63,000 years ago in

Australasia (table S4). Assuming a distance of

È12,000 km, this allowed us to estimate a

dispersal rate of È4 km/year from point esti-

mates, a little lower than estimates for the more

recent expansion into the Americas (32). An

approximate lower bound on the dispersal rate

is È0.7 km/year, comparable to the recoloni-

zation of Europe after the ice age (33).

By contrast with South Asians, eastern

Eurasians, and Australasians, western Eur-

asians have a high level of haplogroup-level

diversity within haplogroups N and R, but lack

haplogroup M almost entirely (34). The colo-

nization of western Eurasia has usually been

thought to have been the result of a Bnorthern
route[ dispersal out of Africa, through North

Africa and the Levant (4), but the close simi-

larity of the mtDNA founder age to that of In-

dia (table S4) suggests that it was most likely

the result of an early offshoot of colonization

along the southern route, followed by a lengthy

pause until the climate improved (26) and the

ancestors of western Eurasians were able to

enter the Levant and Europe. This implies that

the subsequent Upper Paleolithic Brevolution[
in western Eurasia was one regional indication

of the emergence of modern humans, rather

than a radical break with the past (35).
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Induction of Protein Secretory
Pathway Is Required for Systemic

Acquired Resistance
Dong Wang, Natalie D. Weaver, Meenu Kesarwani,* Xinnian Dong.

In plants, systemic acquired resistance (SAR) is established as a result of
NPR1-regulated expression of pathogenesis-related (PR) genes. Using gene
expression profiling in Arabidopsis, we found that in addition to controlling
the expression of PR genes, NPR1 also directly controls the expression of the
protein secretory pathway genes. Up-regulation of these genes is essential for
SAR, because mutations in some of them diminished the secretion of PR
proteins (for example, PR1), resulting in reduced resistance. We provide
evidence that NPR1 coordinately regulates these secretion-related genes
through a previously undescribed cis-element. Activation of this cis-element
is controlled by a transcription factor that is translocated into the nucleus
upon SAR induction.

SAR is a plant immune response that is in-

duced after a local infection and confers resist-

ance throughout the plant to a broad spectrum

of pathogens (1). Induction of SAR requires ac-

cumulation of the endogenous signaling mole-

cule salicylic acid (SA), which activates gene

expression mediated by the master regulator

protein NPR1 ENonexpressor of pathogenesis-
related (PR) genes 1, also known as NIM1^
(2). Exogenous application of SA triggers the

translocation of NPR1 into the nucleus. Once

in the nucleus, NPR1 interacts with TGA tran-

scription factors to mediate gene expression.
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Treatment of plants with SA alters the expres-

sion of a large array of genes (3–5). Among

these, only some are regulated by NPR1 and

therefore specific to SAR. The most-studied

NPR1 targets are PR genes, which encode

small, secreted or vacuole-targeted proteins

with antimicrobial activities (6).

To identify additional NPR1 target genes,

we used the 35S::NPR1-GR transgenic line

generated in the npr1-3 mutant (7). In this

transgenic plant, nuclear translocation of

NPR1-GR (GR, glucocorticord receptor) re-

quires not only SA but also dexamethasone

(Dex). Treating 35S::NPR1-GR plants first

with SA and then with Dex specifically ac-

tivates NPR1 target genes. With the use of a

known NPR1 primary target, PR1, experimen-

tal conditions were optimized with the inclu-

sion of the translation inhibitor cycloheximide

(Chx) to achieve maximal induction of NPR1

target genes in the absence of de novo protein

synthesis (fig. S1).

Using Affymetrix GeneChips (8200 genes),

we identified putative NPR1 primary target

genes by comparing transcriptional profiles of

npr1 and npr1/35S::NPR1-GR that were both

treated with SA and then Chx/Dex (fig. S1).

Duplicate experiments were performed inde-

pendently and the data were analyzed with

both MAS5.0 and dChip programs. Genes that

showed a consistent difference in their pattern

of expression (induction or repression) and low

P-values (G0.05) in both replicates were

considered for further analysis (table S1).

Many of the induced genes can be classified

into groups according to their known or de-

duced functions. One group (Table 1) contains

genes known to be involved in defense,

including several PR genes. Another group

encodes members of the protein secretory

pathway (9 of the 49 genes with 92-fold
induction or 18 of the 120 genes with 91.6-
fold induction), most of which are endoplasmic

reticulum (ER)–localized proteins (8, 9). These

secretion-related genes include those encoding

the Sec61 translocon complex, which provides

a channel for proteins to cross the ER mem-

brane, and a signal recognition particle (SRP)

receptor, which directs proteins with a signal

peptide to the translocon complex. NPR1 also

regulates many genes encoding ER-resident

chaperones, such as BiP2 and glucose regulated

protein 94 (GRP94), as well as co-chaperones

including defender against apoptotic death 1

(DAD1) (10), calnexins (CNXs), calreticulins

(CRTs), and protein disulfide isomerases

(PDIs). These proteins function in the cotrans-

lational folding and modification (e.g., disulfide

bond formation and glycosylation) of nascent

polypeptides destined for the apoplast or

various organelles. Other genes in this group en-

code a Golgi-associated membrane trafficking

protein; a clathrin, which is involved in pack-

aging secretory proteins into small vesicles; and

a vacuolar sorting receptor.

Taken as a group, the secretion-related

genes showed statistically significant up-

regulation in both experiments using a mixed-

model analysis of variance (ANOVA) (P 0
0.003) (11). Furthermore, the induction of many

of these genes by SA via the endogenous NPR1

was confirmed by RNA blot analysis, real-

time reverse transcription–polymerase chain

reaction (RT-PCR) (fig. S2), and with data

from public microarray databases, such as the

Stanford Microarray Database (12).

Although several previous studies have noted

the induction of a few individual secretion-

related genes by plant defense elicitors, the

importance of this induction has only been spec-

ulated on (13–17) and the regulatory mech-

anism is not known. During SAR, there is a

massive buildup of PR proteins in vacuoles and

the apoplast. The basal activity of the protein

secretory pathway may not be sufficient to

accommodate the marked increase in PR pro-

tein synthesis. Therefore, we hypothesized

that a coordinated up-regulation in the protein

secretory machinery is required to ensure

proper folding, modification, and transport

of PR proteins. Consistent with this hypoth-

esis, the ER-resident gene, BiP, was shown

to be induced before the accumulation of PR1

(fig. S3) (16).

To provide genetic evidence that the up-

regulation of the secretion-related genes is

essential for SAR, we identified knockout

mutants in five secretion-related genes from

the Salk Institute transferred DNA (T-DNA)

insertion collection (18). Mutants of a calnexin

(Salk_044381; At5g07340) and a PDI

(Salk_046705; At2g47470) gene showed no

significant change in induced resistance. Be-

cause the Arabidopsis genome contains six

calnexin and the related calreticulin genes, and

more than 20 PDI genes, the lack of a phe-

notype in these mutants is likely due to

functional redundancy. On the other hand, T-

DNA insertions in BiP2 (Salk_047956), DAD1

(Salk_046070), and SEC61a (Salk_034604)

all compromised the plant_s ability to efficient-
ly secrete PR1 after treating with benzothia-

diazole S-methylester (BTH, an SA analog)

(Fig. 1A). The reduction in PR protein secre-

tion directly correlates with impaired resistance

against the bacterial pathogen Pseudomonas

syringae pv. maculicola ES4326 (Fig. 1B).

In the sec61a bip2 and dad1 bip2 double

mutants, less PR1 was secreted and more

pathogen growth was detected compared

with the single mutants. Thus, an intact and

responsive protein secretory pathway is re-

quired for SAR.

Table 1. A partial list of primary target genes of NPR1 identified in the microarray experiments. Data
from two independent biological replicates are presented. Fold changes (F. C.) and P-values were
calculated with the MAS 5.0 package, and similar results were obtained with dChip (21). Both groups of
genes are shown to be significantly induced by a mixed-model ANOVA test with P 0 7.6 � 10j14 for the
defense genes and P 0 0.003 for the secretory pathway genes.

Gene description Locus
Replicate 1 Replicate 2

F. C. P-value F. C. P-value

Defense
PR-1 At2g14610 42.2 1.0 � 10j6 256.0 0
PR-5 At1g75040 14.9 0 2.6 0
Endochitinase At2g43570 2.1 1.8 � 10j4 2.5 0
Putative disease resistance protein At4g12010 6.1 5.2 � 10j3 2.6 2.4 � 10j4

Disease resistance protein RPP8 At5g43470 2.5 9.2 � 10j5 2.0 0
Beta-1,3-glucanase At4g34480 2.0 9.9 � 10j5 2.8 1.0 � 10j6

Chitinase At2g43570 2.1 1.8 � 10j4 2.5 0
Peroxidase At5g64120 2.1 4.7 � 10j5 2.6 0
Endoxyloglucan transferase At5g57550 3.5 1.1 � 10j5 29.9 0

Protein folding and secretion
Signal recognition particle receptor At2g45770 4.9 3.1 � 10j5 6.1 0
Sec61a subunit At2g34250 2.1 5.4 � 10j5 1.5 0
Sec61b subunit At2g45070 1.4 4.0 � 10j2 1.3 1.0 � 10j2

BiP2 At5g42020 3.2 7.0 � 10j6 2.5 0
GRP94 At4g24190 7.5 0 2.3 0
DAD1 At1g32210 3.0 1.0 � 10j6 2.0 0
Protein disulfide-isomerase (PDI) At2g47470 3.2 3.1 � 10j5 2.0 1.0 � 10j6

Protein disulfide-isomerase (PDI) At3g54960 1.6 8.0 � 10j4 3.0 1.0 � 10j6

Calreticulin 3 At1g08450 4.0 0 2.3 0
Calreticulin At1g09210 4.3 1.0 � 10j6 3.1 0
Calnexin1 At5g61790 6.1 4.3 � 10j5 2.6 0
Calnexin 2 At5g07340 1.4 5.0 � 10j6 2.1 1.2 � 10j5

Ribophorin I At2g01720 3.7 8.0 � 10j6 1.5 1.0 � 10j6

Tetratricoredoxin At4g22670 3.2 0 1.9 0
Cyclophilin At2g47320 4.0 2.0 � 10j6 1.4 7.9 � 10j5

Clathrin-coat assembly protein At1g10730 3.7 5.8 � 10j2 2.0 4.7 � 10j5

Transmembrane trafficking protein At1g14010 4.3 2.2 � 10j4 2.0 1.0 � 10j6

Vacuolar sorting receptor At1g30900 7.0 1.0 � 10j5 3.5 0
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The importance of this coordinated induc-

tion ofPR and secretion-related genes by NPR1

was further demonstrated by additional charac-

terization of the bip2 mutant. In Arabidopsis,

there are three BiP genes (19, 20). Knocking

out the NPR1-regulated BiP2 gene resulted in

reduced accumulation of total BiP protein after

BTH induction (to È50% of the wild-type

level) (Fig. 2A). As a result, the bip2 mutant is

not only impaired in BTH-induced resistance

(Fig. 1B), but also is hypersensitive to treat-

ment of BTH or 2,6-dichoroisonicotinic acid

(INA, another SA analog). Application of these

chemicals at high concentrations to the bip2

mutant resulted in a rapid tissue collapse not

seen in wild-type (WT) or untreated mutant

(Fig. 2B) (21). We believe that in the bip2

plants, the increased PR protein synthesis is not

accompanied by a sufficient increase in BiP

protein, causing intracellular accumulation of

unfolded proteins, leading to an acute unfolded

protein response (UPR) in the form of cell

death. In mammalian cells, free BiP binds the

UPR sensor Ire1 (a kinase and endonuclease on

the ER membrane) and prevents it from dimer-

izing and activating the UPR. When unfolded

proteins accumulate, BiP dissociates from Ire1

and binds the unfolded proteins, thus freeing

Ire1 to activate UPR (22). Indeed, in the bip2

mutant, several UPR marker genes, which are

also NPR1-responsive, are hyperactivated after

BTH treatment (Fig. 2C). The bip2mutant plants

are also more sensitive to inducers of UPR, such

as tunicamycin, which causes misfolding of pro-

teins by inhibiting glycosylation (23). Whereas

WT plants recovered from tunicamycin treat-

ment, bip2 plants failed to do so (Fig. 2B).

To determine whether the UPR observed in

bip2 was caused by insufficient processing of

PR proteins, we introduced the bip2 mutation

into the npr1 background, in which BTH-

induced PR gene expression is blocked. Both

BTH-induced UPR marker gene expression

and cell death were diminished in the bip2

npr1 double mutant (Fig. 2, C and D). These

genetic data clearly illustrate the detrimental

effects that can occur when SAR is induced in

plants without a sufficient increase in protein

folding and secretion capability.

Because the entire protein secretory path-

way is coordinately up-regulated by NPR1

during SAR, the regulatory mechanism may

involve common elements. To search for such

elements, we focused on the 13 ER-resident

genes listed inTable 1 and analyzed their promot-

er regions (1 kb upstream of the start codon)

using the MEME program (24). A consensus

sequence, designated TL1 (CTGAAGAAGAA),

was overrepresented in the promoter regions

of all 13 NPR1-responsive ER-resident genes

surveyed (Fig. 3A) (P 0 0.02), but was ab-

sent from related genes not up-regulated by

NPR1, such as the other DAD (At2g35520)

and Sec61a (At1g78720).

In an electrophoretic mobility shift assay

(EMSA), the TL1 element was shown to have a

specific protein-binding activity, which was

completely abolished with changes in the core

sequence (m1, m2, and TLm in Fig. 3B). When

whole-cell extracts were used, this binding

activity was not affected by SA treatment in

either WT or npr1 mutants (Fig. 3C; only

npr1-1 is shown). When nuclear extracts were

used instead, the specific binding was enhanced

in SA-treated samples, suggesting that the TL1-

binding protein translocates into the nucleus

upon SAR induction (Fig. 3D). Moreover, this

translocation was facilitated by NPR1, as indi-

cated by a less profound enhancement of TL1

binding after SA treatment in npr1. Because

the induced binding was not completely abol-

ished in npr1, we do not exclude the possibility

that NPR1 also controls the activation of the

TL1-binding protein. All of these data are

consistent with the facts that the induction of

secretion-related genes does not require de novo

protein synthesis and that NPR1 is also trans-

located to the nucleus after SAR induction.

To demonstrate the biological activity of

TL1, we generated reporter constructs in which

the coding sequence of b-glucuronidase (GUS)
is driven by either the WT BiP2 promoter or

mutant constructs with changes in each of the

promoter_s three TL1 elements (Fig. 3E; Sites

1, 2, and 3). These constructs were transformed

into WT plants, and the effect of each mutation

on promoter activity was analyzed through a

GUS assay. As expected, the reporter driven

by the WT BiP2 promoter showed a 4.8-fold

Fig. 1. Effects of mutations in secretion-related
genes on PR1 protein secretion and resistance
against Pseudomonas syringae pv. maculicola
ES4326 (Psm ES4326). (A) Immunoblot of PR1
protein in the secretion-related gene mutants.
Intercellular wash fluid (IWF) was collected from
equal amounts of plant tissue treated with BTH
or untreated. As a control, total protein was
extracted. Secreted (E) and total (T) PR1 was
examined using separate immunoblots with an
antibody raised against this protein. An antibody
against a-tubulin was then used to probe the
total protein blot to confirm equal loading of the
samples. The same antibody was also used to
probe the IWF blot to demonstrate that no
intracellular protein (a-tubulin) leaked out of the
cell during IWF preparation (21). This experiment
was repeated three times with similar results. (B)
Growth of Psm ES4326 in the secretion-related
gene mutants after BTH induction. Plants were
induced with 60 mM BTH 24 hours before
infiltration with Psm ES4326 (optical density at
600 nm 0 0.001). Uninduced WT plants were
infiltrated at the same time. Bacterial growth
was monitored 2 days after infection (27). Error
bars represent 95% confidence limits of log-
transformed data from eight independent
samples. cfu, colony-forming units.

Fig. 2. UPR in the bip2 mutant
after BTH, INA, and tunicamycin
treatment. (A) Total BiP protein
levels in WT and the bip2 knockout
mutant after BTH treatment. BiP
protein was detected with a poly-
clonal antibody (anti-BiP, Santa
Cruz Biotechnology) and a-tubulin
(TUB) was probed as a loading
control. (B) Upper panel: Leaf col-
lapse, marked by arrows, observed
overnight after INA treatment.
Lower panel: Three-week-old seed-
lings treated with tunicamycin
(0.3 mg mlj1) for 5 days during
germination. (C) Induction of UPR
marker genes in bip2 and bip2
npr1 (b2n1). Real-time RT-PCRs
were performed to examine the
relative mRNA levels (Rel. mRNA
level) of GRP94, CNX (At5g61790),
and PDI (At1g21750) normalized
to that of ubiquitin. Error bars rep-
resent standard deviations from
three PCR results. (D) Rescue of
the BTH-induced leaf collapse
phenotype in bip2 by npr1.
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increase in expression after treatment with

INA. When transformed into npr1, the WT BiP2

promoter::GUS reporter showed no induction by

INA, consistent with the result from the RNA

blot analysis (fig. S2) (21). Whereas mutations

in Site 1 had little effect on the inducibility of

the promoter, mutations in Sites 2 and 3 signif-

icantly reduced the induction of the GUS gene.

Because Sites 2 and 3 are adjacent (30 base

pairs apart) (Fig. 3E), we examined whether

they can function cooperatively to confer full

induction of BiP2. Indeed, when both sites

were mutated, the reporter showed no induc-

tion after INA treatment (Fig. 3E, m2a3a).

Taken together, our microarray analysis,

EMSA, and promoter mutagenesis data suggest

thatTL1 is indeed a cis-element involved in SA

induction of secretion-related genes via NPR1.

The transcription factor that controls TL1 is

unlikely a TGA factor because TL1 is distinct

from the TGA-binding as-1 element. Further-

more, in a tga2 tga5 tga6 triple mutant, the in-

duction of PR genes is diminished (25), whereas

secretion-related genes are still induced (fig.

S4). Therefore, we believe that NPR1 regulates

secretion-related and PR genes through dif-

ferent transcription factors and cis-elements.

Our finding sheds new light on the induction

mechanism of SAR by demonstrating that NPR1

not only directly induces the PR genes but also

prepares the cell for secretion of the PR pro-

teins by first making more secretory machinery

components. A similar phenomenon is also ob-

served in mammals in which the secretory

machinery in B cells is up-regulated before the

B cells start secreting antibodies (26). Further

study may clarify whether this commonality

reflects any conserved regulatory mechanisms.
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On the Origin of Leprosy
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Romulo Araoz,1 Jean-Yves Coppée,2 Céline Lacroix,2 Samba Sow,3
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Sang-Nae Cho,9 Baohong Ji,10 Alberto Paniz-Mondolfi,11

Jacinto Convit,11 Saroj Young,12 Paul E. Fine,12

Voahangy Rasolofo,13 Patrick J. Brennan,4 Stewart T. Cole1.

