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Nuclear Activity of MLA Immune Receptors Links Isolate-Specific and
Basal Disease-Resistance Responses

(.-H. Shen et al.

Plant immune receptors that detect pathogen attack trigger resistance responses
by derepressing a transcriptional requlatory loop.

10.1126/science. 1136372
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A “Silent” Polymorphism in the MDR1 Gene Changes Substrate
Specificity

C. Kimchi-Sarfaty et al.

Arare, but synonymous, codon in alleles of a drug-resistance gene can change
translation kinetics and so produce a conformationally distinct protein species.

10.1126/science. 1135308
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IMMUNOLOGY

Imaging of Germinal Center Selection Events During Affinity Maturation
C. D. C. Allen, T. Okada, H. L. Tang, ]. G. Cyster

During selection of immune cells that make high-affinity antibodies within lymph
nodes, the cells are highly mobile and seem to compete for help from other immune

cells.
10.1126/science. 1136736

CHEMISTRY
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F. Tiago de Oliveira et al.

A high valent state of iron implicated in many enzymatic and environmental

A A. Komar oxidations has been characterized in a stable compound at low temperature.
10.1126/science. 1138239 10.1126/science. 1133417
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A whole-genome comparison between human and a cartilaginous
fish that occupies a basal phylogenetic position reveals conserved

noncoding elements not seen in the bony fishes.
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Untemplated Oligoadenylation Promotes
Degradation of RISC-Cleaved Transcripts

F. Ibrahim, ]. Rohr, W.-]. Jeong, ]. Hesson, H. Cerutti

In an algal species, a polyadenylate polymerase adds adenines
to RNA fragments, stimulating RNA degradation.

RESEARCH ARTICLES

CLIMATE CHANGE

The Heartheat of the Oligocene Climate System

H. Pdlike et al.

Marine sediments from 34 to 21 million years ago reveal an
intricate response to orbital forcing on the part of Earth’s climate,
carbon cycle, and ice sheets.

VIROLOGY

Epochal Evolution Shapes the Phylodynamics of
Interpandemic Influenza A (H3N2) in Humans

K. Koelle, 5. Cobey, B. Grenfell, M. Pascual

An epidemiological model that allows for differences between
influenza’s genetic and antigenic properties accurately predicts
actual patterns of flu infection. == Perspective p. 1884
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W. E. Walden et al.

A dual function protein switches from its compact enzymatic form
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ASTRONOMY

A Gaseous Metal Disk Around a White Dwarf 1908
B. I. Gansicke et al.

A double-peaked emission-line profile marks a disk of enriched
material orbiting a white dwarf, implying that planetary systems

can form around high-mass stars.

PHYSICS

Distinct Fermi-Momentum—Dependent Energy 19210
Gaps in Deeply Underdoped Bi2212

K. Tanaka et al.

Spectrometry on a high-temperature superconductor lacking

a few of its electrons reveals that two additional energy gaps
separate the pseudogap and the true superconducting gap.

>= Perspective p. 1888

PHYSICS

The Ground State of the Pseudogap in Cuprate 1914
Superconductors

I Valla, A. V. Fedorov, ]. Lee, ]. C. Davis, G. D. Gu

The existence of an energy gap in a nonsuperconducting cuprate
suggests that a comparable gap in superconductors arises as
electrons pair up but are not fully coherent,

>> Perspective p. 1888

APPLIED PHYSICS

Nondestructive Optical Measurements of a Single 1916
Electron Spin in a Quantum Dot

J. Berezovsky et al.

An optical technigue can probe the spin state of a single electron in a
guantum dot without altering it, meeting a requirement for quantum
information processing.

GEOPHYSICS
A Sea-Floor Spreading Event Captured by 1920
Seismometers

M. Tolstoy et al.

Seismometers of the ocean floor revealed an increase in earthquakes
for several months before an eruption of magma that formed a new
sea floor along the East Paafic Rise. ==

EVOLUTION

Homoploid Hybrid Speciation in an Extreme Habitat 1923
Z. Gompert et al.

As postulated by theory, a new species of butterfly evolved when

a hybrid of two existing species became adapted to an extreme
alpine environment.

PALEONTOLOGY

A Giant European Dinosaur and a New 1925
Sauropod Clade

R. Royo-Torres, A. Cobos, L. Alcala

A giant sauropod, representing a new clade of dinosaurs, inhabited
Europe in the Late Jurassic and appears to be more primitive than
New World giant sauropods.
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ECOLOGY
Anticipatory Reproduction and Population Growth 1928

in Seed Predators

S. Boutin et al.

Squirrels increase reproduction before seasonal pulses of high seed
production, synchronizing population size with resource availability.

GENETICS

Human Catechol-O-Methyltransferase Haplotypes 1930
Modulate Protein Expression by Altering mRNA

Secondary Structure

A. G. Nackley et al.

Variants of a human gene that affect pain sensitivity produce
dissimilar amounts of protein because of nucleotide differences

that affect mRNA secondary structure and alter translation.

MICROBIOLOGY

Lineages of Acidophilic Archaea Revealed by 1933
Community Genomic Analysis

B. ]. Baker et al.

Direct cloning of an unusual 165 rRNA in biofilms from acid mine
drainage reveals a distinct lineage of small archaeons that may
subsist an pyrite.

IMMUNOLOGY
Adjuvant-Enhanced Antibody Responses in the 1936
Absence of Toll-Like Receptor Signaling

A. L Gavin et al.

Adjuvants added to vaccines boost responses, surprisingly, without
acting through known innate immunity receptors, indicating a need
for vaccine development strategies. ==

CELL BIOLOGY

Relating Three-Dimensional Structures to Protein 1938
Networks Provides Evolutionary Insights

P M. Kim, L. ]. Lu, Y. Xia, M. B. Gerstein

Proteins with many simultaneous partners tend to be conserved,
whereas those with one partner at a time are more likely to vary
among species. == Perspective p. 1882

PHYSIOLOGY

Characterizing a Mammalian Circannual Pacemaker 1941
G. A. Lincoln, I. ]. Clarke, R. A. Hut, D. G. Hazlerigg

Annual molting cycles in sheep are controlled by timing cells within
the pituitary that trigger hormone secretion from adjacent cells.
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FRANCE: Science in an International and Humanitarian
Context

L. Dicks

UNESCO offers young scientists a chance to apply their work
to humanitarian needs.
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P. Shulman

Former fashion model Amanda Adams helps unravel the secrets
of geographic sites.
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CREDITS (TOP TO BOTTOM): PHILIPPE HEMRY, WWW.PHILIPPE-HENRY.COM; VALLA ET AL

Looking Closely at
Oligocene Climate

Changes in solar forcing caused by Earth’s
orbital motion not only have direct effects on
climate but can also exert indirect effects on
greenhouse gases such as CO,. Palike et al.
(p. 1894) assembled a detailed, 13-million-
year—long record of oxygen and carbon isotopes
that span the entire Oligocene, a key period of
Earth's transformation from a warm world essen-
tially free of high-latitude ice sheets to one with
persistent glaciation in Antarctica. Using a box
model of the carbon cycle, they show how the
global carbon cycle can amplify long-term solar
forcing and attenuate shorter-term onesin a
manner controlled mainly by the residence time
of carbon in the oceans.

Death of a Solar System

At the end of its life, a star like the Sun blows
away all of its outer layers and compresses into a
white dwarf. Gansicke et al. (p. 1908) have
spotted the remnant debris from a planetary or
asteroidal system orbiting a white dwarf. The
disk of material is rich in heavy elements (met-
als) and shows a double-peaked emission line
profile characteristic of material in orbit around
a star.

Gently Probing Spins
Photoluminescent and charge-injection methods
can determine single electron spin states but do
not leave the spin state intact. For quantum
information processing based on the spin stor-
age and manipulation, the states need to be left
intact after measurement. Berezovsky et al.
(p. 1916, published online 9 November)

<< Be Prepared

describe the use of optical Kerr rotation that can
probe the spin state of a single electron on a
quantum dot nondestructively.

A Gulf Between Two Gaps

In the high-temperature superconductors, the
onset of superconductivity is preceded by a
region known as the pseudogap, particularly in
underdoped samples. The relation of the pseudo-
gap to superconductivity has been controversial,
in part because different experiments have gen-
erated conflicting results. With improvements in
sample quality and using an optimized, angle-
resolved photoemission spectroscopy technique,
Tanaka et al. (p. 1910, published online 16
November) reveal the pres-

ence of two gaps with

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

Reproduction and population growth are driven by the availabil-
ity of resources. Boutin et al. (p. 1928) provide evidence that
two species of squirrel adjust their reproductive investment to
match future increases in seed production, rather than simply
tracking current or past seed production. Thus, reproductive
investment of seed eaters can respond to future food availability,
which creates an intriguing parallel in reproductive strategies
between trees and the animals that consume their seed.

Seismic Seafloor Seep

Most of Earth's crust is created at mid-

ocean ridges in eruptions of lava. Tolstoy et al.
(p. 1920, published online 23 November; see the
Perspective by Chadwick) have captured the seis-
mic signature of a diking event as veins of lava
broke through to the surface along the East
Pacific Rise for 6 hours in January 2006. Their
array of seismic detectors on the site monitored a
gradual rise 1n seismic activity during the years
leading up to the event and its waning thereafter.

The Origin of New Species

Homoploid hybrid speciation, the origin of a new
species as a result of hybridization between two
distinct species, is relatively rare in ani-

different doping
dependence, one gap
with the pseudogap
and the other with the
superconducting gap.
Valla etal. (p. 1914,
published online 16
November) present

results of a photoe-

mals. Gompert et al. (p. 1923, pub-
lished online 30 November), demon-
strate that an adaptation to an extreme

. alpine environment has facilitated homo-
| ploid hybrid speciation in the Lycaeides
butterflies of western North America. The
hybrid species possesses a mosaic
genome that is a mixture of the parental
genomes and is reproductively isolated

mission and scanning

tunneling microscopy study

on a nonsuperconducting cuprate that still
exhibits the d-wave signature of its superconduct-
ing cousins. The results suggest that the pseudo-
gap regime is formed as electrons pair up, but
without the global coherence associated with the
superconducting state. These results, which sug-
gest that the pseudogap and superconducting gap
coexist but are not related, should have implica-
tions for understanding superconductivity mecha-
nisms (see the Perspective by Millis and the 17
November news story by Service).

from both of the parental species.

European Giants

Enormous dinosaurs are the hallmark of many
visions of prehistory, but fossil evidence for
these giants has been limited to the New World
and Africa. Royo-Torres et al. (p. 1925) now
describe a specimen of a huge dinosaur (40 to
A8 metric tons) recovered from Upper Jurassic to
Lower Cretaceous rocks in Spain. The specimen
represents a new clade of sauropods that seems
Continued on page 1839
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CREDIT: WALDEM ET AL

This Week 1n Science

Continued from page 1837

to have distinctly more primitive limb and bone structure than other giant sauropods found on other
continents in Jurassic and Cretaceous rocks. Thus, enormous size arose in other groups of dinosaurs
aside from the neosauropods.

Immunity and Influenza

Seasonal influenza exhibits high morbidity and mortality worldwide, so understanding its phylogenet-
ics and dynamics is impaortant. Despite its high mutation rate, there is limited observed diversity of
influenza, perhaps because of generalized strain-transcendent immunity, but there is no evidence for
generalized immunity in humans. However, there is evidence of antigenic clusters that sweep through
the global human community between successive seasons. Koelle et al. (p. 1898; see the Perspective
by van Nimwegen) introduce a phylodynamic model that allows for differences between influenza's
genetic and antigenic properties and show that influenza’s characteristic phylogeny can arise from
cluster-specific immunity alone,

Details Define Double Duty

lron regulatory protein 1 (IRP1) is a dual-function protein. With an iron-
sulfur cluster bound, itis a cytosolic aconitase enzyme, but without
it, IRP1 binds iron-responsive elements (IREs) in messenger RNA
and regulates the expression of genes involved in iron transport, ;{?I*T‘L 1
storage, and utilization. Walden et al. (p. 1903; see the Per- i
spective by Rouault) now describe the structure of IRP1 bound to
ferritin H IRE at 2.8 angstrom resolution and compare it with the known
structure of cytosolic aconitase. The switch between the two functions is
coupled to large-scale domain rearrangements, from a compact struc-
ture in the aconitase to an extended structure that interacts with the IRE
at two sites. The RNA binding and enzyme active sites overlap with many
amino acids that serve different roles in each state.

Small, But Not Overlooked

From a fragment of DNA obtained during a metagenomic study of a microbial community living in
acid mine drainage, Baker et al. (p. 1933) have obtained evidence for a low-abundance lineage of
archaea they call ARMAN (Archaeal Richmond Mine Acidophilic Nanoorganism). The DNA fragment
carries a ribosomal RNA gene that indicates the organism's deep divergence from other archaeal
groups. Members of the ARMAN group carry a gene encoding a pyrophosphatase that can be used in
extracting energy from pyrite. Visualization with fluorescent in situ hybridization has revealed very
small, ribosome-packed, irregularly shaped cells.

What's in a Vaccine?

After vaccination, the efficiency with which protective antibodies are produced often depends on the
presence of an adjuvant, a substance that promotes activation of antibody-producing B cells. It has
been anticipated that Toll-like receptors (TLRs) might be major players in mediating the effects of
adjuvants. However, Gavin et al. (p. 1936; see the news story by Wickelgren) now find that the
known TLR pathways do not modulate B cell responses and so adjuvants containing TLR ligands must
depend on other properties. Such a revision to thinking about the effects of TLR on B cell responses
will likely refocus current thinking about vaccine development.

The Pacemaker 1n the Pituitary

Endogenous annual rhythms drive many long-term cycles in physiology and behavior in long-lived
vertebrates, but the anatomical and cellular basis of such rhythm generation remains a mystery.
Lincoln et al. (p. 1941) analyzed prolactin secretion and its associated biological changes in
sheep whose pituitary gland had been surgically disconnected from the central nervous system.
Melatonin secretion by the pineal gland requlated the hormonal effect. Timer cells in the pituitary
possess melatonin receptors that permit their requlation by the duration of the melatonin signal.
These timer cells, in turn, drive the prolactin synthesizing and secreting cells, which themselves
lack melatonin receptors.
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CREDIT: CAMEROM SLAY DENAMAW.COSMOCYTE.COM

Donald Kennedy is the
Editor-in-Chief of Science.

Breakthrough of the Year

LAST YEAR, EVOLUTION WAS THE BREAKTHROUGH OF THE YEAR; WE FOUND IT FULL OF NEW
developments in understanding how new species originate. But we did get a complaint or two
that perhaps we were just paving extra attention to the lively political/religious debate that was
taking place over the issue. particularly in the United States.

Perish the thought! Our readers can relax this year: Religion and politics are off the table, and
n-dimensional geometry is on instead. This vear’s Breakthrough salutes the work of a lone,
publicity-shy Russian mathematician named Grigori Perelman, who was at the Steklov Insttute
of Mathematics of the Russian Academy of Sciences until 2005. The work is very technical but
has received unusual public attention because Perelman appears to have proven the Poincaré
Conjecture, a problem in topology whose solution will earn a $1 million prize from the Clay
Mathematics Institute. That’s only 1t Perelman survives what’s left of a 2-year gauntlet of critical
attack required by the Clay rules, but most mathematicians think he will.

The analysis supplied by Dana Mackenzie on p. 1848 struck me as a
fascimating exploration, full of metaphors suggesting a multidisciplinary
dimension in Perelman’s analysis. He first got interested in Ricei flow, a
process by which topological regions of high curvature flow into regions of
lower curvature. He also identified a quantity, which he called “entropy,”
that increased during the flow, providing a gradient. Tight spots in spatial
connections block the application of these rules to dimensions higher than
two, s0 Perelman dealt with these through “surgical intervention.” This story
is rich with borrowings: from fluid mechanics, thermodynamics, and even
surgery! It’s hard to deal with a three-dimensional object in four-dimensional
space. Perelman’s solution is a stunning triumph of intellect. Alas. it has led
to bitter controversy, involving others but not Perelman.

Of course. in any Breakthrough year we are obliged to have a Breakdown.
This time around, we had to blow the whistle on ourselves. In recognizing this as a yvear in which
scientific fraud took center stage, it was clear that we had to lead with the story mvolving the
retraction of two of our own papers, an event that drew worldwide press attention and required
us to ask for an outside evaluation of how we had handled the papers. That brought us some
tough news about how competitive the scientific enterprise has become, and the consequential
incentive to push (or shred) the ethical envelope.

On the positive side. it was a rich year tor important experimental studies. My favorites
include some new explanations for how species originate, one of the daunting post-Darwinian
puzzles. Among other examples. there is a clear case for speciation through hybridization.
an exception to the more general rule that hybrids either don’t make it or are reproductively
mcompetent. Because 1 like coastlines, when [ see new evidence about sea-level rise. 1 pay
attention. This year we got new measures of rates of glacial melting at both ends of the globe: in
Greenland, where rates are in hundreds of gigatons a year. and in Antarctica, where dramage by
ice streams is accelerating. [ also follow the Neanderthal story, because it’s interesting to ponder
how different human species—now thought from archacological evidence to have overlapped
tor perhaps 10.000 years—might have interacted. New sequencing of the Neanderthal genome
indicates that the point of divergence 1s nearly half a million years old and opens up a wealth of
comparisons with the human genome sequence. The question everyone asks—"Did they have
sex?"—is still open. though barely.

All mall. it’s not been a bad vear. The predictions we made in 2005 of**Areas to Watch™ turned
out pretty well. We said RNA interference would be an active sector—good call. Cosmic-ray
capture didn’t work out. but there was the predicted level ot activity on the “small worlds™ of
microbial communities. We predicted lots of activity on high-temperature superconductivity,
and there were more applications. although less new theory. The worst miss was the prediction
that the ivory-billed woodpecker would be re-found. Come on, birders, give us some help out
there: a good photo, please, not the skin,

— Donald Kennedy

10.1126/science. 1138510
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EDITED BY GILBERT CHIN AND JAKE YESTON

GENETICS
Color Convergence in Columbines

Anthocyanins are pigment molecules commonly found in red,
blue, and purple flowers. Columbine flowers are imbued with
anthocyanins, and this plant is known to have undergone a recent
and rapid divergence, most likely as a result of strong selection by
pollinators for floral traits such as color.

Using a phylogenetic framework, Whittall et al. have investi-
gated the convergent loss—that is, the loss of the same trait across
multiple evolutionary lineages—of anthocyanin biosynthesis in
columbines, which has resulted in flowers that are yellow or white. They
found six independent losses (four fixed and two polymorphic) and no
gains of floral anthocyanins. Quantitating the anthocyanin precursors in three
species without anthocyanin loss and eight species with loss demonstrated that the
loss of anthocyanin correlated with a broad convergence in the reduced expression of
genes that occur in the later stages of the biosynthetic pathway. Additionally, two of these genes
are requlated by a single gene and demonstrated a correlated reduction of expression in five lineages, suggest-
ing that the mutation causing anthocyanin loss is a requlatory component and not a structural one (enzyme).
These data show that there is an evolutionary constraint on some of the genes in anthocyanin biosynthesis, most
likely because upstream intermediates are also useful in protecting plants against UV damage, insects, and
pathogens. — LMZ

Mol. Ecol. 15, 4645 (2006).

CHEMISTRY

Taste and Timing

Modern water treatment protocols have gone a
long way toward the efficient elimination of
toxic contaminants in municipal supplies. How-
ever, certain benign impurities may remain and
give rise to unpleasant tastes or odors. One
challenge in adopting a general strategy for
treating such “T&0" compounds is their varying
proportions in different water sources. Effective
remediation thus requires detailed knowledge
of the distinct chemistry of each substance.
Toward this end, Peter and von Gunten pres-
ent a systematic study of the oxidation kinetics
of 11 common organic T&O
contaminants by both ozone and
hydroxyl radicals. The targets,
spanning a variety of alcohols,
aldehydes, ketones, and ethers,
were treated individually with the
oxidants in ultrapure water, and
measured rate constants were then
used to predicl the degradation
kinetics observed in spiked samples
of natural water from two different
lakes. In general, the predictions
and measurements showed strong
agreement. Five of the compounds
were very efficiently oxidized by
ozone, with rate constants of ~10°
M~1s71, Trihaloanisoles proved the

22 DECEMBER 2006

most resistant to preliminary ozonation but were
rapidly degraded by hydroxyl radicals. The
authors note that hydroxyl radical protocols
would need to be applied carefully to avoid
excessive production of toxic bromate ions from
residual aqueous bromide salts. — ]SY

Environ. Sci. Technol. 10.1021/es061687b (2006).

ECOLOGY
Mopping Up Little Helpers

Sponges (Porifera) hold an interesting evolution-
ary position (sitting between the choanoflagel-
lates and other animals), being conglomerations
of cells, with some functional and morphological
differentiation, loosely organized
around a spongocoel cavity. Many
sponges host an array of prokary-
otes, some of which may accumu-
late passively as the sponge filters
seawater; indeed, one view is that
the sponge cells serve merely as

an inert scaffold for prokaryote
communities.

However, Sharp et al. show in a
3-year study that this association
can persist beyond happenstance.
They find that sponge embryos

The Pacific sponge Corticium (top),
and resident bacteria (green) and
archaea (red).

travel with a contingent of prokaryotes that are
inherited vertically, implying that there are
selective mechanisms of transmission and
recruitment. Like the somatic cells of the sponge,
the prokaryotic denizens display a functional
differentiation, with some specializing in sulfur
oxidation or nitrogen fixation, and they probably
contribute to mutualistic nutrient cycling within
the sponge. Furthermore, some of the bacteria
appear to produce bioactive compounds, which
may aid host defenses. — CA

Appl. Environ. Microbiol. 10.1128/AEM.01493-06

(2006).

APPLIED PHYSICS

Copper Confinement

As microelectronic circuitry continues to shrink,
and devices are packed onto chips at increasingly
higher densities, two main concerns must be
addressed: heat dissipation and interconnection
reliability. Copper has therefore begun to replace
aluminum as the metal of choice for on-chip
wiring, on account of both its lower resistivity
(which reduces heat generation) and its resist-
ance to electromigration. However, Cu tends to
diffuse rapidly into silicon, generating electronic
traps within the Si bandgap that are detrimental
to device performance. To address this shortcom-
ing, the use of diffusion barriers between Si and
Cu 1s being explored. The materials composing
such barriers must be compatible with the fabri-
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cation process and also resistant to recrystalliza-
tion during the high-temperature processing
steps, a typical cause of failure. Hafnium nitride
(HIN,), with a melting temperature exceeding
3300°C, has attracted strong interest in this vein.
Rawal ef al. have investigated the combined use
of thin layers of Ge/HfNy as a diffusion barrier.
They find that the bilayer system is more effective
than a single HfNy barrier layer, a result that they
attribute to the ready reaction of Ge with Cu to
form Cu,Ge, thereby immobilizing much of the
Cu that could otherwise diffuse through the HfN,
layer, — IS0

Appl. Phys. Lett. 89, 231914 (2006).

GEOLOGY

Glass at a Crash Site

Hundreds of thousands of years ago, Stone Age
peoples inhabited the Dakhleh Oasis, in central
western Eqypt, when the ancient landscape
included lakes. The area has attracted substantial
archaeological and geological investigation, and
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The present-day Dakhleh Oasis.

one unresolved mystery has been the origin of
unusual darkly colored glass, termed “Dakhleh
glass,” found at the site. Osinski et al. have
probed the glass using x-ray fluorescence tech-
niques, isotopic analysis, and electron
microscopy. Its chemical composition (in particu-
lar, an anomalously high proportion of Ca0O and
AL, O,) differs from that of all known volcanic
glasses, and there is no evidence of volcanism in
the region. The authors argue that the glass was
probably created through a meteorite impact
occurring 100,000 to 200,000 years ago. The
energy of the impact would have fused the local
carbonate and sandstone rocks into glass. The
imprints of plant stems and leaves from that
time were also uncovered in the glass, but no
signs of shock metamorphosis were evident.
Because an impact crater has not yet been
located, the authors note the possibility of an
aerial burst; in either case, such an event would
have devastated the local population. — ]B
Earth Planet. Sci. Lett. 10.1016/j.epsl.2006.10.039
(2006).

EDITORS'CHOICE

ECOLOGY/EVOLUTION

A Conservation of Clouds

DNA sequencing and careful morphometric analy-
sis can reveal hidden differences between popula-
tions of organisms originally considered members
of a single species, which can lead to their reclas-
sification as two or more species. Such taxonomic
splitting can have important implications for con-
servation if, for example, an already rare species
turns out to be two or more even rarer ones.

The clouded leopard, Neofelis nebulosa, is
such an example. This increasingly rare animal is
found in the tropical forests of Southeast Asia,
with the subspecies N .n. nebulosa occurring on
the mainland and the subspecies N. n. diardii on
the islands of Borneo and Sumatra. Buckley-Bea-
son et al. compared nuclear and mitochondrial
DNA sequences from several mainland and island
individuals, and they concluded that the genetic
differences were at least as great as those among
other large cat species (lion, tiger, leopard, jaguar,
and snow leopard). Kitchener et al. compared the
coat patterns of a larger sample of individuals and
found clear evidence for two distinct groups on
the basis of the size and shape of the clouds on
the shoulders of these animals; they recommend
that the clouded leopard now become two distinct
species, N. nebulosa and N. diardii, — AMS

Curr. Biol. 16, 2371; 2377 (2006).

PSYCHOLOGY

‘Tis the Season

Although the giving of gifts is a common activity
at this time of year, giving a gift certificate has
become an allowable substitute for giving money,
which is generally regarded as unseemly. In order
to explore whether money can serve not only as a
useful instrument (for the purchase of material
goods) but also as a valued resource, Briers et al.
have carried out a series of experiments to see
whether an unfulfilled desire for food (or money)
might make one more tight-fisted (or more vora-
cious). People who were hungry behaved less
generously toward a charity (Médecins Sans Fron-
tieres) and in public goods games than those who
had just eaten cake; conversely, people who were
told to imagine being desirous of a substantial
payoff (being in such a state was confirmed by
how much their estimates of the size of a coin
were skewed to be larger than actual) consumed
more M&M’s than those who were focused on a
modest windfall. These results linking the reward-
ing character of food to that of money dovetail
neatly with a recent study (Vohs et al., Reports,
p. 1154, 17 November 2006) that demonstrated
money's value as a means of enhancing one's
self-sufficiency and social independence. — G]C
Psychol. Sci. 17, 939 (2006).
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motion of water waves. Different
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the rest of the day surfing the waves.
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From Red
to Dead >>

There has been talk for decades
about replenishing the rapidly
shrinking Dead Sea, between
Israel and Jordan, by channeling
water from the Red Sea.

Last week, the two countries
and the Palestinian Authority
agreed at a meeting in Jordan to
study the idea. The World Bank 1s rounding up donors to finance a 2-year,
$15.5 million analysis of the feasibility of transferring water 180 kilometers
through Jordan via a canal from the Gulf of Agaba.

The Dead Sea's water level is now sinking by about a meter a year,
accelerated by draw-offs from its main source, the Jordan River, as well
as an 80-year dry phase in the Middle East. In addition to stemming the
decline, a water transfer would open opportunities for hydropower and
desalination, both of which could harness the 400-meter drop between
the Red and Dead seas.

Environmentalists say the project, estimated to cost $5 billion and
take a decade, would disrupt numerous ecosystems. The biggest risk
is salinization of groundwater near the canal, says Boston University
geologist Farouk El-Baz. But he says “it's a good idea” that could help
ease political problems by boosting the economy.

He Said, She Said

The use of irreqular verbs such as “run” or “bring” reveals how boys
and girls employ slightly different strategies in language-learning,
say psychologists at Georgetown University in Washington, D.C.

As tots learn new words, they tend to “overreqularize” verbs—
that is, apply the past tense “-ed” even to irreqular ones, saying
“holded” instead of “held,” for example.

To see whether the sexes differ, Michael Ullman and colleagues
analyzed transcripts of utterances by 25 children—10 girls and
15 boys—nbetween the ages of 2 and 5. Because girls learn words
faster and are mare verbally fluent than boys, Ullman's team sus-
pected that the girls would be better at irreqular verbs. But they
found that the girls overreqularized more than three times as
often as did the boys.

By comparing how the tots handled words that sound similar,
the researchers claim they could distinguish whether the children
were using associative strategies or following rules in deciding verb
endings. When boys overregularize, they are more likely to use
rule-governed, or “procedural,” memory, the researchers report in
the November issue of Developmental Science. But girls are more k\;’ "
likely to go with associations—Tfor example, because the pasttense
of blink is blinked, sink would become “sinked.”

Harvard University cognitive psychologist Steven Pinker says that
although the study is small, it adds to evidence that males and
females sometimes use “different mixtures of underlying processes”
to arrive at the same results. He calls regular and irreqular verbs “a
good model organism for contrasting the roles of computation
[rule-following] with memory [assodation] in cognition.”

EDITED BY CONSTANCE HOLDEN

MONKEYS IN THE LAB

Apes have been out-of-bounds for researchers in the United Kingdom
since 1997, Will monkeys follow?

In view of increasingly vocal—and violent—protests over using
monkeys in biomedical studies, the Medical Research Council asked a
group led by Oxford University geneticist David Weatherall to do a thor-
ough assessment of the scientific value of such research.

The report, issued last week, reaffirms the need for these primates,
saying there is “a strong scientific case” for using monkeys in studies of
communicable diseases such as AIDS, malaria, and tuberculosis, as well
as disparate subjects such as
vision, endometriosis, and mem-
ory. The group concluded that
although alternative approaches
such as cell biology and non-
invasive imaging hold promise,
monkey experiments remain the
best approach in these areas.

Weatherall hopes the report
will give the public some solid
facts to consider. “There's a
strong feeling in the U.K. that we
have got to create a better public
debate in this field,” he says. “It
has really got to a stage of quite
extreme violence.” Whether the
report will cool down the U.K.'s
animal wars remains to be
seen. Animal activists promptly
pounced on the report. And Vicky
Robinson, head of a group that advises the government on reducing ani-
mals in research, said it did not go far enough in exploring alternatives.
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Homo
heidelbergensis
from Atapuerca.

NETWATCH >>
At Home With Troglodytes

The Atapuerca hills in northern Spain have been alive with the sound of picks

and shovels, as archaeologists disinter the oldest hominid fossils in
Europe and other important remains. Read about the history of
the excavations at this site from the University of Burgos in
Spain and the Atapuerca Foundation. The pages profile
locales such as the Gran Dolina cavern, which has yielded
800,000-year-old skull fragments and other bones that
may belong to a new human species, Homo antecessor.
For the latest dig news, check out the report on this year's
finds, which include the first nearly complete human skull
unearthed in the area in more than a decade. The site also
features a timeline that lets you cruise through 6 million
years of human evolution, pausing at milestones
such as the invention of tools some 2.5 million years
ago and the settlement of Europe about 1 million
years ago. >> www.atapuerca.com
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Three Q'S

Ten months afier the two top editors of the
Canadian Medical Association Journal
(CMAJ) were fired amid conflicts over
editorial independence (Science, 24 March,
p. 1695), Canada’s premier scientific
publication has picked a new editor. Ottawa

epidemiologist and  blood-transtusion
expert Paul Hébert will take over next
month in a move that Robert Fletcher of
Harvard University calls “the beginning of
the healing process for what was a very
troubling episode.”

Q: Will CMA]J face continuing conflict
over editorial independence from the
association?

No. I've decided to give the CMA
access to the editorials before the jour-
nal goes to print. But the association
will not be allowed to change them. The
association simply requested the ability
to prepare responses to the editorials in
advance. But it will be a cold day in hell
before people start telling me what to
do. And there’s no way the CMA wants
to repeat history.

Q: What shape is CMA] in as you take
over?

Very strong submissions continue to
pour in. The journal continues to make
news week after week with high-
impact studies.

Q: Where do you want to lead the
journal?

[ want to craft a patient-centered
research focus. as opposed to a basic-
science research focus. I think the jour-
nal that will be of greatest use to the
members and to the public will focus
on health-services research, clinical-
practice research, and policy research.

Got a tip for this page? E-mail people@aaas.org

IN THE NEWS

DOLL UNDER ATTACK. The late Oxford
University epidemiologist Richard Doll,
whose work in the 1950s helped demonstrate
that smoking causes lung cancer, received
consultancy fees from chemical companies
whaose products he was evaluating,

according to recent revelations. Relying on
documents Doll
donated to the
Wellcome Trust's
library in London, the
Guardian newspaper
reported earlier this
month that the scien-
tist received up to
$1500 per day from
Monsanto during the
1980s and nearly
$30,000 from the Chemical Manu-

facturers Association and two chemical com-
panies for a report that largely cleared vinyl
chloride as a cancer agent.

The heads of the Medical Research
Counail and the Royal Society, among others,
have rushed to the defense of Doll, who died
last year. They say there's no evidence that
the payments compromised his research.

Movers >>

FAMILY-FRIENDLY CLIMATE. The
head of geosciences at the
National Science Foundation is
going to work next month for her
Silicon Valley—based entrepreneur
son on a start-up venture that’s
part ot a new wave ot “greentech”
companies. Margaret Leinen.
who has led the $700 million
directorate tor 7 vears, announced
this month that she will be joining
Climos, a San Francisco—based
research company backed by her

EDITED BY KELLI WHITLOCK BURTON

But Richard Horton, editor of The Lancet and
an outspoken advocate of high ethical stan-
dards, labels their response a “defensive
overreaction,” adding that potential conflicts
of interest should be disclosed even if they
did not violate the standards of the day.

AWARDS

MOVING DAY. Ten scientists working at
research powerhouses around the world will
be setting up their labs across Europe under a
new program run by the European Molecular
Biology Organization (EMBO). The EMBO
installation grants, $66,000 annually for

3 to 5 years and funded by member nations,
are intended to strengthen saence across the
continent. The first cohort will open labs in
Poland, Portugal, Turkey, Croatia, the Czech
Republic, and Estonia.

Creating new labs in this way will help
boost science in Europe, but more must be
done, says Maran Nowotny, a postdoc at the
U.S. National Institute of Diabetes and
Digestive and Kidney Diseases, who is moving
to the International Institute of Molecular
and Cellular Biology in Warsaw, Poland.
Young researchers also need support from
established scientists, Nowotny adds.

38-year-old son, Dan Whaley. In 1994, Whaley co-founded an online travel reservations

company that was sold in 2000 tor $750 million.
Leinen. a paleoclimatologist and former dean of oceanography at the University of

Rhode Island, will become the chief scientific officer for Climos, which CEO Whaley says
Is investigating “a number of promising natural processes to mitigate climate change.”
Leinen, who will open a Washington, D.C.. office for the company. says that she hopes her
efforts will build ties between environmental scientists and industry. “I'm also thrilled to

have the chance to work with my son.”
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Breakthrough of the Year

The Poincar

The solution of a century-old
mathematics problem turns out
to be a bittersweet prize

TO MATHEMATICIANS, GRIGORI PERELMAN'S
proofofthe Poincare conjecture qualifies at
least as the Breakthrough of the Decade.
But it has taken them a good part of
that decade to convince themselves
that it was for real. In 2006, nearly
4 years after the Russian mathe-
matician released the first of
three papers outlining the
proof, researchers finally
reached a consensus that Perel-

man had solved one of the subject’s most vener-
able problems. But the solution touched off a
storm of controversy and drama that threatened
to overshadow the brilliant work.

Perelman’s proothas tundamentally altered
two distinct branches of mathematics. First, 1t
solved a problem that for more than a century
was the indigestible seed at the core of topol-
ogy. the mathematical study of abstract shape.
Most mathematicians expect that the work will
lead to a much broader result, a proof of
the geometrization conjecture: essentially. a
“periodic table” that brings clarity to the
study of three-dimensional spaces, much as
Mendeleev’s table did for chemistry.

While bringing new results to topology,
Perelman’s work brought new rechniguees to
geometry. It cemented the central role of geo-
metric evolution equations, powerful machin-
ery for transforming hard-to-work-with spaces
imto more-manageable ones. Earlier studies of
such equations always ran into “singularities”
at which the equations break down. Perelman
dynamited that roadblock.

“This is the first time that mathemati-
cians have been able to understand the struc-
ture of singularities and the development of
such a complicated system.” said Shing-
Tung Yau of Harvard University at a lecture
in Beijing this summer. “The methods devel-
oped ... should shed light on many natural
systems, such as the Navier-Stokes equation
lof fluid dynamics] and the Einstein equa-
tion [of general relativity].”

22 DECEMBER 2006 VOL 314 SCIENCE

Unruly spaces
Henr1 Poincaré. who posed his
problem in 1904, is generally

topology. the first mathemati-
cian to clearly distinguish it from
analysis (the branch of mathematics
that evolved trom calculus) and geome-
try. Topology 1s often described as “rubber-
sheet geometry.” because it deals with proper-
ties of surfaces that can undergo arbitrary
amounts of stretching. Tearing and its oppo-
site. sewing, are not allowed.

Our bodies. and most of the familiar

objects they interact with, have three dimen-
sions. Their surfaces. however. have only two. As
far as topology is concerned, two-dimensional
surfaces with no boundary (those that wrap
around and close in on themselves, as our skin
does) have essentially only one distinguishing
feature: the number of holes
in the surface. A surface
with no holes 1s a sphere: a
surface with one hole is a
torus: and so on. A sphere
can never be turned nto a
torus. or vice versa.
Three-dimensional
objects with 2D surfaces,
however. are just the begin-
ning. For example, 1t 1s
possible to define curved
3D spaces as boundaries of
4D objects. Human beings
can only dimly visualize
such spaces, but mathemati-
clans can use symbolic nota-
tion to describe them and
explore their properties.
Poincare developed an
ingenious tool. called the
“fundamental group.” for

Enigma. Perelman (top) solved
Poincaré’s problem.

ROVED

regarded as the founder of

detecting holes. twists, and other features n
spaces of any dimension. He conjectured
that a 3D space cannot hide any interesting
topology from the fundamental group. That
1s. a 3D space with a “trivial” fundamental
group must be a hypersphere: the boundary
of a ball in 4D space.

Although simple to state. Poincare’s conjec-
ture proved maddeningly difficult to prove. By
the early 1980s. mathematicians had proved
analogous statements for spaces of every
dimension higher than three—Dbut not for the
original one that Pomcare had pondered.

To make progress. topologists reached for a
tool they had neglected: a way to specity dis-
tance. They set about recombining topology
with geometry. In 1982, William Thurston
(now of Cornell University) theorized that
every 3D space can be carved up so that each
piece has a unique uniform geometry,
and that those geometries
come in only eight possible
types. This hypothesis
became known as the geo-
metrization conjecture,

[f rue. Thurston’s insight
would solve the Poincare
conjecture. because a sphere
1s the only one of the eight
geometries that admits a
trivial fundamental group.
In 1982, Richard Hamilton
(now of Columbia Univer-
sity) proposed a possible
strategy for proving it: Start
with any lumpy space, and
then let it flow toward a uni-
form one. The result would
be a tidy “geometrized”
space a la Thurston. To
guide the flow, Hamilton
proposed a geometric evolu-
tion equation modeled after
the heat equation of physics
and named 1t “Ricel flow™ in

Www.sclencemag.org
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Fascinating. A computer rendering of a 3D space
with uniform hyperbolic geometry.

honor ot Gregorio Ricci-Curbastro. an early
differential geometer. In Ricci flow. regions of
high curvature tend to diffuse out into the
regions of lower curvature, untl the space has
equal curvature throughout.

Hamilton’s strategy works pertectly in
2D surfaces, Slender “necks,” like the one seen
on the cover of this issue. always expand. In
3D spaces, however. Ricci flow can run into
snags. Necks sometimes pinch off, separating
the space into regions with different uniform
geometries. Although Hamilton did a great
deal of proneering work on Ricei flow. he
could not tame the singularities. As a result, the
whole program of research seemed to run
aground 1n the mid-1990s. In 2000, when
the Clay Mathematics Institute named the Poin-
care conjecture as one of its $1 million Millen-
nium Prize problems. most mathematicians
believed that no breakthrough was in sight.

The breakthrough
In fact, Perelman was already well on his way
to a solution. In 1995, the 29-year-old
St. Petersburg native had returned to Russia
after a 3-year sojourn in the United States,
where he had met Hamilton and learned about
Riccei flow. For the next 7 years. he remained
mostly incommunicado. Then, in November
2002, Perelman posted on the Internet the first
of three preprints outlining a proposed proofof
the geometrization conjecture.

To experts. it was immediately clear that
Perelman had made a major breakthrough. It
was in the title of the first sec-
tion of the first paper: “Ricci
Flow as a Gradient Flow.”
Perelman had spotted an impor-
tant detail that Hamilton had
missed: a quantity that always

ONLINE

BREAKTHROUGH

For an expanded version of this
section, with references and links,
see www.sciencemag.org/sciext/
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In 2003, when Perelman revisited the
United States to lecture on his work. many
mathematicians doubted that he could have
pulled off all of these feats. By 2006, however,
the mathematical community had finally
caught up. Three separate manuscripts, each
more than 300 pages in length. filled in key
missing details of Perelman’s proot,

Two of the papers—one authored by
Bruce Kleiner and John Lott of the University
of Michigan, Ann Arbor,
the other by John Mor-
gan of Columbia Uni-
versity and Gang Tian of
the Massachusetts Insti-
tute of Technology in

imcreases during the flow, giving
it a direction. By analogy with
statistical mechanics, the mathematics under-
lying the laws ot thermodynamics, Perelman
called the quantity “entropy.”

The entropy ruled out specific singularities
that had stymied Hamilton. To reach a safe har-
bor. however. Perelman still had to identify the
remaining types of singularities that might
cause problems. He had to show that they
occurred one at a time instead of accumulating
in an infinite pileup. Then. for each singularity,
he had to show how to prune and smooth it
before it could sabotage Ricci flow. Those
steps would be enough to prove Poincare. To
complete the geometrization conjecture, Perel-
man had to show, additionally. that the “Ricci
flow with surgery™ procedure could be contin-
ued for an infinitely long time.

btoy2006

Cambridge—stopped

short of the geometriza-
tion conjecture, because Perelman’s explana-
tion of the tinal step had been too sketchy.
(Both groups are still working on it.) They did.
however, include enough math to nail down the
Poincaré conjecture.

The third paper. by Huai-Dong Cao of
Lehigh University in Bethlehem, Pennsylva-
nia, and Xi-Ping Zhu of Zhongshan Univer-
sity in Guangzhou, China, was less circum-
spect. Cao and Zhu claimed to have “the
first written account of'a complete proot of
the Poincare conjecture and the geometriza-
tion conjecture of Thurston.” This summer.
the International Mathematical Union
(IMU) decided to award Perelman the Fields
Medal, traditionally considered the highest
honor in mathematics.
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Anticlimax

Since then. the rosy glow of triumph has taken
on darker hues. On 22 August, IMU President
John Ball announced that Perelman had
declined the Fields Medal. In an interview in
The New Yorker, the reclusive mathematician
said he was retiring from mathematics. dis-
enchanted by unspecitied lapses in “ethical
standards™ by colleagues. The New Yorker arti-
cle also painted an unflattering portrait ot Yau.
intimating that he had claimed too much credit
tor his proteges Cao and Zhu.

In the ensuing months, hard feelings have
abounded. Certain mathematicians claimed
that their quotes were distorted in the New
Yorker, and Yau threatened to sue. Kleiner and
Lott complamed that Cao and Zhu had copied
a proof ot theirs and claimed it as original, and
the latter pair grudgingly printed an erratum
acknowledging Kleiner and Lott’s priority.

This fall. the American Mathematical Soci-
ety attempted to organize an all-star panel on
the Poincare and geometrization conjectures at
its January 2007 meeting in New Orleans,
Louisiana. According to Executive Director
John Ewing. the effort tell apart when Lott
refused to share the stage with Zhu. Ewing still
hopes to organize such an event “at some time
in the tuture.” For the time being, however, the
animosity continues to make it hard for mathe-
maticians to celebrate their greatest break-
through of the new millennium.

-DANA MACKENZIE

Dana Mackenzie is a freelance science writer in Santa
Cruz, California.
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Family feud. DNA confirms that Neandertals split
from modern humans 450,000 years ago.

DIGGING OUT FOSSIL

DNA. This year. on the 150th

anniversary ot the discovery of the
Neandertal type specimen, researchers in
Europe and the United States transformed the
study of this ancient human by sequencing
more than 1 million bases of Neandertal
DNA. In November. two groups, one decod-
ing 65,000 Neandertal bases and the other a
million bases. showed that researchers can
now find sequence changes between modern
and ancient humans, differences that may
reveal key steps in our evolution. The studies
concluded that Neandertals diverged trom
our own ancestors at least 450,000 years
ago—approximately the time suggested by
fossil and mitochondrial DNA studies. One
group’s data also suggest that Neandertals and
modern humans may have iterbred. In the
works are a very rough dratt of the complete

Scorecard 2006

How well did the editors forecast the year's Areas to Watch? The record
shows that some of their crystal balls were clouded by wishful thinking.

<< The Runners-Up

Neandertal genome sequence and, as more
fossils become available to sequencers. the
development of bacterial libraries containing
DNA from several Neandertals.

This breakthrough owes a large debt to
earlier sequencing feats that demonstrated
the potential of a new approach called
metagenomics for deciphering ancient DNA,
both human and nonhuman. and of faster
sequencing technologies. For metagenomics,
a technique developed for assessing micro-
bial diversity. all the DNA in a sample 1s
sequenced. and then sophisticated computer
programs pull out only the target DNA based
on its similarity to the sequence of a closely
related extant organism.

[n January 2006. researchers combined
metagenomics with a new rapid sequencing
technique called pyrosequencing, which uses
pulses of light to read the sequence of
thousands of bases at once. to get a whopping
13 million bases from a 27.000-year-old
mammoth. The same sample also yielded
another 15 million bases from bacteria. fungi.
viruses, soil microbes, and plants—DNA that
will provide clues about this giant mammal’s
environment. With those two advances,
ancient DNA sequencing 1s off and running.

SHRINKING ICE. Glaciolo-

gists nailed down an unsettling
observation this vear: The world’s
two great 1ce sheets—covering Greenland

RNAi-based
treatments. The
gene-silencing
technology boasted
promising clinical-

and Antarctica—are indeed losing ice to the
oceans, and losing it at an accelerating pace.
Researchers don’t understand why the mas-
sive ice sheets are proving so sensitive to an
as-yet-modest warming of air and ocean
water. The future of the ice sheets 1s still rife
with uncertainty, but if the unexpectedly rapid
shrinkage continues. low-lying coasts around
the world—including New Orleans. South
Florida. and much of Bangladesh—could
face inundation within a couple of centuries
rather than millennia,

This disturbing breakthrough rests on
decades of measurements by airborne laser
altimeters and orbiting radars, and, more
recently, by a pair of satellites that measure ice
mass directly by its gravitational pull. Differ-
ent techniques and even different analyses of
the same data disagree about just how much
ice volume is changing. All of them. however,

Bye-bye. The great ice
sheets are losing ice to

== melting and icebergs
——faster than it forms.

e — -
——

Catching rays. The massive
Pierre Auger Observatory in
Argentina seems sure to answer
fundamental questions about the
highest-energy cosmic rays, such

Avian influenza. Research on flu
drugs, vaccines, and epidemiology
flourished in 2006, as did

studies of the genetic

changes that might turn
Qr avian influenza into a
. pandemic. But tracking the

worldwide HS5N1 outbreak is
still difficult because researchers
and countries hoard field samples
and viral sequences.

Gravity rules. Gravitational-wave
fans will have to wait. The Laser
Interferometer Gravitational-Wave
Observatory in the

United States |
and the smaller )

GEO-600 facility

in Germany won't
publish results

until early 2007. Not bad news—
just no news,
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trial results in mac-

ular degeneration -.
and respiratory syncytial virus, won
a Nobel Prize, and enticed drug
giant Merck to pay $1.1 billion
for a small biotech company
focused on RNAI treatments. But
safety worries still loom: A hepati-
tis B study of RNAi in mice
reported that dozens of animals
died from treatment.

Www.scliencemag.org

as whether their interactions with
the afterglow of the big bang
limit their energy and whether
they originate from point sources
in the sky. But not in 2006, as we
predicted. Some
answers will likely
) come at a major
) conference in

- Merida, Mexico,
in July.
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neck
Wrists
flat head
expanded ribs
like a land-
living
animal

like a
lobe-finned
fish
- e fins
Transitional. Odd fossil fish scales

bears features of amphibians.

now show that both Greenland and Antarctica
have been losing ice over the past 5 to 10 years.
In the north. Greenland 1s shedding at least
100 gigatons each year. In the south. the figure
is less certain but lies in the range of tens of
glgatons per vear or more.

Current ice sheet losses aren’t raising sea
level faster than 0.1 meter per century. but
researchers fear that the rate could rise to a
meter per century or more in the near future.
As recently as 5 years ago, they assumed that
global warming would simply melt more and
more ice from the ice sheets, as it 1s melting
mountain glaciers. But it turns out the 1ce 1sn’t
just melting faster, it is moving faster. Radar
mapping shows that in recent yvears, glaciers
carrving ice away from the sheets have

Small worlds. As predicted,
microbial evolution and ecology %
emerged among the most exciting
areas of biology.
Researchers got a
better grasp of
what a prokaryote
species might be,

- despite promiscuous

lateral gene transfer. And it

primitive jaws .-'

nal that could be evidence that
crystalline helium flows—as pre-
dicted. But one group reported
that the effect disappeared if the
frigid crystal was gently heated
and cooled to remove imperfec-

lirnh

{in with
Wris!

Ti!\ :{] d h.l!\'

sped up by as much as 100%. In West Antarc-
tica, warming ocean waters seem to have
attacked the floating tongues of ice that hold
back the ice sheet’s outlet glaciers. Around
southern Greenland, something else seems to
be quickening the pace of outlet glaciers, per-
haps lubrication by increasing amounts of sur-
face meltwater seeping to a glacier’ base.

Now glaciologists are wondering how the
next chapter will play out. Will the relatively
strong warming around the ice continue. or
will it be weakened by natural variations of
climate? Will the 1ce sheets adjust to the new
warmth by eventually slowing their ice loss?
And will more glaciers succumb to the
spreading warmth? A few more break-
throughs are definitely in order.

Seconding
supersolidity.
Two groups repro-
uced the subtle sig-

dream, can't we? The 20th

without resistance
at temperatures
as high as 138
kelvin. Experi-

Homing in on high T_. We can

anniversary of high-temperature
superconductivity passed without
any consensus being reached on
how the materials carry electricity

SPECIALSECTION

NEITHER FISH NOR FOWL.
Paleontologists made a major splash
this year with the debut of a fossil fish
that long ago took a deep breath and made
some tentative but ultimately far-reaching
steps onto land. With its sturdy, jointed fins,
the 375-million-year-old specimen fills an
evolutionary gap and provides a glimpse of
the features that helped later creatures con-
quer the continents.

All mbed vertebrates. known as tetrapods,
evolved from lobe-finned fishes some 370 mil-
lion to 360 million years ago. Many of these
sophisticated fishes had skeletons with modifi-
cations. such as enlarged bones in their fins,
that would ultimately prove useful for weight-
bearing limbs. The new species is the most
tetrapodlike fish vet discovered.

Three specimens were found during a
2004 field expedition to Ellesmere Island in
the tar north of Nunavut, Canada. They were
named Tiktaalik roseae tor “large freshwater
tish™ in the Inuktitut language and a donor who
helped fund the expedition. respectively. With
fins and scales. the 3-meter-long Tiktaalik 1s
clearly a fish. It had a tlat head with eyes on top
and lived in shallow streams.

What makes Tiktaalik unique among fish
1s that each of the front fins has a wrist and
elbow. providing tlexible motion. Also unlike
other fish. Tiktaalik sported a neck—the old-
est one known in the fossil record—and could
move 1ts head. Achieving that flexibility
required losing a bone called the operculum,
which modern fish use to pump water over
their gills. Tiktaalik still had well-developed
gills, and it probably used its neck and stout
limbs to push its head above water to inhale.

Another feature that makes Tiktaalik close
kin to tetrapods 1s its robust, overlapping ribs.

Bird to watch for. We hoped
new sightings would prove that
the ivory-hilled wood-
pecker is alive and peck-
ing. But indirect evidence
from trees in Florida
failed to sway the skep-
tics, and the original
Arkansas sightings of the bird are
looking increasingly shaky.

]
O

3

became clear that symbioses
involving microbes (bacteria in
the human gut, for example)
are pervasive and sometimes
extreme.

tions. That suggests that the crystal
itself doesn't budge, but thin lay-
ers of liguid flow between crys-
talline grains. The upshot: Some-
thing is happening, but what?

menters are pro-
ducing exquis- .

itely precise data, but it seems that
every theoretical concept has data
pointing in its direction.

Maybe it drowned in a rogue
gravitational wave.
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Although their function isn’t completely
clear, researchers think they could have
helped support its body out of water and
aided in breathing. Forays onto land would
have offered an escape from sharks and
other predators. as well as insects to eat.
Tiktaalik isn’t a perfect tetrapod. of course
among other traits, it lacks fingers and
toes—but it was certainly a big step in the
right direction.

THE ULTIMATE CAMOU-
FLAGE. Science veered toward
sclence fiction this vear as physi-
cists cobbled together the first rudimentary
invisibility cloak. Although far from per-
tect—the ring-shaped cloak 1s invisible only
when viewed in microwaves of a certain
avelength traveling parallel to the plane of
the ring—the device could usher in a poten-
tially revolutionary approach to manipulating
electromagnetic waves.

The disappearing act began in May. when
two independent analyses predicted that it
should be possible to ferry electromagnetic
waves around an object to hide it. All that was
needed was a properly designed shell of
“metamaterial.” an assemblage of tiny metal-
lic rods and c-shaped rings. The waves churn
the electrons in the rods and rings. and the
sloshing atfects the propagation of the waves.
Both analyses specitied how to sculpt the
properties of the metamaterial and left it to
experimenters to design the materials to meet
those specs.

In October, the team that made one of the
predictions did just that—almost. Physicists
at Duke University built a ring instead of an
all-concealing sphere. They made some
approximations that rendered the cloak
slightly reflective. Still, the thing whisked

Outta sight. Although
not as fashionable as
this electronic garment,
a cloak unveiled this
year is a step toward
true invisibility.

microwaves around
aplug of copper, prov-
ing that the method
works. Cloaks for vis-
ible light are hikely
years off, as resear-
chers must figure out
how to make meta-
materials that work
at such short wave-
lengths. Even then, the cloak would be a
bust tor spying because it would be 1mpos-
sible to see out of 1t.

The real breakthrough may lie in the theo-
retical tools used to make the cloak. In such
“transformation optics.” researchers imag-
ine—a la Einstein—warping empty space to
bend the path of electromagnetic waves. A
mathematical transformation then tells them
how to mimic the bending by filling
unwarped space with a material whose opti-
cal properties vary from point to point. The
technique could be used to design antennas,
shields, and mynad other devices. Any way
vou look at it, the 1deas behind mvisibility are
likely to cast a long shadow.

A RAY OF HOPE FOR
MACULAR DEGENERA-
TION PATIENTS. The

yvear brought good news to the
many people sutfering from the
vision-robbing disease known
as age-related macular degen-
eration (AMD). In October,
The New England Journal of
Medicine published the

results of two clin-
ical trials showing
that treatment with the drug
ranibizumab improves the vision
of roughly one-third of patients with the more
serious wet form of AMD and stabilizes the
condition of most of the others. Other
approved treatments can only slow the pro-
gression of AMD.

Vision loss in the wet form ot AMD i1s
caused by the growth and leakage of abnor-
mal blood vessels in the macula. the central
region of the retina. Ranibizumab. a mono-
clonal antibody fragment produced by
Genentech Inc. does better than other
treatments because it specifically targets a
protein called VEGF that stimulates that
vessel growth. The U.S. Food and Drug
Administration approved ranibizumab
for AMD treatment this year. but researchers
are also looking at a related antibody made
by Genentech. That drug, known as bevi-
cizumab. is approved for treating certain
cancers but so far not for use in AMD. If
it works, however, it could be a cheaper
alternative to ranibizumab. which costs
$1950 per monthly dose.

AMD researchers are making progress on
another front as well. Over the past year and a
halt. they have uncovered several genes that
influence an individual’s susceptibility to the
eve disease. One of them is the gene for VEGF
itself. and another makes a protein that might
also help regulate blood vessel growth. In
addition. several groups have zeroed in on
genes encoding proteins involved in inflam-
mation. which can damage tissues if not con-

trolled properly. Identitying those genes
could help physicians determine
whether a person 1s at high risk
tor AMD and thus should take
preventive steps such as con-
suming more antioxidants
and not smoking. And by
shedding light on the causes
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of AMD, genetic
studies should also
provide targets for devis-
Ing even better therapies.

DOWN THE BIODIVER-
SITY ROAD. It doesn’t take

much to send an organism down
speciation’s path. Several studies these past
12 months have uncovered genetic changes
that nudge a group of individuals toward
becoming a separate species by giving
them an edge in a new environment. The
yvear’s results speak to the power of
genomics 1n helping evolutionary biolo-
gists understand one of biology’s most tun-
damental questions: how biodiversity
comes about.

For Florida beach mice. a single base
difference in the melanocortin-1 receptor
gene accounts for up to 36% of the lighter
coat color that distinguishes the beach
mice, evolutionary biologists reported n
July. For cactus finches, the activity of the
calmodulin gene is upregulated. causing
their relatively long beaks. researchers
reported in August.

Genes help drive speciation in other ways
as well. Since the late 1930s, researchers have
realized that as two incipient species diverge.,
the sequences of two or more interacting
genes can evolve along different paths untl
the proteins they encode no longer work
together in any crossbred offspring. Working
with Drosophila melanogaster and a sister
species, D. simulans, evolutionary geneticists
have pinpointed the first such pair of incom-
patible genes. demonstrating in transgenic
flies the genes™ killing effects in hybrids of the
two species. In October, a separate team
found another fast-evolving gene and 1s hom-
ing in on its partner. They both seem to be
nuclear pore proteins that are no longer com-
patible in fruit-fly hybrids. In September.
fruit-fly researchers found that hybrids had
problems because a particular gene was in a
different place in the two species. likely
because ot duplication and loss of the original
copy in one of them.

But in at least one case, hybrids do just
fine. In June. evolutionary biologists detailed
the most convincing case vet of a species that
arose through hybridization. They bred two
species of passion vine buttertlies and got the
red and yellow stripe pattern ot a third species
(1mage above). The pattern proved unattrac-
tive to the parent species, helping to repro-
ductively 1solate the hybnd.

SPECIALSECTION

Breakdown of the Year: Scientific Fraud

Oneyear ago, as Science was assembling its 2005 Breakthrough of the Year issue, the need for a last-
minute change became uncomfortably clear. A shadow was creeping acrass one of this journal’s
landmark papers, in which a team of South Korean and American researchers, led by Woo Suk Hwang
at Seoul National University, claimed to have created the first-ever human embryonic stem cell lines
that matched the DNA of patients. After anonymous allegations of irregularities in that paper
appeared on a Korean Web site, South Korean authorities launched an investigation. As the story
unfolded, Science's news editors hastily pulled an item about the Hwang achievements from the
issue's roster of runners-up.

Today, the fallout from the Hwang case is plain. Multiple inquiries discredited two papers Hwang
published in Science in 2004 and 2005, which claimed some of the greatest accomplishments to
date with human embryonic stem cells. The papers were retracted. But the scientific fraud, one of the
most audacious ever committed, shattered the trust of many researchers and members of the public
in scientific journals’ ability to catch instances of deliberate deception.

As it turned out, the Hwang debacle marked the beginning of a bad year for honest science. Inci-
dents of publication fraud, if not
on the rise, are garnering more
attention, and the review process is
under scrutiny. In June, European
investigators reported that the
bulk of papers by Jon Sudba, for-
merly a cancer researcher at the
Norwegian Radium Hospital in
Oslo, contained bogus data. Those
included two articles in The New
England Journal of Medicine that
described a new way of identifying
people at high risk of oral cancer, a
strategy that many clinicians were
keen to apply to patients.

Eric Poehlman, formerly a
menopause and obesity researcher
at the University of Vermont in Burlington, garnered perhaps the most dubious distinction of all: He
became the first researcher in the United States to go to jail for scientific misconduct unrelated to
patient deaths.

The Hwang case, however, was unique for its combustible mix of startling achievements in a high-
profile field and publication in a high-visibility journal. Manipulated images, purportedly of distinct
stem cells matched to patients but in fact showing cells drawn from fertilized embryaos, handily fooled
outside reviewers and Science's own editors. “The reporting of scientific results is based on trust,”
wrote Editor-in-Chief Donald Kennedy in a January 2006 editorial explaining why journals are not
designed to catch fraud. It's a comment echoed often by journal editors facing the nightmare of
faked data in their own pages.

But the shock of the Hwang deception, along with other recent fraud cases, is jolting journals into
a new reality. Five scientists and a top editor of Nature examined Science’s handling of the Hwang
papers, at the journal's request. Their report, published on Science’s Web site earlier this month
(www.sciencemag.arg/sciext/hwang2005), concluded that operating in an atmosphere of trust is no
longer sufficient. “Science must institutionalize a healthy level of concern in dealing with papers,”
the group wrote. It recommended “substantially stricter” requirements for reporting primary data
and a risk assessment for accepted papers. Science and some other journals are also beginning to
scrutinize images in certain papers, in an effort to catch any that have been manipulated.

Stem cell researchers, meanwhile, endured deep disappointment as a remarkable scientific
advance evaporated before their eyes. Cloning early-stage human embryos, and crafting customized
stem cell lines, is not the cakewalk some scientists hoped Hwang's papers had shown it to be. Stem cell
researchers are backpedaling to more modest goals, just as Science and other journals consider how
to prevent a breakdown of this magnitude from striking again. ~JENNIFER COUZIN

Busted. The unraveling of Hwang's stem-cell papers was the
first and worst of the year's research scandals.
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Areas to Watch in 2007

World-weary? Hardly. Four fledgling spacecraft will give planetary
scientists plenty to ponderin 2007. Europe's COROT orbiting exoplanet
hunter, scheduled for launch 27 December, should detect dozens of new
“hot Jupiters” around other stars and may even bag its big quarry: signs of
rocky planets just a few times the size of Earth. Closer to home, the Mars
Reconnaissance Orbiter will take the sharpest-ever pictures of the martian
surface and will use radar to look for rock layers—and ice—as much as
1 kilometer deep. The Venus Express orbiter will be going full tilt, and in
February, New Horizons will send back snapshots of Jupiter en route to its
2015 rendezvous with Pluto.

Skulls and bones. In recent years, palecanthropologists have uncovered
new skulls, teeth, and lower limbs of the earliest members of our genus
Homo at sites in the Republic of Georgia, China, and Kenya. In 2007, the first
descriptions of these fossils should give clues to the identity of the first
human ancestors to leave Africa about 1.8 million years ago—such as
whether the bones all belong to one species (Homo erectus) or to two or
more. Meanwhile, the long-awaited partial skeleton of Ardipithecus ramidus,
an early human ancestor that lived in Ethiopia 4.4 million years ago, prom-

1854

PEERING BEYOND THE
LIGHT BARRIER. Biologists
got a clearer view of the fine
structure of cells and proteins this year, as
microscopy techniques that sidestep a fun-
damental limit of optics moved beyond
proof-of-principle
demonstrations to
biological applica-
tions. The advances
could open a new
realm of microscopy.

An ordinary micro-
scope cannot resolve
features smaller than
half the wavelength
of the light used to
illuminate an ob-
Ject—about 200 nano-
meters for visible
light. For vears, phys-
icists and engineers
have devised schemes
to get around the
“diffraction limit.”
and this vear, resear-
chers used those techniques to do some
real biology.

In April, researchers in Germany used a
technique known as stimulated emission
depletion (STED) to study the tiny capsules
in nerve cells called synaptic vesicles. Each
vesicle releases i1ts load of neurotransmitter
when it merges into the cell membrane. The

Clearly. New micro-
scopy technigues resolve
nanometer-sized fea-
tures of proteins.

team showed that a protein in the vesicle
remains clumped after the merger. suggest-
ing that the clumps do not form from scratch
when the process reverses to form new vesi-
cles. The researchers tagged the proteins
with a tfluorescent dye and zapped the speci-
men with laser light to excite a spot as small
as the diffraction limit allows. Then, by
applying a pulse from a second beam with a
dark “hole™ in the middle. they squeezed the
fluorescent spot down to a much smaller
pinpoint of light. By scanning the beams
across the sample and recording the level of
fluorescence. the researchers assembled an
image with a resolution of tens of nano-
meters. The team followed up with two other
biological studies.

In August. another team 1maged proteins
within cells using a simpler technique known
as photoactivated localization microscopy
(PALM). The researchers used a fluorescent
tag that had to be turned on with a pulse of light
ot one wavelength before 1t could be excited to
fluoresce by light ot another wavelength. By
applying the first laser at a very low level. the
researchers could turn on one tag molecule at a
time. The molecule still produced a blurry spot
when viewed through the microscope. but the
researchers could nail down its position very
precisely by finding the center of the blob.
Repeating the process over and over. the team
mapped proteins in cells with nanometer reso-
lution. Two other groups introduced similar
techniques this year.

ises to shed light on how upright walking evolved in early hominids.

Just how widely the techniques will be
used remains to be seen. PALM is too slow
to track dynamic processes, and STED
requires fluorescent tags that can withstand
intense excitation. Still, researchers are
optimistic that more applications will fol-
low. now that the diffraction limit 1s no
longer a limit.

THE PERSISTENCE OF
MEMORY. How the brain

records new memories is a central
question in neuroscience. One attractive
possibility involves a process called long-
term potentiation (LTP) that strengthens
connections between neurons. Many neuro-
scientists suspect that LTP 1s a memory
mechanism, but proving it hasn’t been easy.
Several findings reported this year strongly
bolstered the case.

the rodent hippocampus.

22 DECEMBER 2006 VOL 314 SCIENCE www.sciencemag.org

CREDITS {TOP TO BOTTOM): CNES: E. BETZIG ETAL/SCIENCE {2006); BRAINMAPS.ORG



CREDITS (TOP TO BOTTOM): JUPITER IMAGES; CIRAC AND ZOLLER/SCIENCE (2003); BERNARD HOFFMAMN/TIME LIFE PICTURES/GETTY IMAGES

Loads of new primate genes.
With the human and chimpanzee
genomes sequenced, geneltic
research into our evolutionary past
is scrambling up other branches
of the primate family tree. Low-
resolution maps of gorilla, rhesus
macaque, orangutan, marmoset,
and gibbon genomes are already
available, and refined, error-free
versions should be ready in 2007. In addition, look forward to rough drafts
of the genomes of the galago, tree shrew, and mouse lemur. If things go as
planned, a comparative analysis of all these genomes might finally begin
to explain what sets humans apart.

A climate of change? The case for human-induced warming will grow even
more ironclad as the Intergovernmental Panel on Climate Change releases
its report in February. Meanwhile, the International Polar Year, opening in
March, will feature climate research on Earth's coldest climes. And the
world is watching the U.S. Congress, which, under Democratic control, is
expected to pass some sort of mandatory emission regime, and President
George W. Bush, whose response will be sure to shape the debate.

SPECIALSECTION

Whole-genome association studies. The trickle of studies comparing the
genomes of healthy people to those of the sick is fast becoming a flood.
Already, scientists have applied this strategy to macular degeneration,
memory, and inflammatory bowel disease, and new projects on schizo-
phrenia, psoriasis, diabetes, and more are heating up. But will the wave of
data and new gene possibilities offer real insight into how diseases germi-
nate? And will the genetic associations hold up better than those found the
old-fashioned way?

Light crystals. Ultracold atoms
continue to be one of the hottest

Superfluid ;,J'Lmr
"ﬂ.h‘ “ g

areas in physics. Now researchers  laser S, I*'- o
are loading the atoms into corru- f")_::l Deeper insulator
gated patterns of laser light vy M, latie gy
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known as optical lattices. The lat- ]
tices work like artificial crystals, frt;f;m}“ )"
with the spots of light serving as b |

the 1ons in the crystal lattice and

the atoms playing the role of electrons moving through it. Optical lattices
could help crack problems such as high-temperature superconductivity and
seem sure to produce interesting new physics. Look for rapid progress in
this burgeoning effort.

Scientists discovered LTP in the early
1970s. when experiments with rabbits showed
that a briet barrage of electrical zaps could
bolster synaptic connections between neurons
in the hippocampus. a brain region tied to
memory. Later studies revealed that drugs that
block LTE. when given to an animal betore it
learns a new task, prevent new memories from
being tormed.

But some predictions of the LTP-memory
hypothesis have been harder to test. One 1s
that it should be possible to observe LTP in
the hippocampus when an animal learns
something. In January. Spanish scientists
reported just such an observation in mice
conditioned to blink upon hearing a tone. In
August, another research team described LTP
in the hippocampus of rats that had learned to
avold an area where they’d previously
recelved a shock.

A study published in August addressed
another prediction: that abolishing LTP
after learning should erase what was
learned. Researchers injected a compound
that blocks an enzyvme needed to sustain
LTP into the hippocampus of rats after
they’d been trained to avoid a “shock zone”
in their enclosure. The treatment eradicated
both LTP and the memory of the shock
zone’s location.

Although the new results add to evidence
that LTP is a molecular mechanism of mem-
ory, much work remains. For example,
researchers still haven’t figured out how the

many forms of LTP identified in brain tissue
relate to different kinds of memory. And they
may have a while to wait for the ultimate test,
which some call the “Marilyn Monroe crite-
rion”: inducing LTP at select synapses to cre-
ate the vivid memory of an event. such as an
evening with the voluptuous movie star, that
never happened.

MINUTE MANIPULA-
TIONS. Small RNA mole-
cules that shut down gene
expression have been hot. hot. hot 1n recent
vears. and 2006 was no exception.
Researchers reported the discov-
ery of what appears to be a new
and still-mysterious addition to this
exclusive club: Piwi-interacting
RNAs (piRNAs). Abundant in
the testes of several animals,
including humans, piRNAs are
distinctly different from their
small RNA cousins. and scientists
are racing to learn more about
them and see where else in the
body they might congregate.
PIRNAs made their grand en-

trance last summer, when four independent
groups released a burst of papers describing
them. In a sense. their sudden prominence
is not surprising. The Piwi genes to which
piRNAs bind belong to a gene family
called Argonaute. other members of which

help control small RNAs known as
microRNAs (miRNAs) and small interfer-
ing RNAs (siRNAs). Scientists already
believed that the Piwi genes regulate the
development and maintenance of sperm
cells in many species. With the discovery
of piIRNAs, they may be close to figuring
out how that happens.

Particularly intriguing to biologists 1s the
appearance of piIRNAs: Many measure about
30 RNA bases in length, compared with about
22 nucleotides for miRNAs and siRNAs.
Although that may not sound hike much ot a
difference. it has gripped biologists and
convinced them that
piRNAs are another
class of small RNAs
altogether. Also strik-
img is the molecules’
abundance and variety.
One group of scientists
found nearly 62,000
pPIRNAS in rat testes:
nearly 50.000 of those
appeared just once.

But beyond charac-
terizing what piIRNAs

look like and finding hints

that they can silence genes, scientists are

mostly in the dark. Still to be determined:

where they come from. which enzymes are key

to their birth, and perhaps most important, what
they do to an organism’s genome. Stay tuned.

-THE NEWS STAFF

www.sciencemag.org SCIENCE VOL 314 22 DECEMBER 2006

1855



1856

SCIENTIFIC PUBLISHING

A dolphin’s
demise

A Scientist’s Nightmare: Software
Problem Leads to Five Retractions

Until recently. Geottrey Chang’s career was on
a trajectory most young scientists only dream
about. In 1999, at the age of 28, the protein
crvstallographer landed a faculty position at
the prestigious Scripps Research Institute in
San Diego. California. The next year, in a cer-
emony at the White House, Chang received a
Presidential Early Career Award
for Scientists and Engmeers. the
country’s highest honor tor young
researchers. His lab generated a
stream of high-profile papers
detailing the molecular structures
of important proteins embedded in
cell membranes.

Then the dream turned 1nto a
nightmare. In September, Swiss
researchers published a paper in
Nature that cast serious doubt on a
protein structure Chang’s group
had described in a 2001 Science
paper. When he 1nvestigated,.
Chang was horrified to discover
thata homemade data-analysis pro-
oram had flipped two columns of
data. inverting the electron-density
map from which his team had
derived the final protein structure.
Unfortunately, his group had used
the program to analyze data for
other proteins. As a result, on page 1875,
Chang and his colleagues retract three Science
papers and report that two papers in other jour-
nals also contain erroneous structures.

“I"ve been devastated,” Chang says. 1 hope
people will understand that it was a mistake,
and I'm very sorry for it.” Other researchers
don’t doubt that the error was unintentional,
and although some say it has cost them time
and effort, many praise Chang for setting the
record straight promptly and torthrightly. *“I'm
very pleased he’s done this because there has
been some confusion™ about the original struc-
tures. says Christopher Higgins, a biochemist
at Imperial College London. “Now the field
can really move forward.”

The most influential of Chang’s retracted
publications. other researchers say, was the

2001 Science paper. which described the struc-
ture of a protein called MsbA. isolated from the
bacterium Escherichia coli. MsbA belongs to a
huge and ancient family of molecules that use
energy trom adenosine triphosphate to trans-
port molecules across cell membranes. These
so-called ABC transporters perform many

Flipping fiasco. The structures of MsbA (purple) and Sav1866 (green) overlap
little (left) until MshA is inverted (right).

essential biological duties and are of great clin-
ical interest because oftheirroles in drug resist-
ance. Some pump antibiotics out of bacteral
cells. for example; others clear chemotherapy
drugs from cancer cells. Changs MsbA struc-
ture was the first molecular portrait of an entire
ABC transporter. and many researchers saw it
as a major contribution toward figuring out how
these crucial proteins do their jobs. That paper
alone has been cited by 364 publications,
according to Google Scholar,

Two subsequent papers. both now being
retracted, describe the structure of MsbA from
other bacteria, Vibrio cholera (published in
Molecular Biology in 2003) and Salmonella
tvphimurium (published in Science in 2005),
The other retractions, a 2004 paper in the

Proceedings of the National Academy of

Indians wary of
nuclear pact

Sciences and a 2005 Science paper. described
EmrE, a different type of transporter protein.

Crystallizing and obtaining structures of
five membrane proteins in just over 5 years
was an incredible feat, says Chang’s former
postdoc adviser Douglas Rees of the Califor-
nia Institute of Technology in Pasadena. Such
proteins are a challenge for erystallographers
because they are large. unwieldy. and notori-
ously difficult to coax into the crystals
needed for x-ray crystallography. Rees says
determination was at the root of Chang’s suc-
cess: “He has an incredible drive and work
ethic. He really pushed the field in the sense
of getting things to crystallize that
no one else had been able to do.”
Chang’s data are good. Rees says,
but the faulty software threw
everything off.

[ronically, another former post-
doc in Rees’s lab, Kaspar Locher,
exposed the mistake. In the 14 Sep-
tember issue of Nature. Locher,
now at the Swiss Federal Institute
of Technology in Zurich, described
the structure of an ABC transporter
called Sav1866 from Staphviococcus
aureurs. The structure was dramati-
callyv—and unexpectedly—difter-
ent from that of MsbA. After
pulling up Sav1866 and Chang’s
MsbA from S. typhinmurium on a
computer screen. Locher says he
realized in mmutes that the MsbA
structure was inverted. Interpreting
the “hand™ of a molecule 1s always
a challenge for crystallographers,
Locher notes. and many mistakes can lead to
an incorrect mirror-image structure. Getting
the wrong hand 1s “in the category ot monu-
mental blunders.” Locher says.

On reading the Nature paper, Chang
quickly traced the mix-up back to the analysis
program. which he says he mherited trom
another lab. Locher suspects that Chang
would have caught the mistake it he'd taken
more time to obtain a higher resolution struc-
ture. I think he was under immense pressure
to get the first structure. and that’s what made
him push the limits of his data,” he says. Oth-
ers suggest that Chang might have caught the
problem if he’d paid closer attention to bio-
chemical findings that didn’t jibe well with the
MsbA structure. “When the first structure
came out. we and others said, “We really »
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Science’s image

problem

drives

don’tquite believe this 1s right,” " savs Higgins.
“It was inconsistent with a lot of things.”

The ramifications of the software snafu
extend beyond Chang’s lab. Marwan Al-Shawi,
a biochemist at the University of Virginia in
Charlottesville, says he’s now holding on to
several manuscripts he was about to submit.
Al-Shawi has been using Chang’s MsbA struc-
ture to build computer models ofan ABC trans-
porter involved in human cancer drug resist-
ance. David Clarke of the University of

LU.S. QOCEAN POLICY

/ Denser disk

Controversial

selection

Toronto 1n Canada says his team had a hard
time persuading journals to accept their bio-
chemical studies that contradicted Chang’s
MsbA structure. Clarke also served on grant
panels on which he says Chang’s work was
influential. “Those applications providing
preliminary results that were not in agree-
ment with the retracted papers were given a
rough time.” he says.

At Scripps, colleagues are standing behind
the young researcher. “He’s doing some really

beautiful work. and this is just an absolute dis-
aster that befell him.” says Chang’s department
chair. Peter Wright. “I'm quite convinced he’ll
come out of it. and he’ll go on to do great
things.” Chang meanwhile has been reanalyz-
ing his original data and expects to submit
papers on the corrected structures soon. The
new structures “make a ton ot sense” biologi-
cally. he says. “A lot of things we couldn’t fig-
ure out before are very clear.”

—GREG MILLER

Fisheries Bill Gives Bigger Role to Science—But No Money

New rules governing the U.S. fishing industry
offer scientists much greater power to keep
marine populations from collapsing. But
although advocates for marine conservation
are celebrating the changes n a 30-year-old
law that Congress adopted earlier this month,
they are disappointed that the focus remains on
managing individual species rather than
ecosystems. And they worry that the responsi-
ble agency—the National Oceanic and Atmos-
pheric Administration (NOAA )—may not
have enough money to implement many of the
provisions in the revised law.

The bill, a reauthorization of the 1976
Magnuson-Stevens Fishery Conservation
and Management Act. requires the eight
regional fishery councils to follow the advice
of their scientific committees, prevents con-
tinued overfishing, and calls for more
research by NOAA on deep-sea corals.
“We're very excited.” says Steven Murawski,
chief science adviser for NOA A Fisheries.
The bill awaits the president’s signature after
legislators gave their approval in the final
hours of the 109th Congress. Yet that same
Congress failed to complete work on the 2007
budgets of most agencies. including NOAA’
(Science, 15 December. p. 1666). raising
doubts about how the agency will manage
existing operations, let alone take on new
ones. “Where 1s the money for all this?” won-
ders John Ogden. director of the Florida Insti-
tute of Oceanography in Tampa.

The new version is the first update in a
decade. Environmentalists and researchers had
feared that the revision might weaken the cur-
rent law, because the House Resources Com-
mittee had proposed abolishing a rule requir-

ing depleted stocks to be rebuilt within
[ 0 years. But the deadline remains in place.
“I'm very gratified.” says Carl Safina of Stony
Brook University in New York.

The bill breaks new ground by telling coun-
cils to end overtishing within 2 years afier a
species 1s deemed overfished. The current law
was vague, and some councils allowed contin-
ued overtishing on the way to a rebuilding tar-
get. a practice that has made recovery harder
tor some species. “It’s a significant improve-
ment.” savs Gerald Leape ofthe National Envi-
ronmental Trust in Washington, D.C.

Catch phrases. New fishery legislation is intended
to stop overfishing of species whose populations
have crashed, such as these cod in Gloucester,
Massachusetts.

[n addition. councils will now be
required to set catch limits and to tfollow sci-
entific advice. two practices that are volun-
tary under the current law. But a Senate pro-
vision for penalties when fishers end up
exceeding an annual limit was removed
before final passage. and even setting all the
catch limits is in question. The six NOAA
fishery science centers that crank out most
of the limits will require more resources. as
well as more data from observers and
NOAA survey vessels. This workload “1s
certainly a challenge.” admits Murawski,
referring to a pending 2007 spending plan
that could shrink NOAA Fisheries” budget
trom $667 million to $541 million.

The same budget uncertainties imperil sev-
eral other directives. A registry for recreational
marine fishing and grant licenses would allow
the agency to better estimate the impact ofnon-
commercial catches (Science. 24 September
2004, p. 1958). But Murawski warns that “1t’s
not going to be a cheap program.” Another
mandate would create a research program to
map and monitor deep-sea corals.

Many scientists are deeply disappointed
that the bill does not require an ecosystem-
based approach to managing fisheries. as was
recommended by several recent commissions.
Instead. the bill continues the current species-
by-species approach. while requesting a 180-day
NOAA study of the state of the science of
ecosystem management. It also authorizes the
agency to begin fundmmg pilot programs based
on the study but doesn’tseta level. “It's amajor
missed opportunity,” says Ellen Pikitch of the
University of Miami’ Pew Institute for Ocean
Science in Florida. ~ERIK STOKSTAD
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IMMUNOLOGY

Mouse Studies Question Importance
Of Toll-Like Receptors to Vaccines

Toll-like receptors (TLRs). once an obscure
class of cell-surface proteins, have become
hot targets for drugs and vaccines. And many
immunologists have come to regard these
key microbial sensors as the long-sought
link between the immune system’s initial
inflammatory response and its more tailored
and enduring antibody and cellular response
(Science, 14 April. p. 184).

Now. however, a new study casts doubt on
the importance of TLRs as general-purpose
immune stimulators, particularly for the type
of long-lasting immunity required by vac-
cines. On page 1936. immunologist Amanda
Gravin at the Scripps Research Institute in San
Diego. Cahtornia, and her colleagues report
that mice lacking the ability to respond to all

No Toll? A new study questions whether dendritic cells (pink) need
proteins called Toll-like receptors to turn on other immune cells
(blue) in response to vaccines.

TLR signals can nevertheless mount impres-
sive antibody responses to four different vac-
cine adjuvants, two of which were thought to
work through TLRs.

Although the new work doesn’t contest the
role of TLRs in innate immunity, the early
containment of microbial infection, it does
challenge the notion that TLRs are necessary
for turning on the adaptive immune response.
in which T and B cells become armed against
a specific microbe and remember it to deploy
defenses against subsequent attacks. “This
paper shows that TLRs are not the essential
link between the mnate and adaptive immune
systems where classical adjuvants are con-
cerned.” says Scripps immunologist Bruce
Beutler, a co-author of the paper. “A large
body of literature has to be reexamined.”

The work “is wonderfully provocative,”
says Thomas Hawn, an infectious-disease spe-

cialist at the University of Washington. Seattle.
“It reminds the field that there are alternative
pathways for the innate immune response to
influence an adaptive immune response.”
Some of those pathways might provide supe-
rior targets for vaccine adjuvants, he adds;
Hawn and others worry that simulating TLRs
could lead to serious side effects.

Yet some immunologists dismiss the new
study, citing its use of an “artificial” antigen as
one of several flaws in its methodology. Others,
such as Arthur Krieg, chief scientific officer at
the TLR tirm Coley Pharmaceutical Group in
Wellesley, Massachusetts, point out that
immune stimulators thought to work through
TLRs appear safe so far in human trials and
have shown preliminary signs of etficacy.

The controversial Scripps work
began some 20 months ago when
Gavin, along with graduate student
Bao Duong and Scripps immunol-
ogist David Nemazee. wanted to
test whether TLRs were required
tor antibody-making B cells to
respond to synthetic molecules
belonging to a narrow class known
as T-cell independent antigens.
They injected a large molecule
made of linked sugars into a strain
of mice whose TLR signaling 1s
defective. These mice generated
Just as many antibodies to the anti-
gen as did ordinary mice.

The researchers then tested
both the TLR-disabled and nor-
mal rodents’ immune responses to a protein
antigen. This time, Gavin added an adjuvant
called alum, because proteins typically are
weakly immunogenic. Her team saw the
same strong antibody response in both
kinds of mice. Just as they got this result
last year, Yale University immunologists
Ruslan Medzhitov and Chandrashekhar
Pasare reported in Nature that work with a
different strain of TLR-disabled mice,
including cell-transfer studies, led them to
conclude that TLRs on B cells as well as
dendritic cells are required for optimal anti-
body responses. In a letter to Nature. the
Scripps team disputed that conclusion, sup-
plying some of their then-unpublished data.
In a reply. Medzhitov and Pasare argued.
among other points, that the Scripps team
would have obtained different results with
other vaccines or adjuvants. >

I\ JF

Canada Tackles Chemicals

Canadian regulators last week began banning
350 chemicals after government scientists
concluded a 7-year review of almost 23,000
chemicals. The list includes bisphenol A,
marking the first time that any government
has banned the common additive, found in
plastics. “We're not afraid. There's an awful
lot of science supporting the safety of bisphe-
nol A," says Steven Hentges of the American
Plastics Coundil. In addition, scientists will
look at some 4000 of the most worrisome
chemicals under a $300 million program
aimed at identifying dangerous and environ-
mentally persistent toxic substances.

Richard Denison, a senior scientist with
Environmental Defense in Washington, D.C,,
applauds the move, noting that the U.5. gov-
ernment has only examined "a few thousand
of the 82,000 chemicals in its inventory.”

-PAUL WEBSTER

China Seeks Academic Partners

BEIJING—The Chinese government is hoping
that its top research institutes and universities
will team up with basic research laboratories
around the world. And it plans to set up a spe-
cial fund to help make those partnerships
happen. Shang Yong, vice minister of science
and technology, last week called for top insti-
tutions with “good international cooperation
records” to participate in the 5-year plan.
Chinese universities will need to apply for the
money, which the government hopes will be
matched by the non-Chinese partner.

-JIA HEPENG

Targeting Tropical Diseases

SINGAPORE—A new partnership for clinical
research could make Indonesia the first country
to field-test drugs against dengue, a burgeon-
ing, occasionally fatal disease that causes fever
and wrenching muscle aches. The partnership—
between the Novartis Institute for Tropical
Diseases (NITD) in Singapore and two Indone-
sian institutes—will also focus on tuberculosis.
NITD, co-funded by Novartis and the
Singapore government, aims to develop diag-
nostics and drugs for diseases of the poor and
polish up the company’s image in the process
(Science, 7 February 2003, p. 811). Next
month, it will join officials from Hasanuddin
University in Sulawesi and the Eijkman Insti-
tute for Molecular Biology in Jakarta to launch
a $5 million effort to build clinical research
capacity in the world’s fourth most populous
nation. “We hope there will be a snowball
effect,” says Irawan Yusuf, dean of Hasanud-
din's medical school. ~MARTIN ENSERINK
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Responding to that challenge, the Scripps
team injected both TLR-disabled and normal
mice with a chemically modified protein anti-
gen and other immune boosters, including
Freund’s complete adjuvant (FCA), an oily
microbial mixture that includes TLR ligands,
and Ribi adjuvant, a TLR4 activator used in a
hepatitis B vaccine. They saw robust antibody
responses to the antigen for all the adjuvants
in both types of mice. “We were surprised.”
Gavin says. “We too had been sucked into the

WILDLIFE CONSERVATION

misconception that TLRs are the only road
there 18” to a strong antibody response.,
Medzhitov believes the study i1s fatally
flawed. however. The robust B-cell responses
in the TLR-signaling mutants, he claims,
result from the use of a chemically moditied

protein. It Gavin’s team were to use a regular

antigen, he predicts. they would see a big dif-
terence between the mice. “TLRs are not the
only possible target for vaccines.” Medzhitov
maintams. “but as far as we know. most ot the

major adjuvants work through TLRs.”
Whether TLR stimulants are sate and
etfective adjuvants should be resolved as
large-scale human trials come to a close in the
next several years. But if Gavin and her col-
leagues are correct, biotech firms may want to
shift gears. “TLRs are moving rapidly in the
clinic.” Krieg says. “But could there be some-
thing better in the future? Absolutely. Clearly,
YOU can generate strong immune responses
without TLRs.” ~INGRID WICKELGREN

River Dolphins Down for the Count, and Perhaps Out

The world’s rarest cetacean 1s nowhere to be
found. Last week, a 3500-kilometer survey
along China’s Yangtze River failed to turn
up a single river dolphin, or baiji (Lipeotes
vexillifer). “1t’s going to take a rescue effort of
epic proportions to save this species,” says
Karen Baragona. director of the World Wildlife
Fund’s China programs. But it may already be
too late for the nearly blind, pale creature.
Expedition organizer August Ptluger, head of
the Swiss-based baiji.org Foundation. says
bluntly: *“The baiji is functionally extinct.”

The gloomy appraisal has prompted
researchers to redouble ettorts to save another
endangered Yangtze cetacean. the
finless porpoise, known in China
as the jlangzhu, or river pig.
(Cetaceans include whales. dol-
phins. and porpoises.) The survey
recorded fewer than 300 of the
world’s only freshwater porpoise
(Neophocaena phocaenoides
asiaorientalis). Experts now esti-
mate a total population of at most
1400, a 50% decline from the last
major survey in 1991, “Without
further intervention, the tinless
porpoise will be the next baiji.”
says survey member Zhang
Xianfeng of the Wuhan Institute
of Hydrobiology.

Although biologists knew the
baiji was scarce. coming home
empty-handed after a 6-week sur-
vey up and down the Yangtze was unexpected.
A team trom China, the United Kingdom, and
the United States had planned to follow the
survey with a $400.000 “rescue mission” to
transfer any captured baiji to Tian-e-Zhou
Lake in Hubei Province. a sanctuary holding
30 finless porpoises. That plan has been
shelved, says Pfluger.

The baiji split from other dolphins 20 mil-
lion years ago. Since then. the baiji’s eyes

have shrunk to pea size. It can discern only
light and dark, so it relies on a tinely tuned
sonar to hunt prey in the silty Yangtze. The last
comprehensive survey in 1997 tound 13 baiji;
from this figure, experts pegged the popula-
tion at fewer than 100. “For us to see zero
means there might be 107 left in the wild. says
survey member Barbara Taylor. a marine
biologist with the U.S. National Oceanic and
Atmospheric Administration (NOAA). Or, as
Pfluger notes, zero may mean zero. It so, the
baiji would tollow the Stellar’s sea cow,
Caribbean monk seal, and Japanese sea lion
into oblivion as the

Unhappy hunting. Expedition members search fruitlessly for signs of baiji on
the hazy Yangtze River. The last baiji in captivity (inset) died in 2002.

fourth large marine mammal to go extinet in
the last 3 centuries. It would be the first
cetacean lost in modern times.

Although the baiji’s fate 1s uncertain, the
dangers it faces are all too apparent. The most
immediate threat 1s the use of rolling hooks,
says expedition co-director Robert Pitman. a
NOAA marine biologist. These illegal fishing
lines are stretched across a river and are
known to snag and drown baiji. During the

survey. says Pitman, “we saw hundreds of
fishermen using rolling hooks.”

Long-term hazards are pollution and
choking boat traffic. Near Poyang Lake in
Jiangxi Province. connected to the Yangtze
by a narrow channel, Taylor counted some
1200 boats n a span of 2 hours. Between the
heavy traftic and numerous factories hard up
against the lakeshore, Taylor declares Poyang
the “biggest environmental disaster” she’s
ever seen. That’s bad news. as Poyang,
China’s largest lake. 1s one of the last redoubts
of the finless porpoise:
It has the biggest
intact population,
estimated at 400, with

80 spotted during the survey.

Plucking the porpoise from
peril won’t be simple. Proposed
megadams may fragment
remaining populations, says
Zhang. "There’s no hope to
change the environmental condi-
tions on the Yangtze.” he says.
Pfluger says his organization will
educate fishers about the impact of
illegal fishing and finance a
sustainable-tishing initiative at
Tian-e-Zhou Lake. There. two or
three porpoises are born each
year, and captive breeding has
resulted in a pregnancy last vear,
says expedition co-director Wang
Ding of the Institute of Hydro-
biology. “We have to set up more seminatural
reserves like Tian-e-Zhou.” Wang says.

Sadly. that approach may no longer be
applicable to the baiji. an apparent victim of
China’s booming economy and the attendant
environmental degradation of a mighty river.
“It seems the baiji 1s the only thing that is not
made in China anymore.” says Pitman,

-=JERRY GUO
Jerry Guo is a writer in New Haven, Connecticut.
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Spain’'s Prestige Oil Spill Resurfaces

BARCELONA—The hulk of the Prestige
tanker that sank off the coast of Spain in
2002 1s a disaster waiting to happen. accord-
ing to a study released in Madnd last week.
Although a private firm was hired to remove
o1l from the tanker and carry out bioremedi-
ation, a new analysis Tinds that as much as
23.000 tons of o1l may still be in the ship.
Bacterna that corrode the hull, according to
the report. could soon trigger a rupture. The
authors. led by Jose Luis De Pablos. a physi-
cist at Madrid’s Center for Energetic and
Environmental Research, urged the govern-
ment to take “prompt” action.

Some observers have disputed De Pablos’s
analysis but agree that an investigation 1s
warranted. Oceanographic chemist Joan
Albaiges, vice president of a government
scientific advisory commission for the
Prestige incident, said. “It’s clear to me
that bioremediation didn’t work.” The
recent discovery that the tanker 1s leaking
undegraded fuel, he says, “raises doubts
about the success™ of the 2004 cleanup.
The company that carried out the bio-
remediation work. Repsol of Madrid,
declined to comment.

Repsol used remotely operated sub-
mersibles to suck oil into giant plastic bags
(Science, 28 November 2003, p. 1485).
When the work ended in August 2004, the
government said that only 700 to 1300 tons
of o1l remained in the tanker. An advisory
scientific committee predicted that corro-
sive cracks were not likely to appear in the
hull before 2025.

In March 2006, however, new oil slicks
were detected near the Prestige. Scientists
from several public mstitutions took sam-
ples and concluded that the petroleum at the
surface matched the type carried by the
Prestige. Their report, handed over to the
government in mid-November. concluded
that the fuel “did not have signs of degrada-
tion,” indicating that the bioremediation
effort had not been tully effective.

The independent analysis released by
De Pablos on 12 December concluded that
between 16.000 and 23.000 tons of oil
remain in the wreck and could be released
rapidly. For example. De Pablos claimed
that the level of fuel in the tanker before
Repsol began its cleanup was “double™ that
estimated by the company’s formula. And
he cited research published in 2004 describ-
ing the corrosive action of the bacteria
Desulfovibrio desulfuricans, which pro-
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duces an acid capable of destroying more
than 2 mm of steel per year. He estimated
that holes would form in the tanker’s hull
within 4 years of its sinking, In addition,

Cleanup. A fishing boat unloads tons of spilled oil
from the stricken tanker Prestige in 2003.

De Pablos said the angle at which the tanker

lies on the floor could stress bulkheads,
leading to a catastrophic leak. De Pablos
recommended that the government treat the
o1l with a neutralizing agent and build a sar-
cophagus over the wreck.

But Albaiges says that some of De Pablos’s
data appear to be “flawed and based on
speculation rather than strong evidence.”
For instance. Albaiges says. the tanker’s
position on the ocean tloor isn’t a key factor,
and a massive spill “isn’t possible.” Yet he
also doubts Repsol’s claim that only 1000 tons
of o1l remain in the tanker. I will believe

them when they show the results of their

studies.” he contends.

The company referred questions to the
government’s Center for the Prevention and
Fight Against Marine and Coast Pollution.
Center Director Purificacion Morandeira
says that De Pablos’s calculations under-
estimate the rate of flow of the recovery
bags during the oil ¢cleanup 2 years ago.
Morandeira says the government has asked
Repsol to examine the wreck again i 2007,

—XAVIER BOSCH
Xavier Bosch 1s a science writer in Barcelona, Spain.

I\ JF

South Pole Death Probed

More than 6 years after Australian astrophysi-
cist Rodney Marks died of methanol poisoning
while wintering over at the South Pole, New
Zealand authorities continue to investigate
the circumstances surrounding his death. And
the willingness of the National Science Foun-
dation (NSF) and other U.S. agencies to share
information lies at the heart of the inquiry.

Last week, a coroner’s inquest in
Christchurch, New Zealand, heard 2 days of
testimony about events shortly before Marks
ingested a fatal dose of methanol, a commaon
alcohol-based solvent that is also often used in
homemade spirits. Marks was working on the
Antarctic Submillimeter Telescope and Remote
Observatory located at NSF's Amundsen-Scott
South Pole Station. NSF originally reported
that the 32-year-old Marks “apparently died of
natural causes” on 12 May 2000. The body
was sent to Christchurch once flights from the
pole resumed in the fall, and in November
2000, an autopsy revealed lethal levels of
methanol. Christchurch corener Richard
McElrea then asked police to investigate.

At the inquest, Detective Senior Sergeant
Grant Wormald testified that the police depart-
ment has been frustrated by what he character-
ized as a lack of cooperation from U.S. authori-
lies in contacting the 49 people who were liv-
ing at the South Pole station at the time of
Marks's death. As a consequence, Wormald
said that police have yet to determine whether
the poisoning was accidental or deliberate.

NSF spokesperson Jeffrey Nesbit says that
New Zealand authorities asked NSF for help in
2002 and that the following year the agency
sought clarification of the request. "There are
complex jurisdictional and privacy issues
involved,” says Nesbit, in explaining the delay.
In 2005, NSF and its contractor, Raytheon Polar
Services, distributed a questionnaire to those
who had wintered over in 2000 and asked
them to send their responses directly to New
Zealand. "We didn't get any returns, so we
assume that they went to the right addresses,”
Nesbit added. Wormald testified that the police
eventually received nine replies.

New Zealand officials say they hope the
additional publicity will lead people to come
forward with new information. McElrea
declined comment on his plans. But the case
remains open, and the inquest 1s expected to
resume in February.

—]EFFREY MERVIS
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ARCHAEOLOGY

Researchers Helpless as Bosnian
Pyramid Bandwagon Gathers Pace

LONDON—AnN unusual soirée took place here
at the Bosnian embassy last week. The star of
the show, Semir Osmanagic, presented a slide
show of his discovery of ancient pyramids
northwest of Sarajevo and other evidence of
what he calls a “supercivilization™ that flour-
ished in Bosnia 12,000 years ago—a time
when most archaeologists believe small
groups of hunter-gatherers were struggling to
survive in a frozen Europe. He then posed for
photographs in front of a pyramid-shaped
cake baked in his honor.

Osmanagic. a Bosnian businessman, has
riled protessional archaeologists who see
his pyramid hypothesis as completely
unfounded. Last week. the European Asso-
ciation of Archaeologists published an open
letter to the Bosnian government calling
Osmanagic’s project “a cruel hoax on an
unsuspecting public [which] has no place in
the world of genuine science.” U.K. archae-
ologists are disturbed at the lack of criti-
cism. “Support for this raft of nonsense has
only increased,” says Richard Carlton. an
archaeologist at the University of Newcas-
tle. but *I have no idea what to do other
than to continue to present reasonably
argued opposition.”

2007 U.S. BUDGET

Half-baked. Semir Osmanagic poses with Bosnian
ambassador to the U.K. Tanja Milasinovic.

Osmanagic declared last year that a series
of pyramid-shaped hills near Visoko were
structures built by a previously unknown

Neolithic civilization, and he set up a founda-
tion to excavate and exploit them. Bosnia’s
fragmented archaeological community 1s
struggling to convince the public that the pyr-
amids are simply natural features (Science,
22 September, p. [718). but Osmanagic’s
influence and popularity have only grown. He s
planning to expand his “archaeological park™
scheme across the country to include newly dis-
covered stone sphere “megaliths™ and stone
temples—both of which scientists say are just
geology. He is currently in Malaysia meeting
business leaders interested in funding the parks.

Osmanagic began his lecture by saying
that his excavation team includes an Oxford
University archaeologist who “agrees that
these are massive, manmade structures.” And
after the embassy event. the Bosnian Pyramid
Foundation Web site claimed that “Robert
Harris, member of the British Parliament,”
hailed “the significance of this discovery.”

“There 1s no British parliamentarian
called Robert Harris,” says Colin Renfrew, a
member of the House of Lords, and the
Oxtord archaeologist 1s Alex Cartwright. an
undergraduate student. “Mr. Cartwright does
not have any expertise and in no way repre-
sents the university.,” fumes Peter Mitchell,
an Oxford archaeologist.

In contrast to this academic turmoil, most
conversations at the embassy gathering
centered on the 200,000 tourists Osmanagic
says have visited Visoko this year.

=JOHN BOHANNON

NIH Trims Award Size as Spending Crunch Looms

The National Institutes of Health (NIH) 15
asking most of its grantees to tighten their
belts. The agency decided last week to can-
cel a scheduled inflationary boost for scien-
tists with multivear awards. Like other
U.S. science agencies, NIH is preparing for
an anticipated flat budget in 2007 that would
freeze any new activities and take a bite out
of existing programs.

The looming crunch is a result of a break-
down in the annual budget cycle. The 109th
Congress adjourned earlier this month after
completing only two of 11 spending bills—
for homeland security and the military. Every
other agency was ordered to operate, at best,
at current funding levels until 15 February.
Last week, the incoming Democratic chairs
ot the appropriations panels said they hoped
the new Congress would extend the so-called
continuing resolution (CR) through
30 September, the end of the 2007 fiscal
year (Science, 15 December, p. 1666).

NIH decided not to wait. On 15 Decem-
ber, it eliminated a 3.4% inflationary boost
in 2007 for “noncompeting renewals.”
some three-quarters of the pool of grants
held by principal investigators. The sav-
ings will be used to fund as many new
awards as possible in 2007. That number,
about 9600, would be similar to 2005 lev-
els and nearly 600 more than in 2006, when
NIH’s $28.6 billion budget actually shrunk
by $100 million.

“The new policy 1s consistent with NIHS
concerns for new investigators, those who
will be applyving for their first renewal
grants. and those solely supported by NIH.”
says Patrick White of the Association of
American Universities. “And while we
appreciate that NIH 1s trying to spread the
pain, the critical thing is [fighting for] a rea-
sonable increase in 2008.”

Some other agencies will be even worse
off. A CR will decimate the first step in the

proposed budget doubling of the National
Science Foundation, the Department of
Energy’s Office of Science. and the National
Institute of Standards and Technology. It
could also wipe out a $1 billion increase that
a Senate spending panel had approved ftor
NASA to help the space agency recover
from the 2003 Columbia space shuttle
tragedy and damage from Hurricane Kat-
rina in 2005, NASA officials say a CR would
leave it with a $700 million shortfall that
could eat into the agency’s $5.2 billion sci-
ence portfolio.

Many lawmakers are unhappy about
funding the government on a CR but see no
better alternative. “In some sense, a CR 15
like Iraq.” says the incoming chair of the
House Science Committee. Representative
Bart Gordon (D-TN). “It’'s a matter of the
least worst option ... and then going for-
ward in 2008.”

—-JEFFREY MERVIS
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NONPROLIFERATION

Indo—U.S. Nuclear Pact in Jeopardy

NEW DELHI—A landmark nuclear deal
between India and the United States i1s in dan-
ger of unraveling. Top nuclear scientists in the
Indian government, speaking on condition of
anonymity, have told Science that they oppose
provisions of new U.S. legislation that paves
the way for civilian nuclear cooperation
between the two nations. “The costs to the
U.S. appear minimal. The price India will
have to pay may well be a total loss of control
over its future nuclear policies.” asserts M. R.
Srinivasan, a member of India’s Atomic
Energy Commission,

Most egregious, Srinivasan and others say.
1s language 1n the law that equates to a
de ftacto ban on further nuclear tests. “The
ULS. has shifted the goalposts.”
grouses one top government sci-
entist. The Indian government is
mulling a formal response.

The legislation would end a
U.S. ban on the sale of nuclear
technology and fuel to India,
imposed after India’s first nuclear
testin 1974, U.S. President George
W. Bush signed 1t into law on
Monday, paving the way for nego-
tiations on the “123 Agreement.” a
bilateral treaty spelling out each
country’s commitments under the
pact. In the meantime, India must
conclude sateguards agreements
with the International Atomic
Energy Agency (IAEA). and the
45-member Nuclear Suppliers
Group must amend its rules to per-
mit trade, even though India 1s not
party to the Nuclear Nonprolitera-
tion Treaty. U.S. nuclear firms are
eager to make sales: India esti-
mates that over the next 25 years
it will mstall almost 530.000
megawatts of nuclear power at a
cost of $75 billion.

From the start. however, negotiations over
implementing the nuclear accord. inked in July
2005, have been fraught. An early bone of con-
tention was India’s plan for separating its
nuclearestablishment into military and civilian
facilities. with only the latter open to foreign
commerce. After several rounds of talks. the
two sides last March agreed on an implementa-
tion plan that was denounced by U.S. non-
proliferation experts (Science, 10 March. p. 1356).

Now key Indian leaders are turning against
it. Officials say their chiet concern 1s provi-
sions of the legislation that they ¢laim aim to

cap India’s nuclear weapons program. In a
statement last week. the main opposition party,
the Bhartiya Janata Party. called for an “out-
right rejection” of the deal. And after a meeting
on 15 December in Mumbai convened by the
chair of India’s Atomic Energy Commission,
Anil Kakodkar, several retired atomic scien-
tists in a statement called the U.S. legislation
“objectionable™ and argued that “India must
not directly or indirectly concede our right to
conduct future nuclear weapon tests.”

Indian scientists see a major bugbear in
the “joint explanatory statement™ from the
U.S. congressional conference committee
that drafted the legislation. They claim the
text makes India vulnerable to a repeat of the

Core concern. Indian scientists assert that new U.S. legislation makes India
vulnerable to a repeat of a nuclear fuel blockade of U.S.-built reactors at Tarapur
(one shown above) in 1974,

U.S. fuel blockade after Indias 1974 test.
Then, the United States banned the supply of
uranium fuel for General Electric—built reac-
tors at Tarapur, in western India. During the
recent negotiations, India demanded that any
future imported reactors come with assur-
ances of a litetime fuel supply. The U.S. legis-
lation states that provisions “should be com-
mensurate with reasonable reactor operating
requirements.” That’s tfine. Indian officials
say, but they are riled by wording 1n the
explanatory statement that fuel cannot be
assured in the event of “Indian actions ...
such as a nuclear explosive test.”
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“This is most unacceptable,” says Srinivasan.
Currently, he asserts. the deal would barter
away India’s right to conduct nuclear tests,
particularly if India’s electricity grid comes to
depend on nuclear power. After tests in 1998,
India declared a unilateral moratorium.
“There 1s no question of accepting any such
agreement that binds India bevond its volun-
tary hold on nuclear testing.” says a top gov-
ernment scientist. Last week. India’s foreign
minister. Pranab Mukerjee. hinted at a hard
line when he told Parliament, “We will not
allow external scrutiny of or interference with
the strategic program.”