Leprosy, a chronic human disease with potentially debilitating neurological
consequences, results from infection with Mycobacterium leprae. This un-
culturable pathogen has undergone extensive reductive evolution, with half of
its genome now occupied by pseudogenes. Using comparative genomics, we
demonstrated that all extant cases of leprosy are attributable to a single
clone whose dissemination worldwide can be retraced from analysis of very
rare single-nucleotide polymorphisms. The disease seems to have originated
in Eastern Africa or the Near East and spread with successive human migra-
tions. Europeans or North Africans introduced leprosy into West Africa and
the Americas within the past 500 years.

Comparative genomics enables us to estab-

lish solid genealogical relationships with great-

er precision than ever before. Leprosy (1) has

plagued human populations for thousands of

years and puzzled scientists since the identifi-

cation of its etiological agent, Mycobacterium

leprae, by Hansen in 1873 (2). The main dif-

ficulties of working with M. leprae are that

it cannot be grown in axenic culture and

that its doubling time in tissue is slow, nearly

13 days (3). It was only when it was dis-

covered that the nine-banded armadillo, Das-

ypus novemcinctus, could be infected (4) that

sufficient quantities of M. leprae were obtain-

ed for biological and immunological anal-

ysis. Comparison of the genome sequence of

the armadillo-passaged strain of M. leprae

from Tamil Nadu, India (TN strain) with that

of the close relative Mycobacterium tubercu-

losis (5), led to a major breakthrough (6). M.

leprae was shown to have embarked upon a

path of reductive evolution in which the ge-

nome underwent downsizing and accumulated

more than 1130 pseudogenes. The concomi-

tant loss of catabolic and respiratory functions

appears to have resulted in severe metabolic

constraints (6, 7).

To establish whether all strains ofM. leprae

had undergone similar events and to determine

their level of relatedness, we used technolog-

ical approaches that have successfully detect-

ed polymorphic regions in the M. tuberculosis

complex (8–10). First, genomic DNA, pre-

pared from seven different strains of leprosy

bacilli (Table 1), was hybridized to microar-

rays corresponding to the complete genome

of the TN strain, but no evidence for further

gene loss was uncovered in these isolates

(fig. S1). Second, to establish whether differ-

ences existed in the copy number of insertion-

sequence-like, dispersed repetitive sequences,

quantitative polymerase chain reaction was

performed to target the repetitive sequences

RLEP, REPLEP, LEPREP, and LEPRPT (11).

Again, within the limits of sensitivity of this ap-

proach, no differences were detected between

the TN strain and the other isolates (fig. S2).

A major source of variability in tubercle

bacilli is the mycobacterial interspersed repet-

itive unit (MIRU), which serves as the basis of

a robust typing system that exploits differences

in the variable number of the tandem repeats

Table 1. Strains of armadillo-derived M. leprae and VNTR profile.

Strain Patient’s country of origin Source 3-Hexa 21-TTC 9-GTA 14-AT 15-AT 17-AT 18-AT

Tamil Nadu* India IP 3 21 9 14 15 17 18
Africa Ethiopia IP 3 29 8 14 19 13 13
India 2 India IP 3 15 11 18 14 13 9
Br4923 Brazil NHDP 3 12 12 20 20 15 18
NHDP98 Mexico CSU/NHDP 3 10 9 22 14 11 12
Thai-53 Thailand CSU/NHDP 3 15 9 16 17 10 13
NHDP63 USA CSU/NHDP 3 10 10 18 18 13 16

*Numbers refer to the repeat copy number for the Tamil Nadu strain (11), whereas numbers in the rest of the table are the copy numbers found in the respective isolates. IP, Institut
Pasteur; NHDP, National Hansen’s Disease Program; CSU, Colorado State University.

1Unité de Génétique Moléculaire Bactérienne, Institut
Pasteur, Paris, France. 2PF2, Génopole, Institut Pas-
teur, Paris, France. 3Centre National d’Appui à la lutte
Contre la Maladie, Bamako, Mali. 4Department of Micro-
biology, Immunology, and Pathology, Colorado State
University, Fort Collins, Colorado 80523–1682, USA.
5National Hansen’s Disease Program, DHHS/HRSA/
BPHC, Lousiana State University, Baton Rouge, Lousiana
70894, USA. 6Leonard Wood Memorial Center for Lep-
rosy Research, Cebu, Philippines. 7Instituto Lauro de
Souza Lima, Bauru, São Paulo, Brazil. 8Hôpital Saint-
Louis, Paris, France. 9Yonsei University College of Medi-
cine, Seoul, Republic of Korea. 10Bactériologie-Hygiène,
Faculté de Médecine Pitié-Salpêtrière, Paris, France.
11Instituto de Biomedicina, Caracas, Venezuela. 12Lon-
don School of Hygiene and Tropical Medicine, London,
UK. 13Institut Pasteur de Madagascar, Antananarivo,
Madagascar.

*These authors contributed equally to this work.
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(VNTR) that make up this repetitive element

(12). Unlike M. tuberculosis, none of the 20

MIRU loci in the TN strain contains tandem

repeats of the element (11) and, on examina-

tion of the additional strains, no copy number

differences were detected. Furthermore, the

20 MIRUs were of identical sequence in all

seven strains studied (Table 1). Seven other

VNTR, with two to six base-pair (bp) repeats,

were also targeted, because some of them

have proved useful for tracking strains over

short epidemiological distances (13–16). No

variation was seen in a hexanucleotide re-

peat situated within the coding sequence of

the sigA (rpoT) gene (17), whereas on exam-

ination of two trinucleotide repeats and four

dinucleotide repeats, located in pseudogenes

or noncoding regions of the genome, exten-

sive differences were seen in copy number

(Table 1). However, as expected for such se-

quences, which are highly prone to slipped-

strand mispairing during replication (18), the

level of variability was too great to allow pat-

terns to be detected.

Although these results rule out the exis-

tence of the most likely insertion and deletion

events, they are less informative about genome

topology and global organization. These fea-

tures were surveyed by fingerprinting and end-

sequencing 1466 cosmids from a library of a

second Indian strain of M. leprae, leading to

an integrated genome map that showed per-

fect cocircularity with that of the TN strain

(19, 20). To increase the likelihood of detect-

ing single-nucleotide polymorphisms (SNPs),

selected genes, noncoding regions, and pseudo-

genes were sequenced from a Brazilian strain,

Br4923 (table S1). This strain was chosen for

two reasons: the relative geographic remote-

ness of the country and the severity of the

disease burden in Brazil, which is second

highest worldwide after India (1). By this

means, five SNPs were revealed in 142 kb of

sequenced DNA, one in an apparently non-

coding region and four in pseudogenes. When

all seven strains were analyzed, only three of

the SNPs were found in two or more of the

strains tested (Fig. 1A), whereas the remain-

ing two were restricted to the TN strain ofM.

leprae. Overall, the SNP frequency observed

in M. leprae of È1 per 28 kb was significantly

less than that seen in other human pathogens,

such as the tubercle bacilli (8, 9, 21, 22),

Salmonella typhi (23), and Helicobacter pylori

(24) (Table 2). Taken together, these findings

indicate that the M. leprae genome is excep-

tionally well conserved and that the leprosy

bacillus is highly clonal (25).

To gain insight into the worldwide distri-

bution of the M. leprae SNPs, we sought the

three informative SNPs in a total of 175 clini-

cal and laboratory specimens from 21 coun-

tries and all five continents. We discovered

that of a possible 64 permutations only 4 oc-

curred (Table 3 and table S2), referred to as

SNP types 1 to 4. When the VNTR panel was

probed, extensive variability was found for six

VNTRs (table S2), but no particular VNTR

pattern was associated with a given SNP type.

In contrast, a correlation exists between the

geographical origin of the leprosy patient and

the SNP profile, because type 1 occurs predom-

inantly in Asia, the Pacific region, and East

Africa, type 4 in West Africa and the Caribbe-

an region, and type 3 in Europe, North Africa,

and the Americas. SNP type 2 is the rarest and

has only been detected in Ethiopia, Malawi,

Nepal/North India, and New Caledonia.

Ancient texts describe the existence of

leprosy in China, India, and Egypt in about

600 BC, and skeletal remains bearing hall-

marks of the disease have been found in Egypt

(26). Leprosy is believed to have originated

in the Indian subcontinent and to have been

introduced into Europe by Greek soldiers re-

turning from the Indian campaign of Alexan-

Fig. 1. SNP analysis of isolates of different geographical origin and parsi-
mony. (A) Comparison of polymorphic sites in the genomes of the TN
and Br4923 strains by automated DNA sequencing. Coordinates are the
position in the genome of the TN strain, and the vertical bar indicates

the polymorphic base. (B) The most parsimonious route to account for
the four SNP types. Bold arrows indicate the most likely direction, based
on historical and geographic considerations; the faint arrow denotes an
alternative route.

Table 2. Comparison of SNP frequency in other
bacterial pathogens.

Pathogen SNP frequency/bp Reference

M. leprae 1 in 28,400 This work
M. tuberculosis

complex
1 in È3,000 (21, 22)

S. typhi 1 in 1,112 (23)
H. pylori 1 in 3.2 (24)

Table 3. SNP analysis of M. leprae from different
countries.

Country
SNP
type 1

SNP
type 2

SNP
type 3

SNP
type 4

New Caledonia 3 1 3
Philippines 19 2
Korea 3 2
Thailand 1
Nepal/North

India
23 5

South India 4
Madagascar 6
Ethiopia 2
Malawi 4 6
Mali 31
Ivory Coast 6
Guinea 1
Senegal 2
Morocco 2
France 2
Brazil 12 2
French West

Indies
4 2

Venezuela 5
Mexico 1
United States 3
WARM* 4
Total 67 14 38 56

*Wild armadillos from Louisiana, USA.
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der the Great (26). From Greece, the disease

is thought to have spread around the Mediter-

ranean basin, with the Romans introducing

leprosy into the Western part of Europe. Lit-

tle is known about its presence in sub-Saharan

Africa except that the disease was present

prior to the colonial era. From India, leprosy is

thought to have spread to China and then to

Japan, reaching Pacific Islands like New

Caledonia as recently as the 19th century.

Our results provide evidence for a general

evolutionary scheme for M. leprae and, on

the basis of our interpretation of the SNP data,

offer two alternative conclusions for the global

spread of leprosy that differ from classic ex-

planations. Two equally plausible evolution-

ary scenarios are possible (Figs. 1B and 2). In

the first, SNP type 2, from East Africa/Central

Asia, preceded type 1, which migrated east-

ward, and type 3, which disseminated west-

ward in human populations, before giving rise

to type 4. In the second scenario, type 1 was

the progenitor of type 2, with SNP types 3 and

4 following in that order.

Leprosy was most likely introduced into

West Africa by infected explorers, traders, or

colonialists of European or North African de-

scent, rather than by migrants from East Af-

rica, because SNP type 4 is much closer to

type 3 than to type 1 (Fig. 1B). West and south-

ern Africa are thought to have been settled

950,000 years ago by migrants from East Af-

rica before the arrival of humans in Eurasia

(27, 28). It seems unlikely that early humans

brought leprosy into West Africa with them

unless that particular bacterial clone has since

been replaced. From West Africa, leprosy was

then introduced by the slave trade in the 18th

century to the Caribbean islands, Brazil, and

probably other parts of South America, be-

cause isolates of M. leprae with the same SNP

type, 4, are found there as in West Africa.

The strain of M. leprae responsible for

disease in most of the Americas is closest to

the European/North African variety (Fig. 1B),

which indicates that colonialism and emigra-

tion from the old world most probably con-

tributed to the introduction of leprosy into the

new world. For instance, in the 18th and 19th

centuries, when the midwestern states of the

United States were settled by Scandinavian

immigrants, many cases of leprosy were re-

ported and, at that time, a major epidemic

was under way in Norway (26). Further sup-

port for this hypothesis is provided by the

finding that wild armadillos from Louisiana,

which are naturally infected with M. leprae,

harbor the European/North African SNP type 3

strain, indicating that they were contaminated

by human sources. Although most mycobac-

teria occur in the soil, there is no convincing

evidence for an environmental reservoir of M.

leprae and, apart from armadillos, which have

limited geographical distribution and only very

recently became infected, there is no known

animal source of the pathogen. Although an

ancient zoonotic origin cannot be excluded,

insect bites may also have been a possible

route of early human infection, particularly as

recent studies show that M. ulcerans, a related

pathogen with many pseudogenes, appears to

be transmitted by aquatic insects (29).

In conclusion, M. leprae, with its excep-

tionally stable genome, is a helpful marker

for tracking the migration of peoples and

retracing the steps that led to modern human

populations. In this respect, it complements

H. pylori, which is considerably more di-

verse and thus allows finer understanding of

the ethnic origin of humans (30). It is note-

worthy that the greatest variety of SNP types

in the leprosy bacillus is found in islands such

as the French West Indies and New Caledonia

(Fig. 2), reflecting the passage of, and set-

tlement by, different human populations. Fi-

nally, the remarkable clonality seen in isolates

of M. leprae indicates that genome decay oc-

curred prior to the global spread of leprosy and

that it has not accelerated substantially since.
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Fig. 2. Dissemination of leprosy in the world. The circles indicate the country of origin of the
samples examined and their distribution into the four SNP types, which are color coded as in Fig. 1B.
The colored arrows indicate the direction of human migrations predicted by, or inferred from, our
SNP analysis; gray arrows correspond to the migration routes of humans derived from genetic,
archaeological, and anthropological studies, with the estimated time of migration in years (27, 28).
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Obesity and Metabolic Syndrome
in Circadian Clock Mutant Mice

Fred W. Turek,1,3 Corinne Joshu,3,4* Akira Kohsaka,3,4*

Emily Lin,3,4* Ganka Ivanova,2,4 Erin McDearmon,3,5

Aaron Laposky,3 Sue Losee-Olson,3 Amy Easton,3

Dalan R. Jensen,6 Robert H. Eckel,6 Joseph S. Takahashi,1,3,5

Joseph Bass2,3,4.

The CLOCK transcription factor is a key component of the molecular circadian
clock within pacemaker neurons of the hypothalamic suprachiasmatic nucleus.
We found that homozygous Clock mutant mice have a greatly attenuated
diurnal feeding rhythm, are hyperphagic and obese, and develop a metabolic
syndrome of hyperleptinemia, hyperlipidemia, hepatic steatosis, hyperglycemia,
and hypoinsulinemia. Expression of transcripts encoding selected hypothalamic
peptides associated with energy balance was attenuated in the Clock mutant
mice. These results suggest that the circadian clock gene network plays an
important role in mammalian energy balance.

Major components of energy homeostasis,

including the sleep-wake cycle, thermogenesis,

feeding, and glucose and lipid metabolism, are

subjected to circadian regulation that synchro-

nizes energy intake and expenditure with

changes in the external environment imposed

by the rising and setting of the sun. The neural

circadian clock located within the hypothalamic

suprachiasmatic nucleus (SCN) orchestrates 24-

hour cycles in these behavioral and physiolog-

ical rhythms (1–3). However, the discovery that

clock genes can regulate circadian rhythmicity

in vitro in other central as well as peripheral

tissues, including those involved in nutrient

homeostasis (e.g., mediobasal hypothalamus,

liver, muscle, and pancreas), indicates that cir-

cadian and metabolic processes are linked at

multiple levels (4–9). The recent finding that

changes in the ratio of oxidized to reduced

nicotinamide adenine dinucleotide phosphate

control the transcriptional activity of the basic

helix-loop-helix (bHLH) protein NPAS2—a

homolog of a primary circadian gene, Clock—

suggests that cell redox may couple the

expression of metabolic and circadian genes

(10). Mice harboring a mutation inClock show

profound changes in circadian rhythmicity

(11) and offer an experimental genetic model

to analyze the link among circadian gene

networks, behavior, and metabolism in vivo.

Positional cloning and transgenic rescue of

normal circadian phenotype identified Clock

as a member of the bHLH Per-Arnt-Sim

(PAS) transcription factor family (12, 13). Rel-

ative to wild-type mice, the most pronounced

alteration in circadian phenotype in Clock

mutants is a 1-hour increase in the free-

running rhythm of locomotor activity in het-

erozygous mice in constant darkness (DD)

and a 3- to 4-hour increase (i.e., period 0 27

to 28 hours in DD) in circadian period in

homozygous mice, which is often followed

by a total breakdown of circadian rhyth-

micity (i.e., arrhythmicity) after a few weeks

in DD.

Although previous studies that used run-

ning wheel behavior as a marker of locomotor

activity did not reveal major differences

between homozygous Clock mutant and

wild-type mice maintained on a light-dark

(LD) cycle, use of infrared beam crossing

to monitor total activity revealed a signif-

icant increase in activity during the light

phase and a change in the temporal pattern

of total activity during the dark phase (Fig.

1A) (14). In particular, wild-type mice showed

two pronounced peaks of activity—one

occurring after lights off, the other before

lights on—whereas these peaks were atten-

uated in Clock mutant mice. Surprisingly,

despite there being a clear (but dampened)

diurnal rhythm in locomotor activity in Clock

mutant mice (Fig. 1B), the diurnal rhythm

in food intake was severely altered in these
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Fig. 1. Altered diurnal rhythms in locomotor activity, feeding, and metabolic rate in Clock mutant
mice. (A) Activity counts over the 24-hour cycle during light (unshaded) and dark (shaded) periods
[wild-type, n 0 5, black line; Clock, n 0 9, blue line]. Inset: Actograms showing locomotor activity over
a 30-day period in representative adult wild-type (top) and Clock mutant (bottom) mice individually
housed in 12:12 LD (at 23-C) and provided food and water ad libitum. Activity bouts were analyzed
using ClockLab software in 6-min intervals across 7 days of recording (selected days are indicated by
red vertical lines to the left of the actograms). (B) Diurnal rhythm of locomotor activity for mice in
(A). Activity counts were accumulated over the 12-hour light and 12-hour dark periods and are
expressed in each period as a percentage of total 24-hour activity (*P G 0.05). Total activity over the
24-hour period was similar between wild-type (WT) and Clock mutant (CL) genotypes. (C) Diurnal
rhythm of food intake. Different groups of adult WT (N 0 7) and Clock mutant (N 0 5) mice were
maintained on a regular diet (10% kcal/fat), and food intake (in grams) was measured during light
and dark periods. Results shown are average food intake during light and dark periods as a percentage
of total food intake (*P G 0.001). (D) Diurnal rhythm of metabolic rate. Metabolic rate was
determined in additional groups of WT (N 0 7) and Clock mutant (N 0 9) mice by indirect
calorimetry under 12:12 LD conditions over a 3-day continuous monitoring period (*P G 0.05).
Results shown are average metabolic rates during the light and dark periods as a percentage of total
metabolic rate. All results shown are expressed as group means T SEM.
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mice (Fig. 1C): Only 53% of the food intake

occurred during the dark phase in Clock

mutant mice, versus 75% in wild-type mice.

In a preliminary analysis, we found that the

diurnal rhythm of food intake was already

attenuated in 3-week-old mice before an

increase in weight (fig. S1). Similarly, the

rhythm in energy expenditure, as measured by

respiratory gas analysis, was attenuated in the

Clock mutant mice (Fig. 1D). Overall there

was a net 10% decrease in energy expenditure

in the mutants.

Clock mutant mice fed either a regular or

high-fat diet showed a significant increase in

energy intake and body weight (Fig. 2, A and

B). In Clock mutant and wild-type adult mice

fed either a control or high-fat diet for a

period of 10 weeks beginning at 6 weeks of

age (Fig. 2C), the increase in body weight was

24% in wild-type and 29% in Clock mutant

mice fed a regular diet, versus 38% in wild-

type and 49% in Clock mutant mice fed a

high-fat diet. Comparison of somatic growth

and solid organ mass did not reveal genotype-

specific differences. Instead, the marked

weight gain in Clock mutants fed a regular

diet was attributable to a 65% increase in lean

mass and a 35% increase in fat mass, whereas

in mutants fed a high-fat diet, the weight gain

was due to a 25% increase in lean mass and a

75% increase in fat mass relative to wild-type

control mice (fig. S2).

Because the Clock mutation could affect

early fetal growth and development, we

analyzed the body weights of Clock and lit-

termate pups throughout the first 8 weeks of

life. Body weights were similar in Clock

mutant and wild-type mice during the first 5

weeks, but by 6 weeks of age Clock mutant

mice were consistently heavier (Fig. 2D),

which suggests that the mutation did not affect

fetal growth or nutrition.

We next investigated whether the Clock

mutation altered the adipose–central nervous

system (CNS) axis that regulates feeding and

energy expenditure. Histological analysis

revealed adipocyte hypertrophy and lipid

engorgement of hepatocytes with prominent

glycogen accumulation (fig. S3A) in Clock

mice fed a high-fat diet relative to wild-type

controls; these are hallmarks of diet-induced

obesity in wild-type mice. At 6 to 7 months of

age, Clock mutant mice also had hyper-

cholesterolemia, hypertriglyceridemia, hyper-

glycemia, and hypoinsulinemia (Table 1). In

addition, serum leptin levels increased dur-

ing the light phase in Clock mutant mice fed

a regular diet; this increase was enhanced in

mice fed a high-fat diet (fig. S3B). These

markers of metabolic dysregulation were not

due to an increase in glucocorticoid pro-

duction, because levels of corticosterone were

lower in the Clock mutant mice across the

24-hour LD cycle (wild-type, 5.5 T 1.4 mg/dl;
Clock mutant, 2.6 T 0.4 mg/dl; P G 0.05).

Thus, the Clock mutant mice developed a

spectrum of tissue and biochemical abnor-

malities that are hallmarks of metabolic

disease.

To explore whether the Clock mutation

affects expression of neuropeptides involved

in appetite regulation and energy balance,

we analyzed transcripts corresponding to

selected orexigenic and anorexigenic neu-

ropeptides expressed in the mediobasal hy-

pothalamus (MBH). We studied the orexin

transcript because the orexinergic system is

involved in both feeding and sleep-wake

regulation (15, 16); we also studied the tran-

scripts for ghrelin and CART (cocaine- and

amphetamine-regulated transcript) because

the corresponding genes contain CLOCK-

responsive E-box elements (17, 18). In ad-

dition, we examined the expression of a second

circadian clock gene, Per2, which has a

diurnal rhythm of expression in the retro-

chiasmatic area. The expression levels of Per2,

orexin, and ghrelin mRNA were markedly

reduced in Clock mutant mice at virtually all

time points of the 12L:12D cycle (Fig. 3). A

small but significant decrease in the expression

level of CART in Clock mutant mice occurred

at the beginning and end of the 12-hour light

phase (Fig. 3).

These broad effects of the Clock gene

mutation on nutrient regulation reveal an

unforeseen role for the circadian clock system

in regulating more than just the timing of food

intake and metabolic processes. The effect of

Fig. 2. Obesity in Clock mutant mice. (A) Average caloric intake over a 10-week period in male WT
and Clock mutant mice. WT and Clock mutant mice were provided ad libitum access to regular (10%
kcal/fat; WT, n 0 8; Clock, n 0 10) or high-fat chow (45% kcal/fat; WT, n 0 7; Clock, n 0 11) for 10
weeks beginning at 6 weeks of age. Weekly food intake was analyzed in the two groups (*P G 0.01).
(B) Body weights for the mice in (A) after the 10-week study (*P G 0.01). (C) Body weights of WT
(open symbols) and Clock mutant (solid symbols) mice over the 10-week study for mice in (A) fed
either regular (circles) or high-fat (squares) diets. (D) Body weight of mice after weaning, from 10
days to 8 weeks of age. Growth curves in WT (open circles) and Clock mutant (solid circles) mice on
regular chow were obtained by weekly weighing. Significant differences did not appear until 6 weeks
of age (*P G 0.05). All values represent group means T SEM.

Table 1. Metabolic parameters in WT and Clock mutant mice. Serum triglyceride, cholesterol, glucose,
insulin, and leptin concentrations were determined in 7- to 8-month-old WT and Clock mutant mice fed
a regular diet ad libitum (n 0 4 to 8 mice per group). For measurement of glucose, insulin, and leptin,
blood was collected at 4-hour intervals over a 24-hour time period via an indwelling catheter (40 ml per
blood sample), and the data were pooled to provide an overall mean (TSEM) value. For triglyceride and
cholesterol measurement, a single blood sample (160 ml) was collected at zeitgeber time 0.

Metabolic parameter WT Clock P value

Triglyceride (mg/dl) 136 T 8 164 T 8 G0.05
Cholesterol (mg/dl) 141 T 9 163 T 6 G0.05
Glucose (mg/dl) 130 T 5 161 T 7 G0.01
Insulin (ng/ml) 1.7 T 0.3 1.1 T 0.1 n.s.
Leptin (ng/ml) 3.4 T 0.4 4.6 T 0.3 G0.05
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the Clock mutation on body weight in mice

fed a regular diet was similar in magnitude to

the effect of a high-fat diet in wild-type mice

(Fig. 2). In addition, when Clock mutant mice

were fed a high-fat diet, the combined effect

of the diet plus mutation led to the most

severe alteration in body weight and markers

of metabolism (Fig. 2). Note that the weight

gain in theClockmutant mice is similar to that

observed in a number of metabolic mutants

(19, 20).

Alterations in fuel metabolism in animals

carrying a mutant circadian Clock gene could

emerge from a cascade of neural events

initiated by an alteration in circadian rhythms

under the direct control of the SCN (21), in

particular the feeding rhythm, which is

greatly attenuated in Clock mutant mice.

Thus, the misalignment of food intake and/

or the near-loss of feeding rhythmicity

could create metabolic instabilities that

lead to hyperphagia and associated obesity

and lipid/glucose irregularities. On the

other hand, because circadian clock genes

are also expressed in nearly all CNS and

peripheral tissues, alterations in metabo-

lism could be due to cell-autonomous ef-

fects associated with altered expression of

Clock in CNS feeding centers and/or periph-

eral tissues involved in metabolism (5, 22).

The observation that mRNAs of selected

energy-regulatory peptides are altered in

both diurnality and absolute expression level

in the MBH supports the idea of a molec-

ular coupling between circadian and meta-

bolic transcription networks. These results

are consistent with the recent finding that in

addition to regulating the timing of many

genes, the circadian clock regulates the

absolute expression levels of approximate-

ly 3 to 10% of transcripts (23–25).

Clues to the effects of the Clock mutation

on energy balance may be derived from the

emerging map of SCN projections to critical

energy centers within the hypothalamus. For

example, SCN projections form synapses

directly on lateral hypothalamic area neurons

that express orexins (26), as well as indirectly

via the subparaventricular nuclei (SPV). Addi-

tional evidence suggests that connections

between the SCN and neurons within the

MBH may have important effects on cell and

molecular functions. Specifically, recent

analyses from several groups have indicated

that the growth hormone agonist ghrelin,

originally discovered as an incretin hormone

within the stomach, may also be produced

within the MBH/SPV (27, 28). Our real-time

polymerase chain reaction (PCR) results pro-

vide further support for expression of ghrelin

within the MBH. Remarkably, we find that

ghrelin mRNA is greatly reduced in the MBH

from Clock mutant mice, which suggests that

signaling from SCN neurons and/or expres-

sion of the Clock gene within the MBH may

play a critical role in transcriptional control

of target genes within the MBH. Similarly,

we found that orexin levels were lower in

Clock mutant than wild-type mice, and the

normal diurnal variation in expression was

abolished.

Previous transcriptome analysis in the SCN

and liver of Clock mutant mice has uncov-

ered global changes in metabolic pathways,

including those encoding enzymes of gly-

colysis, mitochondrial oxidative phospho-

rylation, and lipid metabolism (23). The

connection between metabolism and circa-

dian rhythmicity is particularly intriguing in

view of the finding that genes involved in

mitochondrial redox metabolism account for

a large fraction of the circadian transcriptome

in most tissues (10). Although these earlier

results indicated that cell redox flux can alter

the molecular circadian core machinery, our

results in Clock mutant mice indicate that

alterations in this molecular clock may alter

cell metabolism as well.
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Fig. 3. Clock mutant mice display altered
diurnal rhythms and abundances of Per2
mRNA (A) and mRNAs encoding selected
hypothalamic peptides involved in energy
balance (B to D). Real-time PCR was used to
determine transcript levels as they varied
across a 12:12 LD cycle (indicated by bar at
bottom). Values for WT (red line) and Clock
mutant (black line) mice are displayed as
relative abundance (RA; mean T SEM) after
normalization to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression levels in
the same sample. Note that for visual clarity
the RA scales vary for the different transcripts
and vary between genotypes for orexin (Orx)
and ghrelin (Ghr). Brains of four WT and four
Clock mutant mice were collected at 4-hour
intervals across the 12:12 LD cycle. At each
time point, genotype comparisons were made
by independent-sample t tests (*P G 0.05).
CART, cocaine- and amphetamine-regulated
transcript.
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Freedom and Rules: The
Acquisition and Reprogramming

of a Bird’s Learned Song
Timothy J. Gardner,1,2* Felix Naef,2,3,4 Fernando Nottebohm1

Canary song is hierarchically structured: Short stereotyped syllables are repeated
to form phrases, which in turn are arranged to form songs. This structure occurs
even in the songs of young isolates, which suggests that innate rules govern
canary song development. However, juveniles that had never heard normal song
imitated abnormal synthetic songs with great accuracy, even when the tutor
songs lacked phrasing. As the birds matured, imitated songs were reprogrammed
to form typical canary phrasing. Thus, imitation and innate song constraints are
separate processes that can be segregated in time: freedom in youth, rules in
adulthood.

The songs of adult songbirds consist of stereo-

typed units, called syllables, acquired by imi-

tation and arranged in sequences characteristic

of each species. An understanding of how syl-

lables are sequentially arranged to form songs

is of general interest because the learning and

reordering of stereotyped motor patterns is the

basis of speech andmay underlie other aspects

of motor control (1, 2). The neural basis of

vocal production in songbirds is beginning to

be understood (3–6), but the mechanisms that

program the sequential order of syllables re-

main unknown.

The typical song of the canary (Serinus

canaria) consists of tonal whistles (Bsyllables[)
that differ in duration and frequency modu-

lation. Each syllable is repeated many times,

forming a Bphrase[ (Fig. 1). Phrases are pro-

duced in variable order. Young canaries reared

in the presence of singing adults will closely

imitate the song of the latter (7), a process that

takes 6 to 8 months; in these birds, incipient

phrasing is already present by 60 days of age

(8). However, canary-like syllables and phrase

structure also develop in the absence of imi-

tation and even in the absence of hearing, al-

though under these conditions the repertoire of

syllables is uncommonly small (7, 9, 10). Nor-

mal phrased song can be rapidly induced in

very young, isolated male canaries by expos-

ing them to adult levels of testosterone. This

rapid emergence of adult-like song is shown

in Fig. 1.

We wondered whether young canaries

would imitate songs that lacked phrasing and

violated a key Brule[ of canary song. To

address this question, we synthesized two

kinds of songs that never occur in the repertoire

of an adult canary (11) and exposed young

canaries to these songs while isolating them

from exposure to natural canary song.We built

the first abnormal tutor song by generating a

30-s Brandom walk[ through a space of syl-

lable shapes comparable to that of normal

canary song (Fig. 2A). Each syllable in the

song contained a modulated tone with harmon-

ics, filtered to create a timbre similar to that

normally produced by the birds themselves

(12). However, the overall sequence was un-

like the phrases in normal adult canary song,

because each syllable in the sequence differed

slightly from the preceding and following one

in shape and duration. The second synthetic

song designed for this study was based on three

repeats of a 5-s Bglissando[; in a glissando, the
same basic syllable occurs in descending fre-

quency steps. These synthetic songs are illus-

trated in sonogram form and can be heard as

sound files (11).

The canaries of the Belgian Waterslager

strain that we used were born in soundproof

chambers and were reared solely by their

mothers, which at that time did not sing. At

25 days of age, males were transferred to in-

dividual soundproof chambers, where they

heard a playback of a tutor song every 2 hours

during the daylight photoperiod, which fol-

lowed the natural outdoor cycle. Ten birds were

exposed to the random walk, and six to the

glissando; this exposure was continued for the

duration of the experiment. Soundwas recorded

continuously and automated tools were used to

detect and extract songs, discarding brief calls

and other cage noises. Thus, we had for each

bird a complete record of its vocal ontogeny.

In contrast to normal song ontogeny where

phrase structure is apparent already in early

plastic song (as in Fig. 1B), for these birds the

earliest imitations contained long sequences of

dissimilar sounds. In the random-walk group,

six of 10 birds achieved remarkably accurate

imitations of the first 10 s of the tutor song.

These juvenile imitations, exemplified in Fig.

2B, demonstrate that juvenile canaries can

accurately memorize and imitate atypical
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Fig. 1. A canary reared in social isolation develops normal syllable and phrase structure. The normal
time course for song learning is 6 to 8 months, but an implant of testosterone at 2 months of age
induced development of normal adult song structure over the course of a single week. The changes that
took place during this week recapitulate song ontogeny in accelerated form and are illustrated with
time-frequency sonograms (scale bar at bottom, 1 s). (A) The first stage, recorded at 75 days of age, is
highly variable, with no evidence of stereotyped syllables and only the faintest suggestion of phrase
structure. (B) At 80 days, most of the syllables that the bird will use as an adult already appear in a
recognizable if still variable manner, organized in emerging phrases (13). (C) At 82 days, 1 week after
testosterone implant, the variability of syllable structure is reduced, forming adult-like song. White
and black rectangles indicate phrases consisting of repeats of stereotyped units, the syllables of adult
song. Syllables are 20 to 200 ms in duration, and phrases are typically 1 s in length. The color scale
presents the loudest sound in each panel as dark brown.
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songs that lack phrasing. This 10-s imitation

represents a considerable achievement, be-

cause the summed duration of all unique

sounds (not counting repetitions) produced in

aviary-raised Belgian Waterslager canaries is

on average 2.7 s (8). The result of this tutoring

experiment indicates that song imitation in

juvenile canaries can be remarkably uncon-

strained. However, song development did not

end there, because our training had delayed but

not eliminated the use of phrases (see below).

Between 150 and 250 days of age (i.e., in

late fall and early winter), six of the 10 birds

tutored with the random-walk model achieved

a clearly recognizable imitation; there was

considerably less imitation in the other four,

and we did not follow their song thereafter. In

pilot work, we had noticed that after birds

achieved a clear imitation of the random-walk

model, the approach of the breeding season

brought a gradual change toward the typically

phrased song of aviary-reared juveniles. This

change occurred more slowly or rapidly and

with varying degrees of completeness in

different individuals. Therefore, beginning in

January, we exposed two of the six birds that

imitated the random-walk model to a more

abrupt change in photoperiod, and additionally

gave them a testosterone implant to overcome

any factors that might slow the transition to

a full breeding condition. Recall that in isolat-

ed juveniles, the change from early plastic

song to phrased adult song was induced by this

kind of forced transition to adult breeding

status (Fig. 1).

The two testosterone-treated birds dis-

played a marked rearrangement in song struc-

ture. The nature of this change is shown in

Fig. 2, C and D. In the early imitated songs,

the birds had retained the syllable order as it

appeared in the tutor song (Fig. 2C). In the

transition to adulthood, a subset of the imitated

sounds was serially repeated to form phrases,

and in successive songs these phrases occurred

in different orders (fig. S2), as in the song of

aviary-reared birds. Because the transition

from the imitated random-walk song to

phrased song involved some of the original

imitated syllables, we refer to this change as

Breprogramming,[ a term that implies a reor-

dering of existing material. For the bird whose

imitated song is pictured in Fig. 2C, an auto-

mated survey (11) of all songs produced in

the month of March yielded no match to the

tutor sequence; the song with the best re-

sidual similarity to the tutor is illustrated in

Fig. 2D. For this bird, the inferred innate rules

forced a complete reprogramming of the imi-

tated song. This reprogramming occurred in

the absence of any exposure to normal canary

song and in the presence of continued tutoring

with the random-walk model.

In the four birds exposed to natural length-

ening of days and spared the testosterone

implant, the transition to phrased song oc-

curred more gradually. All birds that achieved

detailed copies of the tutor song in the juve-

nile period reprogrammed their songs as they

approached sexual maturity.

Each bird_s record of song development

included 5000 to 30,000 songs, and therefore it

was necessary to develop an automated meth-

odology for comparing each song to the tutor

(11). This method recognized something we

have all experienced: A given word can be

spoken faster or slower or at higher or lower

pitches, and the same is true for canary song.