[ndia also was hoping for an explicit
allowance to reprocess imported fuel. India
reprocesses domestic spent
fuel. extracting plutonium
for future breeder reactors.
(U.S. analysts estimate that
India has stockpiled 360 kilo-
grams of plutonium for wea-
pons.) The U.S. legislation
does not refer to reprocessing,
although “in future, it might
get addressed.” U.S. Under
Secretary of State R. Nicholas
Burns told Science: he declined
to give further details.

[ndian officials also object
to wording in the legislation
calling for free access for
U.S. inspectors to any safe-
suarded nuclear facility in the
event that IAEA were to fail to
carry out routine mspections.
Last August, Indian Prime
Minister Manmohan Singh
told Parliament that “there
Is no question of allowing
American inspectors to roam
around our nuclear facilities.”

The tate of the nuclear pact
hinges on negotiations over the 123 Agreement.
Three rounds of talks have been held on the
treaty. with no date set yet for the next
round. If the two sides do find common
ground, Indian and U.S. nuclear scientists
could be spending a lot more time
together—on nonproliferation. The legisla-
tion calls for the U.S. National Nuclear
Security Administration to work with scien-
tists from the U.S. National Academies and
Indian government to establish a coopera-
tive nuclear nonproliferation program. At
least so far, Indian government scientists
haven’t objected to that. —-PALLAVA BAGLA
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A Gut Germ Goes AWOL

[t yvou've ever suftered after eating under-
cooked chicken. chances are you had a belly-
tul of Campvlobacter jejuni bacteria. At the
meeting, researchers reported one possible
explanation for the intestinal interloper’s nas-
tiness. showing that it evades a cellular
defense that minces other bacteria.

C. jejuni sends more people to the doctor
than any other food-dwelling bacterium.
Recent tests by the magazine Consumer
Reports, for instance, detected the microbe in
8 1% of supermarket chickens. Along with
short-term misery, the germ occasionally trig-
gers protracted problems such as Guillain-
Barre syndrome, a paralyzing autoimmune
reaction. The bacterium’s gut-wrenching
potential stems in part from its ability to infil-
trate intestinal cells: Strains that are better
invaders provoke more severe illness,

Campylobacter s tricky to study ma lab.
however. and researchers aren’t sure how it
slips past a cell membrane and what it does
once it gets iside. But graduate student
Robert Watson of Yale University School of
Medicine and his adviser. microbiologist
Jorge Galan, improved the culturing method
for the germ. allowing them to more easily
watch it invade intestinal cells.

Many kinds of bacteria nde into a cell via

the endocytic pathway, which the cell normally
uses to ingest useful molecules.
The cell first bags what it
wants to import, creating a
capsule called an endo-
some. Anything the cell
doesn’t remove from
the endosome travels

to another interior

compartment. the lyso-

some, which brims
with digestive enzymes
potentially fatal to any
trapped bacterium.

By observing molecular
markers that decorate endosomes,
Watson and Galan determined that
Campvlobacter does get snared by the endo-
cytic pathway. But it avoids a deadly bath.
Two tracking molecules that tag endosomes
destined for the lysosome didn’t mark con-
tainers holding C. jejuni. These findings
indicate that C. jejuni makes its break from
the endocytic pathway quickly, Watson says.

Other pathogens have evolved ways to
escape destruction by lysosomes. The tood-
borne germ Shigella slips out of the endo-
some. In contrast. Campylobacter remains
inside, but the endosome docks near the

organelle known as the Golgi apparatus.
What the germs are doing there isn’t clear,
Watson says. They don’t appear to be repro-
ducing, but they do settle in. switching their
metabolism to run without oxygen,
The Golgr apparatus serves as a
cell’s distribution center for
proteins and other molecules.
which the bacteria could be
filching, Watson says.
The new results “define
the step where Campy-

Wayward bug. Campylobacter
jejuni (red) beds down near the
Golgi apparatus (green).

lobacter eludes the host system for
killing 1t.” says microbiologist Patricia
Guerry of the Naval Medical Research Center
in Silver Spring, Maryland. The next step is to
determine how it gets away, she says. “The
study could potentially provide insight into
how this bug makes us sick, which is a big
black box.” adds microbiologist Erin Gaynor
of the University ot British Columbia in
‘ancouver, Canada. For example. she says,
researchers could test whether Campyvlobacter
interacts differently with human and chicken
cells. because the birds harbor the bacteria but
don’t become ill.
—MITCH LESLIE

Sprayed-on Growth Factors Guide Stem Cells

Researchers hoping one day to tashion intri-
cate replacement parts that depend on multi-
ple cell types—joints. for example—need to
crack a vexing problem: how to coax adjacent
stem cells to follow different developmental
pathways. In San Diego, California. scientists
reported a step toward this goal with the use
of an unusual technology: an ink-jet printer.
Cell biologist Julie (Jadlowiec) Phillippi of
Carnegie Mellon University in Pittsburgh,
Pennsylvania, and colleagues used a custom-
built printer to direct the growth of stem cells
Into two lineages side by side. They pro-
ogrammed their machine to squirt microscopic
drops of a growth factor called bone morpho-
genetic protein (BMP)—which spurs bone
cell specialization—into square shapes on a
bed of extracellular matrix. They then planted
adult muscle stem cells on the surface. Within
3 days. the cells growing on the squares dif-
fered visibly and biochemically from neigh-
boring cells growing where no BMP had
landed. The cells on the squares cranked out an

enzyme that indicated they had diverted into
the bone lineage. Meanwhile, the cells living
on extracellular matrix alone manutactured
the mvosin heavy chain protein. showing that
they had continued on the road toward muscle.

Stem cells square up. Prebone cells cluster inside
the box where a growth factor was sprayed, whereas
premuscle cells remain outside.

The team 1s experimenting with more com-
plex patterns, including three-dimensional
“stacks™ made from alternating layers of
srowth factors and extracellular matrix,
Phillipp1 says. She and her colleagues are
also testing whether the ink-jet method can
promote healing of skull punctures in rats.
They apply patches of extracellular matrix
to the wounds, and then spray on growth fac-
tors to encourage the animals™ own cells to
close the punctures.

The scientists aren’t the first to turn to
Ink-jet printers. Biologists have used them to
spray cells and molecules into particular
patterns to study everything from muscle
development to crystallography (Science.
24 September 2004, p. 1895). Much ot this
work has focused on the machines’ technical
capabilities, says materials scientist Brian
Derby of the University of Manchester in the
U.K. Phillippt and her colleagues. he says,
“are the first people to show that the [ink-jet]
technique is not just practical but useful.”

—MITCH LESLIE
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Pon't Pretty U
Picture Just Yet

Scientists are used to enhancing images, but journal editors worry that
the results can be misleading and are cracking down on the practice—

some more forcefully than others

WHEN HE TRAINS COLLEAGUES TO
capture images of cells and their squishy con-
tents in microscopes at the Wistar Institute in
Philadelphia. Pennsylvania, James Hayden
sees certain behaviors again and again. Some
biologists become so excited by a weak signal
suggesting the presence of a particular mole-
cule that “they’ll take a picture of it, they’ll
boost the contrast. and they’ll make it look
positive.” says Hayden. who runs Wistar’s
microscopy core facility. And often, he adds,
scientists discard the original, ambiguous
image and preserve only the modified one.
Hayden himselt, who has worked for
vears helping scientists ready images for

publication, wrestles with the fine line
between appropriate and misleading image
alterations. “Weve all seen gels that look like
a complete disaster.” with “splotches™ every-
where from artifacts related to processing.
“In the past. I would take those out,” says
Hayden. “I wouldn’t do that now.”

That’s because scientific journals, con-
cerned about a growing number of cases
of image manipulation, are cracking down
on such practices with varying degrees of
aggressiveness. At one end of the spec-
trum is the biweekly Journal of Cell Biology.
which for the past 4 years has scrutinized
images In every paper accepted for publi-

cation—and reports that a staggering
25% contain at least one image that vio-
lates the journal’s guidelines. That num-
ber has held steady over time. says Mike
Rossner, the journal’s managing editor.
[ncreasingly. journals are offering authors
detailed instructions on how digital images
should be handled, but many doubt that this
will be much of a deterrent to “improving™
them. And although troubled by a mounting
stack of problem images. usually picked up
by reviewers or readers. most journals are
reluctant to devote much staff time and
money to hunting tor images that have been
mappropriately modified. Vanishingly few
are emulating the Journal of Cell Biology,
although more are beginning to consider it.
Last month, Nature and its suite of spe-
cialized journals began spot checks of all
images n one paper for each issue of every

jJournal. Editors were driven in part by several

cases of inappropriate image manipulation,
including a Nature Immunology paper that
was retracted after a reader noticed that flow
cytometry data were 1dentical in supposedly
different experiments. “It’s a little embarrass-
ing to publish papers with figures like this.”
admits Linda Miller, the U.S. executive editor
at Nature and the Nature research journals,

Mounting concern

Most journals don’t keep statistics on cases of
dubious 1mages. and it’s unclear whether
image manipulation is really on the rise or
whether readers and journals are more
attuned to it than in the past. Awareness of the
problem was certainly raised by the discovery
that Woo Suk Hwang. formerly of Seoul
National University. and his colleagues had
faked data i two blockbuster stem cell papers
in Science. In one, published in 2005, images
purporting to be of different cell lines were in
fact overlapping pictures of the same cells.

A review commissioned by Science and
led by six outsiders, including Miller, rec-
ommended last month that Science more
often request primary data. including
images. This past summer, Science began
screening all papers close to acceptance that
contain images of gels or cells, about 15 to
20 per week.

Regardless of whether the frequency of
image manipulation has changed, there’s no
question that digital technology has made 1t
far easier. Anyone familiar with image-
based computer software can cut and paste
portions of pictures. duplicate images and
reuse them. delete blemishes. or selectively
adjust the contrast of an image—for exam-
ple. by darkening the band of a gel. which
would suggest that a molecule’s presence or

22 DECEMBER 2006 VOL 314 SCIENCE www.sciencemag.org

CREDIT: ANDREW YATES/GETTY IMAGES



CREDITS (LEFT TO RIGHT): ROSSMER ET AL, JCB 166 11-15 {2004)

characteristics are stronger than they really
are. “People are very agile” at performing
these modifications. says James Lhle. editor-
in-chief of Molecular and Cellular Biology
and a molecular biologist at St. Jude Chil-
dren’s Research Hospital in Memphis,
Tennessee. His biweekly journal has
detected at least a halt-dozen cases of
Inappropriate image manipulation so far this
year. Five years ago, just one case would
have been a surprise. he says.

A general consensus 1s emerging among

journals about what constitutes mappropriate

image manipulation, although n some disci-
plines defining it can be tricky. Astronomers,
for example, are “taking pictures, and they
enhance what they get” in order to “see things
they would not see with the naked eye. and
that’s legitimate.” says Martin Blume, editor-
in-chief of the American Physical Society
(APS). which publishes nine journals. So
what represents improper manipulation? In
Blume’s mind, that would include inserting
data points or adding a light spot. which
might represent a planet.

Broadly speaking, “the big issue 1s
whether such manipulation, which is done
to enhance an image. actually changes its
meaning.” says Kathleen Case, the pub-
lisher at the American Association for
Cancer Research (AACR), which puts out
five journals. Next month. AACR plans to
post new guidelines on image modifica-
tion. The association recently encountered
its first case of improper modification,
caught by an astute reader. “Most authors

don’t teel this is particularly wrong: they're
just trying to make the illustration look
better,” says Case.

[n general, certain types of manipulation
are considered acceptable—such as adjusting
brightness or color across an entire image—
particularly 1t those changes are disclosed by
the authors. Hayden of Wistar feels strongly
that scientists ought to preserve all original

"‘Most authors don't
feel this 1s particularly
wrong; theyre just trying
to make the illustration
look better.”

—Kathleen Case, AACRH

image files, no matter how much the files are
subsequently “cleaned up.”

News of the journals’ stricter stance has
not reached all the scientists for whom it’s
designed. I almost died when I heard they
didn’t think 1t was a true picture.” says one
biologist. who asked not to be named because
he was reluctant to be known for image mod-
ification. A member of the biologist’s lab had
created a collage of images. Editors of the
journal in which it was published. tipped oft
by a reader, deemed the collage unethical
because it was presented as asingle picture. A
correction was subsequently published. not-
ing that the moditication, although mappro-
priate, did not atfect the paper’s conclusions.
“We thought it was obvious that it was a col-

NEWSFOCUS

lage.” says the biologist, adding that he vehe-
mently opposes altering images.

Policing, or not

Even as they urge scientists to adjust images
sparingly. if at all. journals are mired in a
debate about how far their own responsibility
for catching rule breakers extends. Like
AACRSY five journals, the 11 journals pub-
lished by the American Society for Micro-
biology (ASM) will release new guidelines
on digital image modification in January. In
20006, the Proceedings of the National Acad-
emy of Sciences, Science. and Nature all cre-
ated restrictions for authors on modifying
digital images. Most image guidelines are tar-
geted to certain fields of biology. such as
molecular biology and genetics.

ASM’s journals, which include the one
edited by Ihle, have together experienced
roughly a dozen cases of image manipulation
deemed misleading in the past 6 months,
estimates Samuel Kaplan, chair of the soci-
ety’s publications board and a microbiologist
at the University of Texas. Houston, Medical
School. In some cases. editors concluded
that the manipulations were a deliberate
attempt to mislead. and the guilty parties
were banned from publishing in ASM jour-
nals for 3 to 5 years. In other instances,
authors were asked to supply original images
for a paper not yet published. or a correction
for a paper that had already appeared.

The pattern 1s troubling enough to
Kaplan and others at ASM that late this
month. an editors” meeting in Washington.

Before and After Beautification

Although the image on the left suggests that all these cells appeared together, analyzing it by adjust-
ing the image's contrast reveals that some were cut and pasted in (above right). And a trained
observer, searching for telltale patterns in the background of a blot like this one on the right, can
detect that it has been cleaned up from its original (far right).
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D.C.. will take up the problem. ASM jour-
nals collectively publish about 8000 papers
every year, out of 17,000 submitted.
“Should we prescreen every manuscript that
comes in?” asks Kaplan, acknowledging
that, however desirable, this would be “a
horrendous task.”

[n fact, few journals perform any kind of
systematic screening of papers. Among the
exceptions are the Journal of Cell Biology
and its two sister journals, which have a
dedicated staffer who reviews the roughly
800 papers accepted by all three each year
prior to publication. Science’s screening 1s
principally designed to pick up selective
changes in contrast and images that are cut
and pasted. Nature has 1ts spot checks. The
biweekly Journal of Neuwrochemistry also
does systematic screening: one of its chief
editors was inspired by Rossner of the
Journal of Cell Biology., who has heavily
promoted the cause.

The editors say that the rates ot manipu-
lation at Science and the Journal of Neuro-
chemistry are far lower than at Rossner’s
journal. Katrina Kelner. deputy editor for
the life sciences at Science, says that since
initiating image analysis earlier this year,
Science has seen “some number less than
10.” or a few percent at most. She speculates
that the difference might be due to the sub-
ject matter—cell biology images are consid-
ered more prone to manipulation, and that
discipline makes up only a fraction of
Science’s papers—or the fact that Rossner’s
staffer, originally the otfice manager. 1s now
unusually experienced at hunting for modi-
fications. Either way, there’s no evidence
that this intensive review is having much
effect on behavior. as the rates of manipula-
tion recorded by the Jowrnal of Cell Biology
haven’t changed with time. That worries
Miller. who says she 1s hoping the extra
scrutiny at Nature will act as a deterrent.

Most journals say extensive screening is
not possible for them. “There 1s no way in
which we can search everything that comes
in or even everything that’s published.” a
total ot 17,000 papers, says APSs Blume.
Adds Lynn Enquist, editor-in-chief of
ASM’s Journal of Virology and a molecular
biologist at Princeton University, “Were not
a for-profit sort of thing; everything is done
by the grace of people who give up their
time. ... We're concerned about it, but 1
don’t see any new staff getting hired.”

That situation is common. Journals are
“looking for a cheap fix.” says Hany Farid,
a computer scientist at Dartmouth College
who is designing software that can pick up
airbrushing. cutting-and-pasting. and

other alterations made to images. Farid
says the journals he has spoken with are
reluctant to embark on widespread image
analysis. But., he says. “they have some
obligation to be a better gatekeeper than
they are now.” Rossner, who pioneered
image review. agrees wholeheartedly.
Regardless of the policies instituted by
Jjournals, it’s widely agreed that a genera-
tional disconnect has left students agile at
handhing digital images while many older
lab leaders shy away from it. presuming that
their students understand the rules. After his

own journal experienced its second case of
improper image manipulation, Enquist says,
“I spoke up at a lab meeting and said. “This
is the second time I've seen someone do
something really dumb: I hope you guys
aren’t doing this.” Then we had this discus-
ston. and people said, ' turned the contrast
up here and there.””

The experience drove home for Enquist
that “students really aren’t being told what’s
right or wrong., what’s acceptable or not.
We're just assuming that they know.”

—JENNIFER COUZIN

DATA STORAGE

Is the Terabit Within Reach?

Makers of computer hard disk drives have a good idea for how they'll keep disk
capacities rising through the end of the decade. After that, they'll likely have to
reinvent disk-drive technology with a lot of help from nanotechnology

BOSTON—Makers of magnetic disk drives are
perpetual victims of their own success. The
more storage capacity they pack into their
disks. the more people want, Today. the top
disk drives pack more than 100 billion bits,
or 100 gigabits (Gb), of data into a single
square inch of hard disk space. (Bits/in? is the
industry’s standard unit.) That makes it possi-
ble to hold thousands of songs and pictures on
one of the 17 disks in an Apple iPod. But with
digital video recorders now gobbling up to
6 Gb for an hourlong TV
show. all of a sudden that
120-Gb disk drive doesn’t
seem so big anymore. As for
that 20-GDb hard drive that
came with vour desktop a
few years ago, forgetit.
Computer hard disks
store data by defining the
magnetic orientation of
small regions of a spin-
ning platter. For 50 years,
diskmakers have boosted
the capacity of their disks
by shrinking the size of
those regions. So far,
that strategy has worked
splendidly. Disk drives
today hold 100 million
times as much data as the
first devices that IBM
researchers turned out in
1956. Diskmakers predict
that tweaks to the current
technology will keep
making bits smaller until

Bits of the future. Patterned islands
in an array (fop) reveal their magnetic
orientations (bottom).

around 2010. when disk drives are expected
to pack an estimated 500 Gb/in?. Past that,
it’ll be time to get creative. “We believe new
media technology will be needed to take
areal density beyond 500 Gb/in%.” says
Dieter Weller. who directs research on
magnetic media at Seagate, a major disk
drive manutacturer in Fremont, Calitfornia.

Today’s disks are made by laying down a
thin film of a magnetic alloy, which 1s com-
posed of a mosaic of tiny grains that act as
independent magnetic ele-
ments. The leading con-
tender for next-generation
technology is to replace this
layer of granulated material
with prepatterned magnetic
1slands in a background of
nonmagnetic material.
Such “patterned media”
could strengthen the mag-
netic signal coming from
each island, thus enabling
diskmakers to pack the
islands—or bits of data
closer together.

But getting there won't
be easy. Patterned media
are complicated to make,
and many industry experts
worry that the costs of
hard drives could rise sig-
nificantly. “In the past,
patterned media looked
very good in theory,” says
Zvonimir Bandic, a physi-
cist with Hitachi Global
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Storage Technologies (Hitachi GST) in San
Jose, California. “The question was, *Could
it be manufactured at low cost?’ Today. that’s
starting to look possible.” Many of the latest
advances in patterned media were on display
here at a recent conference.”

Bandic and others say advances in the
field are coming thick and fast. Particularly
promising are efforts to marry the top-down
lithographic patterning used by the semi-
conductor industry with a bottom-up
approach to making regular arrays of features
called self-assembly. “T wouldn’t be surprised
to see [this combination] in products in 5 to
10 years.” Bandic says.

Still, there’s a long way to go to ensure
that the technology will work on a manufac-
turing scale. And cost 1s critical because
today disk-drive makers create the magnetic
platters at the heart of their devices for only
about $6, and it’s unlikely that consumers
will be willing to see a big jump in their stor-
age costs. “No one will transition to pat-
terned media unless we have to do 1t.” says
Weller. So the question 1s can magnetic disk
researchers hurdle the obstacles in the few
short vears betore the technology is likely to
be called on to do heavy litting?

Diminishing returns

The current disk-drive technology has already
been doing yeoman’s work for decades. Inside
these disks, a magnetic “write head™ surfs just
above the surface as the disk spins, writing
bits of digital data—1s and Os—as it goes.
Reversing the magnetization between neigh-
boring regions encodes a“1”; leaving it alone,
a *0". The magnetic orientation of those bits 1s
frozen in place and can be read back until 1t 15
erased and rewritten.

But peering deeper within a single bit
reveals another level of complexity. A disk’s
magnetic material 1s made up of millions of
tiny grains, each of which holds its magnetic
orientation independently. A single bit 1s typ-
ically made up of 50 to 100 of them. Ifa sin-
gle stray grain within a bit tlips its magnetiza-
tion spontaneously, there’s no harm done. But
it too many of its neighbors start to flip,
you've just lost your bit of data. The upshot is
that there’s safety in numbers. To shrink the
size of a region that makes up a bit without
imperiling your data, you have to shrink the
grains as well.

There’s the rub. Throughout much of the
1990s, grain sizes dwindled fast enough for
manufacturers to increase the data capacity
of disk drives by about 100% a year. Today.
however. that increase has dropped to about

* Materials Research Society, Boston, 27 November—
1 December 2006.
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What's next. Bits currently stored as multiple grains (left) could give way to magnetic islands (right).

40% per year. One problem 1s that the grains
are now becoming so small that they are
approaching what is known as the “super-
paramagnetic limit.” where ambient heat can
trigger their magnetic orientation to tlip.

To deal with the problem, diskimakers have
started reducing the cross section of magnetic
regions by orienting bits perpendicularly, or up
and down relative to the surface of the spinning
disk. (Up to now, the magnetic orientation of
bits has always switched horizontally.) Disks
using “perpendicular recording™ went on the
market earlier this year and are soon expected
to dominate the industry. Some manufacturers
hope to make similar gains by co-opting an old
enemy. heat. Augmenting the disk drive’s write
head, which magnetizes the tiny regions as it
flies over the spinning disk. with a tiny heater
should brietly make the magnetic orientation
of the material under the head easier to flip.
That trick would enable them to switch to new,
more magnetically stable materials such as an
alloy of iron and platinum. in which the mag-
netic orientations of grains are harder to flip.
Between perpendicular recording and adding
tiny heaters. industry leaders are confident
that they can achieve data densities of about
500 Gb/in? around the end of the decade. a
density that would give a laptop a hard disk
capable of storing between 320 and 640 Gb.
“It’s in this regime where we expect patterned
media to take effect,” says Elizabeth Dobisz,
a data-storage expert with Hitachi GST.

Seeing patterns
Patterned media would walk diskmakers back
from the superparamagnetic limit. In contrast

to grainy conventional media. in patterned
media each bit is made from a single magnetic
island that’s not broken into smaller grains.
Because these islands can be larger than single
grains, they are less apt to be influenced by
ambient temperature fluctuations and thus are
more stable. That in turn should allow
diskmakers to pack those islands closer
together than the bits made from bunches of
orains today. With thatadvantage i sight, “the
hard disk drive industry is investing heavily in
patterned media.” Bandic says.

The $64.000 question is how to accom-
plish the patterning. The standard patterning
technology of the semiconductor industry,
known as photolithography. can now pattern
features down to 65 nanometers. But to beat a
data density of 500 Gb/in?, diskmakers will
have to make their magnetic islands a mere
22 nanometers across with just 36 nanometers
between the bits. “Historically, the disk-drive
industry has had it easy. lithographically.” by
adapting semiconductor techniques, says
Dobisz. But “we’re not going to be able to ride
on the coattails of the semiconductor industry
for this one.”

Photolithography could still nide to the res-
cue, however. At the Materials Research Soci-
ety meeting. Harun Solak. a nanofabrication
expert at the Paul Scherrer Institute in Villigin,
Switzerland. reported that he and colleagues
have created a patterning system that directs
multiple beams of extreme ultraviolet light at
a thin organic layer called a photoresist.
Where the beams intersect. they create an
interference pattern, much like the classic
double-slit physics experiment. A pair of
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intersecting beams creates an array of lines;
four intersecting beams creates an array of
squares. Photoresist exposed to those lines
and squares can be chemically etched to trans-
ter the pattern to a new material. At the meet-
ing, Solak reported that the system could
make perfect arrays of 15 to 20 nanometer
dots in photoresist at a density of 516 Gb/in’.
an accomplishment that Bandic calls “a very
impressive result.” Solak says his group hasn’t
vet converted these high-density arrays into
arrays of magnetic islands but has done it at
lower densities.

Another patterning option many groups are
exploring 1s a technique known as electron-
beam lithography, which uses a
styluslike beam of electrons to
write features in a resist. Dobisz
reported that her group at

Hitachi GST has used e-beams to 10000 _ : with a diblock copolymer
create arrays of magnetic 1slands 1000 S:zgdkydchmh. ?e ﬁapa.ﬁw made of hybrid molecules of
at a density of 520 Gb/in?. ;mls ‘.1‘1'7""9 Tfe {Ida o ”EEH polymethylmethacrylate
They ve done even better whenit 1% past ;J]yégg i (PMMA) and polystyrene
comes to just punching holes in ?.JE 10 ‘ (PS). The copolymer selt-
vartous films—the tirst step to = assembles into arrays of
patterning magnetic islands— S 5 PMMA pillars in a PS
creating arrays with densities as = 1 matrix. which the grooves’
high as 1.6 Th/in?, § contined geometry forces

The trouble 1s that e-beam g W02 Into a regular pattern. That
technology is slow. Ata density of E 10-3 pattern ranges from a single
| Tb/in2, it takes days to scratch & row of pillars inside 60-
out all the bits on a disk. That’s Ly g nanometer grooves on up
unacceptable for manutacturers 105 to six rows of pillars side
that have to turn out hundreds of 10 by side in 400-nanometer
disks an hour. Tetsuya Nishida of rrooves. Naito says his group
Hitachi’s Central RE;A’:IHI"U]] Lab in 1990, asel SOV 1;80 Lm0 G 2000 ]%as managed t:) ’[Lll‘f: 0 uit

ate

Tokyo. Japan, hopes to speed

things up by building an e-beam

machine that spins the substrate as it’s being
patterned. At the meeting. Nishida reported
that his group can quickly pattern pits in a
resist and substrate ata density of 100 Gb/in*>—
not high enough for commercial disks.
but a start.

One strategy that could offer some help
would be to use e-beam lithography to cre-
ate a "master” disk that could then be repli-
cated using a relatively new technique
called nanommprint lithography. Developed
12 years ago by Princeton University engi-
neering professor Stephen Chou. nano-
imprint lithography first creates a master
stamp with tiny features. then presses it into
a malleable plastic. The plastic can be used
as a mold for shaping metals. magnetic
materials, silicon, or other materials, or as a
resist for chemically etching patterns into a
separate substrate. Using e-beams to create
masters instead of for manufacturing makes
speed less critical, Dobisz notes: “If we only
need one master, it gives us a bit more lee-

way.” Nanoimprint lithography isn’t quite
ready for prime time. but at the Boston
meeting. several groups reported making
steady progress with the technique.

Other potential solutions are in the works
as well. Researchers are making arrays from
materials that naturally assemble themselves
into regular patterns. Last year, for example,
researchers led by Manfred Albrecht, a
nanoscientist at the University of Konstanz in
Germany. reported in Nature Materials that
they had created regular arrays of polystyrene
spheres, each just 30 nanometers across. They
then laid down a thin magnetic layer of a
cobalt-palladium alloy on top. creating a reg-

Progress in Hard Disk Drive Technology

ular pattern of undulations that could be used
to define separate magnetic 1slands. At the
meeting. Albrecht reported that his team 15
now working on making a similar array with
20-nanometer particles.

Another approach gaining popularity 1s to
make a resist layer out of two-part polymers,
known as diblock copolymers. The starting
materials for these plastics consist of indi-
vidual polymer chains with two distinct
components stitched together, like a strand of
linguini attached at one end to a piece of
macaront. In bulk. each component organizes
to associate with its own kind. By mixing the
polvmers in the right proportions, researchers
can create arrays of tiny pillars of one polymer
inside a matrix of the other. Then they can
either dissolve the pillars to create an array of
holes. or dissolve the matrix. leaving an array
of pillars, which can be filled with or sur-
rounded by magnetic materials. Numerous
teams have shown in recent years that they can
create arrays of such pillars and holes at a

density of hundreds of gigabits per square
inch. Unfortunately, the pillars and holes in
diblock films don’t stay in an ordered pattern
over large areas. That’s a serious problem.,
notes Hiroshi Yoshida of Hitachis Materials
Research Lab in Ibarki, Japan, because read

and write heads need to be placed exactly over

the bit they must read, write, and erase.

[n an etfort to solve this problem, several
groups are marrying top-down lithographic
patterning with bottom-up self-assembly.
Katsuyuki Naito of Toshiba’s Corporate
Research Center in Kawasaki, Japan,
reported progress on what his team calls

artificially assisted self-assembly.
Naito and his colleagues
first pattern a nickel disk

erooves, then fill the grooves

arrays of polymer pillars up
to 800 Gb/in® and in separate
work has used lower-density polymer pat-
terns to create arrays of magnetic cobalt-
platinum dots. The trick now. he says. 1s put-
ting 1t all together. Bandic says he tinds the
work impressive. “It’s looking very serious
now that self-assembly may find its first
application in information storage.” he adds.
At this point, however. no one is under the
tusion that researchers are close to their tar-
vet. “Patterned media is an aggressive
nanofabrication challenge,” Dobisz says.
Among the biggest hurdles will be to inte-
grate novel patterned media approaches with
the rest of the components of a hard disk
drive—such as read and write heads that are
sensitive enough to spot the magnetic islands
and servo systems that can steer the heads to
just the right bits on the disk. “We’ve got to
do quite a bit of innovation and development
in patterned media.” Dobisz adds. True
enough. But quite a bit of innovation 1s
already under way.
—ROBERT F. SERVICE
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PROFILE: BRUCE LAHN

Brain Man Makes Waves With
Claims of Recent Human Evolution

Geneticist Bruce Lahn's quest to understand the biology of human differences lands
him in the minefield of debates over race and 1Q

CHICAGO—In 1993, not long after Bruce
Lahn joined David Page’s genetics lab at the
Massachusetts Institute of Technology (MIT).
Page invited all lab members on a 2-day hike
in New Hampshire’s rugged White Moun-
tains. Page circulated a list of items to pack
and stressed bringing enough food and water.
Everyone showed up with stufted back-
packs—everyone, that is, except Lahn, who
arrived toting only a small shoulder bag.
When asked. Lahn pulled out the bag’s sole
contents: a gallon jar of Chinese pickled eggs.

“That was classic Bruce.” Page recalls.
“He didn’t follow instructions.” Lahn’s insis-
tence on doing things his way has made him
one of the fastest rising stars in genetics and
also one of the most controversial. His work
with Page to decipher the evolutionary his-
tory of the human Y chromosome was a
major landmark in genome research. It led
directly to a position at the University of
Chicago in Illinois. where Lahn achieved
tenure in an unusually rapid 5 years, and to an
investigator award from the Howard Hughes
Medical Institute.

But Lahn’s more recent work. seeking to
identify the genes behind our species’ supe-
rior cognition, has sparked skepticism (see
sidebar. p. 1872) and plunged this Chinese-
American scientist into contentious debates
over genetics, race, and intelligence. Two
Science papers concluding that purportedly

beneficial brain mutations are common in
Eurasia but rare in Africa have made Lahn a
darling of right-wing commentators seeking
evidence of racial differences in cognition.
Some scientists say Lahn overinterpreted and
sensationalized his findings. and one co-
author has distanced herself from one of the
paper’s more speculative conclusions.

The papers have such serious social impli-
cations that they needed to meet a higher stan-
dard of proof. says David Altshuler of the
Broad Institute in
Cambridge. Massa-
chusetts—and they
didn’t. The links to
cognition in particu-
lar were “wild specu-
lation.” he says. “"We
have a powerful responsibility to think about
how society will interpret [such work].”

Lahn tinds the political fallout discomfit-
ing. insisting that he 1s a staunch antiracist and
“extremely liberal™ in his personal politics.
He savs he is a lifetime member of the
National Association for the Advancement of
Colored People and gives money to Demo-
cratic candidates. Yet Lahn is fascinated by
differences among people and says he has
long wondered whether variations in social
status have genetic underpinnings. “You can’t
deny that people are ditferent at the level of
their genes.” Lahn says, citing the examples

"You can't deny that people
are different at the level
of their genes."

NEWSFOCUS

. S o Golden hands. Lahn's lab skills led swiftly to a

University of Chicago post.

of skin color and physical appearance. “This
1s not to deny the role of culture, but there may
be a biological basis [for differences] above
and beyond culture.”

Becoming Bruce

Lahn, 38, is slim and handsome. with expres-
sive hands that gesture animatedly as he
speaks. He was born in China to two physi-
cists who both suffered tfrom the country’s
political turmoil. His mother was branded a
“rightist” by the Communist Party during the
1950s, leading his maternal grandmother to
commit suicide out of shame. His paternal
grandfather died in a Communist labor camp.
“From early on. | had a sense of what had hap-
pened to my tamily, and that made me a bit of
a rebel.” Lahn says. “I was hyperactive and
always in trouble at school.”

Lahn’s rebelliousness made him keenly
interested in China’s social inequalities. He
was particularly struck by the privileges for-
eigners received when they visited China. “1
was deeply traumatized by that,” Lahn says.
He wondered whether there might be a
genetic basis for these class differences. “But
[ didn’t know what genes were exactly.”

In 1986, Lahn began studying genetics at
Beijing University. He soon got caught up in
the nascent democracy movement. putting
up one of the tirst wall posters on campus.
“We were very naive.” he recalls. “We really
thought that we had the power to change the
government.” When Lahn heard he was on a
watch list, he decided to leave China and was
accepted at Harvard University in 1988,

When he arrived in the United States,
Lahn was still going
by his Chinese name.
Lan Tian. But one
day, a McDonald’s
janitor told him he
looked like the late
martial arts actor
Bruce Lee, and Lahn’s friends started calling
him “Bruce.” Lahn soon adopted 1t as his
legal first name and Anglicized the spelling of
his last name.

Lahn thrived at Harvard. Geneticist James
Birchler. now at the University of Missouri.
Columbia. supervised Lahn’s senior thesis.
“He had golden hands™ in the lab, Birchler
recalls, “and he was intellectually fearless
and adventuresome.”

In 1991, after beginning Ph.D. studies at
MIT. Lahn asked Page to take him on as a
student. But Page says at first he was not

Continued on p. 1873

—Bruce Lahn
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B Frequency of supposedly favored microcephalin variant
] Frequency of other microcephalin variants

Links Between Brain Genes, Evolution,
And Cognition Challenged

Some of Bruce Lahn's provocative claims are running into heavy fire.
Last year, the University of Chicago geneticist reported, in two papers in
Science, that he had uncovered genes that are still evolving in humans,
and he suggested that they confer a brain-related boost—perhaps evena
cognitive one (see main text). His university even applied for patents on a
test that would reveal whether individuals carry the possibly advanta-
geous genetic variants. Some researchers have since arqued, however,
that selection may have favored the variants for a non-neural function.
Others have questioned whether the variants were under recent selection
at all. And Lahn’s own work with other scientists has failed to correlate
variants of the genes ASPM and microcephalin with 1Q. At this point, con-
cedes Lahn, “we don’t know what the variants do.”

Soon after the Science papers were published, Lahn set out to see
whether the variants give a cognitive advantage. In one study, Lahn
helped controversial psychologist Philippe Rushton of the University of
Western Ontario in London, Canada, test whether people who carry the
favored variants have higher 1Qs. Rushton is well known for his claims
that African Americans have lower intelligence than whites, and Lahn
had found that some genetic variants are common in Europeans and
Asians but less frequent among sub-Saharan Africans. But Rushton
reported last week at the annual meeting of the International Society for
Intelligence Research in San Francisco, California, that he had struck out:
The variants conferred no advantage on 1Q tests. “[We] had no luck,”
Rushton told Science, “no matter which way we analyzed the data.” Lahn
was not a co-author, but his group genotyped the 644 adults of differing
ethnicity in the study.

Lahn is a leading author, however, of a similar international study of
about 2500 subjects. Most of the results are unpublished, but findings
from Australia were presented at a meeting in Brisbane last August.
Nicholas Martin's team at the Queensland Institute of Medical Research in
Brisbane found no statistically significant correlations between the sup-
posedly favored variants and 1Q. In large part due to this raft of negative
results, Lahn says, the patenting effort has now been dropped.

® 9

Provocative results. Allegedly favored
variants are more common in Europe
and Asia but may not be brain-related.

If the variants aren’t boosting 1Q scores, what are they doing? Some
mutations in microcephalin and ASPM lead to microcephaly, or very small
brains, so Lahn had hypothesized that the variants might influence brain
growth in normal people. But that idea was challenged last May by neuro-
scientist Roger Woods of the University of California, Los Angeles.
Woods's team found no correlation between brain volume and the vari-
ants in 120 normal subjects, as reported in Human Molecular Genetics.
Woods suggested—and Lahn agrees—that the variants might be
involved in some more subtle neurological function, with Lahn arguing
that a brain-related function is still the most likely target of selection.

But genome researcher Chris Ponting of the University of Oxford, U.K.,
notes that microcephalin and ASPM are also expressed outside the brain.
In last May's issue of Bioinformatics, he reported that part of ASPM's DNA
sequence resembles that of genes involved in the function of flagella,
which propel sperm. Earlier work had shown that ASPM is expressed dur-
ing sperm production. Ponting suggests that natural selection might have
acted on flagellar function rather than brain growth. "These genes could
well have many functions in many parts of the body,” Ponting says, “and
any one of these could have driven their adaptive sequence changes.”

Meanwhile, other researchers have guestioned the basic finding that
the variants have been under recent natural selection. In a Technical
Comment published 14 July online in Science, Sarah Otto of the Univer-
sity of British Columbia in Vancouver, Canada, and colleagues argued
that Lahn's findings reflected not a signature of selection but rather the
genetic traces of population movements as modern humans migrated
out of Africa. And in October, a team led by geneticist David Reich of the
Broad Institute in Cambridge, Massachusetts, reported at the meeting
of the American Society of Human Genetics that it found no evidence for
recent selection on ASPM when it used a method of analysis it consid-
ered superior to Lahn's. But Lahn, who is familiar with Reich’s results,
stands by his conclusions: "Their method has lower resolution ... and is
less reliable,” he says.

All the same, Lahn says he has mixed feelings about the failure to date
to correlate the variants of microcephalin and ASPM with differences in
intelligence: "On the sdentific level, | am a little bit disappointed.
But in the context of the social and political controversy, | am a little
bit relieved.” —-M.B.
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Continued from p. 1871

keen to do so: “A number of people in the
lab were unsure about whether it was wise.
He seemed brash and cocky and too self-
confident.” Page put Lahn on a small proj-
ect investigating arare defect in the human
Y chromosome. “But Bruce thought [the
project’s] range was too limited. He
started conducting secret experiments in
the lab that he thought I wasn’t aware of.”
Finally. Lahn announced that he wanted to
isolate all of the Y chromosome’s genes.
Page let him go ahead. Within 18 months.
Lahn had cloned about halt of the dozen
genes then known on the male part of the
chromosome. Page and Lahn went on to
show that the human Y chromosome
evolved from a series of rearrangements of
the mammalian X chromosome (Science,
29 October 1999, p. 877).

“Bruce had a deadly killer instinct.”
Page says. “He kept his eye on the prize.
And he was very charismatic. ... After he
left. some of us felt that we would never see
the likes of him again.”

Tackling the evolving brain
Soon after Lahn’s move to the University of
Chicago in 2000, he began looking for genes
that might explain the evolution of the
human brain, motivated in part by his long-
standing interest in human differences. In
2004, his team reported that two genes
thought to regulate brain growth, called
microcephalin and ASPM, appeared to have
undergone strong natural selection since the
human and chimpanzee lineages split
between 5 million and 7 million years ago.
These genes are implicated in regulating cell
division in developing neural cells, and
some mutations in them result in a tiny
brain, or microcephaly. But their function in
normal humans 1s not clear. and they are
expressed in non-neural tissues as well.
Then. in two papers in Science last year,
Lahn reported that variants of the two genes
appear to have been strongly favored by
recent natural selection (Science. 9 Septem-
ber 2005, pp. 1717 and 1720). That implies
that the variants conferred a survival or repro-
ductive benefit, perhaps a cognitive one. In
media interviews, Lahn conceded that there
was no real evidence natural selection had
acted on cognition or intelligence. But both
papers pointed out that the mutations arose
when key events in human cultural develop-
ment occurred: The microcephalin variant
was dated to about 37.000 years ago. when
the first art and symbolism showed up in
Europe, and the ASPM variant to 3800 vears
ago. when the first cities arose.

. ¥ il ¢
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His way. Lahn survived a

mountain hike on pickled eggs.

Lahn’s papers also reported the skewed
geographic distribution of the genetic vari-
ants. Variants in microcephalin turned up 1n
75% or more of some Europeans and Asians
Lahn studied, but in less than 10% of some
African groups. The ASPM variant was also
much less frequent in Africa.

Bloggers jumped on the news, trumpeting
the papers as support for the idea that African
Americans have lower intelligence than
whites. Two months later. in the conservative
National Review Online, columnist John
Derbyshire wrote that the research implied
that “our cherished national dream of a well-
mixed and harmonious meritocracy ... may
be unattainable.”

Among some geneticists. there was con-
sternation. “There was no evidence whatso-
ever that these [genetic variants] have any
effect™ on differences between people,
Altshuler says, adding that the controversy
over the work was “easily anticipated.”
Harvard geneticist Richard Lewontin goes
further. criticizing both Lahn and Secience for
publishing such speculative links to cultural
advances. “These two papers are particularly
egregious examples of going well bevond the
data to try to make a splash,” he says. And
archaeologist Scott MacEachern of Bowdoin
College in Brunswick, Maine. says the
archaeological links mn the papers are simplis-
tic and outdated. The symbolic revolution. agri-
culture, and urbanism developed “over many
thousands of years, and none was restricted to
Europe and the Middle East.” he says.

Even one of the co-authors of the papers,
Sarah Tishkoff of the University of Maryland.
College Park, has now distanced herself from
the attempt to link the ASPM variant to human

advances, saying that she didn’t see the
wording until page proofs.

Lahn points out that the papers include
disclaimers. stating. as one of them put it,
that it was “formally possible™ that natural
selection had acted on the genes’ roles out-
side the brain. And in media interviews he
emphasized that a number of genes other
than microcephalin and ASPM are probably
involved in cognition. But he insists that the
evidence points to some sort of brain func-
tion as the most likely target of selection,

Lahn asserts that some scientists “start
with a political agenda and fit the evidence
to that.” This political bias. he argues.
“takes credibility away from an antiracist
program that [ agree with. ... If someday
we discover that there are genetic differ-
ences in cognitive abilities, would that
mean that racism 1s now justified?”

And some scientists believe that Lahn
has shown courage 1n pursuing his

research. “There is widespread tear of this
[research | among scientists.” says geneticist
Henry Harpending of University of Utah 1n
Salt Lake City. who has suggested evolution-
ary explanations for high IQ scores in
Ashkenazi Jews. Even some researchers who
scoffat racial differences in intelligence think
the research should go on. Geneticist Michael
Hammer of the University of Arizona in Tuc-
son says he’s not worried about the end result:
“I have no serious concerns that Europeans or
Asians are going to be proven to be more
intelligent, so I say go at it, let the chips fall
where they may.”

Lahn says the controversy has made him
back away “from going after these kinds of
questions aggressively.” although he contin-
ues to test whether the variants affect 1Q. He
has begun diverting his energies to another
high-profile project: stem cells. He became
interested in the topic after running into a
Chinese colleague at a meeting and is collab-
orating with a center at Sun Yat-sen University
in Guangzhou. He was motivated in part by
China’s relatively liberal attitude toward this
research and also. he says. by his desire to help
China modernize.

Time. and further research, will tell 1f
Lahn was right about microcephalin and
ASPM. But Page says that few other scien-
tists would have been willing to get involved
in such controversial questions in the first
place: “That willingness to venture into this
territory without his guard up is entirely in
keeping with who Bruce 1s. Anybody who
would have packed their bag as instructed for
that White Mountain hike would have
steered clear of all this.”

—MICHAEL BALTER
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Retraction

WE WISH TO RETRACT OUR RESEARCH ARTICLE "STRUCTURE OF
MsbA from E. coli: A homolog of the multidrug resistance ATP bind-
ing cassette (ABC) transporters™ and both of our Reports “Structure of
the ABC transporter MsbA in complex with ADP*vanadate and
lipopolysacchande™ and “* X-ray structure of the EmrE multidrug trans-
porter in complex with a substrate™ (/-3).

The recently reported structure of Sav1866 (4) indicated that our
MsbA structures (/. 2. 3) were icorrect in both the hand of the struc-
ture and the topology. Thus. our biological interpretations based on
these inverted models tor MsbA are invalid.

An in-house data reduction program introduced a change in sign for
anomalous differences. This program. which was not part ot a conven-
tional data processing package, converted the anomalous pairs (I+ and
I-) to (F— and F+), thereby introducing a sign change. As the diffrac-
tion data collected tor each set of MsbA crystals and for the EmrE
crystals were processed with the same program, the structures reported

tron density tor the connecting loop regions. Unfortunately. the use of
the multicopy refinement procedure still allowed us to obtain reason-
able refinement values for the wrong structures.

The Protein Data Bank (PDB) files 1JSQ. 1PF4, and 1Z2R for
MsbA and 1S7B and 2F2M for EmrE have been moved to the archive
of obsolete PDB entries. The MsbA and EmrE structures will be
recalculated from the origial data using the proper sign for the anom-
alous differences, and the new Co coordinates and structure factors
will be deposited.

We very sincerely regret the confusion that these papers have
caused and. in particular, subsequent research eftorts that were unpro-
ductive as a result of our original findings.

GEOFFREY CHANG, CHRISTOPHER B. ROTH,
CHRISTOPHER L. REYES, OWEN PORNILLOS,
YEN-JU CHEN, ANDY P. CHEN

Department of Molecular Biology, The Scripps Research Institute, La Jolla, CA 92037, USA.
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Aquaculture in
Oftshore Zones

THE EDITORIAL BY ROSAMOND NAYLOR,
“Offshore agquaculture legislation™ (8 Sept.,
p. 1363), suggests that the motivation for
moving aquaculture into the open ocean 1s
that "marine fish farming near the shore
is limited by state regulations.” Although
unworkable regulations may exist in a few
states. in the larger scheme this is irrele-
vant. Of the offshore aquaculture projects
currently under way, none are occurring in
the U.S. Exclusive Economic Zone (EEZ):
rather. they are happening in state waters.
Even historically, only two aquaculture
projects have ever occurred in federal
waters (/).

Much of Naylor’s stated concern over
offshore aquaculture 1s based on historical
experience with near-shore fish tarms. This
Is in spite of years of more relevant offshore

operations that reveal little, if any. negative
impact on the environment or local ecosys-
tems (2. 3). Naylor criticizes the National
Offshore Aquaculture Act of 2005 because
1t lacks specific environmental standards.
Yet, she recommends California’s recent
Sustainable Oceans Act as a legislative
model. although it is similarly silent, leaving
those details to rule-making in response to
the best available science.

Navlor criticizes the use of fishmeal as
an aquaculture ingredient, ignoring the fact
that industrial fisheries are well managed
and would occur with or without aquacul-

ture’s demand. Naylor 1gnores the higher

etficiency of using tishmeal to feed fish
compared with its use in land-based live-
stock operations (4). Also ignored 1s the
inefticiency of using small pelagic fish in
the natural setting to teed predator fish (3).

Researchers and entrepreneurs currently
developing the technologies needed for offshore
aquaculture share a vision of a well-managed

industry governed by regulations with a rational
basis m the ecology of the oceans and the eco-
nomic realities of the marketplace.

CLIFFORD A. GOUDEY

Massachusetts Institute of Technology, Cambridge, MA
02139, USA.

References and Notes

1. The SeaStead project a decade ago, four miles off
Massachusetts (see www.nmfs.noaa.gov/mb/sk/
saltonstallken/enhancement.htm) and the recent
Offshore Aquaculture Consortium experimental cage
operation 22 miles off Mississippi (see www.masgc.
orgload).

2. See www.lib.noaa.gov/docaqua/reports_noaaresearch/
hooarrprept.htm/.

3. See www.blackpearlsinc.com/PDFhoarpi.pdf.

4, See www.salmonoftheamericas.com/env_food.html.

5. D. Pauly, V. Christensen, Nature 374, 255 (2002).

IN HER PROVOCATIVE EDITORIAL “OFFSHORE
aquaculture legislation™ (8 Sept.. p. 1363).
R. Naylor raises valid points regarding regu-
lation of oceanic aquaculture, since 1t 1s
sure to grow in the future because of dwin-
dling global fishery supplies. This growth is
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bound to bring with it many possibilities for
resource and environmental degradation. The
whole prospect reminds me of my research
with a group of entrepreneurs more than a
decade ago into the possibility of coupling
offshore oil and gas production with opera-
tions designed to farm fish and shelltish in
deep water. The idea was to establish maricul -
ture (sea farming) technologies that would
utilize offshore o1l and gas production plat-
forms located in the clear. oceanic-quality,
deep waters of the Gulf of Mexico. beyond
near-shore land runott and related pollution,

The economic incentives for such a plan
included the fact that when oil and gas pro-
duction rigs are near the end of their life, it is
more economically prudent to cease produc-
tion because of the excessive costs of draw-
ing additional resources. After useful life,
the production companies are also required
by U.S. law to remove the oil and gas struc-
tures from their deep water settings.

These plattorms have usually supported
an extensive. highly productive underwater
ecosystem of attached and foraging marine
life that 1s not only important for its inherent
natural value but also important economi-
cally to tourism and recreational fishing.
Our investigations in the early 1990s focused
on maintaining these ecologically important
environments while capitalizing on their
economic value by designing vertically inte-
grated mariculture operations for spawning,
cultivation, harvesting, processing, and sale
of marine species that would be based on
the rig infrastructure.

The concept of utilizing offshore o1l and
gas production platforms for mariculture
purposes 1s not new. It the legislative con-
cerns for offshore mariculture expressed by
Naylor can be met. imagine the possibilities
for this technology in food production. The
use of offshore oil and gas platforms for
growing fish offers a way to turn the liabili-
ties of an energy production business into
assets, continuing the sustainable economic
life of these platforms as well as their eco-
logical and societal importance.

R. WARREN FLINT

Five E's Unlimited, 1221 1st Avenue, #231, Seattle, WA
98101, USA.

Response

MY EDITORIAL EMPHASIZED THE NEED FOR
environmental safeguards in the drafting
of the National Offshore Aquaculture Act
(S.1195). Unlike near-shore aquaculture. the
farming of fish in the open ocean occurs in
marine environments with rapid currents,
high flushing rates (rapid currents), and
minimal interference with other human

activities. It is for these reasons, perhaps,
that Goudey objects to the comparisons
between near-shore and offshore farming in
Justifying the need for stronger environmen-
tal language in the current bill. However. it is
misleading to suggest that there are no envi-
ronmental impacts from oftshore fish farm-
ing. Very few offshore facilities currently
operate at a commercial scale. Theretore,
the cumulative impacts on the benthic envi-
ronment, on the surrounding environment
through chemical discharge, and on wild
fish populations through genetic and com-

petitive interactions and the spread of

pathogens have not yet been demonstrated
for the type of intensive, industrial produc-
tion that would be made possible through
S.1195. There 1s evidence trom existing oft-
shore operations of predator attacks (/. 2).
farm tish escapes (2—4). and high fishmeal
and fish oil use in teeds (5). Although live-
stock also uses fishmeal and fish oil in
feeds. these ingredients are more essential
for many aquaculture species. Moreover,
aquaculture’s use of fishmeal and tish oil 15
expected to increase in the future and does
not represent a balanced, ecologically sound
use of these resources. Contrary to Goudey's
statement, there 1s little evidence that indus-
trial forage fisheries are now well managed
throughout the world.

There are some existing commercial
farms operating several miles offshore within
state boundaries that have demonstrated
strong environmental stewardship. My Edi-
torial recommended that business leaders

from these operations become engaged in a
redrafting of the bill; such leaders would
certainly promote environmental safeguards
and would have no problem operating prof-
itably under stronger legislation. Flint’s
Letter reinforces this idea and suggests that
offshore o1l and gas platforms be used for
mariculture activities—provided that they
meet the environmental requirements of a
stronger national legislation. I commend
Flint’s confidence that aquaculture can pro-
ceed under more rigorous environmental
standards. For offshore platforms to be
used for aquaculture. however, additional
approval must be sought through the Depart-
ment of the Interior in connection with the
Outer Continental Shelf Lands Act.