The similarity score was based on the well-

defined pitch contours of syllables (13), with

the use of dynamic time warping to find the

best match between two sounds (14, 15). The

alignment algorithm (Fig. 3A) shows how

the extent of similarity with the tutor model

changed over time in the six birds that imi-

tated the random-walk model. This similarity

started very low, increased as the tutor model

was mastered, and then declined as the birds

approached breeding condition. In parallel

with the late decline in match to the tutor,

there was an increase in phrased repetition

(11), quantified in Fig. 3B.

In addition to the emergence of syllable

repetition, the transition to adulthood involves

a change in the distribution of syllable shapes

that are most commonly used in song. This

change includes reduction of variability in

some syllables as well as attrition of other

syllables, resulting in songs built from a small

subset of stereotyped syllable forms. This

change is shown in Fig. 3, C to F, by density

plots of syllable mean pitch and duration. At

the peak of imitation, the distributions indi-

cate a broad range of syllable characteristics.

One month later, after exposure to breeding

conditions, the distributions indicate a transi-

tion toward a more categorical syllable distri-

bution comparable to that of aviary-raised adult

canaries (fig. S4).

The transition from juvenile imitation to

adult song included, for all birds, a period

when both the imitated song and phrased song

coexisted. Most of the six birds that imitated

the random-walk model maintained some

capacity to produce the juvenile imitations in

adulthood. Intact fragments of up to 6 s of the

juvenile imitation were occasionally integrated

into adult songs consisting of phrased repeti-

tions (fig. S1).When a bird produced both song

types in adulthood, some of the same imitated

syllables could be found in both song types.

We infer that the order of these syllables

was determined sometimes by imitation and at

other times by an innate phrase-forming pro-

gram. Moreover, the switch between these

two states of serial ordering occurred over

short periods of time and even within the same

song (fig. S2).

The capacity to produce both song types

throughout adulthood was more pronounced in

F i g . 2 . Canar ies
achieve detailed imita-
tions of an unnatural
‘‘random walk’’ song
but reprogram these
imitations in the transi-
tion to adulthood. (A)
Synthetic tutor song.
(B) Example of the best
imitation achieved by
200 days of age. (C)
Imitation produced by
another bird at 250
days. (D) An automated
survey (11) revealed
that by 300 days, the
bird whose song is
pictured in (C) produces
only phrased song. In
the phrased song, a
subset of the imitated
syllables [small rectan-
gles in (C)] are prod-
uced in phrased repetitions [stretched rectangles in (D)]. Scale bars at lower right: time, 1 s; frequency, 3 kHz.
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the group of birds exposed to the glissando

song (Fig. 4). In this group, accurate imitations

achieved in the juvenile period were preserved

throughout adulthood (fig. S3), even after

exposure to exogenous testosterone. In adult-

hood, glissando imitations were produced side

by side with phrased songs; these phrased

songs consisted of syllables apparently drawn

from the glissando song as well as of im-

provised syllables that the bird had not heard

before. As for the first group, the switch from

imitated sequence to phrased song and back

could occur within a single song (Fig. 4, B and

C) (fig. S3), which suggests that imitated

syllables could be accessed by two different

programs.

We have established the following: (i)

Juvenile canaries can accurately perceive,

memorize, and imitate long, atypical sequences

of unique sounds arranged in a single linear

order. (ii) As these birds approach sexual

maturity, they produce a subset of these sounds

as serial repetitions in the phrased manner

typical of adults. (iii) Adults that produce both

unphrased and phrased song can switch from

one to the other over short time scales. Such

quick reprogramming is reminiscent of the

F ig . 3 . (A ) T ime
course of model imi-
tation using the align-
ment algorithm (11).
Every pupil’s song is
scored on the length
and acoustic match of
the best fragment that
can be aligned to the
tutor song. For each
week, the scores of the
best imitations, defined
as the 90th percentile
by rank (i.e., the typical
best imitation, not the
very best that the bird
can do), are plotted
after smoothing with a
running average over
30 days. This plot is
essentially unchanged
when plotting percent-
iles in the range 90 to
100%. Each color rep-
resents one of six birds.
(B) Average phrase
length increases over
time (11). The two birds
with the sharpest in-
crease in phrase length
(light blue and magen-
ta traces, arrows) re-
ceived exogenous testosterone treatment starting at 210 and 180 days,
respectively. (C to F) Density plots (11) illustrate a transition in how the
two testosterone-treated birds apportioned their singing time in terms of
syllable characteristics. Each panel is calculated from the durations and
mean pitches of 60,000 syllables selected from random times in the month
of peak imitation [(C) and (E)] and in the subsequent month [(D) and (F)].
Colors are normalized separately for each panel, with yellow indicating the

highest concentration of singing time. At the peak of imitation, singing
time is still distributed across a range of duration and pitch characteristics.
In adulthood, this distribution becomes fragmented into distinct clusters;
each cluster in the density plot is typically populated by multiple syllable
types that have similar duration and mean pitch values. Patterns in (D) and
(F) are qualitatively similar to those obtained from colony-reared canaries
singing adult song (fig. S4).
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Fig. 4. Canaries imitate
an extremely unnatural
‘‘glissando song.’’ In
adulthood, the birds
rapidly alternate be-
tween imitation of the
glissando and songs
that reprogram a sub-
set of the glissando syl-
lables to form phrases
(phrase boundaries
are indicated by tick
marks.) (A) Tutor song.
(B) Glissando imitation
and phrased structure
produced in the same
song by an 8-month-
old canary after 2
months of testos-
terone treatment. (C)
Example of glissando imitation and phrased structure produced in the same song by another adult, age 11 months, after 2 months of testosterone
treatment. Sound files in (B) and (C) were adjusted with a running amplitude normalization to better illustrate loud and quiet syllables in the same color
scale. Scale bars: time, 1 s; frequency, 3 kHz.
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flexibility of phoneme rearrangement in human

speech and is an aspect of vocal prowess in

birds that had not been described before. Given

the many parallels in the ways in which birds

and humans go about vocal learning (16–18),

there may also be common neural mechanisms

underlying the ways in which they can access

and sequence the learned vocal units.

Classical ethologists have remarked on the

fact that, among songbirds that learn their song

but are not usually thought of asmimics, model

imitation is usually restricted to conspecific

models. Imitations of other species, which oc-

cur rarely during the juvenile stage, are usually

expunged by sexual maturity (19–21) and thus

do not compromise a species_ Bsong univer-

sals[ (22). It has been known, too, that some

songbirds master as juveniles more songs

than they will sing as adults (21, 23, 24).

These are examples of how selective attri-

tion of juvenile song can lead to the final rep-

ertoire of adults.

Our work with canaries sheds light on this

editing process. Normally, the rules of adult

canary song guide vocal ontogeny, so that

phrasing is already in evidence in early ju-

venile song, even in the absence of external

models (Fig. 1). However, this mechanism for

developmental guidance is separate from the

ability to learn a song, and the two can be

temporally uncoupled. During the first half of

their juvenile life, our canaries were free to

imitate sounds that violated the rules of nor-

mal canary song. As the breeding season ap-

proached, this material was reorganized both

by attrition of some syllable variants and by

imposing a new syntax, so that it now

conformed with the rules of adult song. This

order of occurrence—freedom to learn

followed by rules of expression—may tell us

something important. Vocal learning may

have evolved not just by relaxing innate

programs for vocal ontogeny and linking them

to external models and auditory feedback, but

also by delaying the onset of adult strictures,

allowing for a period of vocal experimentation

and play. A glimpse of this early evolutionary

step may be found in young birds learning

their song.
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Automated Cloning System 
High-throughput (HT) cloning methods are used in thousands of
experiments performed by research labs with the aim of improving
their drug development process and gaining insights into complete
genetic interactions. Invitrogen’s Gateway HT cloning system is sim-
ple compared with other systems,but still involves polymerase chain
reaction, DNA isolation, incubation, transformation, gel loading, and
gel imaging steps, which are repetitive and time-consuming. How-
ever, the system can be automated using Hamilton’s Microlab Star
liquid handling workstation, equipped with monitored air displace-
ment pipetting technology.The system eliminates the use of tubing,
pumps,or system liquids, thus significantly reducing the risk of cross-
contamination. Plating of the transformed bacteria is done on the
workstation. The eight-well plates containing the bacterial colonies
are later picked by the EasyPick integrated colony picker.
Hamilton Life Science Robotics For information 800-648-5950

www.hamiltonrobotics.com

Proteomics Analysis
The SPRimagerII detection system is designed to make proteomics
analysis faster, easier, and more reliable. It is a complete system for
label-free analysis of protein and other molecular arrays. Detection
is achieved using surface plasmon resonance, so molecular labels
such as fluorescent tags are not required for detection. It can be
used to monitor not only protein–protein interactions, but also
interactions involving DNA, RNA, carbohydrates, and ligands.
Applications include measurement of antibody–antigen affinities,
monitoring transcription factor binding to DNA elements, and
functional characterization of receptors on cell surfaces.
GWC Technologies For information 608-441-2722 www.gwctechnologies.com

Magnetic Cell Separation
The BD IMag Cell Separation System is based on a simple yet
effective direct magnet technology that allows for the rapid posi-
tive and/or negative selection of cell populations without the 
use of magnetic separation
columns.The system can supply
excellent purities and recoveries
of specific leukocyte subpopu-
lations in a few short steps.
BD Biosciences For information 

877-232-8995 www.bdbiosciences.com

Monoclonal Antibody
Purification
MabSelect Xtra and MabSelect
SuRe are two new products
designed to offer the highest
purity and most time- and cost-
efficient chromatography media
for the industrial purification of monoclonal antibodies. MabSe-
lect Xtra is a recombinant protein A-based chromatography
medium that captures antibodies with improved efficiency and
economy. It is engineered to give 30% higher dynamic binding
capacity than other commercially available protein-A based
media. MabSelect SuRe is a chromatography medium based on a
novel alkali-stabilized protein A-derived ligand engineered to pro-
vide greater stability than conventional protein A-based media in
the alkaline conditions used in cleaning-in-place protocols.
GE Healthcare For information +44 (0) 1494 498 068 www.gehealthcare.com

Electrophoresis Kit
The GelAmp Electrophoresis Kit resolves high molecular-weight
DNA, eliminating the need for expensive pulsed-field gel elec-
trophoresis equipment. The all-inclusive kit contains high-
strength agarose, running buffer, and a proprietary polymer addi-
tive that allows for superior resolution and separation of high
molecular weight DNA.The kit is suitable for plasmid preparation,
cosmid DNA, genomic DNA, and more. It can resolve up to 50 kb
DNA fragments using standard horizontal electrophoresis equip-
ment. The high resolution and sharp banding allow the user to
achieve high-quality photo documentation.
Amresco For information 800-448-4442 www.amresco-inc.com

Thermal Cycler
The MultiGene II personal-sized thermal cycler features precise
temperature control, excellent uniformity, and fast temperature
change, making it useful for a wide range of applications, from
DNA amplification to constant temperature incubations. There
are two models available, for 16 0.5-ml tubes and 25 0.2-ml tubes.
Ninety-nine protocols can be stored in memory for later use or
modification. Peltier technology allows for fast heating and cool-
ing in the range from 4ºC to 99ºC. The auto-adjusting heated lid
adapts to the height of the sample tubes, eliminating the need for
an oil overlay.
Labnet International For information 877-521-8001 www.labnetlink.com

Tips for Deep Labware
New P50 Tips are narrow-length tips that enable pipetting from
the bottom of deep labware, for maximum retrieval of valuable
samples. They work with Biomek 3000, NX, and FX and Multimek
liquid handlers. The disposable, non-conductive P50 Tips are suit-
able for work in both 96- and 384-well formats, in applications
such as compound library profiling and assay development,
matrix-assisted laser desorption ionization–time of flight plate
spotting, sample pooling, plate replication, and hit picking. The

tips pipette a volume of 50 µl with barrier
and are certified to be free of ribonuclease
and deoxyribonuclease.
Beckman Coulter For information 800-742-2345

www.beckmancoulter.com

Literature
Qbiogene 2005/2006 Catalog includes prod-
ucts for sample preparation, polymerase
chain reaction, cloning and transformation,
enzymes, nucleic acid purification, transfec-
tion, gene expression, yeast kits, growth
media, plant culture and specialty media, and
bacterial growth media. The catalog also
contains sections on proteomic tools; elec-

trophoresis and hybridization; apoptosis, oncology, and fluores-
cence in situ hybridization; laboratory tools; and custom services.
Qbiogene For information 800-854-0530 www.qbiogene.com
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Newly offered instrumentation, apparatus, and laboratory materials of interest to
researchers in all disciplines in academic, industrial, and government organizations are
featured in this space. Emphasis is given to purpose, chief characteristics, and availabil-
ity of products and materials.Endorsement by Science or AAAS of any products or mate-
rials mentioned is not implied.Additional information may be obtained from the manu-
facturer or supplier by visiting www.science.labvelocity.com on the Web, where you can
request that the information be sent to you by e-mail, fax, mail, or telephone.
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POSITIONS OPEN

FACULTY POSITION
Department of Structural and Cellular Biology

The Department of Structural and Cellular Biol-
ogy is seeking applications for one tenure-track
appointment at the ASSISTANT PROFESSOR
level. Candidates must have an earned Doctorate in
a relevant field of study and at least two years of
productive postdoctoral research experience. The
candidate must have the potential for competing
for extramural research funding, and an active,
transferable grant is highly desirable. Preferred areas
of research should be consistent with the depart-
mental focus on neuroscience. Successful candidates
will be expected to participate in both graduate
and medical student (histology and neuroscience)
teaching. Prior experience in teaching is desirable.
Submit applications including curriculum vitae,
summary of research interests, summary of teaching
philosophies, funding history, and names of three
references to: Dr. Richard Harlan, Department of
Structural and Cellular Biology, SL49, Tulane
University Health Sciences Center, 1430 Tulane
Avenue, New Orleans, LA 70112 by September
30, 2005. Tulane University is an Affirmative Action/Equal
Opportunity Employer.

MICROBIOLOGIST
GS-12, Salary Range of /61,000 to /80,260

Department of Health and Human Services, Cen-
ters for Disease Control and Prevention (CDC),
National Center for Infectious Diseases, Division of
Viral Diseases, Viral and Rickettsial Zoonoses Branch
is seeking a permanent, full-time RESEARCH SCI-
ENTIST with demonstrated expertise in molecular
virology to serve as a team member in the investiga-
tion of rabies. The laboratory is located at CDC_s
Roybal campus in Atlanta, Georgia. The incumbent
will be responsible for multiple aspects of labo-
ratory_s research, including detection, characteriza-
tion, and molecular epidemiology of lyssaviruses
from outbreaks or sporadic cases, as well as training
and liaison duties with countries in the former Soviet
Union. Candidates should have a Ph.D. or equiva-
lent degree in virology, microbiology, biology,
chemistry, biochemistry, genetics, or a closely related
field, with at least two years postdoctoral experience
and linguistic skills in English and Russian. Salary is
commensurate with experience. Excellent benefits
and federal retirement plan.

For further information, contact: Dr. Charles
Rupprecht at telephone: 404-639-1050 or by
e-mail: cyr5@cdc.gov. Additional information
about the position and application procedure can
be obtained via the CDC website: http://www.
cdc.gov or at the Office of Personnel Management
website: http://www.usajobs.opm.gov. Interested
persons should apply under announcement number
DE2-05-3132. The application period will open on
May 3, 2005, and will run until May 23, 2005. HHS/
CDC is an Equal Opportunity Provider and Employer.

FACULTY POSITION
Burnett College of Biomedical Sciences

Molecular Cardiovascular Biology: To conduct
research on the role of chemokines on heart disease.
This is a nontenure-track position. However, oppor-
tunities will be provided to get NIH funding and
compete for tenure-track positions in this field that
will be available in this rapidly expanding college.
Please send curriculum vitae, and the names and
contact information of three or more references to:
Dr. P. E. Kolattukudy, Dean, 4000 Central
Florida BoulevardBoulevard, BMS 136, Univer-
sity of Central Florida, Orlando, FL 32816-2364
or via e-mail: pk@mail.ucf.edu.

The University of Central Florida is an Affirmative Action/
Equal Opportunity Employer. As a member of the Florida
State University System, all application materials and selection
procedures are available for public review.

POSITIONS OPEN

LAB HEAD POSITIONS
BIOLOGICAL SCIENCES

Shanghai

Shanghai Institutes for Biological Science (SIBS),
established in July 1999, is the largest life science
research organization inChinese Academy of Sciences.
Currently there are seven research institutes in SIBS
(including Institute of Biochemistry and Cell Biology,
Institute of Neuroscience, Institute of Materia
Medica, Institutes of Plant Physiology and Ecology,
Health Science Center, Institute of Nutritional Sci-
ence, and Institute of Pasteur), and a large number of
faculty positions are available for application.

(1) Research fields: neuroscience, protein science,
bioinformatics, epigenetics, rnaomics, stem cell re-
search, cell biology, molecular immunology, virolo-
gy, developmental biology, pharmaceutics, molecular
pharmacology, pharmaceutical analysis, medicinal
chemistry, structure biology, plant functional ge-
nomics, insect science, photosynthesis, metabolism
and metabolomics, symbiotic nitrogen fixation, phyto-
pathology, biomass and biofuels, industrial micro-
biology, biotechnology, nutrition, essential medicinal.

(2) Applicants should have Ph.D. degree and
postdoctoral experience and are under the age of
45. Those who are ASSISTANT PROFESSOR or
in equivalent position are preferred. Applicants
should have the ability to lead an independent
research group in SIBS.

(3) Application form should include a copy of
curriculum vitae, list of publication, three to five
papers published in past five years, the future research
plan, three reference letters, a copy of Ph.D. diploma
and other relevant certificates.

(4) Salary and other personal benefits: negotiable.
(5) Application should be sent to: Mr. Weijun

Wang, Shanghai Institutes for Biological Sci-
ences, 320 Yue-yang Road, Shanghai 200031,
China. Fax: 0086-21-54920078. Telephone:
0086-21-54920027. E-mail: wjwang@sibs.ac.cn.

SENIOR RESEARCH FELLOW

The Pain Research Center of Harvard Medical
School at the Brigham and Women_s Hospital in-
vites applications for the position of Senior Research
Fellow. Applicants must have postdoctoral experi-
ence and are expected to work independently on
existing projects on inflammatory, neuropathic, or
post-operative pain, using demonstrated skills in
electrophysiology, molecular biology, or cell biolo-
gy, in collaboration with Principle Investigators of
the Center. The salary is /50,000 per year (plus
benefits) for a minimum two-year appointment.

Send curriculum vitae, statement of interest, and
names and contact information of three references to:

Professor Gary R. Strichartz, Director
Pain Research Center

Brigham and Women_s Hospital
75 Francis Street, MRB611

Boston, MA 02115

Women and minorities are particularly encouraged to apply.
Brigham and Women_s Hospital and Harvard Medical School
are Equal Opportunity/Affirmative Action Employers.

FACULTY POSITION
Burnett College of Biomedical Sciences

Tuberculosis: To identify new targets for novel
antimycobacterial drugs using molecular genetic and
cell biological approaches. This is a nontenure-track
position. However, opportunities will be provided to
get NIH funding and compete for tenure-track
positions that will be available in this field in this
rapidly expanding college. Please send curriculum
vitae, and the names and contact information of
three or more references to: Dr. P. E. Kolattukudy,
Dean, 4000 Central Florida Boulevard, BMS
136, University of Central Florida, Orlando, FL
32816-2364 or via e-mail: pk@mail.ucf.edu.

The University of Central Florida is an Affirmative Action/
Equal Opportunity Employer. As a member of the Florida
State University System, all application materials and selection
procedures are available for public review.
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For more information on promoting
your graduate program, contact:
Kathleen Clark
Phone: 510-271-8349
Fax: 202-289-1846
E-mail: kclark@aaas.org

Science has a great issue
coming up to help you reach this crucial group. It will
be distributed to scientists in biology and chemistry
departments at 80 of the top scientific universities
across the U.S. And if you also post your graduate
program profile at ScienceCareers.org, these recent
grads can find your information when they search
online for a graduate program.

Graduation is around the
corner. Does this new crop
of BS/MS scientists
know about your
graduate program?

Graduate Programs in Genomic Sciences

http://genomics.ncsu.edu

Graduate degrees in:

Bioinformatics

Functional Genomics

Functional Genomics (including structural genomics and 

proteomics) uses high-throughput molecular and robotic

technologies to study gene structure, expression, and function. 

Bioinformatics uses statistical and computational approaches 

to develop new methods to manage and analyze these large 

datasets. Students take foundation classes together for cross-

disciplinary training, and progress to individualized curricula.

Highlights include:

• >100 genomics faculty in 25 departments spanning 5 colleges

• State-of-the-art Genome Research Laboratory, Bioinformatics

Research Center (http://bioinformatics.ncsu.edu)

• Research choices in:

• Microbial genomics (plant and animal pathogens)

• Animal genomics (murine, canine, avian, porcine, bovine)

• Plant genomics (arabidopsis, tobacco, maize, rice, forestry)

• Model organism (arabidopsis, mouse, drosophila, nematode)

• Evolutionary genomics, disease genomics, computational 

biology, statistical genetics, population genetics

• Training grants and other funding for graduate students

• Strong collaborations with nearby universities, industry, and 

government, here in North Carolina’s Research Triangle

For further information, please visit http://genomics.ncsu.edu, or

contact Barbara Sherry, Ph.D. (barbara_sherry@ncsu.edu)
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NATIONAL INSTITUTE OF DIABETES AND 
DIGESTIVE AND KIDNEY DISEASES

POSTDOCTORAL FELLOWSHIP
Molecular Genetics 

National Institutes of Health (NIH), National Institute of Diabetes
and Digestive and Kidney Diseases (NIDDK), in Phoenix, Ari-
zona. We are working to identify and characterize novel genes 
that cause type 2 diabetes and obesity in humans. Applicants must
have a PhD. or M.D. degree obtained within the past 5 years, 
with research experience in molecular biology. 

Please send curriculum vitae to:

     Leslie Baier, Ph.D.

     National Institute of Diabetes 

        and Digestive and Kidney Diseases

     National Institutes of Health

     Phoenix, AZ 85016

 For further information, please contact Dr. Baier by 

email: lbaier@phx.niddk.nih.gov

NATIONAL HEART, LUNG, AND BLOOD INSTITUTE (NHLBI)

Deputy Director

The NHLBI is seeking exceptional candidates for the position of Deputy Director, NHLBI, to provide leadership with the Director
for a national research program in diseases of the heart, blood vessels, lung and blood; blood resources; sleep disorders; and admin-
istrative management of the NIH Women’s Health Initiative.  This position offers a unique opportunity for the right individual to 
share responsibility with the Director in providing strong and visionary leadership to an organization dedicated to uncovering new 
knowledge and technologies, both basic and clinical, as well as ensuring that rigorous science guides the appropriate use of more 
conventional treatments.  Applicants must possess an M.D., Ph.D., or equivalent degree and senior-level research experience and
knowledge of research programs in one or more scientific areas related to diseases of the heart, blood vessels, lung, and blood; blood 
resources; and sleep disorders.  They should be known and respected within their profession, both nationally and internationally,
as distinguished individuals of outstanding scientifi c competence.  Salary is commensurate with experience and a full package of 
Civil Service benefits is available including retirement, health and life insurance, long term care insurance, leave and savings plan 
(401K equivalent).
CV, bibliography, and two letters of recommendation must be received by September 1, 2005. Application package should be sent 
to National Institutes of Health, attn: 

Mr. Barry Rubinstein
          Building 31, Room 5A28
          31 Center Drive, MSC 2490
          Bethesda, MD 20892-2490. 

For further information, please contact Mr. Rubinstein by email: Rubinstb@nhlbi.nih.gov  or telephone 301-496-2411.  

With nationwide responsibility for improving the health and well being of all Americans, the Department of Health and Human 
Services oversees the biomedical research programs of the NIH.  The NIH encourages the application and nomination of qualifi ed 
women, minorities, and individuals with disabilities.

mailto:lbaier@phx.niddk.nih.gov
mailto:Rubinstb@nhlbi.nih.gov
http://www.training.nih.gov
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The European Molecular Biology Laboratory (EMBL) is an
international research organisation with Units in the
Headquarters Laboratory in Heidelberg, Germany and
additional Units in Hinxton (the European Bioinformatics
Institute, EBI), Grenoble and Hamburg (Structural Biology, X-
ray and Neutron Beamline facilities for Life Sciences) and
Monterotondo (Mouse Biology). In Heidelberg, four scientific
Units (Cell Biology and Biophysics, Developmental Biology,
Gene Expression and Structural and Computational Biology)
interact closely to tackle problems at multiple levels of
biological organisation, from the molecule to the organism.

EMBL is searching for the Structural and Computational
Biology unit:

GROUP LEADER IN ELECTRON

MICROSCOPY/CELLULAR

ELECTRON TOMOGRAPHY S 05/44

The Candidate should lead an independent research group
in the Structural and Computational Biology Unit. The Unit
has recently acquired an electron microscope featuring a
helium stage and energy filter. This microscope can provide
high resolution images of cells and cellular structures. The
final goal of the Structural and Computational Biology Unit is
to bridge the gap between light microscopic cellular imaging
and atomic structures. In addition to the EM facility with
currently three research group leaders and a service team,
there is complementary experience within the unit and EMBL
that provides a stimulating environment for various
collaborations on cellular and structural topics.

TEAM LEADER POSITION IN

CHEMICAL BIOLOGY S 05/45

The Candidate should lead an independent research Team
in the Structural and Computational Biology Unit. Scientists
in the Unit use different structure determination techniques
(X-ray, NMR, EM) and various computational approaches.
The integration of small molecules into protein research
should enable systemic approaches for an understanding of
cellular processes and, in the context of structural biology,
should give a better understanding pf protein-ligand
interactions at a large scale. We are looking for scientists
with experience in protein complex purification and chemical
proteomics who are open to our vision of an atomic
resolution of a cell.

Candidates should possess a PhD in an appropriate field of
science with a strong publication record and exciting
research plans.

Further information about EMBL can be obtained at
http://www.embl.org/ and on the positions from the Heads of
Structural and Computational Biology, Peer Bork and Luis
Serrano (bork@embl.de) (serrano@embl.de)

To apply for either of these posts, please send a curriculum
vitae quoting ref. no. S/05/44 or S/05/45 with a concise
description of research interests and future plans.

Personnel, EMBL, Postfach 10.2209, D-69012 Heidelberg,

Germany. Fax: +49 6221 387555.  http://www.embl.org

Life and Environmental Sciences Division
The Life and Environmental Sciences Division at the University of Oxford
is a highly interdisciplinary organisation, bringing together academic
departments representing diverse disciplines but sharing common
thematic interests. Units within the Division are the Departments of
Biochemistry, Plant Sciences and Zoology and the Schools of
Archaeology, Anthropology and Geography and the Environment. 

University Lecturership in Human
Geography in association with St

Catherine’s College
The Department of Geography proposes to appoint a University
Lecturer in Human Geography. The post is tenable from 1st October
2005 or as soon as possible thereafter. The successful candidate will
be offered a Fellowship at St Catherine’s College. The combined
College and University salary will be according to age on a scale up to
£45,707 p.a. (as at 1st August 2004).

The University and the College are seeking candidates with a proven
record of scholarship and research in human geography and a track record
of attracting research funding. The appointee will be required to engage in
research which will contribute to the Department’s research reputation; to
teach, supervise and examine undergraduate and graduate students; and
to contribute to administration in College and the Department.

Further particulars are available from http://www.admin.ox.ac.uk/fp/
or from Professor G Clark, Head of the School, to whom informal
enquiries may be addressed (e-mail Gordon.clark@ouce.ox.ac.uk).
Applications (eight copies except from candidates overseas who
need send only one), including a curriculum vitae, a list of principal
publications, and the names of two referees, should be sent to
Professor Gordon L Clark, Head, School of Geography and the
Environment, Mansfield Road, Oxford OX1 3TB for receipt not later
than 1st June 2005.

RCUK Academic Fellowship Scheme
Applications are invited for four 5-year fellowships which will lead to a
permanent academic post on the successful completion of a
probationary period. Fellowships tenable from 1st August 2005 are
available in the following subject areas:

Biomathematics: in the Department of Zoology, with research interests
in behaviour or development

Motivations and Means of Global Migration: in the Institute of Social and 
Cultural Anthropology

Chromosomes and Development: in the Department of Biochemistry

Archaeological Science (Tephrochronology): in the Research
Laboratory for Archaeology and the History of Art

The Academic Fellowship Scheme is a national initiative funded by the
Research Councils to provide a structured path into an academic
career for contract research staff and other suitably qualified
individuals. Applicants should have guaranteed research funding from
a source other than the Academic Fellowship for at least part of the
five-year fellowship period; the scheme is open to researchers
supported on any type of grant funding and to holders of current
fellowship awards. In the case of cell cycle and development,
departmental funds are available to help support returners or other
researchers without current research support. 

Academic Fellows will: 
• take up their appointments on 1st August 2005
• be able to develop their expertise in both research and teaching
• take part in outreach to schools 
• have an academic mentor and full access to the University’s staff

development provision, including the opportunity to take the University’s
postgraduate diploma in learning and teaching

• be appointed to a permanent academic post, subject to satisfactory
performance, at the end of the five-year fellowship period

• be paid on the research support scales during the fellowship period
according to experience and stage of academic career.

Further particulars for the posts together with details of the
Academic Fellowship Scheme are available on the University
website at http://www.admin.ox.ac.uk/fp/ or from Dr M S Edwards,
Secretary of the Life and Environmental Sciences Division, 9 Parks
Road, Oxford OX1 3PD. The closing date for applications is 
1st June 2005.

The University is an Equal Opportunities Employer.
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PHARMA PLANING
B e r g a u e r  +  P a r t n e r  A G

I n t e r n a t i o n a l  H e a l t h  C a r e  R e c r u i t m e n t

PP

attn. Mr Dieter Hubmann, PhD,
direct dial: +41-61-261 94 64,
Gerbergässlein 41,
CH 4051 Basel (Switzerland),
Tel. +41-61-261 94 93
e-mail: d.hubmann@pp-pharma-plan.com

www.pp-pharma-plan.com
www.pharma-career-box.com

Your application will be treated with strict
confidentiality.

Our client is the Swiss based headquar-
ter of one of the world most prominent
lifescience companies, ranking in the top
ten of pharmaceutical enterprises world-
wide. We are seeking the

Director
Pharmacokinetics/ADME

In this role, you will develop and imple-
ment the vision of early pharmacokinet-
ics within the research organisation of
the enterprise. Together with your group
and in close collaboration with the dis-
covery project teams and the global
chemistry organisation, your task is to
secure the PK aspects for the advance-
ment of the discovery of high quality
drug candidates. Based on your experi-
ence both in the drug discovery process
and in people management, you ensure
a smooth transition at drug candidate
nomination in close interaction with the
development department. With your

leadership charisma 
you attract high potential talent to the
group. In order to successfully fill this
position, you are a confident self starter,
used to working under high pressure
with a strategic and result oriented
approach. Fluency in English is a must,
good knowledge of German is wishable.
If you have a PhD degree in pharmacolo-
gy, biochemistry, chemistry or related
with many years of experience in phar-
maceutical industry and strong knowl-
edge of the drug discovery process, and
if you have acquired several years of
direct line management experience,
please send in your application with CV
and testimonials to:

POSTDOCTORAL POSITIONS AVAILABLE

AMERICAN SOCIETY FOR MICROBIOLOGY AND 

NATIONAL CENTER FOR INFECTIOUS DISEASES

 2006 POSTDOCTORAL RESEARCH PROGRAM 

Up to ten positions will be awarded for full-time research on infectious dis-
eases which cause signifi cant public health problems. Fellows will perform
research in residence at the National Center for Infectious Diseases (NCID)
which is headquartered at the Centers for Disease Control and Prevention
(CDC) in Atlanta, GA. In addition to Atlanta, NCID operates laboratories 
in Ft. Collins, CO, Anchorage, AK, and San Juan, Puerto Rico. 

Eligible fi elds of study include: 
• Bacterial and Mycotic Diseases
• Viral and Rickettsial Infections 
• Nosocomial Infections 
• HIV/AIDS 
• Vector-borne Infectious Diseases 
• Sexually Transmitted Diseases
• Parasitic Diseases

Positions are limited to individuals who either earned their doctorate
degree (Ph.D., Sc.D., M.D., D.V.M., or D.D.S.) or have completed a
primary residency within three years of their proposed start date. The 
program provides an annual stipend of $35,800, up to $500 relocation 
expenses, up to $3,000 health care benefi ts package and up to $2,000 for 
professional development. The fellowship is for 2 years.

The application deadline is November 15, 2005. For more information, 
visit http://www.asm.org/Education/index.asp?bid=15497. The bro-
chure and application are available on line. 

ASM CDC/NCID
American Society for Microbiology Centers for Disease Control and

Prevention/National Center for

Infectious Diseases

Post-doctoral Opportunities in Cancer Research
The University of Oklahoma Cancer Center

The University of Oklahoma Cancer Center is located on The University of 
Oklahoma Health Sciences Center Campus (OUHSC) and includes researchers
from The Oklahoma Medical Research Foundation (OMRF) and The Dean 
McGee Eye Institute (DMEI).

The OU Cancer Center has several post-doctoral opportunities available with 
the following investigators:
• Doris Benbrook, Ph.D. – Drug Development for Ovarian Cancer – Ob/Gyn/

OUHSC; http://w3.ouhsc.edu/benbrooklab/

• Brian Ceresa, Ph.D. – Growth Factor Receptor Signaling
– Cell Biology/OUHSC; http://w3.ouhsc.edu/cell_biology/faculty/

ceresafacultytext.html

• Gary Gorbsky, Ph.D. – Mitosis and Chromosome Instability – Molecular, 
Cell, and Developmental Biology/ OMRF; http://www.omrf.org/OMRF/

Research/06/GorbskyG.asp

• Marie Hanigan, Ph.D. – Protein Glycosylation Cancer and Cancer Ther-
apy – Cell Biology/OUHSC; http://w3.ouhsc.edu/cell_biology/faculty/

haniganfacultytext.html

• Robert Hurst, Ph.D. – Tumor Microenvironment and Systems Biology
– Urology/OUHSC; http://w3.ouhsc.edu/UrolLab

• Ricardo Saban, D.V.M., Ph.D. – Bladder Transcriptome in Response to BCG
Therapy and Mouse Models of Bladder Cancer – Physiology/OUHSC; http:

//ouhscphysio.org/saban/

• Lurdes Queimado, M.D., Ph.D. – WNT signaling and DNA repair 
– Otorhinolaryngology/OUHSC; http://www.okcotorhinolaryngology.com/

Aao/aao476/me.get?WEB.websections.show&AAO476_477125

More information about the Principal Investigators and their research can
be found on his/her lab website. Successful candidates will have a Ph.D. or 
M.D./Ph.D. in the biological sciences. Please send a C.V. with a brief history 
of research experience, a statement of research interests, and the names and 
email addresses of three references: OU Cancer Center Post-doc Position, 

OU Cancer Center, 920 Stanton L. Young Blvd, WP-2080 Oklahoma City, 

OK 73104. OUHSC is an Equal Opportunity Employer.

mailto:d.hubmann@pp-pharma-plan.com
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University of Texas 
M.D. Anderson Cancer Center

Postdoctoral positions are available for highly 
motivated individuals to study the roles of: (1) 
MTA family members using mouse models;
(2) PAK1 and its novel effector substrates in 
cancer cells; (3) Estrogen receptor signaling
and coregulators in cytoplasmic and nuclear
functions in breast and endometrial cancer
cells. Prior publications and direct experience 
in molecular cell biology and mouse disease 
models will be useful. See recent publications 
from the laboratory NCB 3:30, 2001; Nature
418:654, 2002; NCB 4:681, 2002; EMBO J.
21:5437, 2002; Cell 113:142, 2003; JCB 161:

583, 2003; MCB 24:6581, 2004; Cancer Cell
5:575, 2004; Development Aug 2004; EMBO
Rep. 2005. 

For immediate consideration, please send your
CV and contact information of three references
to: Rakesh Kumar, Professor and Deputy

Chair, M. D. Anderson Cancer Center-108, 

1515 Holcombe Boulevard, Houston, Texas 

77030. E-mail: rkumar@mdanderson.org.

The University of Texas M. D. Anderson Cancer
Center is an EOE Employer and does not dis-
criminate on the basis of race, color, national 
origin, gender, sexual orientation, age, religion 
disability or veteran status, except where law 
requires such distinction. All positions at
M.D. Anderson are considered security sensi-
tive; drug screening and thorough background 
checks will be conducted. The University of
Texas M.D. Anderson Cancer Center values
diversity in its broadest sense. Diversity works 
at M. D. Anderson. Smoke-free environment.

Canada Research Chairs
Pharmaceutical Chemistry and Molecular Medicine/

Molecular Pharmacology
Leslie Dan Faculty of Pharmacy

University of Toronto

Applications are invited for two tenure-stream positions at the rank of Assistant, Asso-
ciate or Full Professor in the areas of Pharmaceutical Chemistry and Molecular 
Medicine/Molecular Pharmacology. The successful candidates will be expected to
establish independent and externally funded research programs, to supervise graduate
students and to teach at the graduate and undergraduate levels. Upon their appoint-
ment, they will be nominated for two Canada Research Chairs (www.chairs.gc.ca),
one of which will be Tier 1 (senior) and the other Tier 2 (junior). Canada Research 
Chairs have been established by the Government of Canada to foster research of 
the highest quality at Canadian universities.