Finally. I recommended environmental
language similar to that found in the Cali-
fornia Sustamnable Oceans Act (SB 201)
for the revision of the national bill. The
California legislation incorporates many fea-
tures that the national bill does not, includ-
ing the requirement of environmental
impact assessments before granting ofleases.
stronger language (e.g.. minimize escapes,
disease transfers, and pollution, rather than
Just “consider” these potential impacts). and
transparent oversight and public participa-
tion in the process. As the rule-making
process 15 set to begin, California is now in a
position to ensure that any marime aquacul-
ture facilities operating in state waters will be
environmentally sound. Whether open ocean
aquaculture develops within state boundaries
or in federal waters. the legislative process
should incorporate environmental safe-
guards to protect marine ecosystems for all
species—not just humans—in the long run.

ROSAMOND L. NAYLOR

Center for Environmental Science and Policy, Stanford
University, Stanford, CA 94305-6055, USA.
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CORRECTIONS AND CLARIFICATIONS

This Week in Science: "Not lost in translation” (1 Dec.,
p. 1351). The image accompanying this item should have
appeared with the preceding item “Turing patterning in
the mouse hairs.” The image should have been credited to
Sick et al.

This Week in Science: “Making RNA, one molecule at a
time” (17 Nov., p. 1045). The second sentence describes RNA
polymerase, not RNA, and should begin, "How RNAP translo-
cates relative to DNA in the initial transcribing complex has
been controversial..." The next-to-the-last sentence should
describe “scrunching” as follows: “RNAP remains fixed on the
promoter and pulls downstream DNA into itself,”

Reports: “Giant ringlike radio structures around galaxy
cluster Abell 3376" by ]. Bagchi et al. (3 Nov., p. 791). On
page 794, column 1, paragraph 2, line 15, the number 50
should be changed to 5, to read "5 x 10 eV."

Table of Contents: (3 Nov., p. 717). The one-sentence sum-
mary for the Report “Protrudin induces neurite formation
by directional membrane trafficking” by M. Shirane and K.
I. Nakayama was incorrect. It should have read, "Nerve
growth factor promotes extension of neurites by local phos-
phorylation of a newly described protein that then pro-
motes membrane trafficking.”

Letters to the Editor

Letters (~300 words) discuss material published
in Science in the previous 6 months or 1ssues of

general interest. They can be submitted through
the Web (www.submit2science.org) or by reqular

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.

News of the Week: "Small RNAs reveal an activating side”
by K. Garber (3 Nov., p. 741). There were two errors in the
article. It incorrectly referred to an Angela Ling, when it
should have been Angela Ting, and Long-Cheng Li is now an
Assistant Researcher at UCSF, not a postdoc.

Policy Forum: “An ambitious, centrist approach to global
warming legislation” by D. D. Doniger et al (3 Nov,
p. 764). On page 764, the key to the figure misrepresents
the options for U.S. CO, emission reductions: The red line
shows a prompt implementation of emission reductions
(450 prompt), and the blue line shows the effects of
delayed implementation (-450 delay).

Perspectives: “Cosmic rays track the rotation of the Milky
Way"” by M. Duldig (20 Oct., p. 429). The first sentence of
the first full paragraph on page 430 was incorrect. It should
read, “The motion of cosmic rays in a magnetic field is
described by a transport equation that takes into account
the convection, diffusion, drift, and adiabatic gain (if the
field is converging) or loss (if the field diverges).”

News Focus: "AAS High Energy Astrophysics Division:
Snapshots from the meeting” by T. Siegfried (20 Oct., p.
411). The item "Galactic jet fuel” describes a finding
reported at the meeting by Rita Sambruna of NASA's
Goddard Space Flight Center on the compaosition of jets
from active galactic nuclei. Sambruna and collaborators
have since discovered a calibration error in their instru-
ments and have retracted their finding.

Table of Contents: (13 Oct., p. 219). The caption for the
image that related to the Science’s STKE article by S. ].
Mulligan and B. A. MacVicar that appeared on the Science
Online table of contents on page 219 was incorrect. The
correct caption is “Communication between astrocytes
and neurons.”

Reports: “Nonrandom processes maintain diversity in
tropical forests” by C. Wills et al. (27 Jan., p. 527). The
analysis presented in the paper was flawed because of a
programming error. The error affects the analysis pre-
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Fractional abundance of species in quadrat

Difference between observed died numbers
and died numbers from a random sample

Fig. 4. Plot of Luquillo 10-m quadrat mortality
data, in which the frequency of each species in a
quadrat (abscissa) is plotted against the difference
between the number of trees of the species that
died in that quadrat and the number that "died” in
a random sample of the same size taken from sur-
vivors + died in that quadrat (ordinate). Solid line,
linear regression fit to the data.

sented in Table 1 and alters the ordinate of Fig. 4, which
was derived from the same analysis. Sentence 2 of para-
graph 4 of column 3 of page 529 should read, “Each of
these differences consisted of the difference between the
observed mortality or recruitment rate of the species in
the quadrat and the mortality or recruitment rate of that
species in a random sample of the same size taken from
that quadrat.” Sentences 2 and 3 of the next paragraph
should read, “Table 1 lists the average t values and
degrees of freedom of all these analyses. In most cases,
the t value was positive and highly significant, but the size
of the t value diminished as quadrat size increased.”
Corrected versions of Table 1 and Fig. 4 are shown here
with their corrected captions.

10 m guadrats 20 m guadrats 30 m quadrats 40 m guadrats 50 m guadrats

Mean number of Paired t- Mean number of Paired t- Mean number of  Paired t- Mean number of Paired t- Mean number of  Paired t-

trees per species value, df trees per species value, df trees per species  value, df trees per species value, df trees per species  value, df

Real Random Real Random Real  Random Real Random Real Random

Mortality
Lambar 1.279 1.096 26.0, 4505 1.482 1.195% 23.9, 1299 1.629 1.294 21.7.578 1.747 1.407 19.6, 325 1.897 1.539 17.5 200
Pasoh 1.149 1.108 15.3, 4981 1.373 1.309 14.1, 1249 1.615 1.543 11.7, 577 1.917 1.830 10.6, 324 2.280 2.188 8.8, 199
BCl 1.550 1.435 18.4, 4971  2.221 2.082 12.3, 1249 2.869 2.740 8.2, 577 3.635 3.527 4.8, 324 4544 4469 2.8, 199
Sinharaja 1.490 1.463 2.2, 2377 2.101 2.136 =1.3,624 2792  2.843 -1.2, 288 4.072 4.269 =1.5, 91 5.522 5.877 =2.1,50
HKK 1.540 1.362 14.0, 3750 1.891 1.644 9.4, 1243 2.345 2.068 10.0, 577 2.880 2.556 11.6, 324 3.571 3.209 8.9, 199
Luquillo 3.046  2.265 23.0, 1443  5.020 3.729 16.0, 399 7.091 5432 125 186 9.734  7.598 10.2,102  11.891 9.584 8.1, 69
Mudum 2.660 1.908 22.8, 1696 3.64% 2.076 14.3, 974 4681 2556 8.1, 543 5.532 3.200 9.5, 318 6.872 4,142 7.3, 199
Recruitment

Lambir 1.239 1.114 19.6, 4558 1.451 1.244 21.0, 1281 1.632 1.375 217,578 1.849 1.533 19.4, 325 2.092 1.719 18.4, 200
Pasoh 1.123 1.075 13.3, 4350 1.266 1.197 13.9, 1247 1.439 1.352 12.6, 577 1.635 1.546 10.5, 324 1.895 1.789 9.2, 199
BCl 1.454 1.353 15.0, 4816 2.066 1.903 13.3, 1249 2701  2.4%0 11.8, 577 3.436 3.166 10.5, 324 4.299 4.006 8.7,199
Sinharaja 1.440  1.340 5.8, 1499 1.811 1.692 4.6, 559 2.233 2.089 3.8, 282 3.062 2.885 2.4, 92 3.970 3.748 21,51
HKK 1.975 1.456 19.4, 2730 2442 1.596 14.9, 1138 2.947 1.884 14.7, 567 3.404 2.268 12.2, 323 4.078 2776 12.8,199
Luquillo 1.771  1.487 11.3, 1367 2.530 2.10% 8.9, 397 3.334 2.874 6.4, 186 4.255 3.794 5.0, 103 5.162  4.681 41,69
Mudum 1.591 1.363 27,67 1.694 1.370 3.6, 84 1.673 1.370 3.5, 93 1.935 1.460 3.3, 80 1.815 1472 29,79

between the real died or survived categories and the randomized samples from
the same quadrats. In almost all cases, the observed mean numbers of trees per
species were significantly larger than the mean numbers of trees per species of
random samples of the same size. This is the result that would be expected if com-
moner species were overrepresented and rarer species underrepresented among
the trees that died and the trees that were recruited. The significance of the dif-
ference between real and random data sets diminished with increasing quadrat
size, as expected if the nonrandom effects were strongest in the local regions rep-
resented by small quadrat sizes.

Table 1. The mean number of trees per species of trees that died and were
recruited in each quadrat was compared with the mean number of trees per
species of samples of trees of the same size that were drawn at random from sur-
vivors + died or survivors + recruited in the same guadrat. Sampling of all
quadrats with two or more trees that died or were recruited was carried out 100
times. The mean t values of the paired comparisons between the real and ran-
domized values, along with their degrees of freedom (df), are shown. The expec-
tation was that if trees that died or recruits were a random sample of the trees in
the quadrat, there should be no difference in mean numbers of trees per species
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MATHEMATICAL BIOLOGY

Master Class in Evolutionary Modeling

Steven A. Frank

ow does one identify a significant

idea? From the purely intellectual

perspective. the great mathemati-
cian G. H. Hardy gave perhaps the best
answer: “We may say. roughly. that a mathe-
matical idea is “significant’ if it can be
connected. in a natural and
HHluminating way, with a large
complex of other mathe-
matical ideas. Thus a serious
mathematical theorem. a the-
orem which connects signifi-
cant ideas, 1s likely to lead to
important advances in mathe-
matics itselt and even in other
sciences™ (/). Hardy’s defini-
tion of significance applies
not just to mathematics but to
any discipline.

Martin Nowak 1s certainly not alone
when he argues, in Evolutionary Dynamics,
that evolution 1s the single most significant
idea in biology. But almost all major mathe-
matical syntheses of evolution have been
confined to population genetics—the study
of gene frequency changes in populations.
By contrast, Nowak (a professor of biology
and mathematics at Harvard) follows up
on Hardy’s last qualification for a great idea
by showing the many ways in which the
mathematics of evolution lead to advances
in diverse subjects. including cancer, game
theory. and language.

Nowak’s way of linking classical popula-
tion genetics to the somatic evolution of can-
cer illustrates his approach. In one chapter.
he gives a clear, step-by-step introduction to
how sampling in small populations causes
frequencies to fluctuate and how the direc-
tionality of selection balances against the
randomness induced by sampling. Simple
figures and basic equations lead the reader
along to intuition and some classical results.
The text emphasizes getting a start on
the logic and translating the logic into
basic mathematics.

With simple mathematical tools for finite
populations in hand, Nowak turns in a later
chapter to cancer. In many organs prone to
cancer, such as the colon or skin. the tissue

of Life

The reviewer is at the Department of Ecology and
Evolutionary Biology, University of California, Irvine, CA
92697-2525, USA. E-mail: safrank@uci.edu

Evolutionary Dynamics
Exploring the Equations

by Martin A. Nowak

Harvard University Press,
Cambridge, MA, 2006. 377
pp. $35, £22.95, €32.30.
ISBN 0-674-02338-2.

separates 1ts cells into many small compart-
ments. Each compartment renews continu-
ously throughout life from a few long-lived
stem cell lineages. Nowak develops the pop-
ulation genetics of these numerous isolated
compartments to explore how somatic muta-
tions accumulate over time 1n
these populations. Using sim-
ple figures that match the
biology of cancer genetics to
the fundamental processes of
population genetics, he shows
how to write basic equations
for the rate at which cancer
progresses under different
assumptions about how tissue
architecture controls the size
of local populations of cells
and how particular genetic loci affect the
processes of cellular birth and death.

The book does not emphasize new
results: most of the theory Nowak discusses
has been published previously. Nonetheless,
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Learning from the masters. An art student copying an oil paint-
ing in the Louvre, Paris.

the lucid presentation. drawing frequently
on the author’s own research. provides a
uniquely compelling introduction to mathe-
matical biology. Nowak aims to demonstrate
the power of simple mathematics to illumi-
nate diverse aspects of evolutionary analy-
sis, He comments, “I will start with the
basics and in a few steps lead vou to some
of the most mteresting and unanswered
research questions in the field. Having read
the book, you will know what you need to
embark on your own journey and make your
own discoveries.”

[ have often wondered how to teach theo-
retical biology. There does not seem to be any
decisive piece of knowledge or method. 1
know superb mathematicians who have writ-
ten many mathematically elaborate papers
about biology. each one missing the essence
of the biological problem and so consigned
to be neither good mathematics nor good
biology. I know biologists with a vast knowl-
edge of their subject who could never let
go of the 1dea that mathematical models
must incorporate every known fact of
biology, rendering their models incomprehen-
sibly complex expressions ot biological fact
forced into the austerely unforgiving lan-
vuage of mathematics.

When my own research on
the sex ratios of tig wasps led me
to some very abstract but power-
ful models on the evolution
of sex ratios. I set out my own
course for learning how to under-
stand biological theory and how
to make models. I decided to find
a master work and to copy from
it each day until the strokes
seemed natural. and I could then
modulate the technique to my
own ends. Each day. T started
with a blank piece of paper
and tried to recreate the master
work. I chose as my target W. D.
Hamiltons famous model on sex
ratio evolution in which males
competed against their brothers
in the mating arena (2). This was,
perhaps. a lucky choice, because
Hamilton’s work easily satisfies
Hardys dictum for significance:
no model has taught us more
about the evolution of coopera-
tion and competition and about
how to tormulate models that
Hluminate evolutionary process
and can be tested empincally.

Evolutionary Dyvnamics pro-
vides a new generation with an
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opportunity to draw from the masters. To
begin. read a chapter and get a feeling for the
picture. Close the book. On a blank sheet.
recreate the mathematical models. The math
is very simple, but Nowak has nicely chosen
significant problems that run deeply. At
first. the task may seem mmpossible. But
after numerous failures, each followed by a
check against the book, you will start to feel
the way of construction. Soon enough, you
will be able to recreate the models. Then the
fun begins. You will not like some of
Nowak’s assumptions about, say, how to
model the evolution of language. or vou
will have your own ideas about how HIV
evolves over the many years of an
infection. The master becomes your foil
rather than your target: you have started on
your own research.
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HEALTH, GENES, & ENVIRONMENT

Prosperous People,
Penurious Genes

Steve Jones

ime. said Hamlet on seeing his

father’s ghost. is out of joint: he was

no longer in the world he knew. but in
a strange and alien sphere where the old laws
no longer held. And that,
according to Peter Gluckman
and Mark Hanson in Mis-
match. 1s becoming a global
predicament: a man-made
universe of riches in which
man himself no longer feels
at home.

Shakespeare had an old-
fashioned view of genetics:
of Caliban. in The Tempest.
he said: “On thy foul nature, nurture shall
never stick.” Mendel felt much the same.
while Lamarck and Lysenko were each cer-
tain that the environment had an influence
upon the next generation. All were to some
degree right. and the boundaries of nature
and nurture are far less distinet than once
they seemed. Perhaps. developmental biolo-

Mismatch

Why Our World No
Longer Fits Our Bodies

The reviewer is at the Galton Laboratory, University College
London, Wolfson House, 4 Stephenson Way, London NW1
ZHE, UK. E-mail: j.s.jones@ucl.ac.uk

by Peter Gluckman and
Mark Hanson

Oxford University Press,
Oxford, 2006. 297 pp. $29.95,
£16.99. ISBN 0-19-280683-1.

oists Gluckman (University of Auckland,
New Zealand) and Hanson (University of
Southampton) suggest. today’s litestyle dis-
eases can be traced to the mismatch between
our current rich environment and our parsi-
monious genes—between the way we are
and the way we used to be.

Fat runs in tfamilies but so do frying pans.
which makes it hard to know whether DNA
or dripping 1s more to blame tor today’s
plague of obesity. My own generation—
those now mm middle age—
may be the longest-lived In
history, for they gained trom
the healthy diet of the 1950s
while their successors are los-
Ing to the pressure to eat more
and exercise less,

Fat cats tend to have fat
owners because of shared
lifestyle rather than shared
genes. Even so. changes in
DNA can cause drastic changes
in body weight. The obese
mouse. with its fault in the
satiety hormone leptin, oftered
the first hint of the complex
mechanism of appetite con-
trol. The few children born
with that mutation can be treated with the
missing protein (although a vaccine against
another such hormone as a means of weight
loss has just been abandoned). Within the
normal range. too, genes are involved, for
identical twins experimentally gorged or
starved tend to gain. or lose. avoirdupois to
the same degree.

The search for other molecular culprits
has been. it anything. too suc-
cesstul. The Human Obesity
Gene Map has swollen to 250
loct, a number that beggars
belief. Gluckman and Hanson
make a convincing case that
the environment and, cru-
cially, the ghost of environ-
ments past each play a major
role not just in fat but in many
other attributes once confi-
dently ascribed to simple Mendelism.

Mothers who smoke. or who have a poor
diet, tend to have skinny babies (and the
British press has put out scare stories about
pregnant women smoking to ensure an eas-
ier birth). A tough time in the uterus dam-
ages the child in many ways. Underweight
babies are at higher risk of adult hyperten-
sion and diabetes. They are also more likely
to become obese in the modern world ot sur-
feit, which does not match their deprived
uterine experience. although n ancient

BOOKS ETAL

times an impoverished fetus could expect a
hard life as an adult and stored up reserves to
match. Perhaps the best escape from that
dilemma is to concentrate on the health of
yvoung women in the hope of helping the
next generation

Birth weight has rather a small genetic
component, but its effects continue into the
next generation. More remarkable, recent
studies in Scandinavia hint that even the
health of grandfathers influences the well-

being of their grandsons. Quite how, in this
brave new epigenetic world. their fate 1s
inherited 1s far from clear. but the discovery
Is another stake through the heart of
Shakespeare’s, and Weissman’s, dogma that
the germ line 1s kept safe from the thousand
natural shocks that flesh is heir to.

Gluckman and Hanson make a good case
for a modern mismatch for diet, but there 1s
more to life than cheeseburgers. We often
manage the world to fit our lifestyles. Social
primates as we are, we flip open mobile
phones to ensure that our networks stay in
good shape. In the same way. we take the clhi-
mate of the savannah with us (and pay the
price in furs, tropical holidays, and air con-
ditioning). Even so. Mismatch 1s a salutary
reminder that the old genetics, with its rigid
separation of nature from nurture, is giving
way to a murkier model of inheritance n
which the environment. almost as much as
the DNA, plays a central part as generations
succeed one another. In this brave and unex-
pected new world, it pays us all to—unlike
Hamlet—choose our parents, and even our
grandparents, well.

10.1126/science 1136273

Visit our Books et al. home page

www.sciencemad.org/books

www.sciencemag.org SCIENCE VOL314 22 DECEMBER 2006

1879




1880

INQUIRY LEARNING

Teaching Scientific Inquiry

David I. Hanauer,* Deborah Jacobs-Sera,2 Marisa L. Pedulla,?
Steven G. Cresawn,? Roger W. Hendrix,2 Graham F. Hatfull?*

Working in research laboratories to generate new scientific information can give
high school students a taste of real scientific investigation.

cience teachers in kindergarten to 12th

grade (K—12) classrooms face a curi-

ous paradox. On one hand, according
to the generally accepted theory. scientific
inquiry in the classroom is “at the heart of the
science and science learning™ (/). In essence,
the teaching of science should mirror the
processes used by professional scientific
researchers. On the other hand, a school class-
room 1s not a research laboratory. Scientific
research typically involves complex meth-
ods and problem-solving approaches (2),
resulting in conclusions that are subjected to
worldwide evaluation (3—6). Capturing these
characteristics of professional science within
the K—12 school classroom 1s daunting (7).

The goals of scientitic research and cur-
rent pedagogical practice are at odds (8. 9). In
our culture, schools are designed to present
established understandings. not to promote
discovery of new knowledge. The focus on
persuading students of the correctness of
stated information is intensified by increased
reliance on broad-based standardized testing,
which—especially in the United States and
the United Kingdom—has become a popular
mechanism for making schools accountable.
The ensuing culture of conformity with
established knowledge is the very antithesis
of scientific inquiry (&).

Problems with implementing scientific
inquiry in the classroom include the follow-
ing: (1) Teachers may manipulate classroom
science to obtain the expected results ( /().
(11) Teachers™ demonstrations merely simu-
late scientitic mquiry. (111) The mcomplete
development of students’ reasoning abilities
may limit their ability to construct complex
scientific arguments (9—/2). (iv) Scientific
inquiry often requires detailed knowledge of
a topic that students have yet to master.

1Graduate Program in Composition and TESOL, Department
of English, Indiana University of Pennsylvania, Indiana, PA
15705, USA. 2Department of Biological Sciences, University
of Pittsburgh, Pittsburgh, PA 15260, USA. *Department of
Biological Sciences, Montana Technology of the University
of Montana, Butte, MT 59701, USA.

*Authors for correspondence. E-mail: gfh@pitt.edu
(G.F.H.); hanauer@iup.edu (D.1.H.)

Beyond the Classroom

It the classroom cannot be readily trans-
formed into a research laboratory. can a
research laboratory be used as a class-
room? The advantages of successfully
doing so are obvious: The research labora-
tory 1s where scientific advances are made
and where professional scientists—at dif-
ferent levels of career development—work,
and scientific inquiry is their core activity.
Undergraduates benefit from doing re-
search (/3, /4), and similar benefit may
be expected for high school students.
Integration of students into the laboratory

Playing with PHIRE

At the University of Pittsburgh. the Phage
Hunters Integrating Research and Education
(PHIRE) program was founded on the con-
cept that bacteriophage discovery and com-
parative genomics allow students at multiple
levels ot development to engage 1n true scien-
titfic inquiry. In PHIRE, undergraduate and
high school students may isolate a novel
bacteriophage. grow it and extract its DNA,
sequence the genome. and analyze the se-
quence relative to other genomes (see the
chart below). The key scientific assumption
1s that the bacteriophage population 1s vast

Publication

Undergraduate

High school and undergraduate

Concrete

High school

Representatiﬂnél

The PHIRE program. The phage-discovery process begins with a concrete activity and proceeds through
increasingly representational milestones. The progress of each student is shown by a horizontal line; red lines
indicate students still in the program. Most high school students participated for one summer term; four con-
tinued as undergraduates. Undergraduates average more than three terms in the program.

environment thus seems desirable for the
students, provided that they are the design-
ers. executors. and interpreters ot their
experiments, not simply spectators of the
performances of others.

Because K—12 students are limited in
knowledge and available time. one chal-
lenge in facilitating their participation in
research lies in finding appropriate research
projects that are within reach of their skills
and knowledge, are readily adapted to more
than just one or two high-achieving students,
and reflect substantial rather than incremen-
tal scientitic discovery.

(estimated at 103! particles globally). enor-
mously diverse. and poorly understood. We
have found that the genetic diversity 1s so
oreat that phages isolated from the environ-
ment have a low probability of being identical
to a previously characterized i1solate. The
prospect of discovering a genuinely new virus
or many new genes provides strong motiva-
tion. The knowledge and technical skills
required to isolate a phage from the environ-
ment are modest. ensuring that even middle
school students can participate. The barriers
to being a successtul phage hunter and
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research scientist are minimal.
opening the laboratory doors to
all students. not just those labeled
as academically gifted.

Comparative genomic analysis
reveals that bacteriophage genomes
are characteristically mosaic, com-
posed of unique assemblages of
individual and interchangeable
modules (/5). This fluid genetic
exchange contuses attempts at tax-
onomic classification of entire
phage genomes, because each of
the constituent pieces has a differ-
ent evolutionary history. We have
therefore adopted a nonsystematic
nomenclature that reflects this genetic indi-
viduality, leading to phage names such as
Barnyard, Corndog, and Pipetish. The oppor-
tunity to name a new virus 1s exciting, and our
student phage hunters otten report that they
consider their discoveries as being of great
importance. Furthermore, the isolation of a
new biological entity confers a strong sense of
project ownership. and this—together with the
thrill of discovery and the understanding that
genomic analysis brings new knowledge of
value to other scientists—promotes further
engagement in the project.

We have used parallel research projects as a
compromise between research independence
and the ability to engage substantial numbers of
students. The combination of undergraduate
students and high school students facilitates
peer- and near-peer mentoring. with under-
eraduates mentoring high school students,
experienced undergraduates mentoring start-
ing undergraduates, and experienced high
school students mentoring starting undergrad-
uates. Traming mentors through programs such
as the “Entering Mentoring™ system (/6) pro-
motes an apprenticeship system (/7) as part of
the larger. multimodal structure with collective
written experiences of detailed protocols, note-
book reports, and published papers. The spirit
of collective project ownership translates
directly into collective authorship (see the
chart on page 1880) (/8. 19). Integration of the
research and educational missions promotes
imtertwined learning and understanding (see
the chart above). The students progress from
the concrete (handling biological specimens)
to the representational (annotating genome
sequences) (chart. page 1880). Students can
participate at any or all of multiple points along
this path of phage discovery and characteriza-
tion (chart, page 1880).

Does PHIRE Work?
Early results (chart, page 18R80) from the
PHIRE program show that virtually every stu-
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Publication knowledge

! 1
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' }

=

Educational
apprenticeship

Physical and conceptual tasks in the laboratory

I Developing
Lab book recording ; St?dtﬂt
nowledge

The professional apprenticeship model. The three levels of
knowledge defined within the laboratory are interconnected
throughout the educational program.

dent succeeded in phage 1solation and at least
75% of students achieved phage purification
and DNA 1solation. Of the total of 54 stu-
dents from 2002 to 2006, 27 are female and
achieved progress through the project similar
to that of male students [attamning an average
ot 4.8 (temale) and 4.7 (male) of the eight
milestones]. More than [8% of all students in
the program have coauthored a scientitic pub-
lication, and another 22% have contributed to
a body ot work that warrants future coauthor-
ship. Characteristics of PHIRE that set it apart
from other research-like activities to which
students may be exposed include scientific
discovery, project ownership, time flexibility,
technical facility, mentorship structure. and
the potential for publication.

Adding Fuel to the PHIRE

The transition of a research laboratory into an
educational facility 1s an evolutionary process
that requires constant planning and evalua-
tion. The educational program needs to be
integrated with the scientitic aims of the
laboratory. Integrating education and research
is relevant to other research settings beyond
genomics. For example. in the field of astro-
nomy. a Web-based program titled the “Sloan
Digital Sky Survey™ takes on the ambitious
endeavor of mapping the universe. High
school students are invited to study time-
lapse. color-tiltered photographs of the night
sky with the purpose of identifying asteroids
that are close to Earth. The asteroids’ motion
relative to that of the stars and planets 1s
revealed as colored dots against the backdrop
of space and more distant celestial objects. As
with the PHIRE program. the specificities of
the research project allow the creation of an
integrated educational program that enhances
high school science without degrading the
quality or the aims of the research (20)).

The PHIRE platform can be translated
cost-eftectively into numerous other settings.
The most costly part of the project is the
genomic analysis, but technological advances

EDUCATIONFORUM

continue to lessen the per-base-pair cost of
sequencing. Implementation of PHIRE should
be within reach of many universities. We have
also implemented the phage 1solation compo-
nent in high school classrooms. High school
students isolate phages and can send them to
the Pittsburgh Bacteriophage Institute for
genomic sequencing. The sequence informa-
tion 1s then returned to the student class tor
annotation and analysis. Since 2003, a total of
57 high schools and 3534 high school students
have participated in the phage-isolation pro-
gram (at a cost of about $8 per student). lead-
Ing to the 1solation of 94 bacteriophages: three
of these have been completely sequenced.
Student surveys indicate at the conclusion of
the experience that more than 90% of students
were able to identify key concepts in microbi-
ology research and that more than 92% would
recommend the program to other students.
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BIOCHEMISTRY

Proteins in a Small World

Todd 0. Yeates and Morgan Beehy

etworks of interacting components

have been put forward as models for

understanding systems as diverse as
foodwebs (/). the topology of the Internet. the
social ties of guests at a cocktail party, and the
collaboration networks ot hip-hop acts in pop-
ular music (2). In the area of systems biology,
networks of mteracting proteins have been
explored as models for understanding cellular
processes (3—06). Many of these networks
exhibit a “small world™ property (7). meaning
that a connection can be established between
any two elements of the network by following
only a small number of links. The small world
property of some networks is due in part to
the presence of hubs. which are elements
connected to many other elements in the net-
work. In protein interaction networks. hubs
play an important role. and their properties
have been investigated (&). On page 1938 of
this issue. Kim et al. (9) add a new chapter to
the analysis of hubs in protein interaction
networks, clarifying some previ-
ously murky issues about how
they operate in the cell and how
they may have evolved.

[n some protein networks, a
link can denote a variety of difter- " f
ent kinds of relationships between *
two proteins: direct physical inter-
action, correlated expression of proteins in the
cell. performance ot successive steps in a
metabolic pathway, and so on. Kim er al.
focus on direct physical interactions between
proteins, but they take a further step by using
the database ot known three-dimensional
structures to make inferences about what
parts of the protein surfaces are involved in
the various interactions.

This simple but elegant advance adds con-
siderable information to the network view.
With the added information it becomes possi-
ble to determine which of the multiple interac-
tions or connections that are made to a given
protein can occur simultaneously. and which
are mutually exclusive due to overlapping
binding surtaces. The thrust of their work 1s
that they are able to distinguish between two
different kinds of hubs in protein interaction
networks (see the figure). One type, referred

The authors are in the Department of Chemistry and
Biochemistry, University of California Los Angeles, Los
Angeles, CA 90024-1569, USA. E-mail: yeates@mbi.ucla.edu
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to as a single-interface hub. makes interac-
tions to numerous other proteins using just
one binding surface; these interactions are
mutually exclusive. The other type. a multi-
interface hub, makes simultaneous interac-
tions to multiple other proteins using multiple
distinct binding surfaces. The distinction
between the different kinds of hubs makes it
possible to ask new questions and to see new
features in protem networks. It also provides a
way to begin to factor out spatial versus tem-
poral complexities in networks. which are oth-
erwise convoluted in generic protein interac-
tion networks.

After discriminating between the two
kinds of protein hubs, the authors are able to
clarify a number of issues that had been exam-
ined previously. There has been some dis-
agreement over whether hub proteins evolve
at a slower rate than more peripheral proteins
(70, 11). Kim et al. clarity the topic by show-
ing that the rate of mutation of a hub 1s con-

strained by the amount of the
LS protein surface involved n
i . Interactions with other pro-
temns. not simply by the number
of proteins with which the hub
interacts. Thus, multi-interface
hubs evolve more slowly than
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Layering three-dimensional structural
information on top of protein interaction
networks reveals two different kinds of
highly connected proteins or “hubs.”

typical cellular proteins. whereas single-inter-
face hubs generally do not. They also note
that, compared to single-interface hubs. multi-
interface hubs show more highly correlated
cellular expression with their interacting part-
ners. This parallels the recent observation of a
division of hubs into “date™ hubs. which tend
to be coexpressed with only one binding part-
ner at a time, and “party” hubs that are co-
transcribed alongside multiple partners (/2).
The interacting partners of multi-interface
hubs are more often involved in stable multi-
subunit complexes. whereas interactions to
single-interface hubs are apparently more
transient and temporally variable.

Kim et al. also argue that the distinction
between the two kinds of hubs bears on issues
of network growth and evolution. Networks
with hubs and small-world properties can
arise by preferential attachment of new nodes
to nodes that already participate in muluple
interactions (/3). This kind of preferential
attachment is generally consistent with evolu-
tion by gene duplication. However, Kim et al.
note that this seems to apply only to single-
interface hubs. Two homologous proteins that
arose within the same organism by gene
duplication would tend to bind to the same
surtace of a hub protein: the data support
this contention. The gene dupli-
cation and preferential attachment
mechanism therefore appears to
provide a route mainly to single-
interface hubs. This leaves ques-
tions about the evolution of hubs
of the multi-interface type.

A particularly interesting and
perhaps unanticipated finding of
the analysis concerns the degree
to which hub proteins are essen-
tial to cell function. This topic has
been examined before (&). Kim
et al. find that, compared to
single-interface hubs. multi-inter-
face hubs are twice as likely to be
essential. This suggests the idea

Expression
Expression

o

>

Time Time
Hub connections. (Top) In this simplified network diagram, a hub
protein (yellow) connects three other proteins. There may be two
kinds of hubs: (left) a single-interface hub or (right) a multi-inter-
face hub. Idealized gene expression levels are indicated on graphs
to reflect the generally low correlation between expression levels
for single-interface hubs and the high correlation for multi-inter-

face hubs.
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that multi-mtertace hubs are some-
how more highly integrated into
the network of the cell. This makes
some sense in view of the persist-
ence of the mteractions mvolved.
Any given interaction to a single-
interface hub will tend to be tran-
sient to a degree. in that it may be




replaced at another time by interaction to a
different partner. In contrast, interactions to
multi-interface hubs may be persistent. and
might therefore reflect necessity.

The idea that multi-interface hubs are
more highly integrated into cellular networks
may also aftect the issue of horizontal gene
transter as an evolutionary mechanism. It has
been argued that the more integrated a protein
1s into cellular organization. the less likely 1t 1s
that a horizontally transterred gene will dis-
place it (/4). It will be interesting to see if
there is a notable difference in horizontal gene
transter tendencies between single-intertace
and multi-interface hubs.

After years of fruitful work in systems biol-
ogy. network analysis, bioinformatics. and
structural genomics, cross-fertilization of these

inherently related perspectives is beginning to
take place (/5). The work of Kim er al. shows
the shift toward increased integration of multi-
ple perspectives. Future progress in under-
standing cellular networks will require more
complete data sets describing the underlying
interactions. A knowledge of which proteins
are Interacting in the yeast cell is approaching
some degree of completion. but only a fraction
of those teractions can presently be mapped
onto protein surfaces in three dimensions,
which is required for the analysis developed by
Kim et al. The msights drawn by their methods
ot analysis will be further strengthened as more
structural data become available.
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EVOLUTION

The Origin of Insects

Henrik Glenner, Philip Francis Thomsen, Martin Bay Hebsgaard, Martin Vinther Serensen,

Eske Willerslev

Ithough hexapods—those arthropods
having six legs, including insects—
are the most diverse group of contem-
porary animals in terms of biological niches
and number of species. their origin 1s highly
debated. A key problem is the almost com-
plete absence ot fossils that connect hexapods
to the other major arthropod subphyla. namely
Crustacea. Myriapoda (such as centipedes
and millipedes). and Chelicerata (such as
scorpions and spiders). Over the years, hexa-
pods (insects. springtails, proturnas. and
diplurans) have been phylogenetically linked
to all of these major arthropod taxa (/).
Traditionally, hexapods and the multi-
legged myriapods have been united in a group
named Atelocerata on the basis of morpholog-
ical similarities between their tracheal respira-
tion systems and head appendages. However,
recent evidence from phylogenetic analyses of
molecular sequence data from a variety of
genes. as well as from newer morphological
studies. points to a relationship between hexa-
pods and crustaceans (2-Y), a grouping com-
monly referred to as Pancrustacea. Further-
more. studies on neurological development in
the major arthropod groups have pointed out
similarities between the myriapods and che-
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Recent molecular evidence suggests that
crustaceans may have successfully invaded
land as insects.
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Hexapod evolution. The last common ancestor of hexapods and crustaceans (branchiopods, specifically)
may have originated in freshwater during the Late Silurian, giving rise to extant freshwater dwelling bran-
chiopods (fairy shrimps, water fleas, and tadpole shrimps) and insects. This hypothesis accounts for the miss-
ing fossil record of branchiopods and hexapods before the Devonian.

licerates (/0)). Hence, pancrustacean mono-
phyly seems to be gaining more support. So,
what does this view tell us about the possible
origin of hexapods?

The crustaceans are recorded at least as far
back as the Upper Cambrian, about 511 mil-
lion vears ago (/7). where they are found in
marine sediments (see the figure). However,
except tor the debated Devonohexapodus
bocksbergensis specimen (/2. [3), all hexa-
pod remains are found only in freshwater or
terrestrial strata no earlier than the Devonian,
around 410 million years ago (/4). This leaves

a gap of 100 million years to the earliest crus-
taceans. The common explanation has been
that earlier traces of hexapods have been
erased from the fossil record and that hexa-
pods. like other major groups of terrestrial
animals. have closely related ancestors to be
found in the marine environment.

The recent morphological and molecular-
based studies suggest an alternative interpreta-
tion—that hexapods originated withm the crus-
taceans rather than as a sister group ( /5-20)).
Although the morphological studies mainly
favor a close phylogenetic connection between
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hexapods and malacostracan crustaceans (crabs
and craytish) (/5. /6), recent molecular se-
quence data suggest that hexapods are closely
related to branchiopods (/7, 19. 20)). a fresh-
water dwelling group of crustaceans that
includes water fleas and fairy shrimp. This
hypothesis is supported by analysis of Hox
genes that demonstrates homology between
development of the pregenital trunk region in
insects and the thorax in branchiopods (27).
The new molecular results correspond well
with the fossil record and suggest an evolu-
tionary origin of the hexapods in freshwater
around 4 10 million years ago rather than i the
marine Cambrian environment (/7).

The vast majority of extant branchiopods
are freshwater animals. and the few that are
found in saltwater are believed to have
mmvaded the sea secondarily. From the ftossil
record, it1s known that modern branchiopods
date back to the Early Devonian. by which
time they were fully adapted to freshwater
habitats (22). This late appearance of the
freshwater branchiopods corresponds ex-
actly with the emergence of hexapods and
suggests that their last common ancestor
swam around in a freshwater pond sometime
in the Late Silurian (423 to 416 million years
ago) or Early Devonian. This corresponds
well with the time split between the crus-
tacean and hexapod lineages estimated from
molecular clock analyses (23). If correct. the
early marine ancestor of the hexapods might
have appeared more similar to Rehbachiella
kinnekullensis, a close marine relative to
branchiopods from Upper Cambrian (24),
than to D. bocksbergensis or other hexapods.

The successtul colonization of the terres-
trial environment by hexapods seems to coin-
cide with other major groups of land pioneer-
ing animals such as the chelicerates and
the myriapods i the Late Stlurian and the
tetrapods (amphibians. reptiles. birds. and
mammals) in the Late Devonian. All these
events appear to have occurred through a
freshwater dwelling phase in their evolution-
ary transition from marine to true terrestrial
animals. The Devonian is believed to have
been a time of severe drought, which might
have forced these animals (at least hexapods
and tetrapods) onto land as their tfreshwater
habitats vanished.

[t has been a puzzle as to why hexapods—
In particular insects, which possess a mor-
phology that apparently enables them to
adapt to virtually all types of terrestrial envi-
ronments—have not been able to diversify
successtully in the marine environment. It is
likewise remarkable that the crustaceans—
fultilling a biological role in the sea compara-
ble to the insects on land—have not been able

to invade land to a greater extent despite their
considerable age. The recent phylogenetic
analyses of molecular sequence data suggest
a paradigm shift concerning the phylogenetic
position of hexapods—that crustaceans suc-
cesstully invaded land as insects. It is possi-
ble that when insects entered terrestrial habi-
tats, their crustacean ancestors had already
diversified in marine environments and
occupied all potential niches, which could
explain why insects were prevented from col-
onizing the sea subsequently. Most impor-
tant, however, the new molecular results
ofter a solution to the enigma concerning the
absence of marine hexapod remains in the
tossil records prior to the Devonian,
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EPIDEMIOLOGY

Influenza Escapes Immunity Along

Neutral Networks

Erik van Nimwegen

Given that influenza virus continues to escape immunity, why is it that only one strain dominates each
year? The answer may lie in neutral networks and mapping viral genotypes to antigenic phenotypes.

n the late 1960s. Kimura (/) made the

then-revolutionary proposal that many

amino acid substitutions are neutral 1n
terms of evolutionary selection. There is
now little doubt that essentially any geno-
type can undergo a substantial number of
amino acid substitutions without substan-
tially changing its fitness. This implies that
there are large collections of selectively neu-
tral genotypes that are connected through
point mutations. Indeed, such “neutral net-
works™ are observed in genotype-to-pheno-
type mappings of biomolecules (2. 3). On
page 1898 of this issue. Koelle er al. (4) pro-
vide compelling evidence that neutral net-
works play a key role in the evolution of
human influenza A (H3N2).

Computer simulations and analytical
studies (5—7) have shown that intertwined
neutral networks have profound conse-

The author is in the Division of Bioinformatics, Biozentrum,
University of Basel, 4056 Basel, Switzerland. E-mail:
erik.vannimwegen@ unibas. ch

quences for evolutionary adaptation. Evolv-
ing populations typically exhibit “epochs™ of
phenotypic stasis, punctuated by sudden
changes in phenotype. However, phenotypic
stasis 1s not accompanied by genotypic stasis.
During each phenotypic epoch, the popula-
tion 1s dominated by genotypes belonging to
one neutral network. and neutral mutations
cause the population to drift continuously
through this neutral network (see the figure).
Mutations to neighboring neutral networks
(those networks that can be reached by a point
mutation from one of the genotypes in the
current neutral network) occur as well and
enable the population to explore other pheno-
types until, eventually, a mutant on a neutral
network with higher fitness 1s generated. The
offspring of this beneticial mutant will then
spread through the population, causing a sud-
den shift in phenotype. Until the study by
Koelle er al.. this “epochal evolution™ sce-
nario (see the figure) had been observed
mostly in silico and from in vitro evolution
experiments (3—8).
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One of the main influenza antigens tar-
geted by our immune system 1s the viral sur-
face protein hemagglutinin (HA). which
binds to host cells. The virus is theretore
under strong evolutionary pressure to alter
the shape ofits HA protein (9) so as to escape
the immune response. A major breakthrough
in understanding this dynamic came from
measuring cross-immunity between different
strains of influenza (/0). The study produced
“antigenic maps” in which each viral strain
corresponds to a point in an abstract “anti-
genic space” and the distance between points
quantitatively reflects the amount of cross-
immunity between the corresponding strains.
Strains of influenza A (H3N2) separate into
distinct clusters in antigenic space. each clus-
ter corresponding to the set of strains from a

INNOVATION

=i}

S

3l

Viral population (black dots)
with mutation (yellow dot) onto
a new neutral network

SELECTIVE SWEEP

Population moves to new neutral
network; phenotype changes

model. At the start of the epochal evolution
cyele, the viral population is distributed over
the neutral network of one antigenic cluster
(purple) and a mutation creates an individual
on another neutral network (orange). Because
a substantial traction of'the host population is
no longer susceptible to strains from the pur-
ple neutral network at this time, the orange
mutant has a high fitness advantage. and its
descendants take over the viral population 1n
a selective sweep. This “innovation™ is asso-
ciated with a peak in infections. After this
phase, the viral population starts an ex-
ploratory phase in which it drifts over the
orange neutral network, away from the ances-
tral strain, increasing its genotypic diversity
without a substantial change in phenotype,
while the fraction of hosts that are susceptible

phenotype change

\— Peak viral infection

Lo

EXPLORATION

Drift through neutral network;
genotype changes but no
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influenza A (H3N2) evolution. In stlico (/4)
and i vitro evolution studies (/5) have sug-
gested that by combining data on protein
structure with sequence data and computa-
tional modeling, some ot the structural fea-
tures of neutral networks can be recon-
structed. For example. probably a major
constraint shaping HA neutral networks 1s
the requirement to maintain HA’s affinity to
the host receptor that it binds. In addition.
much 1s understood about how parameters
such as mutation rates and etfective popula-
tion sizes affect epochal evolutionary
dynamics (/6). and this should enable more
detailed modeling of influenza A’s evolu-
tionary dynamics. For species with high
mutation rates, such as RNA viruses, it has
been established both theoretically (/7) and

INNOVATION

Mutation onto a new neutral
network

Cycling through networks. Schematic representation of the epochal model of influenza A evolution. Entangled neutral networks of genotypes (sets of genotypes,
each with the same antigenic phenotype) are connected by single point mutations. By drifting through and switching between these neutral networks, the viral pop-
ulation exhibits periods of phenotypic stasis punctuated by sudden phenotypic transitions.

particular time period. Whereas the genetic
distance of strains to the ancestral strain
increases smoothly, periods of relative pheno-
typic stasis (corresponding to antigenic
clusters) are punctuated by sudden transi-
tions from one antigenic cluster to another.
Koelle er al. studied the genetic differences
between strains from different antigenic
clusters and provide evidence that anti-
genic clusters correspond to neutral net-
works. In particular, they find that there 1s
no simple relationship between antigenic
and genetic distance and no simple relation
between changes at particular amino acids
and cluster transitions.

To model influenza A (H3N2) evolution.
Koelle et al. couple an epidemiological
model that treats individuals as susceptible to,
infected by, or recovered from each ot the
existing strains (/ /) with a neutral network
model (/2) for mapping genotypes to anti-
genic phenotypes. The tigure illustrates the
epochal evolution cycle exhibited by this

to strains from the orange neutral network
declines. Eventually a mutant is created on a
new neutral network (blue) and the cycle
repeats itself.

The model of Koelle et al. elegantly
explains several observed features of the
evolution of influenza A (H3N2). First. the
model produces phylogenetic trees that are
structured much like those observed for
influenza, a feature that has been one of the
main puzzles regarding influenza evolution
(/3). Second. an mnovation typically causes
a strong peak in infections. Third, because
every innovation involves one or very few
mutants, genetic diversity in the population
will drop steeply at each cluster transition,
after which the genetic diversity will re-
bound during the exploration phase of the
epochal cycle.

These results indicate that the structure
and interconnectivity of the neutral net-
works corresponding to different antigenic
clusters of HA are key features determining

from sequence analysis (/&) that popula-
tions do not drift randomly through the neu-
tral networks but rather tend to converge to
the most connected areas of the neutral net-
work. These areas typically also correspond
to sequences that fold robustly into their tar-
get shape (/9),

Epochal evolution may also occur in the
evolution of other pathogens. Particularly
interesting in this regard 1s the fact that the
intrahost phylogenetic trees of HIV and hepa-
titis C virus (HCV) show topologies that are
very similar to those observed for influenza A
(H3N2) (20). The key to investigating the
possible role of epochal evolution in these
systems will be to develop a quantitative anti-
genic understanding—for example, by recon-
structing antigenic maps for HIV and HCV
strains. as was done for influenza strains.
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If the RNA Fits, Use It

Tracey A. Rouault

ells and organisms use a wide variety

of regulatory mechanisms to sense

and respond to changes in the extra-
cellular environment. Cells can regulate gene
expression at several steps after a gene has
been transcribed. On page 1903 of this issue.
Walden er al. (/) shed light on one such
posttranscriptional regulatory mechanism.
They show how a single protein—iron regula-
tory protein 1 (IRP 1 )—responds to changing
conditions by performing two entirely differ-
ent functions.

[n iron-replete cells. IRP1 functions as
an aconitase enzyme, which mterconverts
citrate and 1socitrate in the cytosol (2. 3).
However. in cells that are iron-depleted and
oxidatively stressed. the fragile and exposed
iron-sulfur cluster in the aconitase active
site disassembles and 1s lost from the pro-
tein. The protein transforms mnto apo-1RP1.
which can bind RNA stem-loops within
transcripts of iron metabolism genes known
as ron-responsive elements (IREs) (see the
figure) (4). Walden et al. now report the
crystal structure of IRP1 bound to a ferritin
IRE. Together with the previous structure of
cvtosolic aconitase (3), this coerystal struc-
ture reveals how apo-IRP1 binds with high
affinity to IREs. whereas cytosolic aconi-
tase does not.

Cytosolic aconitase has four domains.
Residues from each domain contribute to the
enzymatic active site. including three cys-
teines that bind to the iron-sulfur cluster. In
the IRE-IRP1 cocrystal, domain 4 has moved
and rotated relative to 1ts position m cytoso-
lic aconitase (see the figure). Domain 3 has
also substantially shifted its position relative
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Cytosolic aconitase Fe-S cluster loss

apo-IRP1 structure

A crystal structure of RNA bound to the IRP1
protein explains how this protein can perform
two entirely different functions.

IRE-IRP1 cocrystal
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A protein with two functions. Upon oxidation and sub- G16
sequent loss of the iron-sulfur cluster in cytosolic aconi- u1;-l__ﬁ1'_'~jp_f,i e
5 ; g T <
tase (left), the protein changes conformation to form apo- g
IRP1 and, upon binding to the IRE, the IRE-IRP1 complex "'*.-:--_*;1:,.-.—.-—-—'""'
(right). In the latter, domains 3 and 4 are realigned with [ R |RE
respect to a core formed by domains 1 and 2. A key aspect a § |
of the structural transformation from aconitase to apo- Bulge C8 ™
IRP1 probably involves movement of residues 436 to 442 gt
(Cys*7 binds to the iron-sulfur cluster in cytosolic aconi- ( y 4
tase). The conformational change of IRP1 creates a unigue S . : .3
: : ; pam Coding region
sequence space into which the IRE fits. The bulge C8 . A
3 — Ferritin H mRNA

residue protrudes into a pocket of domain 4, whereas the
loop residues 15 to 17 extrude into the interface between

Ferritin L mRNA

the core and domain 3. These two contact sites combine to
establish specific high-affinity binding of the IRE to IRP1.

to the central core formed by domains 1 and
2. opening up a hydrophilic cavity between
the core and domain 3.

Previous structural and mutagenesis stud-
1es of IREs. which have conserved structural
and sequence elements but are not identical in
different transcripts. indicated that the most
important residues for high-aftinity binding to
[RP1 would be the unpaired residues of the
terminal loop and an unpaired cytosine that
interrupts the double-helical structure of the
upper and lower stems. In the cocrystal. these
unpaired residues contribute to two discrete
binding sites between the IRE and IRPI. In
one site. the terminal-loop residues A 13, GG 16,

and U17 interact with residues in the cavity
between the core and domain 3. In the second
binding site, separated by 1.0 nm from the
first. the C8 bulge residue fits into a pocket of
domain 4 (see the figure).

The structure of the IRE in the complex
1s similar to its structure in solution. except
that the purine bases of the terminal loop
(residues Al5 and G16) reorient from a
tucked position to extrude into the cavity
between the core and domain 3. IRE is thus an
ideal binding partner tor apo-IRP 1, because 1t
can bind to apo-IRP1 while minimally reor-
ganizing its terminal loop.

Apo-IRP1 accumulates in cells that cannot
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retain an intact iron-sulfur cluster because of
iron depletion and/or because of oxidative
degradation of the cluster. The conformation
of IRP2.a duplicated gene important in regula-
tion, probably mimics that of apo-IRPI, al-
though there are differences in its IRE binding
site (3). Sumilar but not identical IREs tound in
many different transcripts can be regulated by
either IRP1 or IRP2. These transcripts encode
proteins involved in iron sequestration. red-
cell heme biosynthesis. and iron export. An
iron-starved cell would be expected to benefit
from repressing translation of these tran-
scripts. IREs are also found in an isoform
of the iron importer, divalent metal trans-
porter (DMT1), and transferrin receptor
(TtR1). where stabilization ot the TtR
transcript by IRP binding increases TtR
svnthesis and iron uptake.

The appearance of nonidentical IREs in
transcripts of multiple genes suggests that
numerous independent evolutionary selection
events created the IRP-IRE posttranscrip-
tional regulatory network in mammalian cells.
Because IREs are located in the untranslated

ends of transcripts (see the figure), they can
vary without affecting the protein sequence.
Theretfore. untranslated regions can develop
new stem-loops or other teatures that favor-
ably alter cellular ron conditions. Short RNA
sequences such as stem-loops can provide
good ligands for a wide variety of targets. in
part because their shape and contact sites can
vary appreciably. while stable underlying
conformations are readily maintained (6).
Aconitase arose early in evolution (7). and
some researchers postulate that life itself
arose in an iron-sulfur world (&), but the IRE-
IRP system likely developed later in evolution
and matured mto an important regulatory sys-
tem mainly in mammals,

The conformational shift of IRP1 from its
cytosolic aconitase form to the apo-conforma-
tion thus appears to have created a new
sequence space that could be sampled over
time by mRNA sequences. mRNASs that con-
tained IREs were repeatedly selected and
retamned, because by binding to apo-IRPI,
they improved the ability of organisms to
respond to iron deprivation. A new regulatory

PERSPECTIVES

system likely took shape not through creation
of new regulatory genes. but by enabling one
of the oldest work-horses in the cell—aconi-
tase—to acquire a new regulatory function. In
the words of Francois Jacob. “Evolution does
not produce novelties trom scratch. It works
on what already exists. either transtorming a
system to give it new functions or combining
several systems to produce a more elaborate
one” (9).
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A Submarine Volcano Is Caught

In the Act

William W. Chadwick Jr.

n April 2006, Maya Tolstoy. a geophysicist

at Columbia University, received some

good news and some bad news during a
research expedition at sea. The submarine
volcano that she and her colleague Felix
Waldhauser had been monitoring for years had
recently erupted. This was exciting. because
only a handful of other deep-sea eruptions have
been detected (/), and 1t was the first time
ocean-bottom seismometers were in place dur-
Ing such an event. However, two-thirds ot the
Instruments were stuck in the new lava on the
sea floor (see the tigure). Would the remaining
third yield the data needed to gain new insights
mto this fundamental but poorly understood
veological process?