We seek individuals whose scientifi c activities will complement existing strengths 
within the Faculty. While some areas are of particular interest, the selection will be 
based in large measure on the originality and quality of recent and proposed research.
For the Chair in Pharmaceutical Chemistry, we encourage applicants whose work is 
based in physical chemistry and focused on the molecular properties of materials in 
the solid state. Related areas of investigation within the Faculty include drug deliv-
ery, controlled release and polymeric delivery systems. For the Chair in Molecular 
Medicine/Molecular Pharmacology, we encourage applicants who plan to combine 
biochemical, biophysical, computational or imaging approaches to investigate
processes of cellular signaling. It is expected that there will be a general focus on 
questions of structure and mechanism at the molecular level; areas of specifi c interest
could include neurotransmitter and hormone receptors, ion sensors and other drug 
targets or signaling elements. 

The University of Toronto and its affi liated teaching hospitals and research institutes
maintain a strong presence in the physical, biological and medical sciences. Col-
laboration is encouraged and supported through cross-appointments, joint courses 
and various multidisciplinary programs. Opportunities also exist for interactions 
with pharmaceutical companies in the Toronto area. The Leslie Dan Faculty of
Pharmacy offers excellent facilities for both research and teaching, and it is a part-
ner in the Terrence Donnelly Centre for Cellular and Biomolecular Research (http:
//ccbr.med.utoronto.ca). The Faculty is presently undergoing an expansion that 
has included a substantial increase in research and in enrolment within its Graduate 
Department of Pharmaceutical Sciences (www.utoronto.ca/pharmacy/graduate).
To accommodate this expansion, the Faculty will move to a new building in late 
2005 (www.greatspaces.utoronto.ca/projects/pharmacy.htm).

Interested individuals are asked to forward a covering letter of application, a
curriculum vitae, a statement of current and proposed research, a summary of
teaching experience and philosophy, and three letters of reference to: The Chair, 
Search Committee, Leslie Dan Faculty of Pharmacy, University of Toronto,
at phmsearch@utoronto.ca. Please apply electronically, using Microsoft Word 
or Adobe Acrobat (pdf) format. Letters of reference may be sent electronically or 
addressed to the above Committee at 19 Russell St., Toronto, Ontario, Canada 
M5S 2S2. Evaluation of applications will begin on 1 July 2005, and applications 
will be considered until the positions are fi lled.

The University of Toronto is strongly committed to diversity within its community. 
The University especially welcomes applications from visible minority group 
members, women, Aboriginal persons, persons with disabilities, members of 

sexual minority groups and others who may contribute to further diversifi cation 
of ideas. All qualifi ed candidates are encouraged to apply; however, Canadians 

and permanent residents will be given priority.

Science
Career
Forum
Science Careers

has partnered with a
professional moderator

and three well respected
advisers, who along
with your peers, will
field career-related

questions.

Visit
ScienceCareers.org and
start an online dialogue.
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Lecturer with Potential for Security of Employment
University of California, San Diego

Division of Biological Sciences
http://biology.ucsd.edu/

The Division of Biological Sciences at the University of California, San 
Diego seeks outstanding applicants for an opening as Lecturer with Poten-
tial for Security of Employment in Biochemistry and Molecular Biology, 
and Microbiology. All interested parties are encouraged to apply, including 
minorities and women.

The Lecturer will teach lecture and laboratory courses relevant to each
area of study (including Structural Biochemistry, Biochemical Techniques 
Laboratory, Recombinant DNA Techniques Laboratory, or Microbiology
Laboratory) and be responsible for curriculum development including new 
laboratory offerings and participation in efforts to secure extramural funding
for educational program development. The Lecturers will also be expected to
teach introductory biology major and non-major biology lecture courses when
needed. In addition the successful candidate will be responsible for training 
of new laboratory Teaching Assistants and provide service to the University 
by participating in committees and recruitment and outreach efforts.

A Ph.D. in a relevant fi eld of science is required. Applicants must have a 
strong record of excellence and innovation in teaching, along with strong 
interpersonal, writing and computer skills. The position will be a nine-month
appointment. Salary will be commensurate with background and experience 
and based on University of California pay scale. A Lecturer-PSOE position 
closely parallels that of an assistant professor on track for tenure. 

Complete applications received by May 31, 2005 will be assured consider-
ation. Applicants should send a curriculum vitae, publication list, synopsis 
of professional goals, and three letters of reference (forwarded separately) 
to: Lecturer Search Committee, c/o Shiwan Tribbett – Mail Code 0355 

- A, University of California, San Diego, 9500 Gilman Drive, La Jolla, 

CA 92093-0355.

UCSD is an Equal Opportunity-Affi rmative Action Employer with 
a strong institutional commitment to the achievement of diversity 

among its faculty and staff.

Chair, Department of Pharmacology and Physiology

Drexel University College of Medicine (formerly MCP-Hahnemann Uni-
versity) invites applications and nominations for the position of Professor 
and Chair of the Department of Pharmacology and Physiology (http:

//www.drexel.edu/med/pharmacology_physiology/). The department has 
primary teaching responsibility for teaching Pharmacology and Physiology 
to medical students. The department has 16 faculty and a fl ourishing PhD 
graduate program. Current major research strengths are in cell signaling 
and neuropharmacology. We are seeking an individual with leadership and 
administrative skills and a distinguished record of research accomplishments
whose interests will complement existing strengths in the College of Medicine
and University. The major responsibilities of the Chair are: (1) to promote the
scholarly development of the faculty and students in the department; (2) to 
provide leadership in creating and implementing a vision to enhance existing
and build new programs; and (3) to oversee teaching and research within 
the department. The Chair will work closely with other Chairs and senior 
leadership of the College to promote excellence in all missions. Resources 
will be made available for the recruitment of additional faculty. 

Drexel University College of Medicine is the nation’s largest private medical
school. The Department of Pharmacology and Physiology is conveniently 
located in Center City Philadelphia and offers a collegial and stimulating 
environment with many opportunities for collaboration. Drexel University 
has 17,000 students and more than 1,300 faculty members. Drexel’s annual 
budget exceeds $500 million, and the university is among the top 100 uni-
versities in federal grant and contract expenditures. 

Applicants should provide a letter of application, curriculum vitae, and
names of three references via email to hhaberle@drexelmed.edu or by
mail to: Jane Clifford, PhD, Chair, Search Committee, Chair, Dept.

of Biochemistry and Molecular Biology, 245 N. 15th Street, M.S. 497, 

Philadelphia, PA 19102.

Drexel University College of Medicine is an Equal Opportunity Institution.

The European Institute of Oncology (IEO) and the Vollaro Foundation are
launching a new program in “Cancer Stem Cells and Innovative Treatment
Modalities” with emphasis on breast cancer and leukemias. Research will be
performed at IEO. The IEO is a comprehensive cancer center not only offering
the most modern and effective treatments and diagnostic services for many of the
major cancers, but also committed to basic research, clinical trials, cancer
prevention, training and education. The basic research facilities of IEO are located
within the recently created IFOM-IEO Campus (www.ifom-ieo-campus.it). Our
new campus will host up to 500 researchers and it is home to a newly created
international PhD program (www.semm.it). Central services include the Animal
Facility, Imaging, DNA and tissue microarrays, Antibodies, DNA sequencing,
Bioinformatics. Open structure laboratories foster communication between groups.
We are calling for applications for the position of:

Staff Scientist Position
We are seeking excellent candidates for entry at the level of staff scientist for the
coordination of clinical and laboratory activities, in the context of our program on
“Cancer Stem Cells and Innovative Treatment Modalities”.  Suitable candidates
should have an MD degree and experience in cancer stem cell research or related
areas; several years of postdoctoral research and a proven track-record based on
publications in high-ranking journals.

Two Post-doctoral Positions
The candidates are expected to perform research in the area of leukemia stem
cells. We encourage anyone with a strong background in molecular biology, cell
biology, mouse genetics to apply. Preference will be given to MDs with prior
experience in both clinical and experimental hematology.

Technician Position
We are seeking candidates for entry at the level of Senior Technician. Suitable
candidates should have strong experience in mouse work, molecular and cellular
biology.

DEADLINE FOR APPLICATIONS: June 15th, 2005.Applications should be
sent by e-mail only to prof. Pier Giuseppe Pelicci (chairman.office@
ieo-research.it) and should include: CV, publication list, statement of research
interests (max. 2 pages), names and e-mail addresses of 2-3 referees.

Giancarla Vollaro
Foundation

The Deputy Director for Photonics Programs &
Centers will oversee and manage the scientific and

administrative aspects of photonics-funded research centers at the City College of
New York. S/he will report directly to the Director and will interact closely with
Centers’ administrators and multidisciplinary, multi-campus photonics research
groups. 

Responsibilities: include overseeing research projects, Centers’ administration,
reporting and budgets; coordination of presentations, meetings, events, grant
proposal preparation and student recruitment; and providing support for the CUNY
Photonics Initiative. 

Qualifications: Ph.D. degree or equivalent research experience in physics or
engineering preferred, with strong experience in various areas of photonics.
Bachelor’s degree required. Min. 8 years combined experience in senior-level
program administration, including project, budget and staff management, and
senior-level research in a photonics field. Excellent writing, verbal, organizational,
interpersonal, computer, and proposal writing skills. Proven ability to take
initiative, work independently and troubleshoot. 

Salary: $61k - $81k, commensurate with experience; vacation and full benefits
package.

To apply, send resume, cover letter & name and contact information of 3 references
to: Prof. Robert R. Alfano, Director, Photonics Programs & Centers, PVN#
MP-10481, The City College/CUNY, 160 Convent Ave., New York, NY 10031,
Attn: Mr. Daniel Moy, or e-mail to: dmoy@sci.ccny.cuny.edu. Applications
accepted until position is filled. 

Deputy Director for 
Photonics Programs

and Centers

For more details, see CCNY website: 
http://www2.ccny.cuny.edu/positions/. 

The City College/CUNY is an 
EEO/AA/IRCA/ADA Employer.

http://biology.ucsd.edu/
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The Department of Earth Sciences and the Center for Earth, Environment, and Natural Resources at the Swiss Federal Institute of
Technology (ETH) in Zurich intend to strengthen their research and teaching activities in the general area of Earth surface systems and
invite applications for two faculty positions.

Professor of Sedimentology
We are seeking a scientist with a strong background in the investigation of Earth surface processes. Areas of expertise and interest
include, but are not limited to: physical sedimentology and sediment transport; evolution of landscapes and sediment routing systems;
quantification of longterm relationships between erosion, sediment transport, climate and tectonics; physical processes linking the sur-
face, atmosphere, hydrosphere, and cryosphere. The appointment will also be at the Faculty of Science of the University of Zurich (MNF).
The new professor and his or her staff will contribute to the Earth science teaching curricula at ETH and MNF, including field-based cour-
ses at the Bachelor’s and Master’s levels. Courses at the Master’s level may be taught in English. He or she will supervise graduate and
undergraduate students in the areas of sedimentology, quantitative stratigraphy and basin analysis,mapping and field observation, and
regional geology (in particular the Alps).

Assistant Professor (Tenure Track) of Biogeoscience
We seek a scientist with a strong Earth science background who will be working at the interface between bio- and geosciences. Areas of
interest include but are not restricted to: environmental geomicrobiology,molecular geobiology, ecosystem biogeochemistry, origin and
evolution of life,microbial geochemistry, and bioremediation. Potential candidates will use multiple analytical and modeling approaches
in their work. In addition to developing a broad interdisciplinary biogeoscience research program, the successful candidate and his or her
staff will contribute to the Earth science teaching programs at the Bachelor’s and Master’s levels and supervise graduate students in the
areas of geology, contaminant biogeochemistry, and geobiology. Courses at theMaster’s level may be taught in English.
We expect the new professors to develop innovative research groups that interface with research programs at ETH, MNF, and at the
national and international level.
Please submit your application with a detailed curriculum vitae, a publication list, a statement of research interests, and the names of
three potential referees to the President of ETH Zurich, Prof. Dr. O. Kuebler, ETH Zentrum, CH-8092 Zurich, no later than June 30, 2005.
ETH Zurich specifically encourages female candidates to apply with a view towards increasing the proportion of female professors.

http://www.ncse.org.uk
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POSITIONS OPEN

CURATOR
The American Society for Cell Biology

Image and Video Library

The American Society for Cell Biology (ASCB)
seeks a skilled and dedicated cell biologist to serve as
Curator to guide the launch of the ASCB Image and
Video Library. The Library will offer an accessible,
searchable, comprehensive electronic database of
high-quality images and movies demonstrating mo-
lecular and functional organization of healthy and
diseased cells.

The Curator will build and maintain the Library,
assisted by technology and archiving staff, and in
partnership with a Scientific Advisory Board.

Requirements include broad training in cell
biology. Expertise in microscopy preferred.

Apply to:

The American Society for Cell Biology
8120 Woodmont Avenue, Suite 750

Bethesda, MD 20814-2762
E-mail: president@ascb.org

FACULTY POSITIONS
Cancer Nanomedicine

The Cleveland Clinic Foundation

The Cleveland Clinic Foundation is establishing a
new Cancer Nanotechnology Center, a joint enter-
prise between the Department of Biomedical Engi-
neering (BME) and the Taussig Cancer Center. We
are seeking highly qualified individuals for faculty
positions in the Center, including a mid-career sci-
entist to assume a project programmatic leadership
role. Target technologies include detection, imag-
ing, and drug delivery. Diseases of current emphasis
include genitourinary cancers (prostate, bladder),
haematological cancers (leukemia, lymphoma), and
melanoma.

These individuals would have joint appointments
in two vibrant departments in an institution that
values collaboration between basic science and
clinical medicine. The BME Department is located
in the Lerner Research Institute where more than
1,000 faculty and staff in nine departments are
dedicated to biomedical investigation. The Taussig
Cancer Center consists of 70 faculty and additional
support and technical staff focused on clinical and
translational research in specific tumor types and
anticancer drug discovery and development. We
invite applications for positions at the ASSISTANT
or ASSOCIATE STAFF (PROFESSOR) levels.
The successful candidate will have a Ph.D. and/or
M.D. degree(s) in an area appropriate to the ap-
plicant_s field of specialization, a strong record of, or
potential for, independent extramural funding, and a
high quality publication record in peer-reviewed
journals.

Applicants should submit a letter of application,
complete curriculum vitae, a statement of current
and future research goals, and details of three
references to:

Peter R. Cavanagh, Ph.D., D.Sc./
Derek Raghavan M.D., Ph.D.

Joint Chairs of the Search Committee
Department of Biomedical Engineering, ND 20

The Lerner Research Institute
The Cleveland Clinic Foundation

9500 Euclid Avenue, ND-20
Cleveland, OH 44195

E-mails: cavanap@ccf.org and raghavd@ccf.org

More information about the BME Department,
the Taussig Cancer Center, the Research Institute,
and the Cleveland Clinic can be found at websites:
http://www.lerner.ccf.org/bme/, http://www.
clevelandclinic.org/cancer/, http://www.lerner.
ccf.org/, and http://www.clevelandclinic.org/.

The Cleveland Clinic Foundation is an Equal Opportunity/
Affirmative Action Employer.

POSITIONS OPEN

The University of Cincinnati College of Med-
icine seeks outstanding M.D., M.D./Ph.D., or
Ph.D. FACULTY through its Millennium Scholars
Program in the areas of infectious diseases, immu-
nology, or inflammation. Specific areas of interest
include the immunology of HIV, microbial patho-
genesis, host defense related to pulmonary infec-
tions transplantation. We also seek individuals
interested in the development and maintenance of
inflammatory responses. Individuals whose research
is translational in nature are particularly attractive
to this program as are investigators seeking to
establish and develop multi-investigator interdis-
ciplinary research programs. To qualify as a Millen-
nium Scholar, investigators are expected to have
ongoing substantial extramural grant support from
federal institutions. Generous startup packages and
competitive salaries are provided to those selected as
Millennium Scholars. Faculty appointment will be
granted in the appropriate department. Rank and
track will be commensurate with education and
experience. All curriculum vitae should be addressed
to: George S. Deepe, Chair, Infection/Inflamma-
tion Millennium Scholars Program, Division of
Infectious Diseases, University of Cincinnati
College of Medicine, Cincinnati, OH 45267-
0560 or e-mail: george.deepe@uc.edu. Review of
applications will commence upon receipt. Women and
members of underrepresented groups are especially encouraged to
apply. The University of Cincinnati is an Affirmative Action/
Equal Opportunity Employer.

POSTDOCTORAL POSITION
Duke University, Durham, North Carolina

A Postdoctoral position is available immediately
for independent and highly motivated individuals to
conduct research in ultrasound-targeted gene deliv-
ery and activation in the Therapeutics Research
Laboratory (TRL) at Duke University. We foster a
multidisciplinary and collaborative environment be-
tween the School of Engineering and Duke Univer-
sity Medical Center. Candidates with a recent Ph.D.
or M.D./Ph.D. degree and a strong molecular and
cell biology or gene therapy background are en-
couraged to apply. Experiences in gene delivery in
small animal models, surgery, and pathology are
highly desirable. Applicants should send their
curriculum vitae and a list of three references to:
Pei Zhong, Ph.D. via e-mail: pzhong@duke.edu
or fax: 919-660-8963.

TRAINING PROGRAM IN CELL AND
MOLECULAR DERMATOLOGY

POSTDOCTORAL FELLOWSHIPS available
in NIH-funded Training Program in Cell and
Molecular Dermatology. Training opportunities
available in basic science and translational research.
Areas of focus include cancer biology (melanoma
and non-melanoma skin cancer), psoriasis genetics,
and photoaging. While trainees must be a U.S. citizen
or permanent resident, additional unrestricted
positions are available in individual laboratories.
Send curriculum vitae and references to: Dr. James
T. Elder, 3312 CCGC, University of Michigan,
Ann Arbor, MI 48109-0932. Fax: 734-763-
4575; e-mail: jelder@umich.edu. An Equal Oppor-
tunity/Affirmative Action Employer.

Ashland University–ASSISTANT PROFES-
SOR, cell biology/physiology. Full-time, one-year,
nontenure-track appointment, beginning August
2005. Qualifications include Ph.D. and teaching
courses in cell biology, human anatomy, physiology,
and general introductory courses for majors and
nonmajors. Undergraduate teaching experience de-
sired. Facilities available for directing undergraduate
research. Send letter of application, statement of
teaching philosophy, curriculum vitae, transcripts, and
three letters of recommendation to: Cell Biology
Search, Department of Biology/Toxicology, Ash-
land University, Ashland, OH 44805. Website:
http://www.ashland.edu. Applications should be
received by June 15, 2005. Ashland University is an
Equal Opportunity Employer and is committed to diversity in
the workplace.

POSITIONS OPEN

The U.S. Department of Agriculture (USDA),
Agricultural Research Service (ARS), Food Science
Research Unit is seeking a permanent full-time
MICROBIOLOGIST (GS-12/13) to develop a
program of basic and applied research related to the
genetic and physiological responses of sequenced
lactic acid bacteria and acid-tolerant food pathogens
to low pH, organic acids, and food preservatives.
The position is located in the Department of Food
Science at North Carolina State University, Raleigh,
North Carolina. Salary range of /60,576 to /93,643.
For details and application directions, see website:
http://www.afm.ars.usda.gov/divisions/hrd. See
announcement no. ARS-X5S-0177. To have a printed
copy mailed or for specific application information,
contact: Susan Davis at telephone: 919-515-2731
or e-mail: susan_davis@ncsu.edu. U.S. citizenship is
required. Announcement closes July 8, 2005. Visit the
ARS website: http://www.ars.usda.gov. USDA/
ARS is an Equal Opportunity Employer and Provider.

FACULTY POSITIONS:
ASSOCIATE OR FULL PROFESSOR

Chief Scientist of Laboratory of
Stem Cell Biology

Institute of Biochemistry and Cell Biology
Shanghai Institutes for Biological Sciences

Chinese Academy of Sciences

Institute of Biochemistry and Cell Biology (IBCB),
Shanghai Institutes for Biological Sciences (SIBS),
Chinese Academy of Sciences (CAS) has begun an
initiative to complement and strengthen existing pro-
grams (website: http://www.sibcb.ac.cn), aiming
at developing an internationally renowned institution
in life sciences. As part of this initiative, we invite
applications for the position of Professor and Chief
Scientist of Laboratory of Stem Cell Biology.
Candidates should have a Ph.D. or an equivalent
degree, demonstrated excellence in research, and
possess strong leadership qualities.

We also invite applications for up to ten faculty
positions at the rank of Associate or Full Professor.
We seek motivated individuals with established
world-class research in any of, but not limited to,
the following areas: protein science, bioinformatics,
epigenetics, RNAomics, stem cell research, cell biol-
ogy, immunology, and developmental biology. The
positions require a doctoral or an equivalent degree,
postdoctoral experience, and evidence of outstanding
research potential. The successful candidates will be
expected to develop vigorous, independently funded
research programs and to contribute to graduate and
postdoctoral training programs. The positions come
with excellent laboratory space and substantial
startup funds. Competitive salary, housing subsidy,
and fringe benefit package will be commensurate
with experience.

IBCB has long-standing expertise in biochemistry,
molecular biology, cell biology, and protein science
and provides a highly interactive and dynamic research
environment, state-of-the-art research support facili-
ties, and one of the best Ph.D. graduate programs in
China. Opportunities for participation in intra- and
inter-institute collaborative and interdisciplinary re-
search are excellent. The IBCB campus is located in
downtown Shanghai with easy access to many social,
cultural, and sports opportunities.

Applicants should send curriculum vitae with a
complete list of publications, a concise summary of
past research accomplishments and future research
plans, and three letters of references to: Mr. Banghe
Mao, Faculty Search Committee, Institute of Bio-
chemistry and Cell Biology, Shanghai Institutes
for Biological Sciences, Chinese Academy of
Sciences, 320 Yue-Yang Road, Shanghai 200031,
China or electronically to e-mail: bhmao@sibs.ac.cn
(telephone: 086-21-54921006 and fax: 086-21-
54921011). Applications will be accepted until
positions are filled. Interviews may be conducted at
any time upon arrangement. IBCB is an Equal Op-
portunity Employer.
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Chief Executive Offi cer
FEDERATION OF ANIMAL SCIENCE 

SOCIETIES (FASS)
Administrative Offi ce, Savoy, IL

and Scientifi c Liaison Offi ce, 
Washington, DC

FASS is seeking candidates for Chief Executive
Offi cer. A complete position announcement
and additional information on FASS can be
found at http://www.fass.org/positions.asp.
Requirements are a PhD, PhD/DVM, or
equivalent degree in an animal science related 
fi eld and the appropriate experience and abil-
ity to be an effective leader and science policy 
advocate for animal agriculture. The CEO is 
expected to have an excellent understanding 
of and appreciation for science and scientifi c 
publishing.

FASS (a 501 (c) (3) nonprofi t organization)
was founded by the Poultry Science Associa-
tion, the American Society of Animal Science, 
and the American Dairy Science Association to
serve as the single, scientifi c advocacy voice 
for animal agriculture. The CEO has overall 
responsibility to implement and administer
the vision, mission, and strategic plan of
FASS under direction of the FASS Board of 
Directors.

Application materials (see web site for details)
should be submitted in electronic format to:
Dr. Mary M. Beck, Chair, FASS CEO

Search Committee, Department of Animal 

Sciences, University of Nebraska-Lincoln; 

mbeck1@unl.edu.

Application Deadline: July 1, 2005

Department of Biochemistry and Molecular Biology
John A. Hannah Distinguished Professorship 

in Gene Regulation

Michigan State University invites applications and seeks nominations for a 
John A. Hannah Professorship in Gene Regulation. The position is intended 
to complement a strong gene regulatory research presence at MSU, including
structural, biochemical, genetic, and bioinformatic studies in animal, plant 
and microbial systems. The individual selected will bring innovative and 
multidisciplinary approaches to bear on central questions in gene regulation, 
including but not restricted to analysis of regulatory networks, structural
analysis of higher order complexes, and dynamics of molecular complexes 
in live cells. It is anticipated that the candidate will contribute to the highly 
collaborative research atmosphere on campus and take a leadership role in 
enhancing training and research in the area of gene regulation.

This tenured research and teaching position comes with signifi cant operating 
funds provided annually for program support. The primary appointment will 
be based in the Department of Biochemistry and Molecular Biology, with 
possible joint appointments in related departments.

The John A. Hannah Professorships were established in 1969, and are awarded
to exceptional scholars to honor Hannah’s 25 years as president of the Univer-
sity. Applications will be received until a suitable candidate is identifi ed. For 
more information, please visit our website www.bch.msu.edu. Send applica-
tions, including c.v. and statement of current/future research interests to:

David Arnosti

Hannah Chair Search Committee

Biochemistry and Molecular Biology

Michigan State University

East Lansing, MI 48824-1319

arnosti@msu.edu

Women and minorities are encouraged to apply.

The Skirball Institute and Cancer Institute of NYU School of Medicine invite applications
for a non-tenure track position at the Research Assistant Professor level to serve as Director
for their heavily utilized Transgenic Mouse and Knock-out Core Facilities. These facilities
will offer a range of services including ES cell gene targeting, generation of chimeric mice,
pronuclear microinjection of conventional and BAC transgenes, as well as cryogenic
preservation. In addition, the successful applicant will be expected to implement new mouse
genetic technologies and to work with Information Technology on database development and
management. Broad financial support will be provided for this endeavor on a recurrent basis.

The candidate will have the opportunity to work with a broad range of investigators in
designing and producing a wide range of transgenic mice. In addition, they will be expected
to expand and update the existing infrastructure for transgenic and ES cell technologies.
The qualified candidate will have a PhD and/or MD, and have experience in ES cell and
transgenic mouse procedures, as well as excellent interpersonal skills. Salary and benefits will
be highly competitive and commensurate with experience.

Applicants should submit a C.V., and arrange for three letters of reference to be sent by
June 15,2005 to: Nan McKeown,HR Coordinator, Skirball Institute, 3rd floor, NYU School
of Medicine, 540 First Avenue, New York, NY 10016 or email:mckeown@saturn.med.nyu.edu.
We are an equal opportunity employer and provide a drug free workplace.

NYU School of Medicine
Skirball Institute of Biomolecular Medicine

Assistant Professor
Director of Transgenic Mouse and 

Knock-out Core Facilities

Director of Introductory Biology
The Department of Biology invites applications for the position of
Director of Introductory Biology. The Director will coordinate
departmental instruction of introductory biology courses for majors
and non-majors. This individual will have primary responsibility for
the coordination and development of course content and objectives,
development and implementation of instructional methods, course
assessment, and other aspects of instruction associated with the
introductory biology program. A major focus of the responsibilities
of this position will be the coordination of departmental activities to
improve student learning outcomes and success in introductory
biology courses. Teaching responsibilities will be six credits of
introductory biology courses per semester. Responsibilities in the
summer will focus on curriculum development.  

This is a continuing 12-month, collateral faculty position that will
commence in the summer or fall semester 2005. A Ph.D. in Biology
or Biological Education is required, as is experience in teaching
introductory biology courses and curriculum development.

Information on the Biology Department, which has 950
undergraduate majors and 33 faculty members, can be found at
www.has.vcu.edu/bio

Submit vitae, statement of pertinent experience, and three letters of
reference by June 10, 2005 to: Stephanie Millican, Department of
Biology, Virginia Commonwealth University, Richmond, VA
23284-2012.
Virginia Commonwealth University is an equal opportunity/affirmative

action employer. Women, minorities and persons with disabilities 
are encouraged to apply.

Virginia Commonwealth University

VCU

http://www.fass.org/positions.asp
mailto:mbeck1@unl.edu
http://www.bch.msu.edu
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mailto:mckeown@saturn.med.nyu.edu
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POSITIONS OPEN

FACULTY RESEARCH POSITIONS

The Department of Surgery, Indiana University
School of Medicine is seeking applicants for two
ASSISTANT/ASSOCIATE PROFESSOR re-
search positions in the surgical research arena.
Candidates must have either a Ph.D. in basic science
or an M.D. degree. A minimum of five years of
laboratory research experience or two years post-
doctoral research experience/study, preferably with
emphasis in cancer research, academic teaching
experience at the university/college level are also
required. These are tenure-track positions. Good
communication and manuscript writing skills are
also preferred. In addition to responsibilities in
cancer research, successful candidates will assist in
laboratory training of graduate students and surgery
residents. Please send current curriculum vitae to:

Eric A. Wiebke, M.D.
Director, General Surgery
Department of Surgery

545 Barnhill Drive, EH 242
Indianapolis, IN 46202

Telephone: 317-274-4990
Fax: 317-274-0241

E-mail: ewiebke@iupui.edu

Indiana University is an Equal Employment Opportunity/
Affirmative Action Employer, Minorities/Females/Persons
with Disabilities.

MEDICAL GENETICS

The American University of the Caribbean (AUC),
a 25-plus-year-old accredited medical school, with
over 3,000 graduate physicians is pleased to announce
an opening for a Medical Geneticist, Ph.D. and/or
M.D., with postdoctoral training. Rank is commen-
surate with experience.

We seek an individual with experience and exper-
tise, who both enjoys and is dedicated to teaching.
The course includes transmission genetics, molecular
genetics, inborn errors of metabolism, cancer genetics;
and represents the full spectrum of the major forms of
human genetics.

Individuals familiar with U.S. medical education
and evaluation systems are encouraged to apply. All
lectures are in English. Teamwork is encouraged; the
majority of the basic science faculty being drawn from
North America and the European Union, with clinical
clerkships in the United States, United Kingdom, and
Ireland.

AUC (website: http://www.aucmed.edu) is in a
new, up-to-date facility on the delightful island of St.
Maarten in the Netherlands Antilles, some three hours
by air from Miami, Florida.

Interested parties should send their curriculum
vitae, and the names of three references, with coor-
dinates, via e-mail to: James D. Regan, Ph.D.,
Chairman, Department of Genetics at e-mail:
reganauc@hotmail.com.

TENURE-TRACK FACULTY POSITION
MOLECULAR ONCOLOGY

Department of Medicine
Washington University, St. Louis

The Division of Oncology invites applications for
full-time, tenure-track appointment at the rank of
ASSISTANT PROFESSOR. Candidates must have
a Ph.D., M.D., or equivalent degree, relevant post-
doctoral experience, and a strong record of research
accomplishment. We are seeking candidates with an
interest in basic molecular oncology using innovative
approaches in developmental, molecular, or cell biol-
ogy, biochemistry, or biophysics. The successful
candidate will be expected to establish and maintain
a vigorous, independently funded research program.
Competitive salary, ample startup packages, and first-
class laboratory space will be provided.

Please provide (1) current curriculum vitae, list of
publications, and grant support, (2) a brief state-
ment of research interests, and (3) contact infor-
mation for three references. Send applications to:
Dr. Lee Ratner, Chair of the Search Committee,
Division of Oncology, Campus Box 8069, 660
S. Euclid Avenue, Washington University, St. Louis,
MO 63110, or e-mail: lratner@im.wustl.edu.

POSITIONS OPEN

RESEARCH ASSISTANT PROFESSOR,
RESEARCH ASSOCIATE PROFESSOR, OR

RESEARCH PROFESSOR
(depending on qualifications)

Founded in 1961, The Eleanor Roosevelt Insti-
tute (ERI) has pioneered basic biomedical research
in an effort to unlock the mysteries of human health
and disease. ERI_s research has earned it an in-
ternational reputation in Down syndrome research
as well as in the fight against cancer, amyotrophic
lateral sclerosis (Lou Gehrig_s disease), autism,
Alzheimer_s disease, obesity, and Type II diabetes.

ERI is now recruiting several new faculty po-
sitions. ERI seeks to recruit scientists in the early or
mid stages of their careers, but talented candidates at
all levels will be considered. Candidates must have
completed postdoctoral training with a strong
record of research accomplishment and should be
prepared to develop a vigorous, independently
funded research program in an area of basic bio-
medical science. We are particularly interested in
recruiting candidates with scientific backgrounds or
established programs in Alzheimer_s disease, neuro-
endocrine disorders including diabetes, and Down
syndrome, especially with a focus on relationships
between these conditions. Successful candidates will
be provided with startup packages, competitive com-
pensation and benefits, laboratory space, and access
to state-of-the-art core facilities.

Appointees will be eligible for tenure-track ap-
pointments in the Department of Biological Sciences
and will be part of an expansion of the molecular life
sciences program within the University, which will
include participation in the graduate and under-
graduate curriculum.

To apply for this position please visit our website:
http://www.dujobs.org and complete an online
application and attach the following documents:
cover letter, complete curriculum vitae, the names
of four references, and a statement of research
interests and plans. If you do not have these ad-
ditional documents saved electronically, please send
them via regular mail to: Dr. David Patterson,
Director, Eleanor Roosevelt Institute, University
of Denver, Denver, CO 80208 (e-mail: dpatter2@
du.edu). Review of applications will begin on 15
June 2005 and continue until the positions are filled.

BIOCHEMIST/MOLECULAR BIOLOGIST
Davis Heart and Lung Research Institute

The Ohio State University

A position is available for a POSTDOCTORAL
RESEARCHER with experience related to nitric
oxide synthase to study substrate, co-factor, and
protein interactions of the enzyme in cardiovascular
disease.

Salary commensurate with experience. Please send
curriculum vitae to: Jay L. Zweier, M.D., 473 W.
12th Avenue, Room 110, Columbus, OH
43201. E-mail: zweier-1@medctr.osu.edu.

The Ohio State University is an Equal Opportunity/
Affirmative Action Employer. Qualified women, minorities,
Vietnam era veterans, and individuals with disabilities are
encouraged to apply.

POSTDOCTORAL POSITION
Molecular Microbiology

A position is available to study respiratory microbial
pathogens relevant to occupational health. Studies
will involve genomic library construction, denaturing
gradient gel electrophoresis, fluorescent in situ hy-
bridisation, and real-time quantitative polymerase
chain reaction among other molecular and micro-
biological techniques. Apply to: Jagjit S. Yadav,
Ph.D., Department of Environmental Health,
University of Cincinnati Medical Center, Cincin-
nati, OH 45267. Telephone: 513-558-4806; fax:
513-558-4397; e-mail: jagjit.yadav@uc.edu.

POSITIONS OPEN

PENN STATE CAPITAL COLLEGE
Harrisburg Campus

Penn State Capital College is accepting applica-
tions for an ASSOCIATE or FULL PROFESSOR
of sustainable engineering available 2005–2006.
Exceptional candidates will be considered for Pro-
fessor and the endowed BQuentin Berg University
Chair in Engineering.[ Candidate must have an
outstanding record of interdisciplinary environmen-
tal practice, teaching, and research; experience in
one or more areas of sustainable engineering sys-
tems, green engineering, pollution prevention, and/
or industrial ecology; and leadership of environmen-
tal initiatives and coordination of green engineering
research and teaching. Teaching responsibilities in-
clude undergraduate courses in green engineering,
graduate courses in specialty areas, and other related
engineering and environmental subjects. Candidates
must have experience in developing an externally
funded research program and supervising diverse
groups of majors, including engineering, science,
and business students. Ph.D. with at least one
earned degree in engineering or a related discipline
required. Acceptable backgrounds could include
environmental, civil, architectural, mechanical, chem-
ical, or electrical engineering with sustainable engi-
neering as the primary research and teaching focus.
Additional information can be found at the Penn
State Harrisburg website: http://www.hbg.psu.
edu/epc.

Applicants should submit curriculum vitae, three
references, and a research and teaching statement
to: Quentin Berg Professor Search Committee,
c/o Mrs. Dorothy Guy, Director of Human Re-
sources, Penn State Capital College, Box SCI-
ENCE, 777 West Harrisburg Pike, Middletown,
PA 17057-4898. Direct e-mail applications to:
Mrs. Dorothy Guy at e-mail: djg1@psu.edu.
Nominations are welcome. Applicant review will
begin in September 2005 and will continue until
the position is filled. Penn State is committed to
Affirmative Action/Equal Opportunity, and the diversity of
its workforce.