In the end. the good news outweighed the
bad. The instruments that were recovered pro-
vided some remarkable results. as Tolstoy
et al. report on page 1920 of this issue (2).
Also. this may only be the first installment in
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this story. because there is hope that more
instruments can be rescued from the sea floor.

The eruption took place on the East Pacitic
Rise. a huge ndge on the ocean floor west of
Mexico where two of Earth’s giant tectonic

]
L]

You lose some. An.otean-bottom seismometer is caught

in the 2006 lava flow on the East Pacific Rise. Ot her
instruments.were recovered, however, allowing Tolstey
et al. to gaininsightsinto submarine volcanic eruptions.

Ocean-bottom seismometers have recorded
the seismic activity associated with a
submarine volcanic eruption, revealing
important differences from eruptions on land.

plates gradually spread apart. As the plates
spread, molten rock rises in the gap to feed peri-
odic eruptions on the sea floor. creating new
ocean crust. Three quarters of Earth’s volcan-
1sm takes place along such seafloor spreading
centers, but we know very little
about these events. Seismometers
on land generally cannot sense
them. because they are too far away
and the associated earthquakes are
too small. Before 1990, not a sin-
gle eruption was documented on
the mid-ocean ridge system, even
though many probably occur each
year. Since then, swarms of small
earthquakes associated with sea-
tfloor spreading events have been
detected by remote hydrophone
arrays (/. 3) and by local networks
of ocean-bottom seismometers
such as those used by Tolstoy er al.
, We learn the most about Earth’s
active processes such as eruptions
when we can observe them as they
are happening. This is the philoso-

www.sciencemag.org SCIENCE VOL314 22 DECEMBER 2006

1887




PERSPECTIVES

1888

phy behind the “integrated study sites™ set
up by the National Science Foundations
RIDGE2000 Program (4) on the global mid-
ocean ridge system. The program funds long-
term, tocused, interdisciplinary monitoring at
these sites, with the hope of capturing dynamic
events and their impact on hydrothermal vents
and associated biological communities. The
East Pacific Rise at latitude 950N is one of
these sites.

Long-term monitoring ot'this kind is inher-
ently risky, because you could monitor for sev-
eral years and not capture an eruption. But the
potential reward 1s great. Tolstoy e al. (2) doc-
ument a gradual buildup of seismicity for at
least 2 years leading up to the 2006 eruption, a
pattern that may have predictive value in the
future. The long duration of this increase in
earthquake activity 1s unusual when compared
with volcanoes of this type on land, where seis-
mic precursors to eruption otten last only hours
to days (5). This observation implies that pres-
surized magma was accumulating beneath the
ridge crest for years before the eruption and that
there may be other measurable manifestations
(like inflation of the sea floor) that could aid
eruption forecasting,

The eruption itself was associated with an
intense 6-hour peak i seismicity, when magma
from the reservoir (~1.4 km beneath the ridge)
rose to the surface. The earthquakes reflect the
breaking of rock as the magma forced its way
upward. Once this conduit was formed. the
eruption probably did not generate as many
earthquakes. It is unclear how long the eruption
itselt lasted. but the duration of magma intru-
sion appears to have been very brief.

This 15 the first time that an exact eruption
recurrence interval has been documented on
the mid-ocean ridge. because evidence of a
previous eruption that had occurred just
weeks before was found by chance at this site
in 1991 (6). Knowing the exact date and time
of the 2006 eruption will be very valuable to
other interdisciplinary studies at the site, such
as those focusing on biological colonization
of the new lavas.

[t 1s unfortunate that more ocean-bottom
seismometers could not be mitially recovered,
but there is hope that more might be rescued
from the lava flow. In 1998, an underwater
eruption that I studied trapped a monitoring
Instrument at Axial Seamount, an active sub-
marine volcano in the northeast Pacific where
long-term monitoring is coordinated by the
Vents Program of the National Oceanic and
Atmospheric Administration (7). When we
were eventually able to pull the mstrument out
of the lava. it was in remarkably good condi-
tion, even though it had been caught in lava
that probably erupted at ~1190°C. Apparently,

the unlimited supply of cold seawater and the
strong insulating properties of a cooled lava
crust kept the ambient water temperature
modest. The data recorded by the instrument
revealed the duration, rate, and character of a
submarine lava eruption ().

Therefore, 1t the ocean-bottom seismom-
eters from the East Pacific Rise can be
extracted. there 1s a very good chance that the
data they recorded during the 2006 eruption
are still mtact. Data from more instruments
would be extremely valuable, allowing us to
determine the locations and depths of earth-
quakes. the three-dimensional distribution of
events with time. and the temporal and spatial
variation in earthquake magnitudes. We could
learn how magma moved from depth to the
surface as well as its extent along the plate
boundary. and perhaps uncover more clues

about how the next event might be forecast.
These rewards are definitely worth the risks
mvolved m trying to catch a submarine vol-
cano 1n the act.
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PHYSICS

Gaps and Our Understanding

A. J. Millis

The binding of electrons in pairs within superconductors gives rise to energy gaps. Two studies of
gaps may shed light on mechanisms underlying high-temperature superconductivity.

uperconductivity arises in metals

when electrons bind into pairs and the

phases of the quantum wave functions
that describe the pairs become coherent
throughout the solid. The onset of this phase
coherence produces the spectacular proper-
ties of superconductivity (such as vanishing
electrical resistivity) that define the super-
conducting phase. while pair binding gives
rise to an energy gap observable in many
spectroscopies. Several recent papers (/—4).
including one by Tanaka ef. al. on page 1910
(/) and one by Valla er al. on page 1914 (2)
of this issue. reveal new aspects of the
energy gap structure of high-temperature
superconductors and may provide long-
sought insights into the mechanism of high-
temperature superconductivity.

In conventional superconductors. phase
coherence and pair binding go hand in hand.
Electrons in a pair are bound together by
interaction with quantized lattice vibrations
(phonons). The observable consequence of the
binding. a spectroscopic gap, appears at (or
very close to) the transition temperature 7_at
which the resistance vanishes. High-tempera-
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ture copper oxide—based superconductors,
which lose resistance at temperatures up to
150 K, seem different. They are created by
doping (adding carriers to) an msulating parent
compound (see the figure. top panel). and over
wide regions of the phase diagram, spectro-
scopic evidence of a gap remains long after sig-
natures of phase coherence have vanished
(brown region in figure). This has come to be
known as the pseudogap: its origin and physical
Interpretation are fundamental questions in the
physics of high-temperature superconductivity.

One broad class of theories can be traced to
a paper by Anderson that appeared shortly
after the discovery of high-7_superconductiv-
ity (3). He argued that the key to high-7_ mate-
rials 1s the parent compound, which 1s a Mott
(or correlation-induced) insulator. The strong
electron-electron interactions responsible for
the insulating behavior would ftorce the elec-
trons into a paired state. which becomes super-
conducting once doping allows the carriers to
move. In this view the pseudogap 1s the contin-
uation of the superconducting gap into the
non—phase-coherent regime and reflects the
ntrinsic paired nature of the underlying elec-
tronic state. A competing view holds that the
key to the high-T_phenomenon is an instabil-
ity toward a different, nonsuperconducting
phase. Fluctuations that occur near the point of
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instability provide the glue leading to pairing
(analogously to phonons in conventional
materials). but the instability itself competes
with superconductivity. In this view. the pseudo-
gap is a manifestation of the new instability. It
is not directly related to the superconducting
gap. so materials m the pseudogap regime
should exhibit two gaps, a small one associ-
ated with the superconductivity and a larger
one associated with the (as vet unidentitied)
additional instability.

The question of “one gap ortwo?” has been
with us for years and has eluded resolution.
Part of the difficulty in finding an answer is
that in the high-temperature superconductors,
even the basic superconducting gap has struc-
ture. The materials are electronically two-
dimensional: conventionally the electrons are
considered to be moving in the x-v plane. The
pairing symmetry is d-wave, implying an
energy gap that vanishes at tour or more sym-
metry-related nodes and 1s maximal at four
antinodes. The standard d-wave gap function is
A(Q) = A cos(20). where 0 1s an angle repre-
senting the position along the Fermi surface
(see the blue solid line in the bottom panel of
the figure). Some nonsuperconducting mecha-
nism might produce an energy gap in the anti-
nodal region (solid red line in the bottom
panel), leaving a weaker superconducting
instability in the remaining portion ot the
Fermi surface (dotted blue line). From a purely
experimental point of view, the issue is to
decide between these two gap functions. The
task 1s difficult: Many spectroscopies are sen-
sitive mainly to the maximum value of the gap.
or to its average value over the momentum
structure. Also, disorder or thermal smearing
may smear the gap n the region where 1t 1s
small. causing a system that has only one gap
to appear to have the structure associated
with two gaps.

Le Tacon et al. (3) have used Raman spec-
troscopy to address the question. By studying
the dependence of the scattering cross section
on the polarizations ot the incident and outgo-
ing photons, they were able to obtain two aver-
ages over the momentum dependence ot the
gap—tunction; one peaked at the antinodal
point and one at the nodal point. Two issues
with the Raman measurements in high-7
materials are that the overall intensities
depend on so many factors that they are not
knowable in practice. and that there 1s a large
background of unknown (but probably elec-
tronic) origin. Le Tacon er al. presented a

that, they argued, allowed them to get around
these problems: they concluded that their data
favored a two-gap scenario.

Hawthorn et al. (4) measured the thermal

transport at ultralow temperatures. These data
allow one to infer the way the gap opens very
near to the node. They found that over a wide
range of carrier concentrations, their values,
when extrapolated away from the node by
means of the simple cos(20) form. lead to
antinodal gaps m quantitative agreement with
those measured by a wide range of other spec-
troscopies. Thus, except near the lowest car-
rier concentration at which superconductivity
exists. they concluded that their data favored a
one-gap scenarlo,

The momentum structure of the gap can
in principle be directly measured in angle-
resolved photoemission experiments, which
have yielded much data. In practice the mea-
surements present difficulties of interpretation
because thermal smearing and disorder-
induced pair breaking broaden the gap tunc-
tion in the near-node region in ways that are
still not understood. Tanaka et al. overcome
some of these difficulties. presenting substan-
tially improved measurements of the gap func-
tion. Particularly important are the results for
low carrier concentrations, down near the
small-p endpoint of the superconducting
phase, where they find, even in the supercon-
ducting state, a gap function given by the sum

No gap

' - B

Doped carrier concentration, p

Nonsuperconducting gap

Simple d-wave
superconducting
gap function

Gap magnitude, A

I
Node
Position of Fermi surface, 8

Antinode

Superconductor phase diagram and gap struc-
tures. (Top) Schematic high-T_superconductor phase
diagram plotted as function of carrier concentration
(p) and temperature (7). The superconducting phase is
shown in blue and the pseudogap regime is shown in
brown. The red dotted line shows the superconducting
phase boundary of the material studies by Valla et al.
(2). (Bottom) Gap magnitude Aaround the Fermi sur-
face. Solid blue line: simple d-wave gap function
appropriate to one-gap scenario favored by Valla et al.
(2) and Hawthorn et al. (4); dotted blue line: super-
conducting gap appropriate to two-gap scenario
favored by Tanaka et al. (1) and Le Tacon et al. (3). Red
line: gap of nonsuperconducting origin.

PERSPECTIVES

of the red and dotted blue curves in the bottom
panel of the tigure. They thus conclude that at
low concentrations there 1s definitive evidence
for two gaps.

Valla er al. approached the problem differ-
ently, using photoemission techniques to study
lanthanum bartum copper oxide. which at a
particular carrier concentration p = 0.125 (that
15, one-eighth added carrier per unit cell) 1s not
superconducting (see the figure. top panel)
but exhibits long-range antiferromagnetic and
charge order (6). Even at the nonsuperconduct-
ing composition, Valla er a/l. find that the elec-
tronic spectrum 1s charactenized by a gap that
takes essentially the same simple d-wave form
and has the same magnitude as at higher carrier
concentrations where the superconductivity 1s
robust. Thus. they conclude that there 1s one
gap, even though superconductivity is sup-
pressed by a different instability.

What does the tuture hold? Difterent exper-
iments must now be reconciled. which means
verifying the consistency of the gap values or
tracing differences to variations in sample or to
assumptions made n interpreting the data. But
Valla et al. seem to have discovered a clear
example ot that much-discussed entity “a new
state of matter™——in this case. a paired but non-
superconducting electronic state that either
coexists with antiferromagnetism or 1s antifer-
romagnetic itself. Thermal conductivity meas-
urements at low carrier concentrations in which
the superconductivity is destroyed by a mag-
netic field have been interpreted in a similar
way (7). This novel state is sure to be the focus
of extensive study in the near future, and its dis-
covery provides additional impetus for under-
standing the pseudogap in terms of pairing,
and thus additional support tor theories based
on Anderson’s resonating valence bond picture.
The results of Tanaka er al., however, suggest
that the ultimate fate of superconductivity at
low carrier concentrations 1s destruction by a
competing phase. The gaps n our understand-
ing of the high-7_ phenomenon are perhaps
slowly closing.
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ELECTION SCIENCE

AAAS Forum: Research, Action
Needed to Improve U.S. Elections

With concerns mounting about the mtegrity of
United States elections, AAAS and Carnegie
Corporation of New York convened a panel of
influential election experts to chart a course of
research for improving the voling process.
What emerged
from 2 days of meet-
ings i Washington,
D.C., was a shared
view that elections
need a 2 1st-century
makeover—better
technology, more
training, and a
renewed commit-
ment to ballot box
access and accuracy.
To achieve that,

many participants
said, researchers and
election administra-
tors should collaborate more closely to assess
problems and [ind practical solutions.
“Experments are being done, but we have no
way to capture the knowledge that 1s gained in a
systematic way,” said Shirley Malcom, head of
AAAS Education and Human Resources and a
member of the commission convened in 2005 by
former President Jimmy Carter and former Secre-
tary of State James A. Baker [I1. “As a result, we're
constantly reinventing the wheel—or the flat tire.”
The meeting at AAAS “illustrated you can
bring a variety of disciplines together to tackle
the continuing problems facing the U.S. election

Critics say that long lines at polling places sometimes
discouraged people from voting in recent elections.

system, especially by teaming with those elec-
tion administrators from the field willing to
explore new and better ways to increase voter
confidence in the system.” said Geri Mannion,
chair of Carnegie’s Strengthening U.S.
Democracy Pro-
gram. “There are
still a lot of chal-
lenges, but 1t's clear
there are solutions,
if talent and funding
can continue to be
mvested in ensuring
that all American
voters have the
clection  system
they deserve.”

The conference
came just after U.S.
mid-term elections
that featured exten-
sive problems, including long lines at polling
places, shortages of paper ballots, and mysteri-
ous glitches in high-tech electronic voting
machines. A post-clection New York Times
review [26 November 2006 | found that such
problems aflected tens of thousands of voters in
more than 25 states.

The conference, held at AAAS on 27 and 28
November, featured 40 policy-makers, election
administrators, scholars, and activists, including
Utah Lt. Gov. Gary Herbert. It was organized by
Mark S. Frankel, director of the AAAS Scientific
Freedom, Responsibility and Law Program.

ANNUAL MEETING

See the Stars of Science

The 173rd AAAS Annual Meeting convenes in San Francisco 15 to 19 February with a program
that features fascinating symposia and lectures and accomplished researchers from across the

fields of science, technology, and policy.

The theme of the meeting is “Science and Technology for Sustainable Well-Being.” Among the
plenary speakers will be Susan Solomon, co-chair of the working group that is assessing the scientific
basis of climate change for the Intergovernmental Panel on Climate Change. Other plenaries will be
delivered by Steven Chu, a Nobel laureate in physics, and Larry Page, co-founder of Google.

Family Science Days, the free annual event for children and their parents, will feature Adam
Savage and Jamie Hyneman, hosts of the popular “MythBusters” program on the Discovery Channel.

To find out more and to register, visit www.aaasmeeting.org.

The confer-
ence was a sequel
to a 2004 forum
al AAAS at which
I8 experts called
for a crash course
of study and
reform to make
results more reli-
able and to promote better access by voters, espe-
cially those who historically have encountered
impediments to voting.

This year, too, the participants discussed
specific problems that plague voting at every
step of the process —arcane election laws,
anomalies 1n voter registration databases, long
lines at polling places. confusing ballot designs,
and inaccurate vote counts.

But another, less obvious, theme was
persistent: Researchers are frustrated that
they are unable to gain access to useful elec-
tion data. and election administrators often
feel undermined by critical rescarch that
fails to account for real-world limitations.

“There 1s a big gulf right now between
practitioners and voters and researchers,” said
Dana DeBeauvotr, the elected clerk of Travis
County, Texas, who has served as an election
monitor in South Africa and Bosnia. “Are we
working on improvement in the voting system,
which 1s what our goal 157 Researchers’ goals
are publishing and advancing the field.”

Thad Hall, a voting scholar at the University
of Utah, acknowledged that narrowly focused
research, without context, can exaggerate prob-
lems. But, he added. election ofl'icials may be
sensitive even to accurate criticism. “They have
an interest in promoting trust and confidence,”
Hall said, “*and they don’t want to do things that
diminish that.”

An initiative in Colorado’s Larimer County
offered a possible model of positive collaboration
between election administrators and researchers.

Responding to the 2002 passage of the Help
America Vote Act, Larimer pioneered the use of
“vote centers,” said County Clerk Scott Doyle.
The county commutted to voter education, then
opened easy-access, electronically linked sites
at which voters from any precinct could go to
cast ballots. Rescarchers from Rice University
in Texas followed up with a study of this year’s
election in Colorado, linding that the centers get
high marks [rom voters and may help attract
some who otherwise might not vote,

Many of the experts agreed that means are
available now to improve voting, but that research
1s needed to help persuade elected officials and
policy-makers to back reform and pay for 1t

Dana DeBeauvoir, left, and
Shirley Malcom
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Still, a number of critical election 1ssues
won't be easily resolved. Participants disagreed
on the value of electronic voting machines that
have paper trails versus those that don’t. Activists
criticized voting machine manufacturers, but
administrators stressed the need for constructive
engagement with them., Malcom, among others,
suggested that election administration should
strive to be nonpartisan. But these and other
1ssues are ripe for research, and that, participants
said, 1s the value of the meeting.

The day after the meeting at AAAS, ofTicials
from Carnegie Corporation of New York and
several other private foundations gathered in
Washington, D.C ., to discuss funding strategies
for future election-related rescarch.

Frankel told participants at the AAAS forum
that in early 2007 the Association will launch the
[irst-ever searchable, Web-based database on
clection research. Also, he said, a report summa-
rizing the meeting will be issued carly next year.

SCIENCE DIPLOMACY

Chinese Fellowship
Winners Headed To
San Francisco

Six young Chinese journalists are the winners of

the 2007 AAAS Fellowships for Science
Reporters in Developing Regions. The award,
sponsored by the publisher Elsevier, brings sci-
ence writers to the AAAS Annual Meeting,
where they can cover the latest research and
mingle with their fellow science writers [rom
around the world.

This years winners are Gong Yidong , China
Features; Wu Chong, China Daily; Yanhong
Wang, Xinhua News; and Guo Kun, Beijing
Times, along with honorary fellows Ding Yimin,
Xinhua News, and lia Hepeng, China
Daily/SeiDev.nel.

The Fellowship “gives me a unique
opportunity to participate in a marvelous sci-
ence festival held by one of the largest scien-
tific societies,” Wang said, adding that she 1s
especially looking forward to talking with
her colleagues in the United States.

This year’s Annual Meeting theme, “*Science
and Technology for Sustainable Well-Being,” 1s
“extremely important for China, which is under-
going overwhelming changes,” Yidong said.

Chong said news of the Fellowship was “an
mspiration to my career” and that it came as a sur-
prise “because I still considered myselftoo young
a reporter Lo win any prestigious award like this.”

The Fellowship pays for travel, lodging,
and meals at the San Francisco meeting. Four
fellows were chosen from a pool of reporters
nominated by their editors at leading Chinese
media organizations. The two honorary fellows
were chosen in recognition of their excellence
in science reporting. William Chang of the

L.S. National Science Foundation’s Beijing
office was the independent judge for the award.

Chang said that open and unbiased news
reporting is on the rise in China, “but there is
still great room for further improvement. [ feel
that all the applicants recognized this, and made
therr best efforts under the present constraints.”

The Fellowship wmners “will be included in
the AAAS writers’ family, where they can seek
support from this network and help the world
community to better understand Chinese
science,” Chang added.

The program 1s an important part of AAASS
mission to encourage international scientific dia-
logue and development, according to Vaughan
Turckian. AAAS’s chiel international officer.

“China 1s clearly an emerging important
place for science, and one key piece of trying to
develop a scientific infrastructure 1s making
sure that science journalism is also strong,”
Turekian said.

The Fellowship is a program of EurckAlert!,
AAAS’s editorially independent Web site for
reporters. Rahman Culver, who works with
Karen Yuan to oversee the fellowships, said that
past winners have praised the program for its
role in connecting reporters in developing coun-
tries to a wider audience

The Fellowships were launched in 2004 with
a seed grant [rom the William T, Golden Endow-
ment Fund for Program [nnovation, with addi-
tional support in 2005 from the Global Alliance

From left, Gong Yidong, Yanhong Wang, and Wu
Chong are among winners of the 2007 AAAS Fellow-
ships for Science Reporters in Developing Regions.

for Vaccines & Immunization, The Vaccine
Fund, and the Rotavirus Vaccine Program. Past
winners include science reporters from Alrica,
Latin America, and China.

“Elsevier would like to help equip science

journalists from all over the world with the

necessary skills and insights in order to write
accurate “good science’ articles that benefit
their communities,” said Shira TabachnikofT,
the publisher's director of corporate relations.

“Being able to support independent science
reporting in China is incredibly meaningful," said
Ginger Pinholster, director of AAAS’s Office of
Public Programs. “In their lifetimes, these prom-
1sing young journalists will be ina position to tell
the story of China's transformation.”

Information about this year’s Fellowship
recipients, including their winning entries, will
be posted to EurekAlert! s Multi-Language Por-
tal at http://www.curekalert.org/language/.
—Becky Ham

SCIENCE COMMUNICATION

AAAS Names Science Journalism Winners

A compelling story on the current scientific understanding of Alzheimer's disease, a series on
the impact of climate change in the American West, and a lively look at efforts to grow a better
banana are among the winners of the prestigious 2006 AAAS Science Journalism Awards.

Large Newspaper—(Circulation >100,000): Stacey Burling, The Philadelphia Inquirer, for

“Probing a Mind for a Cure,” 26 February 2006.

Small Newspaper—(Circulation <100,000): Michelle Nijhuis, High Country News, for “The
Ghosts of Yosemite,” 17 October 2005: “Save Our Snow,” 6 March 2006: and “Dust and Snow.”

29 May 2006.

Magazine: Craig Canine, Smithsonian, for “Building a Better Banana, " October 2005.

Television: Samuel Fine, Julia Cort, Vincent Liota, Peter Doyle, and Dean Irwin, NOVA
scienceNOW, for a program on RNA interference; the chemistry of fuel cells; two wizards of
supercamputing; and the fastest moving glacier in the world, 26 July 2005.

Radio: Bruce Gellerman, Steve Curwood, Terry Fitzpatrick, and Chris Ballman, Public Radio
International’s “Living on Earth” program, for “Some Like it Hot...": “Cold Fusion: A Heated His-
tory”: and “Pebble Bed Technology—Nuclear Promise or Peril?” 30 September 2005.

Online: Larisa Epatko, Leah Clapman, Rich Vary, and Katie Kleinman, “Online NewsHour with
Jim Lehrer,” for “The 1906 San Francisco Earthquake: 100 Years Later,” 20 March 2006.

Children’s Science News: Beth Geiger, Current Science, for “Fade to White," 6 January 2006.

The awards, which have been given to nearly 400 journalists since the competition began, are
sponsored by Johnson & Johnson Pharmaceutical Research & Development, L.L.C. Each category
carries a $3,000 award. The winners will pick up their plaques at the AAAS Annual Meeting in San

Francisco in February.
—£Earl Lane
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Ancient Noncoding Elements
Conserved in the Human Genome

Byrappa Venkatesh,'* Ewen F. Kirkness,?* Yong-Hwee Loh,* Aaron L. Halpern,?
Alison P. Lee,! Justin Johnson,® Nidhi Dandona,® Lakshmi D. Viswanathan,® Alice Tay,*
]. Craig Venter,® Robert L. Strausberg,?® Sydney Brenner?

omparisons of the human genome with
distantly related vertebrate genomes are
valuable for identifving evolutionarily
conserved regulatory elements in the human
genome. For example, genome-wide comparisons
ol human with teleost fishes, such as Fueir and
zcbrafish, that diverged from the human lincage
about 450 million years (My) ago (/) were able to
identify a large number of conserved noncoding
clements (CNEs). Several of the CNEs were shown
to function as tissue-specific enhancers (2, 3).
Cartilaginous fishes represent the living group of
jawed verebrates that diverged from the common
ancestor of mammals and teleost fishes about 530
My ago (/). Here, we report the identification of
ancient vertebrate CNEs by comparison of genome
sequences of a cartilaginous fish, the elephant shark
(Callorhinchus milii), with the human genome.
The elephant shark, with its compact genome
(Materials and Methods), was recently proposed
as a model cartilaginous lish genome (4). We gen-
crated ~1.4x sequence coverage of the elephant
shark genome and compared it with the human
genome to identify CNEs with the use of dis-
contiguous MegaBLAST (Materials and Meth-
ods). A total of 4782 CNEs associated with 1189
human genes (table S1) were identified. The
mean length of CNEs 1s 210 base pairs (bp), with
identity ranging from 71% to 98% (mean = 83%)
and a combined length of 1.0 Mb (Table 1). The
longest CNE 1s 937 bp and 1s found in the second
intron of ZNF407 (table S2). We also aligned a
representative CNE with orthologous sequences
from other vertebrates (fig. S1). BLASTN search
(e-value cutoff at 1 x 107°) of the CNEs against
Ciona, fruit fly, and nematode worm genomes
indicated that nearly all of them (with the ex-
ception of six CNEs that show similarity to Ciona
or [ly sequences) are specific to vertebrates. The
genes associated with CNEs are statistically en-
riched for functions such as regulation of tran-
scription, DNA binding, and transcription factor

activity (7 = 0) (table S3). They are also sig-
nificantly enriched in protein domains such as
homeobox: helix<tum-hehix motif, lambda-like
repressor; and POU (P < 0= 12 analysis) (table
S4). A significant number of CNEs identified pre-
viously in the human and Fugu genomes was also
[ound to be associated with similar genes (3).
Most of the human-Fugu CNEs assayed func-
tioned as enhancers mediating tissue-specific ex-
pression (3). We predict that most of the human
elephant shark CNEs identified are likely to
[unction as tissue-spectlic enhancers, influencing
the gene regulatory networks n vertebrates.
Given that only 1.4*-coverage sequence of the

clephant shark (estimated genome coverage of

~75%) was analyzed, we estimate that the human
and elephant shark genomes contain about 6300
CNEs (totahng 1.3 Mb). For comparison, we
identified CNEs i the whole-genome sequences
of human-Fugu and human-zebrafish by using the
same protocol used for human-elephant shark
comparison (Matenals and Methods). Both teleost
fishes genomes contam fewer CNEs than the
clephant shark gemone. The Fugu genome
contains a total of 2107 CNEs (totaling 0.38 Mb),
whereas the zebrafish genome contains 2838
CNEs (totaling 0.53 Mb) (Table 1). Thus, more
than twice as many noncoding sequences are
conserved between elephant shark and human
genomes compared with those conserved between
teleost fishes and human genomes. Comparisons
ol the top 20 genes associated with elephant shark
(table S3), Furgu (table S6), and zebralish (table S7)
(CNEs show that the same genes are targeted for
highly conserved CNEs in these genomes. For
example, NR2F1, ARRD(C3, EBF3, FOXPI, and
FOXP?2 contain large numbers of CNEs in all three
genomes. However, overall only 652 and 782
genes are assoclated with human-Fugy and
human-zebrafish CNEs, respectively, in contrast
to 1189 genes associated with human-elephant
shark CNEs. Indeed, human-elephant shark CNEs

Table 1. Human noncoding elements conserved in the elephant shark, Fugu, and zebrafish genomes.

CNEs Human/elephant shark Human/Fugu Human/zebrafish
Number 4782 2107 2838

Total length (kb) 1003 379 530
Average length (bp) 210 180 187
Maximum length (bp) 937 982 880

Mean identity (range) (%) 83 (71-98) 83 (71-98) 84 (73-99)

associated with 518 human genes are not 1dentifi-
able by human teleost fish comparisons. Thus, the
elephant shark genome comparison was able to
uncover a laree number of ancient regulatory
clements in the human genome that could not be
identified by comparison with teleost fishes.
Comparative analysis ol noncoding regions of
the HoxA cluster [rom human, teleost hishes, and
hom shark had indicated that the regulatory
clements n teleost lishes are more divergent than
those in human and horn shatk (5). Thus, it appears
that, even though cartilaginous fishes diverged
from the human lineage belore teleost fishes,
higher proportions of regulatory elements are con-
served between cartilaginous [ishes and human
than between teleost fishes and human. This im-
plies that the regulatory regions of teleost fishes
have been evolving faster since their common
ancestor diverged from the lincage that led to
mammals. The divergent regulatory regions in
teleosts may be partly explamed by the partitioning
ol regulatory elements between duplicate gene loci
that arose from the fish-specific whole-genome
duplication event in the ray-finned fish limeage (6, 7).
Teleost fishes, with about 23,000 extant species,
are the largest group ol vertebrates and exhibit vast
diversity in their morphology and adaptations. The
accelerated rate of evolution of regulatory regions
may be an important factor in the rapid radiation
and diversity of teleost fishes. The highly con-
served regulatory regions in the elephant shark
compared with the divergent regulatory regions in
teleosts underscore the importance ol the elephant
shark as a critical reference vertebrate genome.
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Untemplated Oligoadenylation
Promotes Degradation of
RISC-Cleaved Transcripts

Fadia Ibrahim,* Jennifer Rohr,* Won-Joong Jeong, Jennifer Hesson, Heriberto Ceruttit

n the best-characterized mechanism of RNA-

mediated silencing, small interfering RNAs

(siRNAs), mcorporated into the RNA-induced
silencing complex (RISC), guide the endonucleo-
Iytic cleavage ol complementary RNAs (/). In
Drosophila melanogaster, these RISC-generated
products are eventually degraded by exonbonu-
cleases: Xml, a 5'-10-3" exonuclease, and exosome,
a 3'-t0-3" multisubunit exonuclease (2). Interest-
ingly, in Arabidopsis thaliana and in mammals,
an oligouridine or Dlignadcnine loligo(U/A)|
tail 1s added to the 5" RNA fragments resulting
[rom microRNA-directed cleavage (3). How-
ever, the biological role of this tail remains
unclear.

An RNA interference defective mutant strain
of the alga Chlanndomonas reinhardiii pro-
vided some msight mnto this process. We had
previously generated a strain (Maa7-1R44) that
expresses an inverted repeat (IR) homologous to
~60 base pairs (bp) in the 3" untranslated region
(UTR) of the MAA7 gene (encoding tryptophan

synthase B subunit) (fig. S1). In this hne, the

MAAT transcripts are present at reduced quantities
compared with the amounts in the nontransgenic
wild-type strain (CC-124) (Fig. 1A). In contrast,

in a mutant stramn, Mut-68, obtamed by nser-
tional mutagenesis ol Maa7-IR44, we detected
increased amounts of the full-length MAA7
mRNAs and a faint smear of RNA degradation
products (Fig. 1A). Unexpectedly, Mut-68 also
showed higher quantitics of siRNAs than those
ol the Maa7-IR44 parental strain (Fig. 1B). This
result suggested that Mut-68 was deficient in the
decay of siRNA-targeted mRNAs.

DNA flanking the tagging plasmid was ob-
tamed by polymerase chain reaction (PCR), and
Southern blot analyses revealed that Mut-68
contained a deletion at the MUT6S locus that
abolished mRNA expression (Fig. 1A). To con-
firm that this deletion was responsible for the
observed phenotype, we used the MUT6HS coding
sequence under the control of PsaD (encoding a
photosystem [ component) regulatory sequences
to successfully complement the mutant strain
|Fig. 1A, Mut-68(MUT6S) lines|.

The MUT68 protein (MUT68;,) belongs 10
the noncanonical polyadenylate [polyv(A)] poly-
merase family (fig. S1). Two other homologs,
Caenorhabditis elecans RDE-3 and Schizosae-
chromyees pombe Cid12, have recently been
implicated in sIRNA production and/or stabili-
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Fig. 1. (A) Northern blot analysis of the indicated strains using probes specific for the 5" end of the
MAA7 coding sequence, the ACTINI 3" UTR sequence, and the MUT68 coding sequence. (B) Detection of
MAA7 siRNAs by Northern hybridization. nt, nucleotide. (C) Frequency of circularized RT-PCR products
ending at specific sites within the MAA7 transcript (fig. 51). Clones containing untemplated adenines
are denoted by blue bars, and the sites of RISC-directed cleavage (determined in the CSL4-suppressed
strain) are shown by vertical red lines. (D) Sequence of circularized RT-PCR products displaying

nonencoded adenines (blue).
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zation (4, 5). However, Chlamydomonas Mut-68
Is not defective in siRNA production. Thus,
we examined whether MUT68p might be re-
sponsible for the addition of an oligo(U/A) tail
to RISC-generated RNA fragments. By using a
reverse transcription PCR (RT-PCR) approach
that relies on RNA circularization (3), we n-
spected the 3" ends of MAA7 5" RNA [ragments
resulting from siRNA-directed cleavage. The
clones from Maa7-IR44 were quite heterogencous
at therr 3" ends, and some terminated before the
region of homology to the transgene-produced
double-strand "d RNA (dsRNA) (Fig. 1C). sug-
Lcﬂir“‘ ol 3-10-5" degradation. Interestingly,

warly 45% of the examined clones contained
an untemplated oligo(A) tail (Fig. 1D). In con-
trast, the clones sequenced from Mut-68 ended
at fairly discrete sites, and none included untem-
plated nucleotides (Fig. 1C). The complemented
stramn, Mut-68(MUT6K)-3, showed a clonal dis-
tribution similar to that of the Maa7-IR44 strain.
We also transformed Maa7-IR44 with a second
[R transgene designed to suppress the CSL4
exosome subunit to test whether this would result
in stabilization of the RISC-generated 5" RNA
products. Indeed, mn this strain (Csl4-IR2) most
MAA7 5" RNA fragments had very discrete 3
ends, terminating at two sites within the region
of homology to the MAA7 dsRNA (Fig. 1C and
lig. S1).

These results suggest that untemplated oligo-
adenylation by MUT68p stimulates the degrada-
tion of RISC-generated 5" RNA [ragments by a
3410-3" exonuclease, most likely the exosome.
This 1s remuniscent ol the proposed role of the
Trid/ A2/ Mtrd polyvadenylation complex in
the decay of nuclear transcripts in 8. cerevisiae
(6). Morcover, MUTO68p may also participate
in the degradation of siRNAs, because their
amounts are increased in Mut-68 and U and/or
A addition to small RNAs has been detected in

Arabidopsis (7).
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The Heartheat of the Oligocene

Climate System

Heiko Pélike,** Richard D. Norris,? Jens O. Herrle,'* Paul A. Wilson,* Helen K. Coxall,?
Caroline H. Lear,* Nicholas J. Shackletun,5T Aradhna K. Tripati,> Bridget S. Wade®

A 13-million-year continuous record of Oligocene climate from the equatorial Pacific reveals a
pronounced “heartbeat” in the global carbon cycle and periodicity of glaciations. This heartbeat
consists of 405,000-, 127,000-, and 96,000-year eccentricity cycles and 1.2-million-year obliquity
cycles in periodically recurring glacial and carbon cycle events. That climate system response to
intricate orbital variations suggests a fundamental interaction of the carbon cycle, solar forcing,
and glacial events. Box modeling shows that the interaction of the carbon cycle and solar forcing
modulates deep ocean acidity as well as the production and burial of global biomass. The
pronounced 405,000-year eccentricity cycle is amplified by the long residence time of carbon in

the oceans.

ttempts to understand Quaternary glacial-

interglacial changes n ice volume and

temperature have shown that the cou-
pling between extemnal forcings, the carbon cycle,
atmospheric greenhouse gas concentrations, and
glaciations 1s extremely complex. Nevertheless,
records from the past few hundred thousand years
mdicate that glaciations lag changes in the carbon
cycle and orbital forcing (/). An msight into the
mechamsms that link these three elements of the
Earth system is crucial to successfully modeling
past and future climates accurately. A good
understanding of the carbon cycle response 1o
external lorcing requires data series several times
longer than the longest orbital vanations, which
arc on the order of millions of years and which we
show here are an important feature ol chimatic
records during the Oligocene.

Although geologically older periods experi-
enced the most prominent transient climatic
events during the Cenozoic [(the past ~65
million years (My)] (2), records and analyses
of high enough resolution and [idelity to provide
data of astronomically directed climate varna-
tions over longer intervals of Earth’s history are
rare. The Oligocene is of particular interest be-
cause it represents an early “icehouse™ epoch
that is thought to have commenced with the mi-
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tiation of large ice sheets on Antarctica (3), ex-
perienced extensive variations of sea level (4, 3),
and culminated in a major transient glaciation
across the Oligocene-Miocene (O-M) boundary
| (=23 million years ago (Ma)] (6).

Site 1218 Oligocene stable isotope records.
Here we present a high-resolution [ 5 to 10 ¢cm, ~4-
thousand-year (ky) interval )| climate proxy record
(7-9) spanning the entire Oligocene (~23 to 33.9
Ma), incorporating new and recently published
(3, 3, 10, 1) benthic foraminiferal stable isotope
data from Ocean Drilling Program (ODP) Leg
199, Site 1218, equatorial Pacific (8°53.378'N,
[35°22.00'W, 4.8-km water depth) (/2). The 13-
My-long record has been astronomically age-
calibrated and 1s used here to explore the
influence of Earth’s orbital variations on Oligo-
cene climate. In addition, we include previously
published stable 1sotope data from plankionic
foramunifera (5) and new bulk sediment stable
isotope and CaCOs (/3) data along a high-
resolution composite depth scale (74) (lig. S2).
The ODP Leg 199 records are complemented
by an uninterrupted set of well-defined geo-
magnetic reversals across the Oligocene, as
well as detailed calcarcous and siliceous bio-
stratigraphic datum events (12, 14, 15).

Foraminiferal stable i1sotope measurements
are controlled by a number of processes, includ-
g changes in dominant deep-water masses,
ocean circulation, and paleoproductivity, which
vary between regions. No single site can rep-
resent whole occan conditions: nevertheless,
proxy records from the deep Pacific ocean can
be regarded as those most closely resembling
globally averaged temperature and ice-volume
conditions because of the large size of the Pacific
reservolr and its isolatton from surface temper-
ature variations, The data set [rom Site 1218
provides a means to tic future records to this
high-resolution archive in order to develop a
more global proxy record and to further assess
the potential role of substantial changes in ocean

circulation, for example, in response to opening
Southern Ocean gateways and closure of the
Tethys Ocean.

The basis of our astronomical age model 1s a
new orbital integration (/6) that has been shown
(/7) to fit geological data, specifically the past 30
My, better than a previous solution (/&), by using
present-day values for the dissipative Earth mod-
¢l (/9). Building on the shipboard stratigraphy
(/2), an 1mutial astronomical age model was
generated from physical property proxy records
reflecting the percentage of CaC' O contents (/4).
This initial age model was then improved using
the stable isotope measurements. The astro-
nomically calibrated age for the O-M boundary
[-23 Ma, as recognized mn studies of Sphenolithus
delphix (20) and magnetostratigraphy (27, 14)]
agrees well with independently calibrated ages
for this boundary (22 24), 1l adjusted to the new
astronomical solution.

Our new single-site Oligocene data set from
ODP Site 1218 is presented against astronomical
age in Fig. 1. The composite record displays fea-
tures on temporal scales from thousands to mil-
lions of years, chielly (1) two large-scale glaciation
events bracketing the Oligocene, (11) substantial
longer-term (multi-My) secular changes, and (111)
a striking rhythm corresponding to Earth orbital
variations, including lead-lag relationships and
the time-evolutive behavior of cycle amplitudes.
In this study, we use the term “heartbeat of the
Oligocene™ for three main observations in the
data: (1) a persistent 405-ky eccentricity pacing ol
the carbon eyele as indicated by benthic 82C, (ii)
mtervals ol recurring “glacial™ episodes that
broadly follow the ~1.2-My-long amplitude mod-
ulation of Earth’s obliquity, and (111) higher-
amplitude 850 variations during individual short
and long eccentricity minima.

Two previously described large transient
olaciation events are known as Oi-1 (4, 23)
immediately after the Eocene-Oligocene (E-O)
boundary (3, 26), and Mi-1 at the O-M boundary
(6, 22, 24, 27). Under a recent astronomical
naming scheme based on the 405-ky cycle of
Earth’s eccentricity (5), these two events corre-
spond to cycles 84k, 13, (O1-1) and 580 cacn
(Mi-1) (28). Within cvele 67q 00, the data show
a period of coldest temperatures and/or largest ice
volumes during the Oligocene. The transition nto
the Oligocene icchouse world, represented by a
rapid increase in benthic 6'%0 and §°C, com-
menced around cyele 83gqc13¢. [ has been shown
to have occurred in a stepwise manner (3) and
was followed by a ~0.4- to 0.8-My-long recovery
phase of decreasing 80 and 8"C to values rep-
resentative for the early Oligocene. This recovery
likely represents a readjustment response ol the
carbon cycle to the rapid deepening of the oceanic
carbonate compensation depth (3), well illustrated
by bulk (fig. S2) and benthic carbon isotope
measurements (Fig. 1C).

At the O-M boundary, we observe an in-
crease of 8'%0 values by 0.7 to 0.9 per mil (%o),
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comparable with records from other ocean basins,
and with similar absolute values as those from the
subantarctic Southern Ocean (22). Benthic 67C
increases rapidly during cycle 58p1c6cn (Mi-1)
but with a preceding 1- to 2-My trend toward
heavier values belore the Miocene. Although both
transient events, O1-1 and Mi-1, have clear cli-
matic and paleoceanographic importance (2, 3),
the intervening variation and longer-term (multi-
My) trends in stable 1sotope records are of equal
mterest, and indeed are notable.

The Site 1218 time series show clear oscil-
lations, with typical amplitudes of 0.5 1o 1.0%a
in 80 and 8'°C, at periods related to the Earth’s
orbital evolution. These oscillations are superim-
posed on longer term (multi-My) changes through-
out the Oligocene that prompt us (o recognize
at least four distinct phases of the Oligocene
(Fig. 1): The first ~2.5 My ol the Oligocene
(Phase 1) are mitnated by cycle 84g,.0q3, and
constitute the O1-1 recovery phase. This phase 1s
characterized by a smaller amplitude of Earth’s
orbital imprint and by the subsequent estab-
lishment of longer-term climatic oscillations with
a clear 405-ky pattern, typical of the Oligocene,
particularly in benthic o ¢ dn response 1o orbital
forcing. After the mtial 2.5 My of Oligocene
time, durmg Phase [1, 513C briefly exhibits a min-
mmum of ~0.5%., followed by a positive ex-
cursion and succeeded by a 2-My-long 8"C
decrease to close to 0%e within eyele 7301.¢10m-
During this phase, 8"80 values show increased var-
1ability at higher frequencies in the Milankovitch
band. Once this pattern is established, the stable
1sotope variations continue along a similar
bascline for a further 2.5 My during Phase 111,
albeit with strong orbital scale variations,
following Earth’s 405-ky eccentricity cycle.
Within cycle 67, equatorial Pacific benthic 8'%0
reaches peak maximum values (29). During
Phase 1V, 8"C displays high-amplitude 405-ky
cyclicity, whereas 50 undergoes a distinct
longer-sterm trend toward increasingly light
values over ~1.2 to 2.4 My, with peak warmth
at this location, or minimum ice volume, around
magnetic polarity chron C6Cr. This feature 1s
also shown in data from the equatorial Atlantic
(ODP Leg 154, fig. S3). Phase IV culminates
with the transient glacial event Mi-1, duning cycle
5801cecn. which marks the onset of a period of
strong and rapid early Miocene climate variabil-
ity (6, 22).

Our carbonate content and mass accumula-
tion rate determinations (fig. S2) partly reflect
the evolution of the stable 1sotope records, for
example, the rapid increase of carbonate content
across cycle 845, 13, 4 ~33.9 Ma, a subsequent
overshoot (3), and maximum carbonate content
during the coldest middle Oligocene, within
cycle 67. Dunng the middle Oligocene cold
phase, 5"80 reaches heavier values than during
either the O1-1 or Mi-1 events. This observation
pomts to two possible scenarios: Either the
record at Site 1218 1s not a perlect recorder of
global carbon cycle dynamics, temperature, and

1ce volume, or there are additional factors that
mlluence the overall evolution of climate, nde-
pendent of the detailed orbital configuration,
such as weathering patterns, deep water mass
reorganization, and tectonic processes.

The pattern of orbital-scale oscillations super-
imposed on multi-My trends in the Site 1218
stable 1sotope record reveals an Earth system
that appears sensitive to Earth’s orbital varnations
(3, 3, 6). First, there 1s a very clear imprint in the
benthic 1sotope series of the long (405 ky) Earth
eccentricity variation, particularly in the 8%C
record. Second, the 8"™0 record exhibits strong
variability at the shorter eccentricity periods (126
and 96 ky). 8"%0 also shows correspondence of
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high isotopic values during periods of low-
obliquity amplitude variations, except during
cycles 63/64 and 78/79. O1-1 experiences a tem-
poral delay with respect to low-obliquity ampli-
tude that is presumably related to the initial
cstablishment of large ice volumes on Antarctica.
This observation was made previously during
the middle Oligocene (3) and the Mi-1 event
(6). The observed pattern correlates the most
extreme 8'%0 events with low-amplitude oblig-
uity variations (marked in Fig. 1), and minimum
eccentricity (a near circular orbit). This pattern
Is important in that these O1- glacial events (4)
have been correlated with sequence stratigraph-
ic studies to estimate magnitudes of eustatic

A B C D E F
Polarity ETP  §°C(%) 405kyr Tilt (°)  &'°O(%o)
Q -3 315 1 05 01 122243 25 2 15 1
cf’,{g =T 133 =1 T 1
. o B =
:2 - — --5'4m
22 Yy o - - =_55 or
S, - = -l @ 90
e & 3|
E 25 EF_E — N g g _100
% — 1 {;;-;;51 -110
= =4 Ok 2 |
G = § 3 s -120
2 = = % .
5,26 - =5 =190
© = ez -1403
= =1 = o 150 3
o = 3 —_— o
28 == 2 =7 160 3
%{ = - C10n < :170&
— — 5
T % 73 (180
% _%’:::'n — = xciom 190
30 P 3= F = == .
=8 = = ;
R s O 200
9 A= = il .
:E_-—__ : < 79 O -_210
& =7 & = 1 s
¢ —= B <% 8 [230
E _ ; {TE?EE ;—;
_::_ ‘:_‘rt_rt12'r -
> —— — : ~240
#*31 "= = Fs = g
ET& §
@

Fig. 1. Oligocene Pacific benthic stable isotope data from ODP Site 1218. (A) Astronomically age-calibrated
magnetic polarity record for Leg 199, based on (12, 14, 15, 21). (B) Calculated normalized mix of the orbital
parameters eccentricity, obliquity (tilt), and climatic precession [ETP, devised in (40)], using (16). (C) Benthic
carbon isotope measurement from foraminiferal calcite. (D) Bandpass filtering (41) to extract the 405-ky
eccentricity component from astronomical eccentricity (solid line), benthic inverted **C isotopes (dashed line),
and benthicinverted 5*20 isotopes (dotted line). Values close to—1 mark near-circular orbits (minimum 405-ky
eccentricity). Also marked are absolute 405-ky eccentricity cycle numbers, counted from the present, following
the naming scheme of (5). (E) Obliquity, and obliquity amplitude envelope (in degrees), from (16). (F)
Benthic oxygen isotope measurements from foraminiferal calcite, Site 1218. Foraminiferal isotope
measurements were adjusted to seawater equilibrium by adding 0.64%. (42). Mi-1 and Oi-1 isotope
events (2) are indicated along the core depth axis by arrows. Depth values are revised meters composite
depth (rmcd) (14). Horizontal lines mark long-term Oligocene phases. Gray ellipses mark maximum 880

during low obliquity amplitudes.

www.sciencemag.org SCIENCE VOL 314 22 DECEMBER 2006

1895



RESEARCH ARTICLES

1896

Power Coherency Evolutive Spectra
A 60 1 0.1 __0.01.9.4
= Bandwidth | ] o13C
' Confidence = " — 19
50F — 99%

90%

T
=40} —
= | =
=
E 30} 3
L —
o ok
g &
ke 201
10}
D T T -‘.I"- T
B 60[« Bandwidth
Confidence=<== 19
50F — 99% |==
90% = 22
o =—] 23
.40} = e
= = i
==
&'30f = 8
2 @
S 1 o
2 20¢ E. -
l : .
| e _E' !
[ o
0 —_
C 60
5130 6130 -
50} |
- :
S0t L
= | <
=
2 30t S
A ¢ :
£ 20t
! s 96
10 - 126
o [ —————— 405
30 20 10 0 22 o8 34
Lag (kyr) Age (Ma)

Fig. 2. (A and B) Log-power spectrum of benthic 8"3C and 60 time series, determined by the
multitaper method (43). Before analysis, records were linearly detrended, and a Gaussian notch filter
removed periods longer than ~1 My. The time series was interpolated at the average sample resolution
(~5 ky).We show coherency estimates between data and astronomical eccentricity, tilt, and precession
mix (ETP), using the Blackman-Tukey method, with 280 lags (10% of series from 20.5 to 34.5 Ma). The
99% (solid) and 90% (dashed) confidence levels are shown. 53C shows a relatively stronger signal at
the longer eccentricity frequencies. (C) Blackman-Tukey cross-spectral phase estimates between stable
isotopes and ETP curve, converted to lag times in ky (with 95% confidence intervals) (39). For climatic
precession, obliquity, and short eccentricity, the phase angles are essentially zero. For long eccentricity
(405 ky) periods, there is a relative lag of —=5*3C compared with =520 of ~20 ky. (D to F) Evolutive
multitaper method log-power spectra for —62C, 620, and astronomical ETP showing the temporal
evolution of spectral power throughout the Oligocene. Note the correspondence of amplitude variations
(high power with hot colors) for the (96 and 126 ky) eccentricity cycles and 5220, and between the strong
405-ky eccentricity cycle and the 41-ky obliquity cycle between 8'3C and ETP, supporting previous
analysis (17). Vertical bars mark obliquity amplitude minima every ~1.2 My (also see fig. S2).

Oligocene sea-level variations (3()), which our
data help to constram. Our extended time series
show that the relationship between astronomical
patterns and more extreme Oligocene glaciation
periods () holds throughout most of the Oligo-
cene (Fig. 1), with additional events that do not
appear to be correlated to astronomical forcing.

Time series and spectral analysis. Power
spectra for 8'™0 and 8"3C (Fig. 2) exhibit peaks
at astronomical frequencies that are significantly
above 99% confidence estimates using a red-
noise model. Our results confirm the observation
that both time series exhibit strong power at
eccentricity periods (405, 126, and 96 ky). 8°C
shows a stronger response at longer periods (405
ky), whereas 5'%0 shows more sensitivity at
shorter eccentricity periods (96 and 126 ky). Both
records also show a significant response at the
main obliquity period (41 ky), with a weaker re-
sponse at the lower-amphitude obliquity periods
(29 and 54 ky). Because of its length, our data set
allows us to trace mtervals carrying a signal of
climatic precession with higher statistical sig-
nificance than has been possible in previous
studies (3. 0).

Phase estimates between astronomy and
data (Fig. 2C) determine a ~20 ky lag of 5"*C
compared fo 580 for long cceentricity cyeles
(405 ky), with close to zero lags for other as-
tronomical terms. Phase estimates between 872C
compared 10 8"%0 suggest that 8'*C shows in-
creased lag times for correspondingly longer
periods, a behavior that we are able to model as
part ol this study. A similar pattern has been
recognized previously n late Oligocene records
(6, 22). This observation is compatible with the
long residence time of carbon in the oceans
|~0.1 My (3/7)] that translers energy from cli-
matic precession into eccentricity bands through
a nonlinear process, resulting m a frequency-
dependent phase lag of 5.