FACULTY POSITION: IMMUNOLOGIST
Microbiology, Immunology, and

Molecular Genetics

The Department of Microbiology, Immunology,
and Molecular Genetics, College of Medicine,
University of Kentucky, seeks candidates for full-
time tenure-track ASSISTANT PROFESSOR in
immunology with interests including host-parasite
interactions, vaccines, autoimmunity, innate immuni-
ty, and immunoregulation. Special consideration will
be given to candidates with interests in select agents.
Applicants should have a Ph.D. and/or M.D., or
equivalent degree, and postdoctoral experience. Suc-
cessful candidates are expected to develop/maintain
an innovative, externally funded research program as
well as participate in graduate and medical student
teaching. This is an excellent opportunity to join a
department with strong predoctoral and post-
doctoral training programs, and research programs
in microbial pathogenesis, eukaryotic molecular
biology, molecular and cellular immunology, and
molecular virology. Excellent startup funds, state-
funded salary commensurate with experience, and
modern research facilities will be provided. Applica-
tions should include curriculum vitae, representative
reprints, a summary of past experience, a statement
regarding research interests and future plans, as well
as three letters of recommendation. All material
should be sent to:

Chair, Faculty Search Committee
Department of Microbiology and

Immunology and Molecular Genetics
MS409, Medical Center
University of Kentucky

Lexington, KY 40536-0298
Telephone: 800-462-5257

Fax: 859-257-8994

The University of Kentucky is an Equal Opportunity/
Affirmative Action Employer and has an affirmative duty to
reasonably accommodate otherwise qualified individuals with a
disability.
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TheScienceMeetings &
Announcements Database

Is your event listed?

When you run your ad in Science, it is automatically
posted in the Meetings & Announcements database at
Sciencemeetings.org. This online posting receives a free
hyperlink to any e-mail or web address. The Meetings &
Announcements page is searchable by keyword, discipline,
geographic region, or category/subject. It doesn’t get
any easier.

A comprehensive listing of events, grant
announcements, courses & training, and
more … in print and online.

U.S. Kathleen Clark: 510-271-8349
Europe and International Tracy Holmes: +44 (0) 1223 326 500
Japan Jason Hannaford: +81 (0) 52 789-1860

www.sciencemeetings.org

DIRECTOR – PROTEIN CHEMISTRY AND
BUSINESS DEVELOPMENT

Novozymes Biotech, Inc.
Davis, California

If you are an outstanding Protein Chemist, this is an opportunity to lead 
the company’s research and development efforts in protein chemistry/
enzymology, as well as participate in business development efforts.

Novozymes Biotech, Inc., located in Davis, California, is a wholly-
owned research and development subsidiary of Novozymes A/S based in 
Denmark. Novozymes A/S is the world’s largest discoverer, manufacturer
and marketer of industrial enzymes and microorganisms. In addition, we 
produce biopolymers, and are involved with pharmaceutical applications 
of our core technologies.

Minimum qualifi cations: Ph.D. in Biochemistry or a similar discipline 
with a minimum of 10 years of well-documented research experience. The 
salary for this position is competitive within the industry with outstanding
benefi ts that exceed industry standards; relocation included.

For consideration please reference Job PC04 and submit your CV, and a 
list of 3 references to: nzbthr@novozymes.com -- Or mail to: Novozymes 

Biotech, Inc., 1445 Drew Avenue, Davis, CA 95616.

To learn more about our company and this position, please visit:
www.novozymesbiotech.com

www.novozymes.com

Novozymes Biotech, Inc. is an Equal Opportunity Employer. All 
qualifi ed applicants will receive consideration for employment 
without regard to race, color, religion, sex or national origin.

Open Faculty Search
Dorothy M. Davis Heart and Lung Research Institute

The Ohio State University

The Dorothy M. Davis Heart and Lung Research Institute has immediate 
openings for tenure-track faculty positions. Candidates should have a 
Ph.D. or M.D., postdoctoral experience, and a strong commitment to car-
diovascular or pulmonary research. The individual will be responsible for
the support and maintenance of an independent research program in heart
and/or lung disease, as well as cooperative research with other principal 
investigators engaged in several aspects of cardiovascular research.

The DHLRI is rapidly expanding under the leadership of Dr. Jay L.

Zweier. The Institute is a 120,000 square foot, comprehensive, state-of-
the-art research facility. Core facilities include bioinformatics, microarray
analysis, cell analysis, fl ow cytometry, microscopy, protein expression and
MRI. The Institute is closely aligned with the new Richard M. Ross Heart
Hospital. The Heart Hospital will be one of only a handful of hospitals 
dedicated to heart disease, and together with the DHLRI will create a 
world class Heart Center at The Ohio State University.

Applications should include a detailed curriculum vitae, a description of 
research experience and a statement concerning the nature of the planned 
independent research program. Information about the University and
DHLRI can be obtained by contacting our websites (http://www.osu.edu

and http://heartlung.osu.edu).

Application materials should be sent to:
Bryan Ford

Human Resources

473 West 12th Avenue

Room 110

Columbus, Ohio 43210-1252

E-mail: ford.95@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.

http://Sciencemeetings.org
http://www.sciencemeetings.org
mailto:nzbthr@novozymes.com
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http://ScienceCareers.org


POSITIONS OPEN

POSTDOCTORAL POSITION
U.S. Food and Drug Administration

Department of Health and Human Services

A Postdoctoral position in the area of genomic
diversity among enteric pathogens is available in the
Division of Molecular Biology of the Center for
Food Safety and Applied Nutrition. Applicants
should be familiar with DNA microarray techniques
and data analysis currently being used for genotyp-
ing and gene expression studies in prokaryotes. The
candidate must have a Ph.D., or equivalent, in the
field of molecular biology or a related field. The po-
sition is for one year, but may be extended for up to
three years.

The position offers a unique research opportunity
as part of a multidisciplinary team to develop
strategies for identifying and understanding genomic
diversity of bacterial pathogens. The candidate will
develop novel methods for genomic analysis of
bacterial pathogens such as Escherichia coli, Shigella,
and Salmonella that may contaminate the nation_s
food supply, as part of collaboration between the
Food and Drug Administration and the Department
of Homeland Security.

The facility is located at the Muirkirk Research
Complex in Laurel, Maryland, near Washington,
D.C. Salary is very competitive. Interested applicants
should send curriculum vitae and three letters of
recommendation to: Thomas A. Cebula, Ph.D.,
Center for Food Safety and Applied Nutrition
(HFS-025), 8301 Muirkirk Road, Laurel, MD
20708, or e-mail: thomas.cebula@fda.hhs.gov.

TWO POSTDOCTORAL
FELLOW POSITIONS
Available Immediately

Molecular Pathobiology of Atherosclerosis

A Postdoctoral Fellowship is available immediately
to work on a project in The Wake Forest and
Harvard Center for Botanical Lipids, one of five
NIH National Center for Complementary and Al-
ternative Medicine funded Centers in the United
States. The focus of the project is to investigate the
molecular mechanisms by which botanical oils,
compared to fish oil, influence plasma lipid metab-
olism, inflammation, and atherosclerosis. A Post-
doctoral Fellowship is also available to investigate
the molecular mechanisms by which tissue specific
expression of ABCA1 will affect high density
lipoprotein metabolism and atherosclerosis. The
successful candidate will use a multidisciplinary
approach that includes transgenic/gene-targeted
mouse models, molecular biology, biochemistry,
and vascular wall biology. Background in molecular
and cellular biology is necessary and experience in
vascular wall biology and use of mouse models is
desirable. Applicants should send a cover letter
stating goals and curriculum vitae with reference
contacts to: Dr. John Parks, Department of
Pathology, Wake Forest University School of
Medicine, Medical Center Boulevard, Winston-
Salem, NC 27157. E-mail: jparks@wfubmc.edu.
Affirmative Action/Equal Opportunity Employer.

POSTDOCTORAL POSITION

Laboratory of Michael Rosenblatt, Department
of Physiology, Tufts University School of Medicine.
Project: A novel animal model of human cancer cell
metastasis to human bone to study Bosteotropism[
utilizing gene expression profiling.

Our laboratory offers interdisciplinary training in a
premier research environment.

Send curriculum vitae, summary of research ex-
perience, copies of publications, and contact infor-
mation for three references to: Michael Rosenblatt,
M.D., Office of the Dean, Tufts University School
of Medicine, 136 Harrison Avenue, Boston, MA
02111. Telephone: 617-636-6565; fax: 617-636-
0375; e-mail: michael.rosenblatt@tufts.edu.

POSITIONS OPEN

ASSISTANT PROFESSOR

The Institute of Human Virology, University of
Maryland Biotechnology Institute, has an immediate
opening for a nontenure-track faculty, to conduct
scientific research in the molecular basis of neuro-
tropism of HIV-1; regulation of HIV-1 receptor and
co-receptor of CD4 independent entry; immune-
mediated pathways of not productive HIV-1 infec-
tion, that may foster new vaccine design and/or
improved understanding of HIV-1/AIDS patho-
genesis. Will perform research and contribute to
the field of neurovirology in the Latin American
countries by building their research capacity, infra-
structure and programs, developing societies in the
field of virology and neurosciences on a national and
international level.

Candidate must have an M.D. and/or Ph.D. in
virology, neuroscience, with at least three years
postdoctoral experience. Must have a record of out-
standing publications in neurovirology or immunol-
ogy, with substantial evidence of innovation. Salary
is commensurate with experience and qualifications.
Please send a letter of application (referencing
300589), current resume, and names and telephone
numbers of three references to the following
address: Dr. C. David Pauza, Institute of Human
Virology, 725 West Lombard Street, Baltimore,
MD 21201 and/or e-mail: pauza@umbi.umd.
edu. Review of applications will begin immediately,
and continue until a suitable candidate is selected.
The University of Maryland Biotechnology Institute is an
Equal Opportunity/Affirmative Action Employer. Women,
minorities, veterans, and candidates with disabilities are
encouraged to apply.

POSTDOCTORAL/RESEARCH ASSOCIATE
POSITION

The Molecular Cardiology and Neuromuscular
Institute, a not-for-profit laboratory associated with
the Department of Physiology and Biophysics-
Robert Wood Johnson Medical School, has a position
in cardiovascular research. Applicant must have expe-
rience in cardiomyocite culture, fluorescent/confocal
imaging, spectrophotometric analysis of enzymes
activity, and modern molecular and biochemical
techniques. Excellent communication skills. Must be
U.S. citizen or permanent resident. Write or e-mail to:

Jose Marin, M.D., Director
Molecular Cardiology and Neuromuscular Institute

75 Raritan Avenue
Highland Park, NJ 08904

E-mail: tmci@att.net

POSTDOCTORAL POSITION
Davis Heart and Lung Research Institute

The Ohio State University

A position is available for a scientist with experi-
ence in cardiac physiology to study free radical and
nitric oxide formation and related mechanisms of
post ischemic injury. Experience with isolated heart
and in vivo models desired. Salary commensurate
with experience. Please send curriculum vitae to: Jay
L. Zweier, M.D., 473 W. 12th Avenue, Room
110, Columbus, OH 43201. E-mail: zweier-1@
medctr.osu.edu. Please reference PA08 in your
application.

The Ohio State University is an Equal Opportunity/
Affirmative Action Employer. Qualified women, minorities,
Vietnam era veterans, and individuals with disabilities are
encouraged to apply.

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.

POSTDOCTORAL CHEMIST
METABOLOMICS

A Postdoctoral Chemist, preferably with experi-
ence in nuclear magnetic resonance spectroscopy and
analytical chemistry is needed for a metabolomics
project, which will use both clinical and animal
models. This is a chance to participate in systems
biology research and to interact closely with biolo-
gists and computer scientists. Training towards an
independent career in biomedical science will be
provided. To apply (including curriculum vitae and
three reference letters) or for more information
please contact: Dr. Giovanni Paternostro (e-mail:
giovanni@burnham.org) at the Burnham Insti-
tute, 10901 North Torrey Pines, La Jolla, CA
92037.

The Burnham Institute (website: http://www.
burnham.org) is one of the major biomedical re-
search centers in the United States, located close to
the Salk Institute, Scripps, and the University of
California, San Diego.

RESEARCH ASSISTANT PROFESSOR:
Nontenure-track, full-time research faculty position
available in the Department of Medicine, Division of
Gastroenterology and Hepatology at the University
of Alabama at Birmingham (UAB). Applicant should
have molecular biology experience with HIV-1 and
cytomegalovirus and cellular transport mechanisms.
Experience in mucosal immunology, particularly
working with dendritic cells, is preferred.

Contact: Phillip D. Smith, M.D., Division of
Gastroenterology and Hepatology, Department
of Medicine, University of Alabama at Birming-
ham, 703 19th Street South, ZRB 633, Birming-
ham, AL 35294. Fax: 205-934-8493, e-mail:
pdsmith@uab.edu.

Applicants must comply with the Immigration
and Control Act. UAB is an Equal Opportunity/
Affirmative Action University.

POSTDOCTORAL POSITION

NIH-funded position to study signaling pathways
underlying cancer cell behavior involving Ras and
Rho family proteins. Experience in molecular biolo-
gy or biochemistry required. Candidates must have
Ph.D. or M.D. and reside in the United States. Send
curriculum vitae with three references to: Dr. Rachel
Buchsbaum, Molecular Oncology Research Insti-
tute, Tufts-New England Medical Center, 750
Washington Street, Boston, MA 02111. E-mail:
rbuchsbaum@tufts-nemc.org.

COURSES AND TRAINING

GRADUATE STUDENTS AND
POSTDOCTORAL SCIENTISTS

Are you Seeking Information on:
Career Opportunities?
Scientific Presentations?

Grant Writing?
Teaching Strategies?

American Society for Microbiology is
accepting applications for the

Graduate and Postdoctoral Summer Institute
in Preparation for Careers in Microbiology

July 30 to August 3, 2005
University of Connecticut, Storrs
Applications are available at website:

http://www.asmgap.org
Application deadline: June 15, 2005

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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REQUEST FOR APPLICATIONS 

AVAILABLE

Philip Morris USA Inc. and Philip Morris International 
announce the availability of their 2005 Request for
Applications booklet for the Philip Morris External
Research Program. The broad range of research interests 
includes the following scientific areas: Exposure/
Biomarkers/Dosimetry, Epidemiological Research,
Clinical and Model Systems Research, and Tobacco 
Smoke and Smoking Behavior. Letters of intent are due 
by July 1, 2005. Applications must be received by August 
15, 2005.

For more information or a copy of the 2005 Request
for Applications booklet, please call or write Research 
Management Group, coordinator for the Philip Morris
External Research Program.

Research Management Group
Attn: Research Manager

1099 Winterson Road, Suite 280
Linthicum Heights, Maryland 21090-2216 USA

Telephone: 1-410-684-3782
Fax: 1-410-684-3729

Email: rmgroup2000@aol.com

Dr. O.P. Sood
Member-Governing Council

RANBAXY SCIENCE FOUNDATION
77B, Sector 18, IFFCO Road, Udyog Vihar Industrial Area, 
Gurgaon-122 015 (Haryana) India
Phone : 91-124-2341477 (D) 2342001-10, 5012501-10
Fax : 91-124-2342018, 2342017
E-mail : omprakash.sood@ranbaxy.com
Website : http://www.ranbaxyscienfoundation.com

The sponsored work of Indian scientists, both 

in India and abroad, together with their bio-

data, research achievements, awards 

received in the past and papers published, 

may be forwarded (in 12 bound sets) to the 

Ranbaxy Science Foundation by  July 1,2005.

Details of the procedure are being circulated 

to nominators and are also available from the 

office of the Foundation and on our Website. A 

panel of judges, comprising eminent 

scientists, will review the research work. Non-

resident Indian scientists are also eligible for 

these awards.

Nominations are invited from Heads of 

Research Institutions, Universities and 

Medical & Pharmaceutical Colleges, for the 

Ranbaxy Research Awards-2004. 

There are four Awards of Rs. 1 lakh each, 

for excellence in original research, in 

Medical and pharmaceutical Sciences.

Medical Sciences
One Award each for Basic Research, 

Medical Research and Clinical Research.

Pharmaceutical Sciences
One Award
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(800) 964-6143 or (858) 451-7400 Fax: (858) 451-7401
* Limited to 100,000

ChemBridge
Corporation

Diverse Small Molecules
Ready for Screening

Upwards of 200,000
Compounds

Pre-Plated in DMSO

Very Competitively
Priced

Next Day Delivery*
Website: www.chembridge.com
Email: sales@chembridge.com

High throughput DNA sequencing
Gene synthesis $2/bp any size
Protein expression & purification
Yeast 2 hybrid/phage displaying

www.mclab.com, 888-625-2288

The World of Science Online

www.scienceonline.org

SAGE KE
E-Marketplace

ScienceCareers.org
Science’s Next Wave

Science NOW
STKE

I read my Science when
I’m at the skatepark with

my son. It’s great to be out in 
the fresh air. And an interesting
cover picture will often provoke
questions and interesting conver-
sations with parents and
kids alike.

AAAS is committed to advancing
science and giving a voice to scien-
tists around the world. Helping our
members stay abreast of their field
is a key priority.

One way we do this is through 
Science, which features all the 
latest groundbreaking research,
and keeps scientists connected
wherever they happen to be. 

To join the international family of
science, go to www.aaas.org/join.

www.aaas.org/join

Q
Who’s helping 
scientists stay

one jump ahead?

“ “
Photo: Dr. Martin Levy

AAAS member Lorraine J. Kuhn, Ph.D.
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Successful research is important to all of us.

Use Clonetics® Melanocyte Cell Systems.

For more information contact us at:
www.cambrex.com/prod.NHEM
U.S. 800-638-8174 | Europe 32 (0) 87 32 16 11
All trademarks herein are marks of Cambrex Corporation or its subsidiaries.
For Research Use Only. Not for Use in Diagnostic Procedures.

Cambrex Bio Science Walkersville, Inc.
8830 Biggs Ford Road | Walkersville, MD 21793

Cambrex, the source for Clonetics® and Poietics™ Cell Systems, BioWhittaker™ Classical Media, SeaPlaque® and NuSieve® Agarose, and PAGEr® Precast Gels.

Clonetics® Melanocyte Cell
Systems contain normal
human epidermal neonatal
melanocytes (shown on left)

and optimized media for
their growth. Each system
can quickly generate

melanocyte cultures for the study of pigmentation
(melanogenesis), cellular differentiation, viral-induced
transformation, antigen expression and cell adhesion.
Clonetics Melanocyte Cell Systems are convenient and
easy to use, allowing the researcher to focus on results.

Normal Human Epidermal Melanocyte Cell System

� Cells are > 90% functional based on verification of
melanocyte conversion of L-dopa into dopa-melanin.

� New optimized media kit for melanocyte proliferation
is superior to existing commercial media products.

� Guaranteed purity of > 85% using immunofluorescent
labeling of Mel-5.

� Cells, medium and reagents are quality tested together
and guaranteed to give optimum performance as a
complete “cell system”.

WIN $5,000 in FREE PRODUCT!
Visit www.cambrex.com/promotion/05CBIO for details.
WIN $5,000 in FREE PRODUCT!
Visit www.cambrex.com/promotion/05CBIO for details.

http://www.cambrex.com/prod.NHEM
http://www.cambrex.com/promotion/05CBIO
http://www.cambrex.com/promotion/05CBIO