We also calculated evolutive spectra for o B(
(Fig. 2D), 8'®0 (Fig. 2E), and astronomical time
series [Fig. 2F, (/6)]. Our results reveal a con-
sistent imprint of the eccentricity and obliquity
signals in the 8'%0 record, following closely the
amplitude modulation terms that coincide with
most of the Oligocene glacial events (5), -
cluding events around cycle 58q1.cgcn (23 Ma)
(0). The ~2.4-My modulation of the 96- and
[26-ky eccentricity cycles 1s notably similar in
the astronomy and in 8"%0. All three precession
frequencies intermittently appear in the evolu-
tive spectra, and for 50 the 19-ky amplitude
variation follows the predictions of calculated
ccecentricity. The strength of the climatic pre-
cession traces are at least partially related to
higher sedimentation rates, with more consistent
responses where sample resolution 1s higher,
mostly ~24 to 27 Ma. However, during the
carliest part of the record (3), the response to
climatic precession 1s weak, despite higher mass
accumulation rates that occurred after the dra-
matic shift in the depth of carbonate compensa-
tion (3, 32).
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Box modeling results. A previous modeling
study that locused on the E-O transition found
that an 1imposed astronomical forcing has a con-
siderable effect on the Earth’s chmate system
(33). Loutre ef al. (34) demonstrate that climatic
precession and obliquity are the dominant
astronomical periods in msolation calculations
that use the traditional Milankovitch summer
msolation hypothesis, with only a very minor
contribution by Earth’s eccentricity periods. Our
data for the Oligocene, in contrast, exhibit an
unexpectedly strong ~405-ky signal n 813C as
well as m the carbonate flux. The mismatch be-
tween the strongest periodicities in most insola-
tion calculations and the chimate system response
recorded in our data prompt us to evaluate the
response of the carbon cycle to astronomical chi-

mate forcing. We do this by using a suite ol

carbon cycle box models, with the aim to gain a
better understandmg ol how astronomical forcing
terms are transferred through the carbon cycle.
We modified two previously published carbon
cycle box models of varying complexity | Model
A (35); Model B (36)] and combined them with
astronomical forcing time series to investigate
whether we can qualitatively explain basic [ca-
tures ol our data (37).

By first applying a white-noise signal as
forcing mput, we established that fundamental
properties of both models are the preferential
amplification of lower-frequency components
and the attenuation of higher-frequency compo-
nents, resulting m a red-noise transfer function
from model input to output (37). In the models
used, sea-level variations influence the weather-
ing ol silicate rocks directly by changing the
land arca available for weathering on Antarctica
and indirectly through the change of carbonate
ion concentration. We currently do not model
the influence of sea-level on basin-to-shelf frac-
tionation (38) and the deposition of carbonate on
shallow shelf areas directly. This process would
exert additional positive leedback between sea
level and the carbon cyele.

Figure 3 shows the model response to as-
tronomical forcings that are dominated by cli-
matic precession and obliquity. We found that
applying astronomical forcing terms to globally
averaged temperature alone does not result in a
response of both 8'%0 and 8", as observed in
our data. Yet, a good match between model
output and our data is achieved by also applying
astronomical forcing to key components ol the
carbon cycle. Specifically, we force the effective
solar constant in the model by simultancously
applying scaled annual and boreal (65°N) sum-
mer orbital insolation changes. The actual tem-
perature is then calculated as a function of both
solar constant and carbon dioxide concentration.
Here we use 65°N summer insolation to obtain a
representative model response lor a larger suite
of possible insolation forcings (34). The same
result could have been achieved by applying a
scasonal msolation curve from lower latitudes
with a smaller obliquity imprint. For the carbon
cycle, we use seasonal msolation to modulate
the downward lux of particulate organic matter
(loosely termed “productivity™): during warmer
climates, this downward {lux is reduced.

By lorcing both global annual temperature
and carbon burial in the model of (35) by a syn-
thetic msolation curve, we are able to reproduce
the strong ~405-ky cyclicity scen in our s
data. Interestingly, some of our model config-
urations show that by imposing a gradual de-
crease i atmospheric CO5 levels some time
before the E-O transition, similar to (33), we
obtain a rapid onset ol glaciation at the time that it
is observed in our records. We

CO; reduction and 1s triggered by astronomical
forcing as soon as atmospheric CO» levels are
close 10 a threshold value. Our model results
therefore confirm the view (33) that a decrease In
atmospheric CO» is a possible mechanism to ex-
plain the record across the E-O transition.
Within the astronomically driven carbon
cyele we also investigated the possible response

[ind that onset of
glaciation 1s independent of the exact timing ol
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of the oceanic carbonate ion (CO3 ) concentra-
tion by combining astronomical forcing terms
with the more sophisticated model of (36), which
mcludes individual representations of the Atlan-
tic, Indian, and Pacific deep oceans, the thermo-
cline, surface waters, and carbon reservoirs. In
this case, we forced global temperature by the
annual and mean monthly summer insolation
(65°N) and carbon burial by mean monthly
summer insolation (Fig. 3C), We are able to re-
produce a strong eccentricity-driven response in
the modeled lysochine depth (Fig. 3D) from a
forcing term that 1s dominated by climatic pre-
cession. The model output matches the first-order
features of our sedimentary CaCQs content
record, which we interpret as a proxy for lyso-
cline depth variations on orbital time scales.

Global carbon cycle implications. Earth
seems to “breathe™ on time scales ranging from
the annual to the orbital. We hypothesize that in
all cases these cycles are driven by the expansion
and contraction of biosphere productivity in re-
sponse to changes in solar msolation. Our mod-
cling studies show that the main reasons for the
strength ol the 405-ky cycele in the carbon 1sotope
data appear 10 be the long residence time of
carbon in the oceans amplilying longer forcing
periods, as well as a smaller contribution attrib-
utable to the dampening eflects of dissolution of
sea-floor carbonate on the shorter-term forcing.
In addition, we find that applying astronomical
forcing to key variables of the carbon cycle,
rather than to temperature alone, is necessary 1o
model the principal features ol our data set,
adding strength to the view (/) that the effect of
orbital forcing is imprinted upon paleoclimatic
records through an influence on the carbon
cyele as well as temperature.,
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Epochal Evolution Shapes the
Phylodynamics of Interpandemic
Influenza A (H3N2) in Humans

Katia Koelle,™**t Sarah Cobey,*t Bryan Grenfell,®* Mercedes Pascual®

Human influenza A (subtype H3N2) is characterized genetically by the limited standing diversity of
its hemagglutinin and antigenically by clusters that emerge and replace each other within 2 to

8 years. By introducing an epidemiological model that allows for differences between the genetic
and antigenic properties of the virus's hemagglutinin, we show that these patterns can arise from
cluster-specific immunity alone. Central to the formulation is a genotype-to-phenotype mapping,
based on neutral networks, with antigenic phenotypes, not genotypes, determining the degree of
strain cross-immunity. The model parsimoniously explains well-known, as well as previously
unremarked, features of interpandemic influenza dynamics and evolution. It captures the observed
boom-and-bust pattern of viral evolution, with periods of antigenic stasis during which genetic
diversity grows, and with episodic contraction of this diversity during cluster transitions.

nterpandemic influenza causes substantial
morbidity and mortality in humans, Annual
winter epidemics vyield cumulative attack
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rates between 10 and 20% for inlluenza A (sub-
types H3N2 and HIN1), and influenza B infec-
tions (/) and contribute heavily to deaths caused
by respiratory infections worldwide. The virus
Is capable of evading mmmune recognition
through continual antigenic drift of its surface
glycoprotems, hemagglutinin (IHA) and neur-
aminidase (NA), complicating long-term con-
trol of the disease through vaccination (2). An
understanding ol the ecological and immuno-
logical processes driving influenza dynamics
and evolution is therefore critical for antic-

ipating and ultimately mitigating the eflect of

this nfectious disease. Here we focus on the

phylodynamics (3) of H3N2, which has been
present worldwide since its pandemic appear-
ance mn 1968,

One ol the most striking characteristics of
influenza A evolution 1s the limited standing
diversity ol the HA gene, despite the virus’s
high mutation rate. This limited diversity 1s
evident m its phyvlogeny: The tree consists ol a
long trunk with short side branches that are
mdicative of high extinction rates of the lincages
(4) (Fig. 1A). Epidemiological factors that con-
tribute to this pattern include the short infectious
period of the host and partial cross-immunity
between similar strains (3). However, the most
detailled model of interpandemic influenza to
date suggests that these factors alone cannot
account for limited diversity and that temporary
strain-transcendent  (generalized) immunity 1s
necessary to restrict diversity (3).

More recently, differences between the ge-
netic and antigenic evolution ol the H3N2 vi-
rus’s HA glycoprotein have been highlighted
(6). A key unexplained pattern 1s that, although
oenetic change 1s gradual, antigenic change 1s
punctuated. HA mhibition (HI) assays show that
H3N2 sequences fall into groups, or clusters,
with unique antigenic properties. Between 1968
and 2003, these clusters emerged and replaced
cach other within 2 to § years, exerting a major
influence on vaccine strategy (2). Empirical
evidence suggests that there is almost complete
mmmunity between strains within a cluster (7). In
contrast, cross-immunity 1s as low as 60 to 85%
between clusters adjacent in time (7, 8) and 1s
undetectable between temporally distant clus-
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ters (9). A time series ol influenza-related deaths
highlights the importance of clusters and the
timing of their transitions: Anomalously high
mortality rates accompany cluster transitions
(10, 11) (Fig. 1B).

Here we present a model that offers an
explanation for both linmted HA diversity and
punctuated antigenic changes. It 1s a phylody-
namic model, in that it stmulates the interaction
ol epidemiological dynamics and pathogen evo-
lution using a single underlying framework (3).
Unlike previous models that focus on individual
strains |e.g. (5, 12)], our model emphasizes the
concept of clusters. We first looked at the
genetic sequences analyzed by Smith and
coauthors (6) by cluster designation (Fig. 1C).
Within a cluster, the HA sequences can difler by
a substantial number ol amino acids while
retaining their antigenic similarity. For example,
two sequences 1n the HK6S cluster differ by 19
amino acids. Furthermore, transitions between
clusters, and therefore large changes inantigenic
properties, can result from as few as one amino
acid change (as in the case of the SI87 to BERY
and the BE92 to WU93 cluster transitions).

A

Traditional multistram discase models (in-
cluding those for mfluenza) directly relate the
degree of cross-immunity between strains to the
distances between their sequences. Distance
metrics ofien employ the Hamming distance be-
tween two strain sequences, and they are used in
both bit-string models (with alleles 0 or | at each

locus) (73, 74) and in more realistic models of

amino acid evolution (5). By design, distance
metrics set the degree of cross-immunity high
between strains with high sequence similarity
and low between strains with low sequence simi-
larity. However, these distance metrics are
incongruent with observations of cross-immunity
between influenza clusters (Fig. 1C). They can-
not provide a framework n which a single amino
acid change can markedly release a strain from
population-level host immunity and in which 19
changes can have little antigenic effect.
Although 1t may be argued that amino acid
changes that precipitate cluster jumps occur at
key influential sites, a closer investigation of the
substitutions associated with cluster transitions
suggests that few sites it this model. Of the 43
sites associated with cluster transitions, 35 also
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Fig. 1. Characteristics of influenza dynamics and evolution. (A)
Phylogenetic tree showing the restricted genetic diversity of HAL, 7
which is the part of the HA gene that encodes all of HA's known
antibody binding sites. The tree was built with the MEGA software

package version 3.1 (47), with the same 253-nucleotide

sequences and A/Bilthoven/16190/68 root as in Smith et al

(2004), using a neighbor-joining (N]) method with the Tamura- . . . .
Nei (gamma parameter = 0.4) model. Strains are color coded by _

antigenic cluster. (B) Monthly percentage of deaths from P&I in a

the United States from 1968 to 1998 for all persons =65 years

old. Asterisks mark the first season dominated by H3N2 after a

cluster transition [from (10)]. (C) Unrooted N] trees for each
cluster. Arrows above trees show the maximum number of o
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exhibited some degree of neutral polymorphism
(6). (We categorize a site as carrying some de-
gree ol neutral polymorphism if'the site exhibits
any variation in ammo acid use within at least
one cluster.) In the remaining eight sites, sub-
stitutions were always accompanied by cluster
transitions (table S1): however, these sites could
not account for every transition. Four transi-

tions were associated only with sites capable ol

showing neutral polymorphism. Site-directed
mutagenesis of strains belonging to different
clusters also showed that identical substitutions
can have different effects on hemadsorption,
depending on differences in local structure
(15). Thus, a model of invariably influential and
neutral sites is unlikely to generate a realistic
topology.

Neutral networks map genetic-to-antigenic
change. We therclore take an alternative ap-
proach for modeling cross-immunity-one n
which phenotype 1s determined by a context-
dependent interaction of amino acids. Every
amino acid site in an epitope is potentially
mmportant. Whether an ammo acid replacement
In a site precipitates a cluster jump is determined
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not only by the change at that site, but also by the
genetic background in which the change 1s made.
Epitope structure is thus mediated through high-
level interactions between the amino acids of a
HA sequence. Extensive theoretical and empiri-
cal studies have focused on understanding protein
genoty pe-to-phenotype mapping in light of these
interactions. These studies have shown that
sequence space 1s inhabited by “neutral net-
works™ (/6-20). Neutral networks for proteins

are defined as sets ol amino acid sequences (ol

length L) that are connected by one-mutation
neighbors and map into the same conformation.
The number of sequences folding into the same

conformation varies, with the size distribution ol

the conformational sets consisting ol many rare
shapes and only a few highly designable, or
frequent, shapes (27). The presence of an
underlving neutral network topology alfects
evolutionary dynamics on the phenotype land-
scape: In simulations where an optimal shape
(phenotype) 1s delined exogenously, an initial
phenotype will evolve toward this target shape
in punctuated steps (22, 23). During the periods
ol phenotypic stasis separating the punctuated
shape changes, sequences diffuse through
genotype space along neutral or almost neutral
networks (24, 25). This diffusion 1s entical for
gaining access 1o adjacent networks that enable
more dramatic phenotypic change (22, 26). The
stepwise emergence of these phenotypic mnova-
tions, guided by the process of neutral diffusion,
has been termed epochal evolution (27, 28).

We can now mterpret influenza clusters in
terms ol neutral networks (Fig. 1 C). Within each

cluster, stramns have similar conformations ol

their HA epitopes: host antibodies are thus more
likely to recognize these strains as antigenically
equivalent, and strain cross-immunity is close to
complete. These strains can thercfore be clas-
sified as belonging to a set of neutral networks
with similar antigenic phenotypes. Sharply re-
duced cross-immunity between influenza clus-
ters arises [rom antigenic escape by the HA
protein and 1s precipitated by amino acid sub-
stitutions that substantially change the structure
of one or more epitopes.

Dynamical consequences of the genetic-
antigenic map. To determine the eflect of this
genotype topology on the dynamics and evolution
ol nfluenza, we modeled the disease by coupling
an epidemiological transmission model to a
genotype-phenotype (GP) model that imple-
ments neutral networks. The GP model 1s used
to map strains, or genotypes, into antigenic phe-
notypes. To this end, we extended a simple mod-
el that allows for a tunable degree of neutrality
(29, 30). It 1s a generalization of the NK fitness-
landscape model, which allows epistatic inter-
actions between loct to aflect litness (37).

We modeled influenza’s HA as five distinet
epitopes, with cach epitope represented by a
separate GP map (32). Ata given gpitope, amino
acids mteract with a small number of their

neighbors |[K = 1. where K is the degree of

cpistasis or context dependency| to determine
the epitope’s overall shape. This level of context
dependency captures the size distribution of the
neutral networks seen in lattice models of protein
folding (27) (Fig. 2A). Our genetic-antigenic
map for HA assumes statistical properties of
cross-immunity between strains that are one
amino acid apart (Fig. 2B). Specilically, point
mutations resulting in an amino acid replacement
in an cpitope belong to one ol three types.
Mutations are neutral (100% cross-immunity) if
the epitope in which the replacement occurs does
not change its conformation. This occurs when
the two sequences belong to the same neutral
network at the mutated epitope. When the
mutated sequence belongs to another neutral net-
work, two diflerent cases are considered: Mu-
tations are almost neutral (93% cross-immunity)
il the epitope changes its conformation only
slightly, whereas they are classified as escape
mutations 1f the epitope changes its structure
significantly (80% cross-immunity). These es-
cape mulations precipitate cluster transitions and
occur relatively infrequently (32) (Fig. 2).

Giiven this underlying genotype space topol-
ogy, we simulated the dynamics of influenza and
the concurrent evolution of its HA in a temperate-
latitude population. We based our influenza
transmission model on a multstrain model that

Fig. 2. Statistical proper- Tt
ties of the model’s neutral ‘E‘ z
networks and patterns o % =
of geneticand antigenic E ¢

n
change under the neutral- & g °
network framework. (A) & &
Distribution of neutral- E &
network sizes for each of = & 102l '
the five modeled HA epi- 1 10
topes. Epitopes one to five
each contain approxi- 0.25
mately 1.5" = 438 neutral 8 C
networks, or distinct con- '§ 0.2 H
formations. For each epi- D 0.15 - d
tope, the networks were o
generated with a neutral- E 0.1 '
ized NK fitness-landscape g 0.05
model (30), with L = 15, o
K = 1, alphabet size (4) = ud 10 20 30
2, and neutrality param- Season

eter (F) = 2 (see support-

uses a status-based approach lor tracking classes
of hosts (/2). However, instead of modeling the
number of individuals susceptible, infected, and
recovered to each individual strain, we modeled
the number of individuals susceptible, infected,
and recovered to cach necutral ensemble. We
deline a neutral ensemble i as the set ol strains
that have identically shaped epitopes: 1.e., that
reside on the same neutral network at each
epitope. This compartmental formulation ¢limi-
nates the need to track the infection histories of
mdividual hosts and facilitates future mathemat-
ical analyses of the dynamics. Without mutation,
the dynamics of a system with » neutral ensem-
bles are given by Egs. la and 1b:
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where the subscript 7 denotes the neutral ensem-
ble, and o; denotes the degree ol cross-immunity
between neutral ensembles i and /. As in standard
epidemiological models, B(7) 1s the seasonally
varying transmission rate, v s the recovery rate,
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ing online material text). (B) Cross-immunity o between strains i and j that differ by a single amino acid.
We let a neutral mutation of an epitope € result in x;(e) = 100% recognition, an almost-neutral mutation
result in x;{e) = 65% recognition, and an escape mutation result in x;{¢) = 0% recognition. The degree of
Cross-imm un;ty between two strains is assumed to depend additively on recognition at each epitope, such

that o =

%Ex,}-{r}. In the case of a non-neutral mutation, we let there be a low chance [p = 1/40 (1 out
e=1

of 40)] that the adjacent neutral networks have conformations that are antigenically very different,
yielding an escape mutant that may precipitate a cluster transition. The remainder of the time, a non-
neutral mutation is considered almost neutral, yielding an antigenically similar conformation. With cross-
immunity additive across epitopes, two sequences that are one mutation apart have either full cross-
immunity, 93% cross-immunity, or 80% cross-immunity. The distribution was generated by computing
the degree of cross-immunity between two strains of Hamming distance that are one amino acid apart for
1000 randomly sampled strain pairs. (C) Genetic [Jukes-Cantor (JC)] distance from the founder strain to
the annual strain samples over the time course of the simulation. (D) Frequency distribution of the degree
of cross-immunity between the simulation-generated HA strains shown in Fig. 3D.
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ug 1s the birth rate, and up is the death rate.
Because clusters consist ol neutral ensembles
with high levels of cross-immunity, the model
formulation yields dynamics that are essentially
susceptible-infected-recovered (SIR) within sin-
gle clusters. The model without mmmigration
results in the stochastic extinction of influenza
during the summer troughs: we therefore intro-
duced the immigration rate parameter m to allow
an influx of strains from arcas outside the region.
We let p; represent the proportion of strains in the
outside region that belong to neutral ensemble
i. For simplicity, rather than modeling the
outside region dynamically, we assumed that
the strains in this region are dernived from the
strains present in the temperate region during the
previous year (32). A more complex model that
incorporates the region dynamically produces
similar results as long as there 1s suflicient
asynchrony between the geographic patches
and provided that no genetic bottlenecks are
otherwise produced.

The resulting disease dynamics reproduce
influenza’s well-known annual outbreaks mn
lemperate regions, with scasonal attack rates
of 1 to 3% (Fig. 3, A and B). The model also
captures the sequential replacement of influenza
clusters that 1s seen empirically, with cluster-
transition vears having higher incidence levels
(Fig. 3A) and correspondingly higher annual
attack rates (Fig. 3B), echoing the pneumonia
and influenza (P&I1) monality rates that arc
representative of influenza’s time series (/0)

(Fig. 1B). The temporal patterns ol genetic and
antigenic change can now also be visualized
(Fig. 2, C and D). Figure 2C shows that genetic
distances mcrease gradually from the founder
strain, consistent with the gradual genetic change
of H3N2s HAIl observed by Smith and co-
authors (6). However, antigenic change, as mea-
sured by cross-immunity, evolves 1n punctuated
steps between clusters. In Fig. 2D, we plotied
cross-immunity between genetically distinet
strains that were sampled over the time course
of the simulation. Under mfluenza’s epochal
evolution, a roughly linear relationship between
antigenic differences and genetic differences
emerges. This relationship is in agreement with
the previously observed relationship between
genetic and antigenic distances (0). However,
the roughly lincar relationship between these
distances over the long run does not imply that
venetic and antigenic differences are hnearly
related at shorter time scales. Figure 1C and the
previous lindings of punctuated antigenic change
by Smith and colleagues (6) clearly show that
antigenic and genetic distances can be uncorre-
lated at this temporal scale. The neutral network
topology thus accounts for both the short and the
long time-scale patterns of antigenic and genetic
distance relationships.

The model also predicts an emergent dy-
namic property ol influenza that arises from the
interaction between cluster jumps and herd im-
munity. Specifically, the model frequently gen-
erates a refractory year of low attack rates after

3

Fig. 3. Influenza dy-
namics and evolution A
from model simulations.
(A) Time series of in-
fected cases, color coded
by cluster designation.
Clusters remained domi-
nant for less than a dec-
ade, in congruence with

-

Cases per 100,000
on
3

the empirically suggested
two- to eight-season dom-
inance of H3N2's clusters
(6). (B) Annual attack

rates, showing increases

Attack rate

during cluster-transition
years and a refractory
period during each subse-
quent year. (C) Average
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cluster-transition vyears. Dunng cluster transi-
tions, many hosts become nfected and recover,
and hence there are few susceptible hosts to mfect
m the following year. Two vears alier a cluster-
transition year, enough susceptible hosts have
been replenished to cause another large annual
outbreak. The replenishment of susceptible hosts
comes from a combination of new births and the
slight antigenic evolution of the strains that com-
pose the cluster. The existence of this refractory
pertod 1s empirically suggested-a pattern that,
to our knowledge, has gone unnoticed. Alier a
year dominated by a new cluster (and not im-
mediately followed by another cluster), the

mcidence of H3N2 often drops below that of

the following “normal” yvear-—a year that 1s neither
dominated by an invading cluster nor possibly
relfractory (/0, 33, 34). This pattern occurs in
six out of seven cases afier the HK68 cluster.
Interestingly, also in six out of seven poten-
tially refractory years, subtypes HINI and/or
B predominate.

We compared our model’s results with the
characteristic phylogenetic patterns of H3N2
HAL. A phylogenetic reconstruction of the

sequences obtained from vearly sampling of

the model’s infected individuals generated a tree
with a long trunk and short side branches that 1s
characteristic of influenza (4) (Fig. 3D). To
better understand the factors that determine the
shape of this phylogenetic tree, we tracked the
diversity of strains present in the population over
time, as measured by average pairwise nucleo-

ing a boom-and-bust pattern of genetic diversity that is associated with cluster-transition years. Nucleotide F
differences were calculated annually from 20 randomly sampled strains along cluster designations. =
Simulations were started at the endemic equilibrium of a single random strain. (D) Phylogenetic tree showing
the restricted HA diversity generated by the model. The neighbor-joining (JC distance) tree was built with 10 3
randomly sampled strains from every year. Lineages are color coded by antigenic cluster. Simulations were
run with an initial population size of two million. We let the duration of infection v = 8 days (48), the birth
rate g = 14/1000 per year, the death rate 1ip = 8/1000 per year, the mutation rate § = 2 x 10~ per base per
day, and the probability of an adjacent network being antigenically discontinuous p = 1/40. We used an |
average basic reproductive rate R, of 5 [consistent with estimates from (49)], with seasonal sinusoidal forcing |
¢ = 0.35. The strength of the interaction between the temperate region and the outside region is determined -
by the transmissibility-reduction factor /™ = 1/150 and the immigration rate of m = 50 per day (32).
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tide differences between strains (Fig, 3C). As a
cluster emerges and spreads, strains diffuse
through genotype space with weak positive
selection from the slight antigenic changes
accumulating at the epitopes, increasing strain
diversity. The appearance ol a novel phenotype
severely curtails diversity in the old cluster. This
contraction results from a sclective sweep, with
the mutant strain having higher fitness (because
of the higher levels of susceptible hosts available
to 1t), thereby allowing 1t to competitively ex-
clude all the strains in the previous cluster. The
ivasion of the new cluster 1s facilitated by the
accumulated diversity of the old cluster: The
novel antigenic cluster can have up to 80%
cross-immunity with strain variants of the old
cluster that share four out of five ol its epitopes;
however, it has only 52% cross-immunity with
strain variants of the old cluster that differ
shghtly i four out of five of the epitopes. The
emergence of new clusters, their rapid expan-
sion, and their decline create a boom-and-bust
cycle of explosive diversity and contraction.

To validate this model, we computed the
average pairwise nucleotide diflerences in the
H3IN2 sequences given by Smith and coauthors
(6). Despite the limited number ol antigenically
typed samples, a boom-and-bust pattem 1s
evident. There 1s a significant increase n nucleo-
tide differences as the clusters age (P < 0.02)
(Fig. 4A). suggesting diffusion in genotype
space. A plot of diversity over time (1968 to
2003) shows that this overall increase occurs in
seven out of nine clusters and is greatest while the
cluster 1s still dominant (Fig. 4B). This pattem in

diversity also holds when analysis is restricted to
residues located in the five epitopes, with
pairwise nucleotide differences growing from 0
to 3 to approximately 5 to 13 in 3 to 4 years. A
[urther match between the model and H3N2 A
15 observed when tree-balance metrics are em-
ployed io determine the degree of skewness
within clusters (32). These types of quantitative
measures should be used in the future to compare
different phylodynamic models.

A minimal theory for influenza. By incor-
porating a GP mapping based on neutral net-
works into a simple multstrain transmission
model, we have shown that major features of
influenza’s interpandemic ecology and evolution
can be explained. These features include sequen-
tial cluster transitions and limited standing HA
diversity in the viral population. Another model,
which assumes that genotypic diflerences approx-
imate phenotypic differences, has been successtul
in reproducing clustered strain appearances (/2).
However, this model 1s deliberately restricted to a
much lower dimensional space |one-dimensional
(1D) or 2D|, which constrains the direction of
evolution. Models that incorporate higher
dimensions of mutational possibilitics have not
shown evidence for self~organized clusters: thus,
explosive diversity results instead (5, /4). To limit
viral diversity, these models have had to invoke
temporary strain-transcending  mmmunity (5. /4).
Both of these models also predict fluctuations n
strain diversity: however, these decreases in
diversity are not associated with increases in the
attack rate. It 1s also unclear whether or not these
models generate antigenic clusters. The existence

Fig. 4. Patterns of ge-

3 4 5 6 7 8

netic diversity in HAL. (A) - A
Average pairwise nucleo-

tide differences between 20

the HAL regions of crcu- £ :
lating strains as a func- g 10 :
tion of cluster age. Cluster & :
age was calculated from 'E % 1
the first year in whicha 2

strain from the cluster ap- ~'§ o

peared in the data set. € B
Each strain was assumed % 30

to drculate only during 3

the year it was isolated. 20 ]

Average pairwise differ- T o

ences were calculated as 10 Ly # / Y AFTEH; i

the means within groups . ) | Erg ! s

of isolates, distinguished 1965 1970 1975 1080 1985 1890 10885 2000 2005
by cluster and year, using Year

the MEGA software pack-

age version 3.1 (47). The slope is significantly positive (P < 0.02), as was determined by least-trimmed-
squares regression (LTSR) and 1000 bootstrap samples. (B) Average pairwise nucleotide differences in HA1
by cluster and year. The average number of nucleotide differences increased in all nine clusters for which
between-year comparisons are possible using least-squares regression, and in seven of nine clusters (EN72,
VI75, BK79, SI87, BE89, BE92, and SY97) using LTSR. Vertical bars indicate 95% confidence levels, inferred
from 500 bootstrap samples. More sequences were available for EN72, S187, BE89, BE92, WU95, and 5Y97
than for other clusters (fig. 51). The patterns in diversity shown in (A) and (B) were similar when considering
only the subset of codons belonging to epitopes A to E, as identified in (50) and (6). For some clusters, the
growth in pairwise nucleotide differences was interrupted by sampling discontinuities (i.e., years for which
one or no sequences of that cluster were sampled; see fig. S1).

ol generalized immunity 1s suggested by cellular
Immune responses i mice [(33, 36), but see (37)],
although the amount of protection required n
models of human populations appears to be com-
paratively greater. Here, we have shown that gen-
cralized immunity is unnecessary to restrict the
mterpandemic diversity of A, Our model
indicates that weak within-cluster selection and
the selective sweeps that accompany cluster transi-
tions are suflicient. Empirical pattemns corroborate
this model (Fig. 1B and Fig. 4).

This model made several simplifying as-
sumptions that should be investigated. We as-
sumed that only HA determines the antigenic
phenotype. This 1s certainly not the whole story:
Antibody responses to NA and intemnal proteins,
cellular immune responses, and non- immune-
mediated traits contribute to viral fitness and
hence might affect influenza’s dynamics and
diversity patterns (38, 39). However, the fact that
HA diversity and associated vanations i herd
mmunity allow our model to explain emergent
evolutionary and epidemic properties underlines
the fact that HA is the major (phylo)dynamical
component to build on. Teasmg out whole-
osenome mfluences on influenza cluster transi-
tions 1s an important arca for future work. We
have also assumed that there 1s no nteraction
between H3N2, HINI, or influenza B, despite
suggestive mstances of subty pe replacement (e.g.,
of HINIT by H2N2 and H2N2 by H3N2). Al-
though the model presented here predicts refrac-
tory penods afier cluster-transition years during
which HINI1/B outbreaks often occur, it does not
meclude a mechanism to explain why HINI/B
outbreaks do not seem to occur in scasons with
high H3N2 mcidence. Some degree of gen-
cralized immunity (5) or ecological mterference
(4()) may be needed to account for these mter-
annual subtype patterns and pandemic subtype
replacements. These processes do not, however,
scem necessary 1o restrict the intrasubtype di-
versity ol HA, nor can they parsimoniously ex-
plain aspects of H3N2's mterannual varability,

Our model also opens up general questions
about the time-series analyses of nfluenza dy-
namics at the population level. In the absence of
strain data, mfluenza has been modeled as a
simple SIRS system (4/-43), with viral evolution
causing transition from the recovered class to the
susceptible class. In light of the punctuated cluster
transitions identified by Smith and colleagues (6)
and the implications of the transitions expanded
upon in this paper, it is becoming evident that
mnfluenza dynamics can be approximated as a
serial SIR system, with abrupt changes in the level
ol susceptible hosts when a new cluster appears.
The development of such mathematical and
statistical approaches may allow the short-term
dynamics ol mfluenza to be predicted without re-
course to complex evolutionary models. Improved
subtype-specilic [u surveillance is the key to full
utilization of such methods (44).

Further investigation of the biological basis
ol neutrality in GP mappings could yield new
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insights into the phylodynamics of disease
systems in general. Crtically, neutrality 15 me-
diated not only by the accessibility of different
structures to the pathogen but also by the hosts’
abilities 1o detect these differences. The pheno-
type of the pathogen thus depends on the spec-

ificity of the host response. The availability of

different phenotypes under this framework may
establish major diflerences between the phyloge-
netic characteristics of different discases [e.g..
influenza A and measles (3)] and the same
discase in different hosts expenencing different
ccologies (e.g.. influenza A in swine, avian, and
equine hosts). There is also evidence that the
specilicity of the host antibody response to
influenza varies within a host population (43).
This heterogeneity might have important con-
sequences for the dilfusion of strains along anti-
genically similar networks in genotype space.
This study highlights the necessity of cou-
pling molecular evolution with population-level
models to understand the basic aspects of a
biological system. In the case of influenza, a
more detailed understanding of the structural
basis of antigenicity and the dynamics of immune
recognition of viral epitopes is ol utmost 1m-
portance. The roles that neutrality and context
dependency play in enabling phenotypic change
(46) need 1o be addressed in virological studies.
These eflorts could help 1o identify the GP map
of influenza’s HA and are critical for vaccine
development, because antigenic distances be-
tween epidemic strams and vaccine strains
determine vaccine ellicacy (2). Further inquiries
into population-level processes that aftect influ-
enza dynamics and evolution, such as the extent
of epidemiological mixmg and the global circu-
lation of the virus in humans and other host
species, are also necessary parts of this research.
Integrating findings from these ficlds will be
critical to understanding and managing influenza.
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Structure of Dual Function Iron
Regulatory Protein 1 Complexed

with Ferritin IRE-RNA

William E. Walden,* Anna 1. Selezneva,* Jéréme Dupuy,” Anne Volbeda,’
Juan C. Fontecilla-Camps,? Elizabeth C. Theil,® Karl Volz'*

Iron requlatory protein 1 (IRP1) binds iron-responsive elements (IREs) in messenger RNAs (mRNAs),
to repress translation or degradation, or binds an iron-sulfur cluster, to become a cytosolic
aconitase enzyme, The 2.8 angstrom resolution crystal structure of the IRP1:ferritin H IRE complex
shows an open protein conformation compared with that of cytosolic aconitase. The extended,
L-shaped IRP1 molecule embraces the IRE stem-loop through interactions at two sites separated by
~30 angstroms, each involving about a dozen protein:RNA bonds. Extensive conformational
changes related to binding the IRE or an iron-sulfur cluster explain the alternate functions of IRP1

as an mRNA regulator or enzyme.

ron regulatory protein 1 (IRP1)1s a cytosolic,
RNA binding protein that regulates the
translation or stability o mRNAs encoding
proteins for iron transport, storage, and use. IRP1
has an alternate function as cytosolic (c-)
aconitase when a [4Fe-45

cluster 1s bound (/- 3).

The distribution ol IRP 1 between these mutually
exclusive activities requires no new protein
synthesis: iron excess or starvation promotes c-
aconitase or RNA binding activity, respectively
(6). Assembly and disassembly of the [4Fe-4S]
cluster appears to be an effective mechanism for
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regulating [RP1 activity, dependent on facile
interchange between the two functional con-
formations.

[RP1 binds ~30-nucleotide-long stem-loop
structures called iron-responsive elements (IREs)
located within the 5" or 3" untranslated regions of
the mRNA, where IRP1 blocks ribosome binding
or nuclease degradation, respectively (7, 3, 4).
IRP1:IRE interactions are strong (pM) and
sclective (2), and they do not mvolve canonical
RNA binding motifs 1dentified in other RNA
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A

binding proteins (7, &). Nuclease protection

analysis suggests that [RP1 binding spans the
entire length of the IRE stem-loop (9, /(). The

conserved nucleotides ~-CAGUG- (nucleotides
14 to I8 in the RNA used in this study) form a
terminal - AGU- loop closed by a C14:GI18

base pair, followed by an unpaired nucleotide
(2, 11-14). The IRE stem is interrupted by the

conserved, unpaired cytosine C8, which divides
the helix mnto a 5-base pair upper stem and a
vartable length lower stem (2). Sequence and
base pairing surrounding the C8 mid-helix

distortion are variable among members of the

IRE-RNA family (3, 15). A second iron regu-

latory protein, IRP2, binds the same family of

[IRE-mRNAs, but is a single-function protein
lacking aconitase activity (/6). IRP2 displays in
vitro RNA binding that is more sensitive than
IRP1 to distortions in the mid-helix (/5).

Variations in the IRE stem-loops among the

mRNAs, exemplilied by ferritin and mitochon-
drial aconitase IRE-RNAs, coincide with graded

c

S 881 - \ — A
b 78 > C L, =
Ly = |y

w2’ /
+

responses to 1ron signals i vivo (/7) and
different IRP binding stabilities in vitro (2, 15).

The recently elaborated crystal structure of
c-aconitase showed a compact protein conforma-
tion, with the residues known to function in
enzyme activity or IRE binding buried and rel-
atively inaccessible (/5). Clearly, the protein
accesses different conformations during bind-
g of alternate ligands, as demonstrated by marked
changes in radius of gyration (/9). Localized
structural changes also have a significant eflect.
For example, [4Fe-4S] cluster binding or oxida-
tion of Cys®’ blocked RNA binding. By con-
trast, a serine substitution at this position had no
effect (2, 20, 21). To determine the nature of the
conformational changes underlying the bifunc-
tionality ol IRP1, we solved the crystal structure
ol the Cyﬁﬂ?};en’(_‘y s"®Ser double-mutant IRP1
m complex with ferritin H IRE [see Methods in
supporting online material and (22)].

Overall structure of IRPL:IRE complex. The
crystal structure of the IRP1:IRE complex shows

B780 -

5

Fig. 1. Structure of rabbit IRP1 in complex with frog
ferritin H IRE-RNA. (A) Stereo diagram of IRP1:IRE-RNA
complex showing the central core domains 1 (yellow)
and 2 (green), domain 3 (blue), linker (black), and
domain 4 (red). The IRE-RNA is colored magenta and
yellow. A15 and G16 occupy the cavity formed between
domains 2 and 3, and C8 inserts into a pocket of
domain 4. The unresolved loops spanning residues 126
to 146, 499 to 511, and 622 to 629 are drawn as dotted
lines. (B) Schematic diagram of IRP1 domains. Numbers
at top represent amino acids at domain borders (18, 36).
(C) Schematic summary of protein-RNA interactions.
Ribose rings with the C;'-endo configuration are shaded.
Residue labels for bonding amino acids are colored
according to protein domain, and the c-aconitase active
site residues (18) are underlined. (D) Stereo diagram of
final 2IF,,. — Foidl ¢ electron density covering the IRE
molecule, contoured at 2o. Fig. 1D was made with
QUANTA; all other structural figures were created using
PyMOL (37, 38).
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that the protein binds a single IRE-RNA mol-
ccule through contacts at two spatially separate
sites. The IRP1 molecule adopts an L-shape in
the complex, with aconitase structural domains 3
and 4 extending perpendicularly from a central
core composed of domains 1 and 2 (Fig. 1, A and
B). The IRE stem-loop 1s bound across the con-
cave opening ol IRP1, with direct contacts from
the RNA termunal loop and the RNA lower stem
(Fig. 1, A and C). Exposed terminal loop residues
A5 and G16 extend into a large protein cavity at
the mterface between domains 2 and 3. Bonds
to Al5, G116, and Ul7 provide specilicity and
stability to interactions at this site (Fig. 1C).
Protein binding to the stem of'the IRE is centered
on the C8 nucleotide, which mserts mto a pocket
on the inner face of domam 4. A 317 bend in the
RNA helix redirects the path of the lower stem
along the same face ol domain 4, which binds the
side of the IRE lower stem farthest from the
terminal loop (Fig. 1A). Mutagenesis and bind-
ing studies of IRPL:IRE mteractions indicated
that residues from ecach of the four structural
domams of IRP! contributed to IRE binding
23-27). Although the electron density for do-
main 1 residues 126 to 146 1s unresolved, it sug-
gests that some protem:RNA contacts here might
be revealed with higher resolution data.

The high binding affinity and specificity of

IRPI:IRE interactions are explained by the many
protein:RNA contacts observed in the terminal
loop and stem-binding regions (Fig. 1C). The
interfaces cover ~1400 A? for the terminal loop
and ~1300 A? for the stem, cach comparable
in arca to individual binding sites lor other
protein:RNA complexes (28). The terminal loop
and C8 of the IRE are separated by ~30 A, held

in their orientations by the 5-base-pair helix of

the upper stem. Selectivity among  different
[REs may depend m part on helix parameters
that reflect vanations in the intersite distances,
base pair sequences, and/or local distortions in
the upper stem [e.g., (29)].

IRP1 structure and comparison with
c-aconitase. The structural differences between
[RP1 in the protein:RNA complex and c-aconitase
are larger than those previously predicted from
aconitase structures (/48, 23). Although most
of aconitase domains | and 2 form a single core
in IRP1 with moderate changes relative to
cach other, there are extensive changes in do-
mains 3 and 4. To a first approximation, these
changes can be described as rigid body motions
relative to the core (Fig. 2 and movie S1). Do-
main 4 rotates by 32° and translates ~14 A. This
climinates the interactions between domains 3
and 4 that are present in c-aconitase. Instead,
most ol these surfaces are incorporated mto the
two separate RNA binding sites. Domain 4 1s
attached to domain 1 through strong hydrophobic

contacts (/8). As a result, residues 90 to 170 of

domain | move with domain 4 during the con-
formational changes (Fig. 2 and movie S1).
Domain 3 displays the largest conlormational
difference between c-aconitase and the IRP1:IRE
complex, with a rotation of 527 resulting in a
translation of ~13 A (Fig. 2 and movic S1). This
difference was unexpected and contrasts with

the predicted, and observed, movement of

domain 4 (/8§, 23-20). Because the interface
between domain 3 and the core domains | and 2
1s only moderately buried m both conformations
and 1s populated with more hydrogen-bonding
groups than hydrophobic interactions, a major
rearrangement 1s possible while adhesion is re-
tained at the interface. A conformational change

Fig. 2. Differences in domain positions between c-aconitase and IRP1:IRE-RNA complex. The c-aconitase
structure is from Dupuy et al. [(18); Protein Data Bank 2B3X]. Domains 1 and 2 of c-aconitase (left)
correspond to the core in the IRPL:IRE complex (right). The two molecules are displayed in the same
orientation to show the displacements of domains 3 and 4. The molecular surfaces are semitransparent to
reveal the internal [4Fe-45] cluster in c-aconitase, and the axes of rotation around which domains 3 and
4 pivot. The arcs show the motion of the centers of mass of domains 3 and 4. Domain 4 remains attached
to domain 1 through hydrophobic contacts between the carboxy-terminal helix ¢31 (residues 879 to
889) and the buried helix a4 (residues 87 to 106), plus surrounding hydrogen-bonding interactions. As a
result, the pivot axis for domain 4 extends through domain 1 near 4 and «31. Domain 3 pivots around
the axis on the interface between it and the core. See also movie 51.
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i the polypeptide linker joining domains 3 and
4 1s central to their repositioning relative to the
core. In c-aconnase, residues 593 1o 614 m the
linker comprise two helices 021 and 22,
separated by a bend preceding Pro®® (718). In the
[RPL:IRE complex, formation of a single con-
tinuous helix over residues 593 to 614 facilitates
the large domain shifis (movie S1).

Regulation of IRE binding. The large-scale
domain rearrangements necessary for IRP1 to
switch between c-aconitase and IRE-binding
functions appear coupled to key internal reconfig-
urations of the protein, ultimately linked to the
ligand-binding groups. The shifi of domain 3 is
accompanied by reconfiguration of two [unction-
ally important segments at the interface ol do-
mains 2 and 3, the 430 region (residues 436 to
442), and the 530 loop (residues 534 to 544).
These segments play dual structural and func-
tional roles by forming the ligand-binding en-
vironment for the Fe-S cluster in c-aconitasc
or by making IRE contacts in the complex. In

c-aconitase, Cys*" is one of the three iron-

binding residues for the Fe-S cluster and 1s part of

the u(%,ht single- mm helix 14 [Fig. 3A and (/8);
Cys " and C ‘va % are the other cluster | oands|.
[n sharp contrast, ¢ 14 becomes an extended loop
in the IRE-bound IRP1, which places residue
437, a serine in the mutant protein used here, in
the terminal loop-binding cavity (Fig. 3B and
movie S2). Ser®®” has no direct RNA inter-
actions, whereas Thr**® and Asn*? arc in new
positions and make direct contacts with the
bound IRE.

The 530 loop contributes bonds to the RNA
and occupies the space taken by the Fe-S cluster
in c-aconitase. The conliguration of the 330 loop
in the protein:RNA complex is associated with
the helix-to-loop change of al4 (Fig. 3 and
movie S2). The 430 and 530 loops stabilize each
other in the protein:RNA complex, forming a
rnm ol the protein cavity that binds the RNA
terminal loop. Mutation of Arg>* 1o either lysine
or glutamine greatly reduces IRE binding al-
[inity (2 7). This 1s rationalized by the network of
hydrogen bonds that Arf"“ makes to stabilize
the entire 530 loop (movie S2). Replacing
Arg>® with glutamine also decreases IRE
binding (27), which is explamned by the direct
contact between Arg™® and the 2’OH of U20),
over a distance too great to be spanned by a
olutamine (Fig. 3B). Finally, a triple interaction
between the 530 loop, the 430 region, and the
[RE terminal loop stabilizes the protein:RNA
complex, with Asn™? establishing four hydro-
oen bonds: two to Thr*® and two to the IRE.

The repositioning of domain 4 also occurs
through key localized conformational changes.
The pivot point for domain 4 movement is in
domain 1 near Gly*® of ¢4, ~13 A away from the
Fe-S cluster in c-aconitase. o4 has an unusual
sequence with two helix-destabilizing residues
(Gly* and Pro”) occupying its 4th and 6th
positions. In the IRPL:IRE complex, the amino-
terminal residues 86 1o 89 of a4 have collapsed
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to a P tum, and domain 4 has pivoted more than
307 with mimimal intemal distortion. The revers-
ible disruption of a4 may be a mechanism link-
ing the rotational freedom of domain 4 to the
structural integrity of the Fe-S cluster.

Overall structure of ferritin H IRE in the
complex. The ferntin IRE has 12 base pairs, all
with Watson-Crick bonding, except for the
wobble pair U5:G26 (Fig. 1C). Although the
bound IRE retains the general stem-loop struc-
ture observed by nuclear magnetic resonance
(NMR) spectroscopy (13, 14), there are several
significant differences. The IRE CAGUGU
terminal loop forms a pseudotriloop (30) both in
the complex and in solution. The defining
elements of the ferritin H IRE pseudotriloop are
the - AGU- tnplet, 1solated by the conserved
C14:G18 base pair, followed by the unpaired
U 19, Neither base in the C14:G 18 bridge makes
direct contact with the protem, which suggests
that the bridge serves only a structural role for
[IRPI recognition. In the NMR structures of free
IREs, Al3isstacked on top of the C14:G 18 pair:
(G16 and Ul7 are disordered (/2-14). In the
complex, 1t 1s Ul7 that completes the base
stacking ol the helix, whercas A 15 and G16 are
extruded from the rest of the IRE molecule (Figs.
I D and 4A). A sharp turn in the RNA backbone,
resulting from nonhelical conformations n the
terminal loop, supports the extrahelical stacking
of A15 and (G16. which 1s maximized by a syn
configuration of GG16 (Fig. 4A). U19, a varnable
base in the IRE-RNA family, appears to be the
most solvent-exposed nucleotide in the complex.
In the NMR structures of unbound IREs, CS 15
extrahelical but disordered (73, 74). In the com-
plex, (8 extends completely away from the
stem, and 1s ordered by interaction with protein
(Figs. 1D and 4B). The unpaired U6, conserved
in ferntin IREs, lacks the stacking interactions
indicated by NMR in the free IRE-RNA (/4),
but remains tucked into the minor groove of the
bound RNA, where it can bond with Arg'*.

Details of IRP1:IRE-RNA interactions. The
wide separation of the two IRE contact sites in
IRP1 allows each to contribute mdividually to
binding affinity and specificity. The terminal loop-
binding cavity of IRP1 is generated by the dis-
placement of domain 3 from domains | and 2 and,
consequently, only exists in the IRE-binding con-
formation (movie S1). The IRPLIRE terminal
loop interactions are built around the mamn bond-
ing features ol the AGU- pscudotriloop (Fig.
[C). As mentioned above, A15 and G16 extend
mnto the terminal loop-binding cavity and make
base-specilic bonds with Scﬁ?' and Lys™'?, re-
spectively, and van der Waal's contacts with
residues lining the walls of the cavity (Figs. 1C
and 4A). U17, the top stacked base of the upper
stem, makes one base-specific bond with Arg?®? at
the cavity opening, Additional bonds 1o the RNA
backbone of the terminal loop further strengthen
the protein:RNA interaction (Figs. 1C and 4A).
Differences between solution conformations of the
IRE terminal loop and the conformation in the

[RP1:IRE complex are consistent with a mutually
induced fit mechanism of binding.

Conserved C8 1s the focal point for [RE stem
binding with IRP1 (Fig. 1C), consistent with
mutagenesis studies that showed a preference for
a cytdine at position 8 (2, 37). As mentioned
above, the base of C8 occupies a pocket on the
inner surface ol domain 4. sandwiched between
Arg’'? and Arg™°
c-aconitase (Fig. 4B). Argfm, whose mutation to
asparagine abolishes IRE binding (27), 1s also n
range [or 1onic interactions with the 3" phosphate
of C8 (Figs. 1C and 4B). The basc of C8 has
hydrogen bonds 1o Scrﬁm, Pmﬁsz, m;p"'*‘, and
Trp’™ (Fig. 4B). An unusual feature of the C8

A

. lwo active site residues ol

pocket 1s that three of the four mtrapocket bonds
(the exception is Ser™™ )y involve backbone atoms.
Specificity likely comes from the small volume
of the U8 pocket and the bonding pattern.
Substitution of C8 to G or A is stenically pro-
hibited, whereas a U substitution would cause
the loss of' the H-donor capacity ol the N4 amino
group.
An [IRP-specific subdomain (residues 680 to
30), predicted to be mvolved i RNA binding
(78, 25), cradles the lower stem of the IRE, with
residues 681 to 685 running along the minor
groove of the lower stem of the ferritin H IRE.
At the closest approach between the protein and
RNA in this region, the side chain of Asn®?

Fig. 3. Structural differences between ligand-binding regions in c-aconitase and IRP1:IRE-RNA
cumgle:ﬂ. (A) Stereo diagram for c-aconitase. Shown is the environment of the Fe-S cluster where

Cys”

7 from @14 and Asn>>® from the 530 loop contribute to binding (18). (B) Stereo diagram of

this region in IRP1:IRE-RNA complex, viewed in the same orientation. a14 (now labeled 430 loop)
and the 530 loop of c-aconitase are rearranged, and residues from each contribute to RNA binding.

A reference point for comparing these two views is the largely unchanged Leu

at the top of the figures. See also movie S2.

551 and nearby loops
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protrudes into the minor groove and binds to the
N2 of G26 (Fig. 4B). Displacement of G26 by
nonstandard pairing with U5 facilitates the
interaction. The US:G26 wobble pair is not
conserved in IREs, and asparagine is replaced
by serine at the position equivalent to 685 in
IRP2 and all non IRE-binding homologs of
IRP1, such as c-aconitase in plants and Caeno-
rhabditis elegans. The natural variations in the
[RE lower stem and the 685 position in IRPs
may also be important determinants for [RP:IRE
sclectivity.

Basis for IRE-RNA selectivity. The effect of
binding a single IRE molecule through inter-
actions at two separate binding sites essentially

climinates the possibility of significant interac-
tions with nonspecilic RNAs. Two-point recog-
nition in the [IRPL:IRE complex 1s analogous to
the transfer RNA (tRNA):ammoacyl-IRNA syn-
thetase complexes, where the individual RNA

binding sites relate to the dual requirements of

tRNA selectivity and aminoacylation (32). An
advantage ol two-point recognition n [RP:IRE
mnteraction may be the quantitauvely different
responses observed for different IRE-mRNAS to
the same biological signal (3, 4, 17). Conserved
sequence and structure at the IRE terminal loop
and C8 1s coupled with variation in helix
sequence and mid-helix distortion near C8,
known to influence IRP binding (15, 33. 34).

Fig. 4. Stereo diagrams of the interactions of IRP1 with the IRE-RNA. (A) Binding of the terminal

loop within the cavity between domain 2 (green) and domain 3 (blue). The orientation is the same

as that in Fig. 1A. A15 and G16 make base-specific bonds to Ser
provide van der Waal's contacts to the exposed faces of A15 and G16. The cavity

262
and Leu

371 and Lys*”?, respectively. Leu

interior contains water molecules that hydrate the remaining groups of the two bases (not shown).

At the cavity opening, the side chain of Arg®®*?

specifically binds to U17, and the planar carboxyl

551

group of Glu*% makes a stacking interaction with U17, the top stacked base of the IRE stem. (B) C8
binding pocket in domain 4. The orientation is from the reverse of Fig. 1A. The amide nitrogen of
Asp’81 binds to the 02 oxo group of (8, and the amide nitrogen of Trp’® binds to the ring N3
through an intervening water molecule. Ser®® and Pro®®? provide the third and fourth hydrogen
bonds to the base of (8, both to the N4 amino group.

RESEARCH ARTICLES

Such IRE-mRNA- specilic variations may es-
tablish different protein:RNA interactions. The
excess IRP1 bonding capacity apparent in the
[RPI:IRE complex supports such a model.
Several amino acids are approximately in
position for hydrogen bonding (e.g., Arg'?,
His?? L}-’ﬂlﬁf’: GIn*"7, ;'irg?m, and Ser’ %), but
oo far (>3.7 A) for direct contact with the
fernitin H IRE. Thus, it 1s possible that n [RPI
(and, by inference, IRP2) altemate subsets of
bonding groups are used for recognition of
different IRE-RNAs. Such a combinatorial mode
ol binding would explain the graded response of
different IRE-mRNAs to IRP regulation.

Conformational plasticity and dual func-
tionality. The RNA-binding and enzyme
active sites extensively overlap in IRP1, with
many amino acids serving important, but
different, roles in cach lunctional state of the
protein (Fig. 1C) (/8). The functional plastic-
ity of amino acids serving both catalytic and
RNA binding roles reflects the conformational
flexibility of the protein, particularly in the
vicinity ol the Fe-S and RNA binding sites.
Given the high conservation ol the RNA
binding residues among c-aconitases, includ-
ing those c-aconitases that lack IRE-binding
ability |e.g., (35)], residucs that confer the
structural flexibility may be the key determi-
nants of RNA bindmg.

Many of the details of IRPI:IRE interac-
tion revealed in this work should also apply
to IRP2, on the basis of the high sequence
similarity and IRE-RNA binding preferences
shared between the IRPs. What remains to be
determined 1s the evolutionary origin and
sclective advantage ol such dramatic confor-
mational plasticity and dual functionality
encoded in IRP1.
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A Gaseous Metal Disk Around a

White Dwarf

B. T. Gansicke,* T. R. Marsh, ]. Southworth, A. Rebassa-Mansergas

The destiny of planetary systems through the late evolution of their host stars is very uncertain.
We report a metal-rich gas disk around a moderately hot and young white dwarf. A dynamical
model of the double-peaked emission lines constrains the outer disk radius to just 1.2 solar radii.
The likely origin of the disk is a tidally disrupted asteroid, which has been destabilized from its
initial orbit at a distance of more than 1000 solar radii by the interaction with a relatively
massive planetesimal object or a planet. The white dwarf mass of 0.77 solar mass implies that
planetary systems may form around high-mass stars.

hite dwarls are the compact end

products of stars with masses up to

~8& solar masses (M) (1). Because
ol the low luminosity ol white dwarls, the
detection of low-mass stellar companions (2)
or planets (3) 1s much casier around white
dwarls than around main-sequence stars. Dur-
g a search for cool companions to white
dwarls, an excess mfrared flux was discovered
around the white dwarf (G29-38 (4). The at-
mosphere of (G29-38 has been found to be
enriched with metals. 1.e., elements heavier
than helium. The sedimentation time scales of
heavy elements in the high-gravity atmospheres
of white dwarls are short compared to the evo-
lutionary time scale of these stars (5) and, hence,
the high metal abundances in (G29-38 imply that
this star 1s accreting at a relatively high rate (6).
Deep imaging and asteroscismological studies of
(529-38 ruled out a brown dwarl companion (7, §)
and led to the hypothesis of a cool dust cloud
around the white dwarl. The presence of dust near
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(529-38 has been verified by infrared observations
with the Spitzer Space Telescope (9). Infrared
surveys ol white dwarls exhibiting metal-
enriched atmospheres recently led to the discov-
ery ol three other potential dust disks (/0-12). A
possible ongin of such dust disks i1s the tidal
disruption of either comets (/3) or asteroids (/4).
Asteroids appear to be more likely candidates
because they can explain the large amount of
metals accreted by the white dwarls from the dusty
environment, as well as the absence of hydrogen
or helium. Although the detection of asteroid
debnis around (G29-38 and the other white dwarls
represents a possible link to the existence of
planctary systems around their main-sequence
progenitor stars, modeling the excess infrared
luminosity provides no direct information on the
geometric location and extension of the dust,
impeding a more detailed understanding of the
nature and origin of the circumstellar material
(9). A concentration of dust in the equatorial
plane around G29-38 has been suggested on
the basis of the relative amplitudes of non-
radial white dwarl pulsations observed 1n the
optical and infrared wavebands (7).

We identified SDSS 112285993+ 104032.9
(henceforth SDSS 1228+1040) as a moderately

hot white dwarl in the Data Release 4 of the
Sloan Digital Sky Survey (SDSS) (/5), but
noted very unusual emission lines of the Ca I
8530- to B66-nm triplet, as well as weaker
emission lines of Fe II at 502 and 517 nm.
The line profiles of the Ca II triplet display a
distinct double-peaked morphology, which is
the hallmark of a gaseous, rotating disk (/6, /7).
Time-resolved spectroscopy (Fig. 1) and pho-
tometry do not reveal any radial velocity or
brightness vanations. These data exclude the
possibility that SDSS 1228+ 1040 1s an interact-
ing white dwarl binary, in which an accretion
disk around the white dwarf forms from material
supplied by a nearby companion star. Further-
more, the absence of Balmer and helium emis-
sion lines implies that the gaseous disk around
SDSS 1228+ 1040 must be extremely delicient
in volatile elements, which independently rules
out an interacting binary nature for this object.
Our detection of double-peaked metal emission
lines from a circumstellar disk in SDSS 1228+ [(40
provides direct evidence for hydrogen- and helium-

Table 1. System parameter of SDSS 1228+1040.
My, millions of years.

Distance 142 + 15 pc
Effective temperature 22,020 = 200 K
White dwarf mass 0.77 = 0.02 M,
White dwarf radius 0.0111 + 0.0003 R
White dwarf cooling age 100 = 5 My
Helium abundance <0.1 x solar
Calcium abundance 0.8 = 0.15 x solar
Progenitor mass 4to05 Mg
Progenitor main-sequence ~ 70 My
life time
Ca Il full-width at zero 1270 + 35 km/s
intensity
Ca Il peak separation 630 = 5 km/s
Outer radius of the = 1.2 R
arcumstellar disk
Ellipticity 0.021
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depleted material rotating around a white dwarf'at a
very short distance in a flat, disklike structure. As-
suming that the Ca II line profiles (Fig. 1) ongmate
mdeed mn a circumstellar disk, 1t must have an
azimuthal asymmetry to match the asymmetry in
the profiles. Such asymmetries are known in the
disks around B-type enussion-line stars (Be stars)
(/8). Drawing upon this analogy, we developed a
dynamical model of the Ca II line profiles |Fig. 2:
supporting online material (SOM) text, section
), which provides a robust constraint on the
outer radius of the disk of = 1.2 solar radii (R).

As the mam-sequence stars hosting planetary
systems evolve through the red-giant stage, they
swell up and destroy planets and asteroids out to
many hundred solar radii (/9). The white dwarf
mass of SDSS 1228+1040 implies a relatuvely
massive main-sequence progenitor of ~ 4 to 5 Mg
(20), which will have expanded to a radius of
~1000 Ry (21). It is therefore impossible that the
material making up the present-day disk has
survived the giant phase at its current location: it
must instead have been brought inward from
outside a distance of 1000 R, Planetary debris
that migrated outward to large radii during the
giant phase is expected to have relatively stable
orbits unless perturbed by larger-mass objects (/.3).
A likely scenario 1s therefore that one or more
planets that survived the evolution of the pro-
genitor of SDSS 1228+ 1040 destabilized the
orbit ol an asteroid sometime alier the end of the
planetary nebula phase. When it gets close enough
to the compact star, the asteroid is tidally dis-
rupted, forming a disk of' metal-rich debris, which
subsequently sublimates in the radiation ficld of
the white dwart. The radius derived from our
dynamical model 1s indeed compatible with the
tidal disruption radius for a rocky asteroid (22).

A strong Mg I 448-nm absorption line is
detected in the spectrum of the white dwarf and
implies a magnesium abundance in its atmo-
sphere comparable to that of the Sun. This is
extremely unusual for white dwarls, which typi-
cally have pristine hydrogen atmospheres. The
large abundance of magnesium can be explamned
only by sustained accretion, because the diffusion
time scale for magnesium in a white dwarl
atmosphere of 22,000 K (Fig. 3 and Table 1) is
only ~5 days (23). Moreover, the accreted mate-
rial must be of very low helium abundance,
because small traces ol helium already mixed
into the radiative atmosphere of the white dwarf
would cause noticeable He I 447-nm absorp-
tion, which 1s not observed. The absence of
helium lines in the white dwarl spectrum places
an upper limit on the helium abundance of the
material accreted from the circumstellar disk of
0.1 tmes the solar value, which is independent
evidence for a metal-rich composition of the
disk around SDSS 1228+1040.

No infrared excess has been found around
metal-polluted white dwarls hotter than 15,000 K
(/2), which suggests that the radiation field of
these hot white dwarls causes sublimation of a
dust disk. The case of SDSS 1228+ 1040 dem-
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Fig. 1. Time-resolved spectroscopy of SDSS 1228+1040. Medium-resolution spectroscopy of SDSS
1228+1040 was obtained with the double-arm spectrograph ISIS on the 4.2-m William Herschel Telescope
on La Palma, Canary Islands. Two sets of 10 consecutive spectra each were obtained on 30 June 2006 and
1 July 2006. The exposure times of the individual spectra were 600 s. The bottom panels show the two time
series of spectra, each extending over 1.7 hours, centered on the calcium emission triplet (right) and the
magnesium absorption line (left). The normalized average spectra are shown in the top panels. Radial
velocities are given in the upper axes with respect to Ca Il 854 nm (right) and Mg Il 448 nm (left). The radial
velocity of the Mg Il line is stable to within £4 kmv/'s over time scales of 20 min to 1 day. Additional time-series
photometry obtained at the Isaac Newton Telescope shows the star at constant brightness within +0.01 mag.
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Fig. 2. A dynamical debris disk model. We modeled the observed Ca Il emission line profiles (points) by
assuming that the orbits in the disk took the form of a series of coaligned elliptical orbits of constant
eccentricity (SOM text, section 1). We find an outer radius of 1.2 R, for an edge-on disk and an ellipticity
0f0.021. The measured outer radius of the disk is relatively invulnerable to the detailed assumptions of
the model because it is primarily fixed by the velocities of the emission-line peaks. The value given has
to be interpreted as an upper limit because the radius scales as sin® i for disks inclined by angle 7 to the
line of sight. The deep central dips of the profiles imply optically thick emission (17) and suggest that
the orbital inclination must be quite high (>70°), and therefore the 1.2-R, upper limit should be close
to the true value.
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Fig. 3. A model of the white dwarf in SDSS 1228+1040. The L '

optical SDSS spectrum of SDSS 1228+1040 15 plotted in black. In
addition to the Ca Il emission lines seen in Fig. 1, Fe Il 517 nm
(and 502 nm, not visible at the plotted scale) is detected as well.
The signal-to-noise ratio of the iron lines is too low to assess the
shape of their profiles. The observed spectrum was modeled with i
synthetic white dwarf spectra (25), resulting in an effective s
temperature of Tyyp = 22,020 + 120 K, a surface gravity of logg =
8.24 + 0.04, an abundance of Mg Il of 0.8 + 0.15 with respect to
solar abundances, and a limit of v sini < 20 km/s on the rotation
rate of the white dwarf. The best-fit white dwarf model is plotted
in gray. The ultraviolet fluxes detected by Galaxy Evolution
Explorer (GALEX; http:/qalex.stsci.edwGR2/) are indicated as
black error bars, and the filter transmission curves of GALEX are

F, [milli Jansky]

shown by dashed lines. The best-fit white dwarf model is con- £ /

sistent with the far-ultraviolet GALEX flux, but a flux excess is
observed in the near-ultraviolet. A host of Fe Il transitions lie
within the near-ultraviolet bandpass (6) and could be in emission i K

in SDSS 1228+1040, explaining the observed flux excess.

onstrates that planetary debris material can be
detected around vyounger and hotter white
dwarls in the form of gascous disks. Prompted
by the discovery of SDSS 1228+ 1040, we have
mmspected 406 SDSS spectra of white dwarfs
with hydrogen-dominated atmospheres brighter
than 17.5 in the g-bandpass that are contained
in the SDSS Data Release 4 (24), and we find
just one additional object that potentially ex-
hibits ux excess in the region ol the Ca II
triplet (SDSS J104341.53+085558.2, fig. S1),
so SDSS 1228+ 1040 is clearly a rare object. The
detection of a metal-rich debnis disk around this
relatively massive white dwarf indicates that the
formation ol planetary systems can take place
also around short-lived massive stars.
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Distinct Fermi-Momentum—Dependent
Energy Gaps in Deeply

Underdoped Bi2212

Kiyohisa Tanaka, ™2 W. S. Lee,® D. H. Lu, A. Fujimori,? T. Fujii,* Risdiana,® 1. Terasaki,’
D. ]. Scalapino,® T. P. Devereaux,”® Z. Hussain,? Z.-X. Shen*

We used angle-resolved photoemission spectroscopy applied to deeply underdoped cuprate
superconductors BiySraCagy_nY,Cuy0g (Bi2212) to reveal the presence of two distinct energy gaps
exhibiting different doping dependence. One gap, associated with the antinodal region where no
coherent peak is observed, increased with underdoping, a behavior known for more than a decade
and considered as the general gap behavior in the underdoped regime. The other gap, associated
with the near-nodal regime where a coherent peak in the spectrum can be observed, did not
increase with less doping, a behavior not previously observed in the single particle spectra. We
propose a two-gap scenario in momentum space that is consistent with other experiments and may
contain important information on the mechanism of high—transition temperature
superconductivity.

he pseudogap phase of underdoped cup-
rates has proven to be an important region
for discoveries and surprises in the field of

high-transition temperature (/) superconductors
(/). Early angle-resolved photoemission spectros-
copy (ARPES) (2) and electron tunneling experi-
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ments from lightly underdoped samples (3) sug-
gested that the pseudogap has similar character-
1stics to the superconducting gap below 7o,
consistent with the idea that the pseudogap 1s a
precursor to the d2 2 superconducting state but
lacks pair phase coherence. In this scenario, below
I. where the phase coherence ol pawrs 1s estab-
lished, the pseudogap smoothly evolves into the
superconducting gap. There is only one encrgy
scale in the system, and it 1s associated with the
magnitude ol the gap at the antinode. This anti-
nodal gap was found via ARPES (4), thermal
conductivity (5), and tunneling measurements
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() to increase as the doping was reduced [rom
optimum. However, the energy gap obtained by
Andreev reflection (7), penetration depth (8),
and recent Raman experiments (9, /{)) of
cuprates exhibits the opposite trend with doping
suggesting a rather different scenario from the
one-gap picture.

We present ARPES data for deeply under-
doped Bi,SraCagy )Y CusOg (B12212) crystals
with 7, values of 50 K, 40 K, and 30 K, finding
evidence for the existence of two distinct encrgy
gaps in the single-particle spectral function
(Materials and Methods). One gap manifests
isell’ as a spectral weight suppression near the
Brillouin zone boundary (antinodal region);
this antinodal gap becomes larger with de-
creased doping, consistent with previous ARPES
studies (4). The other gap 1s resolved near the
diagonal ol the zone (nodal region), where a
quasi-particle peak can be observed. We find
that the gap size of this near-nodal gap de-
termined by empirical methods does not
increase by decreasing doping level. We attri-
bute our result as evidence for two distinct

Fermimomentum- dependent energy gaps, with
the gap near the nodal region corresponding to
the superconducting gap and the gap near the
antinodal region corresponding to the pseudo-
gap state.

REPORTS

We show energy distribution curves (EDCs)
along the Fermi surface (FS) for samples with
1. values of 50 K, 40 K, and 30 K (Fig. 1).
Compared to previous ARPES studies on under-
doped Bi2212 with a similar doping level (/1),
our data have much-improved quality: even for
the most underdoped sample (7, = 30 K), a clear
quasi-particle (or coherence) peak can still be
observed near the nodal region (Fig. 1B), which
has not been seen previously in Bi2212 for such a
low doping. This improvement makes possible a
more quantitative data analysis. We first note that
the line shape of the spectra shows a marked
change along the FS. The sharp coherence peak
sradually loses spectral weight when moving
from the nodal region toward the antinodal
region. In the antinodal region, the peak disap-
pears, and only a broad hump m the spectrum
located far away from the Fermu level (Eg) can be
observed for the 7, = 30 K and 7, = 40 K
samples. This behavior is consistent with pre-
vious studies of other underdoped cuprates such
as La, . Sr,CuOy4 (LSCO)and Ca,_Na, CuO,Cly
(Na-CCOC) (12, 13). Here, we operationally
define the Fermi arc as the region where one can
see a peak i the superconducting state EDCs.
The length of the Fermi arc decrcases as the
doping level of the samples decreases (Fig. 1, B
to GG and H mnset).
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Fig. 1. Doping dependence of the ARPES spectra and leading edge position
along the FS. (A) Intensity plot of the spectral weight of the 7, = 30 K sample,
which is integrated within £10 meV around E¢ and symmetrized with respect
to the diagonal of the zone. The intensity of diffraction replica due to
supermodulation of the crystal structure has been cut off by color scale. The
red dots labeled with numbers denote the kg positions determined from the
momentum distribution curves (MDC) at E;. (B to G) The EDCs along the FS of
the .= 30 K, T. = 40 K, and T, = 50 K samples. The number shown at the
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upper right corner corresponds to the ke locations shown in (A). The vertical
bars indicate the peak position of the EDC. The k¢ region of the FS where a
peak is visible in the EDCs is operationaly defined as the Fermi arc. (H) Doping
dependence of the leading-edge position relative to that of the nodal
spectrum within the Fermi arc. (Inset) The Fermi arc elongates toward the
antinodal region of k space with increasing doping. The data shown were taken
in the second Brillouin zone, where an enhancement of the spectra was
observed (Materials and Methods).

VOL 314 22 DECEMBER 2006




REPORTS

1912

We also plot the leading-edge gap (Fig. 1),
defined as the energy difference between the
midpoint of the spectral leading edge and that of
the nodal spectrum within the Fermi arc region.
We find that the leading-edge gap is smaller for
the lower 7 samples, suggesting that the energy
gap associated with this Fermi arc region de-
creases with decreased doping. This doping de-
pendence can be directly observed in the raw
spectrum. The EDC's in the intermediate region
(Fig. 1E) show that both the coherence peak
position and the leading-edge gap of the T, =

50 K sample are larger than the corresponding
values for the 7; =40 K and T, = 30 K samples.
Similar observations can also be deduced from
Fig. 1. C and D. which are all stll within the
Fermi arc region. This gap-reduction trend
within the Fermi arc region is opposite to the
doping dependence of the energy gap in the
antinodal region reported i previous ARPES
studies (4) and 1s in conflict with the doping
dependence of the energy gap inferred from
thermal conductivity (5) and tunncling mea-
surements (6).

In the antinodal region, the spectrum is char-
acterized by a suppression of the spectral weight
over a region that one associates with a pseu-
dogap. To illustrate the difference in the doping
dependence of the pseudogap and the energy
gap assoclated with the Fermi arc, we have plot
symmetrized EDCs (/4) for the three samples
for an intermediate Fermi arc & point (point &)
and an antiodal & point (point 16)(Fig. 2, A and
B). As indicated by the shaded areas, the EDCs
of point 16 show a larger gap with more un-
derdoping, whereas the EDCs of point 8 exhibit

Fig. 2. Doping dependence of 1T BT T T 5 100 -'c = I 250
the symmetnzed spectra at the 8 16 < intam;diat:
intermediate region and the < Tc= 50K o ”E’ region

antinodal region. The symme- 5 = ~80Fr {pniniE‘_E,m] 1 200
trized EDCs at (A) the inter- g g I:F[argqimcl

mediate region of the FS (point = lad

8 in Fig. 1A) and (B) the anti- % Tc = 40 ‘3 60T {Pontic) _j1 150 —
nodal region (point 16). Their & % \ f?i
corresponding locations on the = ® Al N 100
FS are shown in the (A) inset. < «

The shaded area denotes the B Te = 30K 2

region inside the gap deter- g WL f,w L S o} 50
mined by the peak positions of & Y m : : Ea

the EDCs. For the antinodal & \ &

spectra, the position of the ] 1 1 ] L T . . " ) d0
hump, whichis determined from  <0.10 -0.05 0 005 010 =02 -01 O 01 02 0 005 010 015 020

the second derivative of the E - Eg(eV) Hole concentration

spectra, i1s used as the peak

position. (B) inset shows temperature dependence of the spectra of the
T. = 30 K sample taken at 10 K (blue) and 50 K (red) at the antinodal region.
(C) Doping dependence of the peak position around the intermediate region
(point 6, 8, and 10) and in the antinodal region (point 16), shown in the inset
together with 7.. The dashed line indicates the pseudogap at the antinodal
region reported by previous ARPES studies on Bi2212 system (4). The hole

concentration (p) was estimated by using an empirical relationship, T, = 96[1 —
82.6(p — 0.16)°]. The error bars for the intermediate region measure the
uncertainty of the gap due to the error of Eg and kg, whereas the error bars for
the antinodal region were estimated from the uncertainty of the peak position
in second derivative spectra when applying different levels of smoothness to
the raw spectra.
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Fig. 3. Determination of Ay and its doping dependence. (A) Spectra of the T =
50 K sample along the FS, which were divided by the FD function convoluted
with the experimental resolution. The vertical bars indicate the peak position.
(Inset) A comparison of the peak position in EDCs plotted against the d-wave
function (lcosky — cosk,l/2) for the raw EDCs and the FD function—divided EDCs.
The dashed line illustrates an extrapolation of the straight section around the
nodal region of the black curve, which leads to A, at |cosk, — cosk,I/2 = 1. (B)

Doping dependence of the Aq. The gray shaded area is a guide to the eyes for
the doping dependence of the energy gap at the antinodal region from data
shown in Fig. 2C aswell as existing published data (27). The values of A, for
I. > 60 K were taken from our ARPES studies of Bi>5r-Cag 92Yg.0aCU>0g, 5
samples (Materials and Methods). (C) Doping dependence of the leading
edge position in the k space. The same color assignment as (B) is used for an
easy comparison.
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the opposite trend with doping. There 1s es-
sentially no change in the EDC of'the 7, = 30 K
sample between the superconducting (7= 10 K,
blue line) and the normal (7= 50 K, red line)
states in the antinodal region (Fig. 2B inset).

This result also suggests that the broadening of

the peak with temperature does not shift the
leading-edge position downward in these deeply
underdoped samples. For a more comprehensive
view of the trend, we plotted the peak positions
of EDCs relative to the node at various locations
near the intermediate region (points 6, 8, and 10)
and the antinodal region (point 16) (Fig. 2C).
Apparently, the doping dependence of the
energy gap along the Fermi arc differs from the
dependence along the antinodal region. This
behavior suggests that the energy gaps associ-
ated with the Fermi arc region and antinodal
region represent two distinet energy gaps arising
from different mechanisms. The antinodal gap
appears to be related to the pseudogap and not
related to superconductivity, whereas the nodal
gap more likely represents the "real" super-
conducting gap because of the existence of a
coherence peak in the spectrum. The distinction
between the two gaps becomes smaller and
harder to observe toward optimum doping (/- 4).
Although an ecarlier experiment near optimal
doping had seen this same trend, the result was
attributed to an anharmonic term in the d-wave
gap (/5). Uncovering the distinct spectral line
shape in these deeply underdoped samples
makes 1t possible to attribute to distinct energy
gaps.

Because the energy gap in the antinodal re-
gion 1s primarily dominated by the pseudogap, it
is not straightforward to estimate the magnitude
of the maximum superconducting gap, Ag. We
exploited a phenomenological method to esti-
mate Ag. The EDCs along the Fermi arc were
[irst divided by the Fermi-Dirac (FD) function at
the measurement temperature convoluted with
the experimental resolution (Fig. 3A). In this
way, we could track the peak position of the
single-particle spectral function without the
complications of FD cutoll near Ep. We then
plotted the peak position of these spectra with
respect to the dp2 function (cosk, cosk,/2)
(Fig. 3A inset). The peak positions of these FD
function—divided spectra lay on a straight line
[or kg values in the nodal region, suggesting
that the superconducting gap around the nodal
region is consistent with this d2 2 form. We
then estimated Ag by extrapolating this straight
line to the boundary where cosk, cosk,/2 =
I (Fig. 3A nset). By using this method, we
extracted Ag for samples with various doping
levels and summarized the result (Fig. 3B). The
values of Ay determined in this way increase as
the doping changes [rom 7, =30 K to 7, = 50 K,
consistent with the behavior ol the peak po-
sitions shown in Fig, 2C. A, reaches a maximum
at a doping level of about (0.1 and then remains
at the same size (or even shightly decreases) lor
doping levels up to the optimal doping level.

Similar behavior appears in results obtained
[rom Nernst effect measurements (/6). Thus,
taken at face value (/7), the extrapolation of the
nodal region data along with the behavior of the
peak position at points 6, 8, and 10 suggest that
the gap characteristic of the nodal region has a
doping dependence distinct from that ol the
antinodal gap. Specifically, the nodal region
gap has a d-wave momentum dependence with
an amplitude that remains relatively constant
for a range of doping below optimal doping and
then decreases as the system becomes severely
underdoped.

Let us h'Lll'T'lIl"lﬂI‘i ZC 0Ur momentun-s ]JEICC ﬁiC—
ture of this two-gap scenario. Beginning with the
deeply underdoped Bi2212, there 1s a small
Fermi arc where a peak can be observed in the
EDCs at the Fermi crossing points, kg This arc,
centered at the nodal &g point, then extends out
along the FS, increasing in length as the doping
1s increased. Along this arc, we [ind evidence for
a k-dependent gap, consistent with a super-
conducting 2,2 gap with an increasing mag-
nitude as the hole doping increases. Another
gap, which is much larger and decreases with
doping, dominates the antinodal region. We
believe that the smaller nodal region gap 1s the
true superconducting gap because 1t exhibits a
peak in the EDC. The pseudogap (antinodal gap)
may arise from another mechanism, such as
Umklapp scattering by the antiferromagnetic
correlation, or from compeling states, such as
stripes (18, 19), polaronic (20, 21) behavior, or a
charge-density wave (713, 22, 23).

This two-gap scenario is consistent with other
experiments. First, thermodynamic data suggest
a distinet pseudogap and a superconducting gap
(24). Second, recent Raman studies (9, /0) also
suggest that energy gaps extracted from By,
(dominated by the antinodal region) and Ba,
symmetry (dominated by the nodal region) have
different origins with opposite doping depen-
dence. In addition, contradictive results ol the
superconducting gap deduced from diflerent
experimental tools can be resolved within this
momentum-space two-gap picture. Andreev re-
[lection (7) and penetration depth measurement
(&) indicate that the superconducting gap declines
with more underdoping, whereas tunneling
spectroscopy (3. 6) shows the opposite trend
with the doping. Such inconsistencies are dilli-
cult to explain with a one-gap scenario but are
naturally compatible with the two-gap scenario.
We suggest that some measurements, such as
Andreev reflection and the penetration depth, are
sensitive to the superconducting condensate it-
self: thus, the superconducting gap near the
nodal region is probed. On the other hand, the
scanning tunneling microscopy (STM) spectrum

Is more sensitive to the antinodal gap because ol

larger phase space. Thus, the doping depen-
dences ol the energy gap obtained from STM,
Andreev reflection, and penetration depth are
different because they are sensitive to different
gaps in the FS.

REPORTS

This two-gap scenario has two important
implications, which could be very important for
developing a microscopic theory of high 7; su-
perconductivity. First. the pscudogap near the
antinodal region in these deeply underdoped
samples is unlikely to be a precursor state of the
superconducting state. Second, our data suggest
that the weakened superconductivity in the deep-
Iy underdoped region arises not only from the
loss of phase coherence (25) caused by the de-
crease in the superfluid density but also a weak-
ening ol the pair amplitude. In this case, a
mechanism for the superconducting gap reduc-
tion could be related to the shrinkage of the
coherent FS with less doping, leading to a smaller
phase space [or pairing.
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The Ground State of the Pseudogap
in Cuprate Superconductors

T. Valla,** A. V. Fedorov,? Jinho Lee,? ]. C. Davis,? G. D. Gu?

1914

We present studies of the electronic structure of La,_,Ba,CuQ,, a system where the superconductivity
is strongly suppressed as static spin and charge orders or “stripes” develop near the doping level
of x = Y. Using angle-resolved photoemission and scanning tunneling microscopy, we detect an
energy gap at the Fermi surface with magnitude consistent with d-wave symmetry and with linear
density of states, vanishing only at four nodal points, even when superconductivity disappears at

X = Y. Thus, the nonsuperconducting, striped state at x = /3 is consistent with a phase-incoherent
d-wave superconductor whose Cooper pairs form spin-charge—ordered structures instead of becoming

superconducting.

here are several generally accepted

phenomena in high-temperature supercon-

ductivity (HTSC) that make the cuprates so
fascinating. One of these phenomena 1s a d-wave
symmetry of the superconducting gap. Another
feature i1s a normal-state gap (pseudogap) in
underdoped materials, which exists above the
temperature of the superconducting transition 7
(1, 2). There are multiple aspects to the pseudogap
phenomenon. In particular, the distinction 1s
usually made between the “large™ pseudogap in
the overall density of states (DOS) and a “small™
pseudogap in the excitations at the Fermi surface,
which is seen in spectroscopic probes such as
angle-resolved photoemission spectroscopy
(ARPES) (/, 2). Here, we consider the small
pseudogap. It i1s generally believed and observed
that the magnitude of the pseudogap monotoni-
cally decreases with increasing doping, whercas
e moves 1 the opposite direction 1n the under-
doped regime (/. 2). The origin of the pseudogap
and 1ts relationship to superconductivity are some

of the most important open issues in the physics of

HTSC and represent the focal point of current
theoretical mterest (3-6). In one view, the pseu-
dogap 1s a pairing (superconducting) gap, reflect-
ing a state ol Cooper pairs without global phase
coherence. The superconducting transition then
occurs at some lower temperature when phase
coherence is established (7). In an altemative view,
the pseudogap represents another state of matter
that competes with superconductivity. However,
the order associated with such a competing state
has never been unambiguously detected. The [irst
hints came [rom neutron-scatlering studies in a
magnetic field, where an incommensurate spin
order was detected inside vortices (8). However, it
was not until recent scanning tunneling microsco-
py (STM) experiments that more was leamed
about any potential candidate for such “hidden

'Condensed Matter Physics and Materials Science Depart-
ment, Brookhaven National Laboratory, Upton, NY 11973,
USA. “Advanced Light Source, Lawrence Berkeley National
Laboratory, Berkeley, CA 94720, USA. *Laboratory for
Atomic and Solid State Physics, Department of Physics,
Cornell University, Ithaca, NY 14853, USA.

*To whom correspondence should be addressed. E-mail:
valla@bnl.gov

order.”” A charge-ordered state, energetically very
similar to the superconducting state, has been
found m the vortex cores (9), in the pseudogap
regime (/0) above T, and in patches of under-
doped material in which the coherent conductance
peaks were absent (/7). We show that a similar
state represents the ground state in a system
with strongly suppressed superconductivity and
with a static spin (/2) and charge (/3) orders:
La, Ba,CuOy4 (LBCO) at doping level x = .
The k-dependence of the gap in this state looks
the same as the superconducting gap in super-
conducting cuprates: It has magnitude con-
sistent with d-wave symmetry and vanishes at
four nodal points on the Fermi surface. Fur-

thermore, the single-particle gap, measured at
low temperature 7, has unexpected doping
dependence with a maximum at x = /s, pre-
cisely where the charge-spim order is established
between two adjacent superconducting domes.
These findings reveal the pairing origin of the
pseudogap and imply that the most strongly
bound Cooper pairs at ¥ = ' are most sus-
ceptible to phase disorder and spatial ordering
(7,14, 15).

LBCO exhibits a sharp drop in superconduct-
Ing transition temperature, 7—0, when doped to
~ Yy holes per Cu site (x = ') (/6), while having
almost equally strong superconducting phases at
both higher and lower dopings, reaching maximal
T1o= 32 Katx=0.095 and x =0.155. Therelore, the
x =144 case represents an ideal system 1o study the
ground state ol the pseudogap because the normal
state extends essentially to 7= 0 K. In scatiering
experiments on single crystals, a static local spin
order with period of eight unit cells (/2, /4) and a
charge order (/3) with period of four unit cells
so-called stripes— has been detected at low T,
While superconductivity is strongly reduced at x =
Yo, metallic behavior seems to be preserved. Op-
tical studies have detected a loss ol spectral weight
at low lrequencies with simultancous narrowing ol
a Drude component, which suggests the develop-
ment of an anisotropic gap (/7). We used ARPES
and STM to measure the electronic excitations and
detailed momentum dependence of the single-
particle gap in the ordered state of LBCO.

Intensity (Arb. Units)

—ﬂ_jlﬁ —ﬂ_liﬂ —ﬂ_IBE ﬂ.bﬁ ﬂ.lﬂﬁ
E-Er (V)

Fig. 1. Photoemission from LBCO at x = %. (A) Photoemission intensity from a narrow interval around
the Fermi level (w = 0 £ 10 meV) is shown on a relative scale as a function of the in-plane momentum.
High intensity represents the underlying Fermi surface. Lines represent fits to the positions of maxima in
probed MDCs for LBCO (x = 0.125) (solid line) and LSCO (x = 0.07) (dashed line). Arrows correspond to
the momentum lines represented in (B) and (C). k, and k, represent in-plane momenta spanning the
Brillouin zone. (B) Photoemission intensity from LBCO sample as a function of binding energy along the
momentum lines indicated in (A). (C) Energy distribution curves (EDCs) of spectral intensity integrated
over a small interval ke + Ak along the two lines in k-space shown in (B), where Ak = 0.08A7L. E-Eg, is
energy measured from the Fermi level. The arrow represents the shift of the leading edge. The spectra
were taken in the charge-ordered state at T = 16 K.
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Figure | shows the photoemission spectra
from LBCO at x= ' in the ordered state (7 =
16 K). The momentum distribution of the
photoemission mtensity from the energy window
of +10 meV around the Fermi level 1s shown
within the Brillouin zone (Fig. 1A). From these
and other contours measured or several samples,
we extracted the Fermi surface as a line in
momentum space that connects the maxima ol
cach of the measured momentum distribution
curves (MDC) at energy @ = (. In addition,
we also show the extracted Fermi surface of
Lay_ Sr,CuQy4 (LSCO) at x = 0.07, which agrees
well with published data (78). The areas enclosed
by the Fermi hines correspond to x = 0.06 + 0.013,
for LSCO and x= 0.115 = 0,015, for LBCO, mn
good agreement with the nominal doping levels,
signaling that the bulk property has been probed.
[n both systems, we have detected an excitation
gap (/9) with a magnitude that depends on the £
position on the Fermi surface, vanishing at the
node and with maximum amplitude near the
antinode as shown in Fig. 1, B and C.

In the detailed k-dependence for several
samples (Fig. 2), two unexpected properties are
uncovered. First, gaps in all samples have
magnitudes consistent with d-wave symmetry
even though superconductivity 1s essentially
nonexistent in LBCO at x = '%. Second, the
gap in LBCO is larger at x = than at x = 0.095
and than i LSCO (x = 0.07). This hinding
contradicts a common beliel that the excitation
gap in cuprates monotonically increases as the
antiferromagnetic (AF) phase is approached.
Figure 2C shows the compilation of the maximal
gap values, Ag, in LSCO and LBCO systems, as a
function of doping, from this study and from
previously published work. Values for LSCO for
x=0.063 and x = 0.09 are extracted from figure 4
i (/48) and those for x = 0.1 are [rom (2). All the
points have been measured at 7= 20 K: in the
superconducting state or x = 0.09, 0.095, 0.1,
0.165, and 0.22, and in the normal state for the
other samples. It 1s clear [rom the figure that the
total gap 1s not monotonic. Rather, in LBCO, it
peaks at or near x = Y when superconductivity
vanishes and stripes are fully developed.

The momentum-resolved picture from
ARPES 1s consistent with the STM data ob-
tained from an LBCO sample at x = '%, cut from
the same parent crystal used for ARPES. In Fig.
3A, a typical STM topographic image ol a
cleaved LBCO surface is shown. In addition, the
differential conductance (dl/dV) spectra were
taken at many points in a wide range of energies
(fig. S2). In the averaged (over the whole field
of view n Fig. 3A) conductance spectrum (Fig.
3B), a symmetric v-like shape at low energies,
with zero-DOS falling exactly at the Fermi level,
which 1s constistent with a pairing d-wave gap. The
magnitude of this gap, Ag= 20 meV, as determined
from the breaks in dl/dV curve agrees with the
maximal gap Ag measured n photoenussion.

Our study provides the evidence for a d-
wave gap in the normal ground state of a cup-

rate material. Previous studies on underdoped
BiSrCaCus0g. 5 (BSCCO) were always aflected
by the superconductivity: The disconnected *“Fermi
arcs” were seen, shrinking m length as 7" was
lowered below pseudogap temperature 7% and
collapsing onto (nodal) points below T (20, 21).
As a result of this abrupt intervention of su-
perconductivity, it was not clear whether the
pseudogap ground state would have a Fermi arc
ol finite length or a nodal pomt or whether it
would be entirely gapped. In LBCO, the absence
ol superconductivity at x = ' has enabled us to
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resolve this puzzle and to show that the normal-
state gap has 1solated nodal points in the ground
state. This result points to the pairing origin of the
pseudogap, m general agreement with recent
thermal transport measurements (22). With in-
creasing 7, a finite-length Fermi arc forms, as
suggested in Fig. 2B, in accord with results on
BSCCO (20, 21).

What might be the origin of the observed
d-wave gap m LBCO i superconductivity is
absent? Neutron- and x-ray-scattering studies on
the same crystal have 1dentified a static spin order
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Fig. 2. k- and doping dependence of the single-particle gap. (A) Magnitude of single-particle gap
(leading-edge gap) at T = 16 K as a function of an angle ¢ around the Fermi surface, as defined in the inset,
for LBCO at x = 4 (black and red triangles), x = 0.095 (green triangles), and LSCO atx = 0.07 (blue circles)
have been measured. Points for LSCO at x = 0.063 (magenta circles) have been extracted from figure 4A in
(18). The line represents a d-wave gap amplitude, Aglcos(20)l with Ay = 20 meV. (B) Temperature
dependence of A (red triangles) and A at ¢ =~ 35° (black triangles) for LBCO at x = %. (C) Doping
dependence of Ag in LBCO (triangles) and LSCO (circles and squares). Solid symbols, this study; open
squares, (18); open circles, (2). The red line represents doping dependence of T¢ for LBCO from (16). Error
bars in (A) to (C) indicate fitting uncertainty in position of inflection point (or the leading edge) of EDCs.

Fig. 3. STM of LBCO.
(M) High-resolution STM
topographic image of
the cleaved sample. The
image was taken at 4.2 K.
(B) A tunneling conduct-
ance spectrum averaged
over the area shown in
(A). A v-like profile of
DOS for energies lwl <
20 meV (gray region) is
consistent with a d-wave
gap observed in ARPES.
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Fig. 4. A compilation of relevant
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x-ray scattering and ARPES on 214
materials. (A) A sketch of relevant f

vectors in the k-space. (B) Doping K
dependence of the antinodal kg,
indicated in (A) by the arrow, in
LBCO (triangles) and LSCO (circle).
The wave vector for charge order
(13) (diamond) and the incom-
mensurability 6 from (r,%) point
from neutron-scattering experi-
ments (31, 32) (squares) are also

shown. The gray vertical bar repre-
sents the boundary between the
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“diagonal” and “parallel” spin superstructures and the onset of superconductivity. Error bars indicate
fitting uncertainty in peak positions of MDC, used to extract k.
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and a charge order (/2, 13). Therelore, it would be
tempting to assume that at least a portion of the
measured gap is due to the charge order, i
analogy with conventional two-dimensional (2D)
charge density wave (CDW) systems. It has been
suggested that, in cuprates, the spin-charge
ordered state forms in a way where carriers doped
into the AF insulator segregate into 1D charge-rich
structures (stripes) separated by the charge-poor
regions ol a parent antiferromagnet (/4, 23 23).
However, questions have often been raised on
how to reconcile these unidirectional structures
with an apparent 2D Fermi surface and a gap
with d-wave symmetry. In the more convention-
al view, doped carriers are delocalized in the
planes, forming a 2D Fermi surface that grows
i proportion with camrier concentration. The
charge-spin-ordered state may then be formed in
the particle-hole channel by nesting of Fermi
surface segments, producing a divergent electronic
susceptibility and a Peierls-like instability and
pushing the system into a lower energy state with a
single-particle gap at nested portions of the Fermi
surface. An example of a cuprate where such a
“nesting’” scenario is proposed to be at play 1s
Caz_ Na,CuO,Cl (CNCOC) (26). STM studies
have detected checkerboard-like modulations in
local DOS on the surface of this material, with
4a = 4a periodicity, independent of doping (27).
Subsequent ARPES studies on the same system
have shown a Fermi surface with a nodal arc and
truncated antinodal segments (260). The anti-
nodal segments can be efliciently nested by the
charge-ordering wave veclors gepw — 2k =
m/(2a) and 3n/(2a), observed in STM for charge
superstructure, making the nesting scenario
viable, at least near the surface of CNCOC,
Here, kg represents the antinodal Fermi wave
vector. However, if we apply the same nesting
scenario to LBCO at x =%, we obtain gepw =
dkg (= w2a) for charge order instead of kg
nesting, which is suggested to be at play m
CNCOC. Moreover, the nesting of antinodal
segments would produce a wave vector that
shortens with doping, opposite of that observed
in neutron-scattering studies in terms of magnetic
incommensurability. This result 1s illustrated n
Fig. 4. where we compile the doping depen-
dences of several relevant quantities.

There is another, more fundamental problem
with the nesting scenario: Any order originating
[rom nesting (particle-hole channel) would open
a gap only on nested segments ol the Fermi
surface, preserving the non-nested regions. The
fact that only four gapless points (nodes) remain
in the ground state essentially rules out nesting as
an origin of the pseudogap. In addition, a gap
caused by conventional spin-charge order would
be pinned to the Fermi level only in special cases.
The observation that the gap 1s always pinned to
the Fermmu level (independent ol A-point, as
measured in ARPES and of doping level, as seen
in STM on different materials) and that it has -
wave symmetry undoubtedly points to 1ts pairing
origin |[interaction in the particle-particle singlet

channel (24)]. In contrast to the low-cnergy
pairing gap, STM at higher energies shows a
DOS suppressed in a highly asymmetric manner,
indicating that some of the nesting-related
phenomena might be at play at these higher
energies (Fig. 3B).

The unexpected anticorrelation of the low-
energy pairing gap and 7 over some region ol
the phase diagram suggests that, in the state with
strongly bound Cooper pairs, the phase co-
herence 1s strongly suppressed by quantum phase
[Tuctuations. Cooper pairs are then susceptible
to spatial ordering and may form various
unidirectional (14, 24, 25) or 2D (75, 27-30)
superstructures. Quantum phase fluctuations are
particularly promment in cases where such
superstructures are anomalously stable. For some
of the proposed structures, this occurs at the
doping of Y. 1 general agreement with our
results: Yy represents the most prominent “magic
fraction”™ for a checkerboard-like “CDW of
Cooper pairs”™ (/5), and 1t locks the stripes to
the lattice m a umdirectional alternative. The
presence of nodes in the ground state of the
pscudogap represents a new decisive test lor
validity ol models proposed to descnbe such
structures.
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Nondestructive Optical Measurements of
a Single Electron Spin in a Quantum Dot

]. Berezovsky, M. H. Mikkelsen, O. Gywat, N. G. Stoltz, L. A. Coldren, D. D. Awschalom*

Kerr rotation measurements on a single electron spin confined in a charge-tunable semiconductor
quantum dot demonstrate a means to directly probe the spin off-resonance, thus minimally
disturbing the system. Energy-resolved magneto-optical spectra reveal information about the
optically oriented spin polarization and the transverse spin lifetime of the electron as a function of
the charging of the dot. These results represent progress toward the manipulation and coupling
of single spins and photons for quantum information processing.

he prospect of quantum computation in
conventional material systems has spurred
much research into the physics of carrier
spins in semiconductor quantum dots (QDs) (/).

Center for Spintronics and Quantum Computation, Uni-
versity of California, Santa Barbara, CA 93106, USA.

*To whom correspondence should be addressed. E-mail:
awsch@physics.ucsh.edu

An important element necessary for spin-based
quantum computing is the readout of the qubit
spin state. Previously demonstrated schemes
for single spin readout in a QD include optical
measurements, such as photoluminescence (PL)
polarization (2, 3) or polarization-dependent ab-
sorption (4-6 ). Single spins can also be read out
clectrically by measuring the spin-dependent
probability for an e¢lectron to tunnel out of the
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dot (7). However, these methods are destructive,
in that they either remove the spin from the dot
or drive transitions in the system with a resonant
optical field. In contrast, we describe measure-
ments of a single electron spin using Kerr ro-
tation (KR), in which the spin state 1s probed
nonresonantly, thus minimally disturbing the
system. This effective spin-photon nteraction
has been shown to allow for Schrodinger’s cat
type measurements to probe quantum eflects
such as measurement-induced decoherence and
spin squeezing (8, 9), as well as the implemen-
tation of quantum information protocols involv-
ing spin-photon entanglement (/0) and optically
mediated spin-spin entanglement (/7 /3).

In the present work, the electrons were con-
fined to a single charge-tunable QD lormed by
monolayer fluctuations at the interfaces of a
gallium arsenide (GaAs) quantum well (QW).
The QD layer was centered within an optical
microcavity with a resonance chosen to enhance
the interaction of the optical field with the QD at
energies well below the lowest interband tran-
sition. By the application of a transverse
magnetic field, the electron spins can be depo-
larized in a Hanle-type measurement, thereby
yielding mformation about the spin lifetime.

The magneto-optical Kemnr effect results in a
rotation of the plane of polarization of lincarly
polarized light with energy £ upon reflection off’
the sample and is analogous to the Faraday eflect
for transmitted light. For both eflects, the rotation
angle is determined by the difference of the
dynamic dielectric response functions lor lefi and
right (6 and o) circularly polarized light, which
arc proportional to the interband momentum
matrix elements (v, g, £ gy, where v, ()
is a conduction (valence) band state (/4, 15).
and 7, and g, are the components of the electron
momentum operator perpendicular to the growth
direction. As a result of the microcavity, both
reflection and transmission contribute to the
measured polarization rotation. For simplicity,
we reler only 1o KR, For a single conduction-
band energy level in a QD containing a spin-up
clectron n a state Yy ), optical transitions to the

spin-up state are Pauli-blocked, and the KR angle
Ok 1s then given by

Ox(E) =CE ), ol(v |h+
a—+Tw

L E{],v
i 2 + 2
(E - Eoy)* +1,

aipy v, ) (1)

where (' 1s a constant, and £y, and 1, are the
energy and lmewidth of the transition mvolving
uy . respectively. We focus on a single transition
in the sum in Eq. 1 and drop the index v. For [ <<
A << E, where A= E - Ey, we note that Bk ~ K
which decays slower than the absorption line
(~A2) (15, 16). Therefore, for a suitable detuning
A, KR can be detected whereas photon absorp-
tion is strongly suppressed.

The sample structure (Fig. 1A) 1s grown by
molecular beam epitaxy and consists of a single
4.2-nm GaAs QW in the center of a planar
aluminum GaAS (Aly 1Gag 2As) A-cavity (/7).
The reflectivity of the sample at 10 K (Fig. 1D)
shows a cavity resonance centered at 763.6 nm
(1.624 ¢V) with a quality factor of 120. The
probe light effectively interacts with the spin
many times as it 1s reflected back and forth
within the cavity. As a result, the polarization
rotation descnbed by Eq. | occurs repeatedly,
enhancing the small, single spin KR angle (/5).
Based on previous measurements with similar
cavities (19, 20), we expect the KR at the peak
of the cavity resonance to be enhanced by a
lactor of ~15.

The band profile for our structure (/7),
calculated with a one-dimensional self-consistent
Poisson-Schrodmger solver, 1s shown i Fig. 1B.
By the application of a bias voltage 1, across the
structure, the conduction-band minmmum in the
QW can be made to plunge beneath the Fermui

level, charging first the QDs, then the well itself

(21, 22). The onset of this charging occurs
around 0.5 V (Fig. 1C) according to the band-
structure calculation.

A continuous wave (cw) Ti-sapphire laser
(1.654 to 1.662 ¢V) 1s focused through a

Fig. 1. Sample structure A B —V,=1V
and characterization. (A) 1t Vp=—1V|
Schematic of the sample  gonm T =

structure. i, n, and pindicate  1um ~ "g,-]: 0 - A
intrinsic (undoped), n-  aperture R - Qw
doped, and p-doped regions N — i “”:-{“:_{::L‘

of the sample, respectively. \_\ 2 b R G 5 @
Twenty-eight repetitions of _; : 0 0.5 i
the AlAs/AlGaAs layers, in- " a— z (um)

dicated by x28, are not GPST 70C D

shown. AlAs, aluminum ar- : i 5 L

senide. (B) The calculated ~©OPMIC L e 5 @ ,\[’
conduction (valence) band wRREE B = 0.8 ‘
profile along the growth c 03 1 750 775
direction z shown in solid Vi (V) A (nm)

(dashed) lines. Raising the

bias voltage V}, from —1 to 1V lowers the QW conduction-band minimum past the Fermi level (blue). (C)
The calculated electron density n in the QW showing the onset of charging at V, = 0.5 V. (D) The
reflectivity R of the cavity at T = 10 K versus wavelength %, with a resonance at 763.6 nm.
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microscope objective (spot size ~ 2 um) on the
sample at temperature 7 = 10 K to excite
clectron-hole pairs into the continuum of states
i the QW. The carriers then relax into the QDs,
and the subsequent PL is collected through the
same objective, dispersed in a spectrometer, and
detected by a liquid nitrogen cooled charge-
coupled device. In a typical single-dot PL
spectrum as a function ol the applied bias (Fig.
2A), the sharp features (linewidth ~100 peV) are
characteristic of single-dot PL (23), demonstrat-
ing the presence of only one QD within the laser
focus. Above 0.5V, a single line 1s observed at
1.6297 ¢V, which is attributed 1o recombination
[rom the negatively charged exciton (trion or X')
state. Below 0.5 'V, this line persists faintly, and a
bright line appears 3.6 meV higher in ¢nergy
because ol the neutral exciton {X{}] transition.
The presence of the X line at Iy, < 0.5 V implies
that occasionally a single electron 1s trapped 1n
the dot, formmg an X~ when binding to an
clectron and a hole. In addition, a famt line at
1.6292 ¢V is visible from radiative decay of the
biexciton (XX). These assignments of the ob-
served lines are consistent with measurements on

1.635 A

= 0 5

E 1.630 [ : — 1
S E

e .

& /1 :

] XX uncharged | charged
o < .

1.625 : : : :

PL pol.

-
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=
—®—x0 0.8V
o — X-—0.8V |, T =10 K
2 A 0 1 2
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Fig. 2. Single-dot PL and Hanle measurements.
(A) PL of a single QD as a function of V. A
jump in the PL energy indicates the onset of QD
charging. (B) The polarization (pol.) of the X~
and X° PL lines as a function of bias. (C) Hanle
curves in the charged regime (blue) and in the
uncharged regime (black and red).
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similar structures (2, 22) and are further sup-
ported by the hnear dependence of the X and %"
lines and the quadratic dependence of the XX
line on the excitation intensity. Figure 3C il
lustrates these three optical transitions. In this
QD., we sec no evidence of a positively charged
exciton.

With circularly polarized excitation, spin-
polarized electrons and heavy holes can be
pumped into the QD because of the optical
selection rules of the GaAs QW (2, 24). For the
purposes of this discussion, spin polarization
parallel to the optically injected electron spin
polarization will be referred to as “spin up™ and
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Fig. 3. Single-dot KR spectra. (A) Top panel, KR measured with a o™~ and o -polarized pump at I/, = 0.2 V.
The PL at this bias is also shown. Middle panel, the sum of the ¢ and ¢ data showing a spin-
independent feature =° at the X° energy. Bottom panel, the difference of the 6* and ¢~ data with the
feature =~ at the X~ energy circled. The circled feature is shown in more detail in (B), as indicated by the
large arrow. (B) Single spin KR (Z7) at various bias voltages. The blue triangle indicates the energy of
the X~ PL line. Fits to the data are shown in red. (C) lllustration of three relevant optical transitions. Solid
circles represent electrons, and open circles represent holes. (D) The agreement between the X~ PL
energy and the = energy. The biexciton PL energy is also shown for comparison.
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the opposite spin as “spin down.” Information
about the spin polarization in the QD can be
gained from the polarization of the PL (2). The
circular polarization of the PL is determined by
switching the helicity of the pump from o™ t0 6~
and measuring the intensity of the ¢ -polarized
PL (/7 and /7, respectively). The polarization is
then defined as P= (/" ~ [I")/({" + [7) and is
shown for the X? and X lines in Fig. 2B, in
agrecment with carlier results (2, 22).

The polarization of the X~ line 1s determined
by the hole spin, as the two electrons i the trion
[orm a spin-singlet state. In the uncharged regime
(Jp = 0.5 V), the negative polarization of the X~
PL indicates that the heavy hole undergoes a spin
(lip before recombination in most cases. Hole
spin [lips may occur cither during energy relaxa-
tion n the QW (25) or by an exchange-mediated
clectron-hole spin flip (26). Regardless of the
hole spin-flip process, afier the recombination of
the X, the electron left in the QD is polarized in
the spin-up direction. In this way, both optical
mjection and trion recombination serve o pump
lone spin-up electrons into the QD.

When the dot is imtially charged near Vy, =
0.5 V, the now dominant X line remains negatively
polanzed, resulting in continued pumping ol the
spin-up state. As the electron density in the QW
mcreases with higher applied bias, the X polariza-
tion becomes positive, as has been previously
observed (2, 22).

In a transverse applied magnetic field, the
electron spins precess, depolarizing the PL. The
hole spins do not precess (27) because the heavy
and light hole states are split [by ~20 meV mn our
sample (2&)], leading to an eflective heavy-hole ¢
factor of zero in the plane of the QW. Hanle
measurements on this dot are summarized in Fig.
2C. In the charged regime, at Iy = 0.9 V, no
depolarization of the X~ PL is observed, as
expected for polarization resulting from the hole
spin. The case 1s markedly different at 1, = 08V,
m the uncharged regime. Here, the (negatively
polarized) X~ line is depolarized with a half~width
By» =80 (. With an estimated electron ¢ factor
of g. = 0.2 (2), By = 80 G corresponds to a
time-averaged transverse spin lifetime 75% =
h/Bypgeny = 7 ns, where ug is the Bohr
magneton and /1 1s Planck’s constant /1 divided by
2n. This sharp Hanle peak has been previously
attributed to the electron spin in the QD, before X
formation (2). The X? line shows a much broader
peak (B, = 4.1 kG), with a small narrow
component at low field. The broad component
1s consistent with the radiative lifetime of the
exciton (=50 ps) (4). The narrow component has
a By» =95 G, which 1s similar to the X~ width.
[ndeed, this narrow peak is expected if a lone
clectron in the dot can bind and recombine with
a subsequently injected hole. Similar features
have been observed in ensemble Hanle mea-
surements in GaAs QWs (29).

In the uncharged regime, spin-polarized ex-
citons or electrons can be pumped mto the dot.
Both optical injection and trion recombination
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serve to pump spin-up electrons. At high bias in
the charged regime () = 0.9 V), the PL
polarization is due to the hole spin, obscuring
any information about the clectron spin polariza-
tion. To address this issue, we require a more
direct probe of the spin polarization.

To probe spins in the dot through KR, we
focused a second, linearly polarized, cw Ti-
sapphire laser onto the sample, spatially over-
lapping the pump laser (/7). The data in the top
panel of Fig. 3A show the KR signal as a
function of probe energy for ¢~ and o pump
helicity. Here, the applied bias 1s J§ = 0.2 Vand
the QD is in the uncharged regime. The PL at this
bias is also shown, with the X~ and X° energies
indicated by the dotted hnes. These energies
coincide spectrally with two sharp features
observed in the KR data, which we will refer to
as = and ZY, respectively. In the bottom two
pancls of Fig. 3A, the sum and difference of the
o and o~ data are shown. The feature Z° at the

X" energy clearly does not depend on the sign of

the injected spin and 1s similar to features seen in
single-dot absorption measurements (3()). We
attribute this peak to polarization-dependent
absorption in the QD. We focus here on the
(6" o ) data, which represent KR due to the op-
tically oriented spin polarization. The feature =
at the X energy only appears in the difference
data, indicating that it is due to the injected spin
polarization, shown m Fig. 3B at four different
bias voltages. For all voltages, the = feature is
centered at the X transition energy, indicated
by the blue triangles. We can [it these data to
Eg. 1 including only a single transition m the
sum, on top of a broad background (red lines,
Fig. 3B). From the free parameters in these [its,
we determine the transition energy Ep, ampli-
tude A (defined as half the diflerence of the
local maximum and minimum near Ey), and
width " of the =~ KR feature.

Figure 3D shows Ejy compared to the energy
ofthe X~ PL line as a function of the applied bias.
The two energies agree well and show the same
quantum-conlined Stark shifi. Only at the highest
bias, where substantial broadening sets in, do we
observe a small anti-Stokes shift between £, and
the X~ PL energy. This effect may be caused by
interactions with electrons n the QW. For a
single electron spin in the QD ground state, the
lowest-energy optical transition contributing in
Eqg. 1 i1s the X transition (Fig, 3C)., Thus, the =
KR feature is due to the measurement of a single
electron spin 1n the QD. We have repeated this
measurement on another QD and observed the
same = feature. also at the X~ PL energy. The
large, broad KR background is likely due to
transitions involving excited electron and hole
states, which are typically a few milli-electron
volts above the lowest transition (23).

Il present, a KR [eature due to the x* spin
should appear centered at the XX transition
energy. The signal-to-noise ratio in our measure-
ment 1s not high enough to conclusively identify
such a [eature. Despite the large amplitude of the

XPPL compared to the X PL in the uncharged

bias regime (~10:1), the short radiative hifetime of

the X state results in a low steady-state X’ pop-
ulation and therefore n a low KR signal.

By applying a transverse magnetic field B, we
can monitor the depolarization of the single
electron spin through the KR signal. In contrast
to the Hanle measurements described above, the
KR probes the spin in the QD directly and
nondestructively, as opposed to being inferred
[rom the spin-dependent formation of the X,
The KR as a function of B is shown for threc
different bias voltages (Fig. 4A). At Fy=0.2 V. n
the uncharged regime, a narrow peak 1s observed
with a By = 52 G, which is consistent with the
X Hanle width measured in this regime. At Vg =
0.7 V, where the dot has charged but the PL
remains negatively polarized, we measure a
somewhat wider KR depolarization curve, with
Bin = 150 GG, When the QW is charged further,
the spin lifetime decreases as shown at J, = 1.1 V,
with B, = 1.4 kG. Assuming an eflective electron
o factor of 0.2 (2), these half~widths correspond to
transverse spin lifetimes of 11, 3.3, and 0.8 ns,
respectively.

The electron spin depolarization curves
measured at probe energies detuned from the
X transition by an energy A are shown 1n the top
two panels of Fig. 4A for A = 0.3 meV (at the
maximum of the = feature). A = - 2.7 meV (mn
the low-energy tail), and A = +5.0 meV (on the
broad, high-energy feature). The curves have
been normalized by their peak values, which vary
with probe energy, but show identical lineshapes
for a given bias. This suggests that, in this entire
range of detuning, the KR ol the same spin-
polarized electron state 1 the QD 1s being
probed.

Figure 4B shows g.15™ = h/Bhug as a
[unction of the applied hias, measured at a probe
energy £ = 1.6288 ¢V, near the X transition. The
dashed line indicates the onset ol QD charging.
The spin lifetime 1s largest in the uncharged
regime. Here, ¢.75% ~ 3 ns 1s consistent with
previous measurements (2) in which the spin
dephasing 1s attributed to the random, fluctuating
hyperfine field (37, 32). As the dot and well are
charged, the electron spin lifetime decreases
dramatically. This result can be caused by the
increasingly rapid capture ol a second electron in
the dot, which forms a spin-zero singlet state.
Also, as discussed below, spin flips with elec-
trons in the QW are likely to be a relevant mech-
anism in this regime.

The amphtude of the = KR signal is shown
as a function of I, (Fig. 4C). A decreases in the
charged regime, reflecting the lower spin life-
time. We have argued above that spin-up elec-
trons are pumped nto the QD in the uncharged
regime. Therefore, the constant sign ol the KR
over the entire range ol bias indicates spin-up
polarization in the charged regime as well.
Contrary to this observed polarization, the
positively polarized X* PL leaves a spin-down
clectron in the QD. However, this electron

REPORTS

mteracts with the bath of electrons in the QW,
which 1s, on average, optically onented n the
spin-up direction. The predominant spin in the
QW may be translerred to the electron in the dot
via a higher-order tunneling process (33). The
linite spin-up polarization measured up to a large
bias suggests that these electron-electron spin
(lips dominate over the X -mediated spin pump-
ing in the charged regime.

As the bias increases above 1, = 0.5V, the
width of the Z7 KR feature, 1, grows by a factor
of six, as shown i Fig. 4D. A similar increase in
linewidth 1s seen in the X PL in the charged
regime. This provides further evidence for an
mcreased coupling of the QD to other electronic
states as the charging increases.

By probing a single ¢lectron in a QD through
KR nonresonantly, we demonstrate a direct mea-
surement of the electron spin with minimal per-
turbation to the system. As a first application,
this method reveals information about spin dy-
namics in single QDs and constitutes a pathway
toward quantum nondemolition measurements
and optically mediated entanglement ol single
spins 1n the solid state. This scheme may also
prove uselul for nondestructive measurements in
a variety ol solid-state qubits, such as electrically
gated (7) or chemically synthesized (20) QDs.
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A Sea-Floor Spreading Event
Captured by Seismometers

M. Tolstoy,** ]. P. Cowen,” E. T. Baker,? D. J. Fornari,* K. H. Rubin,®> T. M. Shank,*
F. Waldhauser, D. R. Bohnenstiehl,* D. W. Forsyth,® R. C. Holmes,* B. Love,’
M. R. Perfit,® R. T. Weekly,* S. A. Soule,? B. Glazer?

Two-thirds of Earth's surface is formed at mid-ocean ridges, yet sea-floor spreading events are

poorly understood because they occur far beneath the ocean surface. At 9°50'N on the East Pacific
Rise, ocean-bottom seismometers recently recorded the microearthquake character of a mid-ocean
ridge eruption, including precursory activity. A gradual ramp-up in activity rates since seismic

monitoring began at this site in October 2003 suggests that eruptions may be forecast in the fast-
spreading environment. The pattern culminates in an intense but brief (~6-hour) inferred diking
event on 22 January 2006, followed by rapid tapering to markedly decreased levels of seismicity.

he ocean floor 1s episodically created by

mjections of magma n dikes that com-

monly erupt along divergent boundaries
that scparate tectonic plates. The timing and
mechanics of these sca-floor spreading events
must normally be mferred from remote seismic or
hydroacoustic data and [rom sea-floor geology.
Along last-spreading ridges, most on-axis seis-
micity is too small in local magnitude (<2 M ) to
be recorded by global scismic networks or
regional hydrophone arrays (/). A long-standing
voal of mid-ocean ridge (MOR) rescarch has
been to capture the seismic precursors, signature,
and aftermath of a sea-floor spreading event and
eruption within a network ol ocean-bottom
seismometers (OBSs).

The East Pacific Rise (EPR) near 9°50°N
spreads ata full rate of ~1 10 mm year ' (2) and is
one of the best-studied MOR segments in the
world. Ever since an eruption was documented n
1991 (3, 4). scientists have regularly returned to
document ecosystem progression (3. 6), to study
changes in vent-fluid chemistry and temperature
(7, &), and to conduct detailed geological
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mapping (9). Based on the predicted decadal-
scale repeat rate ol eruptions at the northern EPR
(/0), we mmtiated a 3-ycar OBS monitoring
program in October 2003 as part of the National
Science Foundation's Ridge2000 Program of
coordinated research at this integrated study site
(/7). Smce then, an array of up to 12 OBSs has
been deployed in an ~4-by-4 km area between
9°49'N and 9°51'N, with approximately annual
data recovery (Fig. 1).

The OBSs, which are deploved from a ship,
cach contain a seismometer that records the
velocity of ground motion, a data-recording pack-
age, and an acoustic transponder that allows basic
communication with the surface, including instru-
ment release. The release system, when triggered
by a coded acoustic pulse, separates the instrument
[rom its anchor, allowing it to rise to the surface [or
recovery.

In the fast-spreading ridge environment,
upper-crust microseismicity is dominated by small
cracking events. This activity is driven largely by
hydrothermal cooling (/2) as well as stress
concentrations associated with the shallow (1430
meters below the sea [loor) axial magma chamber
(/3). The upper crust is therelore sensitive 1o
crustal inflation and/or heating, as well as to in-
creasing extensional stresses. A clear trend of
increasing seismicity (/4) from fens fo many
hundreds of events per day from October 2003
to May 2005 (Fig. 2) was thus interpreted as
reflecting conditions within the system that were
building toward an eruption (/5). The average
daily seismicity rate m 1995 was ~2.7 events per
day, detected between 9°49'N and 9°31'N with a
similarly designed array of nine OBSs (/2). This
activity 1s about one to two orders of magnitude
lower than that observed from 2003 to 2006,
indicating substantial diflerences on multiyear-to-

decadal ume scales, through diflerent phases of
the voleanic/tectonic cycle.

On 25 Apnl 2006, during an expedition of the
rescarch vessel (R/V) Knorr to service the amray,
only 4 of 12 mstruments were recovered (Fig. 1).
Five OBSs were silent, and three were acknowl-
edging anchor-release commands but not leaving
the sea floor. In the context ol the preceding years’
seismicity and a pattern ol instrument loss nearest
the axial summit trough (AST), an eruption was
immediately suspected to have occurred since the
last OBS servicmg mn May 2003,

Corroborating evidence for this theory came
[rom anomalies in water-column measurements
of temperature and light scattering made from
R/ Knorr. During a subsequent RV New
Horizon cruise (May 2006), an along-axis
conductivity-temperature-depth (CTD) optical
and sample-bottle rosette tow confirmed ex-
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Fig. 1. Map of the EPR 9°50'N area (26) showing
the OBS locations and estimated extent of the new
flow. Insets are TowCam photographs showing con-
tact relationships of the new lava flows and OBS no.
210 stuck in lava (images ~4 to 6 m across). In some

locations, the on-axis new flow is continuous [e.q.,
9°48'N to 9°50.5'N (solid black line}], whereas

further north and south there are 50- to 200-m-
long sections where it is discontinuous.
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ceptionally high light attenuation (Ac) values
(=0.15 m ) (Fig. 3), indicative of vigorous dis-
charge of high-temperature hydrothermal fluids.
Maximum Aec was centered precisely over the
OBS array during both cruises, with density-
mversion layers found throughout the bottom-
most 100 m, especially between 9°48.5'N and
9°50.5'N. Their magnitude, variability, and near
ubiquity over this area, along with exceptionally
high methane concentrations, are symptomatic ol
a sea lloor that discharges hot, potentially low-
chlorinity, hydrothermal fluid. These qualities
also suggest that an eruption had occurred less
than 7 months before May 2006 (/4).

Sea-floor images collected using a digital
towed camera system | TowCam (/6)| confimed
the existence ol new lavas and constrained the
eruption’s spatial extent (Fig. 1). The new lavas
appear to be erupted from fissures within the
AST, which reestablished quickly afier the event
by drain-back and collapse. Comparison of
TowCam bathymetry with pre-eruption Alvin
mapping (/7) suggests that the AST 1s now 10 to
15 m narrower and a few meters shallower at
9°50.4'N than it was previously. Lava flow
morphologies indicate that the highest effusion
rates were near 9°S0'N (78).

Radiometric dating (/4) ol 10 rocks collected
from the young terrain i1s under way, using 210p,
(4). Preliminary 2'°Po results indicate that nine of
the rocks were erupted within a year belore their
collection, with dates ranging from late summer
2005 to January 2006,

Based on the sea-floor images, the extent of
water column anomalies, the preliminary lava
ages, and the distribution of OBSs that failed to
return, we estimate that the flow extended
intermittently for =18 km along the ndge axis,
from 9°46'N to 9°55.7N, with off-axis extent
ranging from 0 to =1 km. The eruption occurred
on the same segment (segment B) as the 1991 to
1992 eruption, with a similar length scale.

Data from only two of the four OBSs re-
covered in 2006 are presently available because
of hard-drive problems, but efforts are being
made to recover these data and more OBSs (/4).
The available data come trom the northernmost
imstrument (no. 209), ~0.15 km west of the AST
at 9°51'N, and the westernmost instrument (no.
204), ~1.8 km west ol the AST near 9°50'N
(Fig. 1). Automatic phase picks (Fig. 2), com-
bined with visual inspection of the seismograms,
provide a picture of year-long high carthquake
rates and abundant harmonic tremors visible at
a range of frequencies, particularly in the 5- to
25-Hz band. Periods of pronounced harmonic
tremors reduce the signal-to-noise ratio, making
automatic detection of carthquakes a less
reliable indicator of large swarm activity. To
better quantify the variation of seismic activity
over time, we summed the root mean square
(RMS)amplitude ol the seismic vertical channel
in the 3- to 18-Hz band within 10-min wimdows
(Fig. 4). High-amplitude events observed on
only one instrument may indicate the presence
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of swarms to the north or south of the array or
very close to that instrument. The event on 22

January 1s clearly

the largest event at either
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station and 1s well correlated between instru-
ments, indicating local activity over a spatial
scale important to both sensors.
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Fig. 2. Plot of the event rate from 3 October 2003 to 23 April 2006. Array turnarounds in April
2004 and May 2005 are marked with vertical dotted lines. Different methods were used to estimate
event rates for the various deployments (14). Results were normalized by comparing periods of

array overlap. The inset plot shows the average daily event rates by year, including data from a
1995 deployment (12).
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Fig. 3. Contour plot of Ac versus depth and latitude for an along-axis (ridge summit) tow-yo cast.
Ac intensity is represented by colors. Potential density (sigma-theta; in kg m™) contours (solid
black lines) are superimposed over Ac. The dotted line indicates the saw-toothed tow pattern of the
CTD-transmissometer-bottle rosette instrument package. The deepest density line indicates
localized areas of instability in the lower part of the water column; the strong correlation between
the vertical structures in Ac and the deep density contour line suggest that strong localized
hydrothermal venting is driving the entrainment and subsequent rise of ambient bottom water.
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Seismograms and spectrograms from 22 Jan-
uary clearly show exceptionally high-amplitude
scismic signals starting around 1345 (GMT)
and continuing at high intensity for ~6 hours.
Substantial earthquake activity lasted more than
a week therealier. The initial 6 hours were-
dominated by strong harmonic tremors and a
single-station earthquake event rate olien ex-
ceeding 250 events per hour |compared with
single-station rates of ~1.6 events per hour
reported afier the 1991 eruption (/9)]. Both
(BSs exhibit tremors at similar but not identical
[requencies, indicating differences in the char-
acter of the resonator proximal to 9°51'N (no.
209) and 9°50'N (no. 204). We interpret this
period of most-intense activity, associated with
the major spike in the seismic RMS amplitude
(Fig. 4B), as propagation ol the primary dike
that fed this eruption. Plume distributions and
high lava effusion rates inferred from lava
morphology imply a dike that originated near
9°50'N. This 1s consistent with 80 secondary
wave-minus-primary wave measurements ol the
largest carthquakes (/4), which indicate that the
events were concentrated near 9750.5'N belore
and during the first hour of'the 6-hour period, and
then were dispersed throughout the 9°49.2'N to
9°50.5'N region for the remaining ~5+ hours.
This supports the idea that individual eruptions
occur at the fourth-order segment scale, defined
by local axial discontinuities, even though
volcanic systems may be organized at the third-
order scale, defined by discontinuities with off-
axis expressions (20, 3, 21, 22).

At ~1445 (GMT), seismic amplitudes peaked
at about five times higher than during the rest of
the 6-hour high-intensity mterval (Fig. 4B). This
hour-long peak may coincide with the dike rising
to the surface from the axial magma chamber
depth of 1.43 km (/3), implying a vertical prop-
agation rate of ~1.4 km hour ', consistent with
typical dike propagation rates at MORs (23).

Cumulative RMS amplitude: May 2nd 2005 - April 25th 2006
ax 10"

OBS #209

s (counts. vartical channal)

Cumulative RMS ampiity
ha

X4
OBS #204
i
May 30th Sept. 7t Dec. 16th  March 26th
2005 2005 2005 2006

Date (100 day increaments)

Thus, the vertical propagation of the crack may
have been preceded by ~1 hour ol precursory
cracking and/or magma injection at depth,
manilested by lower-amplitude but intense trem-
or and carthquake activity. Over the weeks after
the mferred diking event, tremor and seismic
activity tapered rapidly to background levels
substantially lower than those in the preceding
months. However, briel pulses ol activity were
evident through April 2006,

Swarms of tremor and scismicily were
observed during the preceding months as far
back as May 2005 (Fig. 4A), when the last Alvin
dives were conducted in this region (confirming
an eruption at 9°50'N had not vet occurred). It is
possible that periods of high activity may have
been associated with either local minor intrusive
diking/eruptive events or events north or south
ol the 9°50'N area, consistent with preliminary
radiometric dating evidence for a mid-2005
eruption at the southern end of the flow, observed
contact relationships within the new flow, and
evidence that the 1991-10-1992 cruptive activity
lasted ~1 year (4). However, it is evident in the
seismic data that the primary diking event in the
immediate 9°50'N area began on 22 January 20006,
consistent with the relative strength of the water-
column signal and the stage of ccosystem recovery
(/4). Records from three recording temperature
probes (&) deployed in high-temperature vents at
the site also provide evidence that substantial
changes occurred in the hydrothermal system in
the January 2006 time frame (24).

This event documents a known MOR erup-
tion surface being paved over by lava [rom a
repeat eruption, thercby completing an ~15-year
full volcanic cycle that has been scrutinized by
regular multidisciplinary  monitoring. Our doc-
umentation of how seismic activity builds up
before an eruption may make it possible to
[orecast future eruptions a year or more in ad-
vance. The brevity and intensity ol the cul-
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Fig. 4. (A) Cumulative plot of RMS amplitude of the waveforms. OBS no. 204 is multiplied by 4 to
assist comparison with OBS no. 209. (B) Spectrogram of seismic data from 1200 to 2400 on 22

January 2006 from no. 209, showing the most intense activity of the year interpreted as the

propagation of a dike from depth. The black line shows the RMS amplitude from Fig. 4A, which
provides a quantitative measure of signal strength. db, decibels.

minating dike event suggest rapid tapping of the
axial magma chamber as compared with slower-
spreading ridges (23, 25). A 6-hour window for
the primary diking event emphasizes the need for
multidisciplinary in situ monitoring to fully
characterize the geological, chemical, and bi-
ological phenomena associated with this funda-
mental process that shapes our planet.
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Homoploid Hybrid Speciation iIn

an Extreme Habitat

Zachariah Gompert, James A. Fordyce,2 Matthew L. Forister,?

Arthur M. Shapiro,® Chris C. Nice'*

According to theory, homoploid hybrid speciation, which is hybrid speciation without a change in
chromosome number, is facilitated by adaptation to a novel or extreme habitat. Using molecular
and ecological data, we found that the alpine-adapted butterflies in the genus Lycaeides are the
product of hybrid speciation. The alpine populations possess a mosaic genome derived from both
L. melissa and L. idas and are differentiated from and younger than their putative parental species.
As predicted, adaptive traits may allow for persistence in the environmentally extreme alpine
habitat and reproductively isolate these populations from their parental species.

omoploid hybrd speciation is character-

ized by hybridization between parental

species that results in a denvative hybnd
species without a change in chromosome number
(1-6). A growing list of possible examples, such
as African cichlids (7), cyprinid fishes (&),
Rhagoletis fruit flies (9), Heliconius butterflies
(/0), and swallowtail buttertlies ( //), suggest that
homoploid hybrid speciation in animals may be
more common than previously thought. Models
predict that ecological 1solation spurs homoploid
hybrid speciation, especially when the hybrids
invade novel or extreme habitats (/2). Coloniza-
tion of a novel habitat by an incipient hybrid
species may allow it to avoid introgression and
competition with the parental species (4, [12).
Although these predictions have been borne out
in plants (/3), no examples of homoploid hybrid
speciation in animals have involved adaptation to
a novel habitat, although a switch to a novel host
plant species has been documented (9).

The ecologically, morphologically, and be-
haviorally distinet species L. melissa and L. idas
(/4 17) have come into secondary contact in the
Sierra Nevada ol western North America (/48)
(Fig. 1). Lyeaeides melissa populations occur in
Gireat Basin habitats on the cast side of the Sierra
Nevada, whereas L. idas populations occupy wet
meadows at mid-elevation on the west slope of
these mountains. Unnamed populations of
Lycaeides occur in the alpine habitat above the
tree line of the Sierra Nevada, an environmentally
extreme habitat not occupied by L. melissa or
L. idas. The alpme habitat 1s characterized by a
short growing scason and severe fluctuations
in ambient temperature and relative humidity
on a daily and scasonal basis (/9). These alpine
butterflies have male genitalia that are interme-

'Department of Biology, Population and Conservation
Biology Program, Texas State University, San Marcos, TX
78666, USA. “Department of Ecology and Evolutionary
Eiolo%y, University of Tennessee, Knoxville, TN 37996,
USA. “Department of Natural Resources and Environmental
Science, University of Nevada, Reno, NV 89512, USA.
*Section of Evolution and Ecology, University of California,
Davis, CA 95616, USA.

*To whom correspondence should be addressed. E-mail:
ccnice@txstate.edu

diate in size and shape compared with those of

L. melissa and L. idas (15), with wing pattern
clements that are qualitatively similar to those
of L. melissa (14). However, analysis of mito-
chondrial DNA variation shows that the alpine
populations™ haplotypes share a more recent

A

L] L. idas
B L. melissa
[J Range of Sympatry

Fig. 1. Approximate range of L. melissa and
L. idas in North America (A) and sampling localities
for this study (B). The range map is based on
Nabokov (23), Stanford and Opler (24), and Scott
(25). Lycaeides idas is shown in yellow, L. melissa is
shown in blue, and regions of sympatry are shown
in gray. The box denotes the focal region for this
study. Sampling localities for L. idas, L. melissa,
and alpine Lycaeides are shown in yellow, blue,
and green, respectively. SV, Sierraville; VE, Verdi;
MR, Mt. Rose; GV, Gardnerville; CP, Carson Pass;
LS, Leek Springs; YG, Yuba Gap; TC, Trap Creek.

REPORTS

common ancestor with haplotypes ol L. idas
than those of L. melissa (fig. S1) (20). These
discordant patterns suggest that hybridization
may have played a role in the evolutionary
history of alpine Lycaeides populations.

It the alpine Lycaeides populations are a
hybrid species, they should possess a genome
that 1s a blend ol alleles derived from both
L. melissa and L. idas. We tested this using a

large multilocus genomic data set consisting of

128 amplified fragment length polymorphism
(AFLP) markers, three microsatellite markers
(Msat201, Msatd. and MsatZ12-1), and sequence
data from three nuclear genes (Nucl, Nuc3, and
Eflea) and two mitochondrial genes (CO/ and
COIN (20). To assess the overall genomic
composition of the alpine Lycaeides populations,
we used the Bayesian program STRUCTURE
version 2.1 to cluster L. melissa, L. idas, and
alpine individuals on the basis of their multilocus
genotypes (20), 21y under the assumption that the
data represented two separate populations (K = 2).
Individuals from L. melissa and L. idas
clustered to different groups with high proba-
bility, whereas alpine Lycaeides individuals
were assigned to both groups with moderate
probability (Fig. 2A and table S1). This pattern

Is inconsistent with a bifurcating mode of

speciation, in which alpine butterflies originated
[rom a single parental species, and suggests that
the alpine genome is a mosaic of the two
species. In further support of this hypothesis,
five AFLP fragments were shared between
L. melissa and L. idas to the exclusion of the
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Fig. 2. Bar plots showing Bayesian assignment
probabilities from the software STRUCTURE 2.1 (21)
for two (A) and three (B) clusters (20). Each ver-
tical bar corresponds to one individual. The pro-
portion of each bar that is yellow, blue, and
green represents an individual's assignment
probability to clusters one, two, and three, re-
spectively. See table S1 for mean population
assignment probabilities. Location abbreviations
are as in Fg. 1.
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alpine populations, whereas the alpine popula-
tions shared 12 umque alleles with L. melissa
and 16 unique alleles with L. idas. Additionally,
in L. melissa and L. idas, different alleles were
lixed at the Nucl locus (fig. S2 and table S1),
whereas the alpine populations shared three
Nuel alleles with L. melissa and three Nucl
alleles with L. iduas.

Although the mosaic genome ol the alpine
populations is consistent with homoploid hybrid
speciation, a similar pattern could arise if the
alpine populations have continuous gene flow
with L. melissa and/or L. idas. I so, the alpine
populations would not be genetically differ-
entiated from L. melissa and L. idas, and there
would be evidence ol gene [flow with these
species. When STRUCTURE (27) was run
under the assumption that the data represented
three separate populations (K = 3), L. melissa
and L. idas individuals were still assigned to
their respective clusters, but the alpine Lycaeides
individuals were assigned to a distinct, third
cluster (Fig. 2B and table S 1) (20). Additionally,
alpine populations were lixed for unique alleles
at the mitochondrial genes COI and COIL, as
well as the nuclear gene Nue3 (ligs. SI and S3

and table S1). These data and examination ol

pairwise Fgr (20) (table S2) suggest that alpme
populations are dilferentiated from L. melissa
and L. idas. We did not detect excess heterozy-
gosity or deviations from linkage equilibrium
for any microsatellite markers or nuclear gene
sequences (20); such deviations would indicate
ongoing gene low between the alpine popula-
tions and either L. melissa or L. idas. We used
the program Newllybrids, which uses the
Bayesian assignment algorithm of Anderson
and Thompson (22) to assess the probability
that gene flow occurs between L. melissa and/or
L. idas and the alpine populations (20). No
individuals were identified that could be
considered Fy’s produced from crosses between
L. melissa or L. idas and the alpine populations

1.0 ﬁ 2 5
%-‘g 0.8- b -
28 0.64
o | [ bo
T 8 044 C
g'g 0.24 - 1 Q
o - s

" CPMR VE GV TC YGLS

Alpine L. melissa L. idas

Fig. 3. Natal host plant fidelity from seven focal
populations. Box plots show the median propor-
tion of eggs laid on the natal host plant for each
population. Kruskal-Wallis test indicates signifi-
cant differences in natal host plant preference
among populations (T = 46.67; P < 0.0001).
Different letters (a, b, and c) indicate differences
in strength of preference for natal host among
populations (a < 0.05). Natal host plants are
listed in table S1. Location abbreviations are as
in Fig. 1.

(fig. S4). Thus, we concluded that the alpine
populations are genetically differentiated from L.
melissa or L. idas and are not exchanging genes
with either.

The genetic patterns we documented could
have occurred 1’ L. melissa, L. idas, and the
alpine populations all developed rapidly from a
single ancestral species distributed along a
geographic cline with the alpine populations
originating from the center of the cline. This
scenario 1s unlikely for several reasons. Phylo-
geographic data suggest that the current dis-

tribution of L. melissa and L. idas 1s the result of

post-Pleistocene range expansion and secondary
contact and thus does not reflect the distribution
ol the ancestor ol these species (/8). The alpine
populations also have a more recent origin than
either L. melissa or L. idas. We calculated a
coalescent-based estimate of the time to the most
recent common ancestor (TMRCA) for mito-
chondrial variation for cach of the three putative
species: the alpine populations, L. melissa, and
L idas (20). The estimated TMRCA for the
alpine populations, 442,579 years belore present

(yr B.P.), is substantially younger than that of

either L. melissa or L. idas, 1,902,995 and
[,267.885 yr B.P., respectively (20). Further-
more, pairwise estimates of t (species divergence
time multiplied by mutation rate) based on nu-
clear and mitochondrial sequence data were ap-
proximately four times greater for the divergence
of L. melissa and L. idas [0.006576, 95% con-
fidence interval (95% CT) 0.002823 to 0.009855]|
than for the divergence of the alpine popula-
tions and either L. melissa (0.001318, 95% CI
0.000638 to 0.002233) or L. idas (0.001468,
95% C1 0.000763 to 0.002454) (20) (fig. S5).
Thus, L. melissa, L. idas, and the alpine pop-
ulations did not arse rapidly from a single an-
cestral species.

Homoploid hybrid speciation 1s more likely
when a hybrid species colonizes a novel habitat
(3, 6, 12, 13), such as the alpine habitat occupied
by Lycaeides. Reproductive isolation between
the hybrid and the parental taxa may be
maintained by behavioral and ecological adap-
tations to the alpine habitat specifically associ-
ated with the alpine host plant. Females from the
alpine populations have near-perfect host fidel-
ity for their host plant, the perennial alpine
endemic, Astragalus whitneyi (Fig. 3) (20).
Indeed, alpine females have stronger host fidel-
ity than has been recorded in other Lycaeides

populations. Because males and females of

Lycaeides locate mates and copulate on or near
their larval host plants (/35), strong fidehity with
A. whitneyi may serve as a strong prezygolic
barrier to gene flow between alpine Lycaeides
populations and their putative parental species.
[n addition, host fidelity 1s coupled with a unique
lack of egg adhesion in the alpine populations.
Whercas Lycacides females from nonalpine
populations “glue™ their eggs to their host plant
when they oviposit, the alpine populations’ eggs
fall off the plant after oviposition and remain

near the site of new plant growth mn the fol-
lowing spring (/6). Because Lycaeides over-
winter as diapausing eggs (/6) and the senesced
aboveground biomass of the alpine host plant 1s
blown away by strong winds in the winter (/6),
any cggs attached to the alpine host plant would
be carried far from the site of new host plant
growth, resuling i likely death of neonate
larvae. Any females [rom nonalpine populations
that oviposit on the alpine host plant would
sutler a major reduction in fitness. Together,
these alpine-associated adaptive traits — strong
host fidelity for an alpine endemic host plant and
the loss of egg adhesion—may act as an ef-
fective ecological barrier to gene flow.,

Two other mechanisms may also contribute to
reproductive 1solation. Color pattern differences
on the underside of the wings operate as species
recognition cues, isolating the alpine populations
from L. idas (14). Dillerences in male genital
morphology have also been documented (/8) and
may operate in a similar manner to hmit gene
How, although this was not explicitly tested in this
study. Thus, morphological characters and adap-
tation to an extreme, novel habitat may create
reproductive isolation between the hybrid species
and 1ts parental species.
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A Giant European Dinosaur and
a New Sauropod Clade

Rafael Royo-Torres,* Alberto Cobos, Luis Alcala

Fossils of a giant sauropod dinosaur, Turiasaurus riodevensis, have been recovered from terrestrial
deposits of the Villar del Arzobispo Formation (Jurassic-Cretaceous boundary) of Riodeva (Teruel
Province, Spain). Its humerus length (1790 millimeters) and estimated mass (40 to 48 metric tons)
indicate that it may have been the most massive terrestrial animal in Europe and one of the largest
in the world. Phylogenetic analysis indicates that the fossil represents a member of a hitherto
unrecognized group of primitive European eusauropods that evolved in the Jurassic.

ost gigantic sauropods are neo-

sauropods and have been found m

the New World [such as Seismosaurus
(/) and Sauroposeidon (2) in North America and
Aveentinosaurus (3) and Puertasauris in South
America (4)] or Africa
and Brachiosaurus (0)]. Here we describe a new
giant European sauropod from Riodeva (Spain)
as a new laxon, Turiasaurus riodevensis gen.
et sp. nov., in Tithonian-Berriasian -aged depos-
its of the Villar del Arzobispo Formation (7)
(figs. S1 and S2). The Barnhonda EI Humero
site, where the new gigantic sauropod was
found, has also vyiclded theropod teeth, post-
cranial remains of stegosaurs, and i1solated
clements of ornithopods, as well as hishes, tur-
tles, and crocodylomorphs. The only other sauro-

such as Paralititan (3)

pod specimens reported [rom Riodeva were
1solated elements from Pino de Jarque 2 and La
Cautiva 2 (fig. S2): an tlium ol a Diplodocidae
indet (&) and a proximal caudal vertebra of a
basal cusauropod (9).

Etymology. Turiasaurus, from Turia (word
used since the 12th century from which Teruel
derives) and sawros (Greek word, lizard):
riodevensis, from Riodeva (village where the
[ossil site 1s located).

Holotype. An articulated left forelimb (Fig. 1,
A 1o () including humerus, radius, proximally
incomplete ulna, carpal, live metacarpals, and
seven phalanges (specimen numbers CPT-1195 to
CPT-1210, housed i the Museo de la Fundacion
Conjunto Paleontologico de Teruel-Dindpolis,
Teruel, Aragon, Spain).

Fundacién Conjunto Paleontologico de Teruel-Dindpolis.
Avenida de Sagunto, E-44002 Teruel, Spain.

*To whom correspondence should be addressed. E-mail:
royo@dinopolis.com
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Paratype. Remains attributed to the same
individual, found close to each other in an area
of 280 m? (fig. S3), consisting of skull frag-

ments, eight teeth (Fig. 2), six cervical verte-
brac (Fig. 1K) with ribs (Fig. 1, L and M)
(probably cervicals 3 to 8), two proximal dorsal
vertebrae, a muddle dorsal vertebra (Fig. 11),
fragments of other dorsal vertebrae, ecight
dorsal ribs (five incomplete). a partial sacrum,
two distal caudal vertebrae (Fig. 1T), a prox-
mal fragment of the left scapula, a left sternal
plate (Fig. 11), a distal fragment ol the left
femur, a proximal fragment of the left tibia
(Fig. 1, N and O), a distally incomplete left
fibula (Fig. 1H), a complete left astragalus
(Fig. 1, P and Q). two lelt pedal phalanges,
and an incomplete right astragalus and pes
(Fig. 1. R and S) (CPT-1211 to CPT-1201),
housed in the Musco de la Fundacion Conjunto
Paleontologico de Teruel-Dinopolis, Teruel,
Spain).

Fig. 1. Skeletal ele-
ments of T. rodevensis
gen. et sp. nov.: left
radius, ulna, carpal, and
manus in cranial view
(A); humerus in cranial
(B) and lateral (C) views;
left ulna in cranial view
(D); left radius in medial
(E), proximal (F), and
distal (G) views; left fibu-
la in medial view (H);
middle dorsal vertebra in
cranial view (I); left ster-
nal plate in ventral view
(); cervical vertebra and
ribin left lateral view (K):
cervical rib in medial (L)
and lateral (M) views; left
tibia in proximal (N) and
medial (0) views; left
astragalus in proximal
(P) and cranial (Q) views;
metatarsal V in lateral
view (R); right pes in
cranial view (S); distal
caudal vertebra in left
lateral view (T). Scale
bar 1 = 20 cm [(A) to
(H), (N) to (Q), and (S)];
scale bar 2 = 10 cm
[(1) to (M)]; scale bar 3 =
5 ¢m (R), and scale bar
4 =2 cm(T).
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Diagnosis. Autapomorphies of Turiasaurus
include the following: prezygapophyscal and
postzygapophyseal articular facets on middle
dorsal vertebrac strongly convex and con-
cave, respectively: strongly convex subcir-
cular hyposphene on middle dorsal vertebrae;
distal caudal vertebrae strongly opisthocoelous;
accessory process projecting caudodorsally
from the dorsal margin of the shafts ol proxi-
mal cervical ribs: distal humeral condyles
strongly expanded cranially and caudally:
radius and ulna distal condyles very compressed
mediolaterally: carpal with two subeircular
distal processes separated by a depression:
cnemial crest of tibia reduced and directed
cranially: fibula with roughened oval medial
trochanter on middle-distal part; and metatarsal
V with strongly expanded distal end.

Locality and horizon. Riodeva (lig. S1),
Teruel Province, Aragon, Spain (grid coordinates
Universal Transverse Mercator 659049 and
4443553), site RD-10 (known as Barrthonda El
Humero), in the Villar del Arzobispo Formation
( Tithonian-Berriasian), conformably overlying
the Higueruelas Formation (7). In Riodeva,
the top of the Higueruelas 1s dated as early
Tithonian based on the occurrence of the forami-
niferan Anchispirocveling lusitanica (10).

The teeth of Turiasawrus (Fig. 2) have
heart-shaped spatulate crowns that are ar-
ranged in the typical sauropodomorph over-
lapping 1mbricate arrangement. The tooth
enamel 1s wrinkled, and crown-to-crown oc-
clusion has produced V-shaped wear [lacets
(11, 12). There are also some isolated and very
reduced marginal tooth denticles on the mesial
and distal edges of the teeth. The cervical and
dorsal vertebral centra are opisthocoelous and
possess simple but well-developed pleuro-
coels. The neural spines appear to have been
shallowly divided (bifurcate) on the midline,
as in the distal cervicals and proximal dorsals
ol Euhelopus (13) and Mamenchisawrus (14).
The dorsal neural spines are broader trans-
versely than craniocaudally, a synapomorphy
of Eusauropoda (/7), and terminate dorsally mn
laterally directed triangular processes (Fig. 11).
The internal bone structure 1s solid in the pre-
sacral vertebrae and ribs. A potentially diag-
nostic character, previously observed only in
the Late Cretaceous Asian ftanosaurs Opis-
thocoelicaudia (15) and Borealosairus (10), 18
the presence of strongly opisthocoelous artic-
ulations mn distal caudal vertebrac (Fig. 1T).
Based on our phylogenetic results, this ap-
pears to represent a convergence between these
taxa and Twriasaurus. In contrast to that of
Brachiosaurus, which has a deltopectoral
crest medially projected (/77), the humerus of
Turiasaurus has a robust deltopectoral crest
oriented cranially, and the proximal third of the
bone slants noticeably medially in cranial view
(Fig. 1B). The ulna has a triradiate proximal
end, and the radius possesses a subrectangular
distal condyle, as in other sauropods (/7). The

ratio ol the length of the longest metacarpal
(Mc II) to that of the radius is 0.369. The man-
ual phalangeal formula is reduced to 2-2-2-2-7,
with phalanges that are broader than they are

Fig. 2. Teeth of T. riodevensis (specimens

long. The proximal end of the tibia is com-
pressed mediolaterally, representing a primitive
state recorded in basal sauropods (71, 12). The
astragalus 1s wedge-shaped in cranial view,

CPT-1213, CPT-1215, and CPT-1217, from left to

right). Lingual [(A), (D), and (G)], distal [(B), (E), and (H)], and labial [(C), (F), and ()] views are

shown.

Sauropoda
Eusauropoda

Neosauropoda

Macronaria
Camarasauromorpha

Titanosauriformes
Titanosauria

Neotheropoda
Prosauropoda
Vulcanodon
Kotasaurus
Shunosaurus
Jobaria
Atlasaurus
Cetiosaurus
Patagosaurus
Barapasaurus
Omeisaurus
Euhelopus
Mamenchisaurus
Galveosaurus
Losillasaurus
Turiasaurus
Limaysaurus
Amargasaurus
Dicraeosaurus

> Apatosaurus
Barosaurus
Diplodocus
Haplocanthosaurus
Bellusaurus
Camarasaurus
Lourinhasaurus
Brachiosaurus
Cedarosaurus
Phuwiangosaurus
Austrosaurus
Malawisaurus
Isisaurus
Alamosaurus
Pellegrinisaurus
Opisthocoelicaudia
Saltasaurus

55%

Lithostrotia

Saltasauridae

Fig. 3. Phylogenetic relationships of Turiasaurus gen. nov. and the newly recognized clade Turiasauria.
This analysis also groups European, Asian, and South American Middle-Upper Jurassic Euhelopodidae-
related sauropods in a monophyletic clade. The figure represents a 50% majority-rule consensus
cladogram based on 11 most parsimonious trees. The data matrix contains 309 characters and 33 taxa
(12), adding three genera from the Villar del Arzobispo Formation: Galveosaurus, Losillasaurus, and
Turiasaurus (table 53). The analysis was done with PAUP* 4.0b 10 (29): tree length = 611; consistency

index = 0.5205; retention index = 0.7233.
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and 1ts distal surface 1s convex mediolaterally.
The ascending process ol the astragalus ex-
tends over the cranial two-thirds of the proximal
surface, unlike the condition in neosauropods
where this process rcaches the caudal margin
(/7). The metatarsals are robust and display the
typical sauropod “spreading™ graviportal mor-
phology (/7). The pedal phalanges are broader
than they are long, and the unguals of digits 11
and [II have mediolaterally compressed and
dorsoventrally tall proximal ends, as in other
sauropods (/1, 12).

Turiasawrus differs from other sauropods
[rom the Iberian Range. Aragosaurus (17) 1s a
taxon distinct from Turiasaurus, as demon-
strated by dillerences i both morphology and
age. Losillasaurus (18) and Galveosaurus (19-21),
which also come from the Villar del Arzobispo
Formation, are also diftferent from the new
Riodeva taxon. Turiasawrus possesses leatures
that distinguish 1t from Losillasauwrus, among
them presacral vertebrae with bifurcate neural

spines. Moreover, the prezygapophyses of

Turiasawrus have a rugose ventral process that
is better developed toward the proximal than
toward the prezygapophyses themselves. A
similar character 1s developed in the postzy g-
apophyses but in a more dorsal position. Also,
the dorsal wvertebrae of Turiasaurus have
convex and robust prezygapophyses and a
convex hyposphene with a circular contour.
Distal caudal vertebrac are opisthocoelous.
With respect to the appendicular skeleton, the
main differences are in the humeral condyles,
which are well marked on the cranial face.
Furthermore, in Turiasauwrus, the radial and
ulnar distal ends are strongly compressed
mediolaterally, and the carpal has two distal
processes. Turiasaurus also possesses features
that distinguish 1t from Galveosaurus. In
Turiasaurus the cervical vertebrae have a sold
internal bone structure, the dorsal vertebrae
are broader transversely, and the cervical and
dorsal neural spines are bilid. Pleurocoels in
dorsal vertebrae are smaller and shallower.
The humeral distal condyles of Tiriasaurus are
more marked cranially. Furthermore, Turiasauris
also differs from Portuguese sauropods known
[rom the Oxfordian-Kimmeridgian. The follow-
ing features distinguish it from Lourinhasauris:
absence of a large postspinal lamina on the
dorsal vertebrae, a dilferently shaped humerus
with more marked distal condyles, and an

clliptical morphology of the proximal end of

the tibia (12, 22). Dinheirosaurius posscsses
the following features that are absent 1In
Turiasaurus: an clongate pneumatic fossa on
the lateral surfaces of the cervical neural
spines, robust horizontal lamina linking the
hyposphene with the posterior centrodi-
apophysecal lamina in dorsal veriebrae, and
prespinal and postspinal laminac on dorsal
vertebrae (23),

Phylogenetic analysis (Fig. 3 and table S1)
indicates that Turiasaurus

www.sclencemag.org  SCIENCE VOL 314 22 DECEMBER 2006

lies outside of

Neosauropoda and belongs to a new clade,
named Turniasaurna (24), together with Losilla-

saurus and Galveosaurus. Turiasauria 1s di-

agnosed by vertical cervical neural spines,
posterior centroparapophyseal laminae on dor-
sal verlebrae, absence of prespinal and post-
spinal laminae on dorsal vertebrae, absence ol
the scapular acromial crest, proximal end of
humerus deflected medially (Fig. 1B), promi-
nent humeral deltopectoral crest, and finally by
a vertical ridge developed on the caudal side of
the distal half of the ulna. The geographic and
stratigraphic ranges of this clade are uncertain,
but Turiasauria probably represents a sauropod
radiation that originated in Europe earlier than
the Tithonian. Members of this clade may also
have been present in France, Portugal, and
England, where tecth similar to those of
Turiasauwrus have been recovered lrom the
Jurassic |such as ““Neosodon™ (12, 25) and
Cardiodon (12)]. All of these teeth share the
followmng characters, and may be referable to
Turiasaunia: heart-shaped crowns (when un-
worn), a pointed and asymmetrical crown apex
that 1s strongly compressed labiolingually, and
crowns with convex labial surfaces with a
bulge that extends from the base toward the
apex.

Many of the elements of Turiasaurus are
comparable in size with those ol some of the
largest known sauropods (tables S2 and S3). For
example, the humerus of the type specimen is
1790 mm long, similar to the value estimated for

Areentinosawrus (1810 mm) (5) and longer than

that of Paralititan (1690 mm) (5). Only the
humeri of brachiosaurids, which can exceed
2000 mm n length (6, 22) are longer. However,
brachiosaurs, including Brachiosaurus itself,
have apomorphically elongated forelimbs (/7),
which means that comparisons based solely on
humerus length might underestimate the relative
body size of a nonbrachiosaunid such as Turia-

sauwrus. This explains why hindlimb elements of

Turiasaurus are actually larger than those of the
biggest Brachiosaurus specimens (table S3). For
example, in Twiasairus, the length ol meta-
tarsal Il 1s 295 mm, whereas in Brachiosaurus
(HMN SID) 1t 1s 276 mm (6). In Turiasaurus, the
ungual phalanx on pedal digit I is 300 mm long,
and 240 mm long in Brachiosaurus (HMN SII)
(6). The largest sauropod specimens that had
been reported from Europe are an isolated
brachiosaurid cervical vertebra from the Lower
Cretaceous Wessex Formation m southern
England (26) and an 1solated proximal caudal
vertebra from another site in Riodeva (9). We
estimate that Turiasauwrus body mass was be-
tween 40 and 48 metric tons (27), weighing
more than any other European sauropod. Partic-
ularly laree sauropod genera, with body lengths
exceeding 30 m and estimated masses 040,000 kg
or mote, have previously been recognized only
within the neosauropod radiations [diplodocoids
(/) and titanosauriforms (2, 3, 28)], and 1t might
have been supposed that truly gigantic forms

REPORTS

were restricted to Neosauropoda., Turiasaurus
however, demonstrates that at least one of the
more basal (non-neosauropod) lincages achieved
gigantic size independently.
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Anticipatory Reproduction and
Population Growth in Seed Predators

Stan Boutin,X* Lucas A. Wauters,? Andrew G. McAdam,® Murray M. Humphries,*

Guido Tosi,2 André A. Dhondt>'®

Mast seeding, the intermittent, synchronous production of large seed crops by a population of
plants, is a well-known example of resource pulses that create lagged responses in successive
trophic levels of ecological communities. These lags arise because seed predators are thought
capable of increasing reproduction and population size only after the resource pulse is available for
consumption. The resulting satiation of predators is a widely cited explanation for the evolution
of masting. Our study shows that both American and Eurasian tree squirrels anticipate resource
pulses and increase reproductive output before a masting event, thereby increasing population size
in synchrony with the resource pulse and eliminating the population lag thought to be universal in

resource pulse systems.

he reproductive output of any species

1s constrained by the availability of re-

sources required for offspring production.
As a consequence, reproductive rates are often
correlated with resources available before and
during parental care (/- 3). All basic consumer-
resource population models portray consumer
rates of mncrease as a function of current or past
rather than future resource availabilities (4, 5).
This has mmportant ecological mmplications,
including boom and bust consumer dynamics
in systems charactenzed by intermittent resource
pulses (6, 7).

Seed masting, the intermittent production of

large sced crops by a population of plants, 1s a
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Fig. 1. Red squirrel life history

well-known example of a resource pulse (7 9).
There 1s growing evidence that the increased
reproductive mvestment necessary for masting
1s an adaptive response by the plant rather than
a simple resource-tracking strategy (&8, 10). A
widely cited evolutionary explanation [or this
phenomenon is predator satiation (8, /7). Seed
consumers are forced mto a starvation-saturation
cvele whereby low resources belore the masting
event prevent the seed predator from ncreasing
reproductive investment until afier the resources
have come and gone, creating a lagged popula-
tion response. Although it would appear advan-
tageous for seed predators to anticipate mast
years by increasing reproduction and popula-
tion growth belore masting, doing so would
require both a rehable cue signaling the
upcoming mast event and the capacity to
increase reproductive investment before the
abundant food supply becomes available. Some
insects use environmental cues to emerge in
synchrony with seed masts (/2, /3), and there
are rare examples of vertebrate species using
unknown cues to trigger onset of reproduction in
mast years only (/4, 15). Although many
organisms initiate reproduction belore regular
seasonal resource peaks (/6). wregular resource
pulses represent a unique challenge to consums-
ers, because they occur infrequently relative 1o

160
I
>

characteristics that responded to
the previous year's food abundance
[indexed by cones or seed energy
content (17)]. In American reds,
parturition date (A) was advanced
and juvenile growth rates (B) were
higher after years of high cone

120 140

100

the generation time of consumers and luture
resource availability 1s ofien not correlated with
current or past availability.

Here, we provide evidence that two species of
seed predators do not [ollow a resource-tracking
strategy but instead adjust reproductive invest-
ment according to future rather than past seed
crops. We studied red squirrels (Tamiascivrus
huddsonicus, hercafier Amencan reds) in Yukon
Canada and Eurasian red squirrels (Sciwrus
vilearis, Burasian reds) in Belgium and laly
(/7). For American reds, we used complete enu-
meration to track population size, survival, and
reproductive output of individual females in two
control populations from 1989 to 2004 (/7). For
Eurasian reds, we used capture-recapture tech-
niques to collect similar data for two pop-
ulations in northern Belgium and for a single
population in northern Italy over a 3- to 9-ycar
pertod (/7).

The natural history of American and Eur-
asian red squirrels suggests that they are part of a
classic consumer-resource pulse system, the key
clements being that the resource pulse (seed
mast) 1s highly variable (fig. S1) and 1s not ma-
ture and consumed until autumn, well after the
consumer has committed to reproductive invest-
ment for that year (/7). As a consequence, 1n-
creased reproductive mvestment and population
growth would not be expected to occur until
the following spring, when females enter the
breeding season in good condition after having
fed on abundant seeds all winter (/8). Thus. 1
red squirrels respond in the manner typical ol
consumer-resource pulse systems, we would ex-
pect reproduction to be constrained by seasonal
resource limitation before a masting event but
enhanced in the vear afier the masting event. We
found limited evidence for this. For Amernican
reds m years afier high seed production, females
responded by breeding earlier and raising faster-
growing oflspring than in years after low seed
production (Fig. 1, A and B), but the proportion
ol yearling females breeding and the litter size
were not correlated with the previous year’s seed
crop (table S1). In Eurasian reds, only the
proportion of females producing spring litters
(Fig. 1C) was positively correlated with food
abundance in the previous year, whereas litter

American reds

1.8 20 22

1.6

1.4

B  American reds

th

C  Eurasian reds

.-"'
®

0.5

production. In Eurasian reds, the
proportion of females producing
spring litters (C) was higher after
years of high food abundance. Val-
ues shown are yearly averages, and
proportions are arcsine square root
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size and the proportion of females producing a
summer litter were not (table S1).

Reproductive investment was, however, cor-
related with future seed production (sced pro-
duction in the current year but not available for
consumption until after females have completed
the bulk of their reproductive investment). Amer-

ican reds gave biarth to larger litters 1n advance of

high food production (Fig, 2A) and were more
likely to breed as yearlings (Fig. 2B). The most
striking effect was that females produced a
sccond litter after a successful first litter (the
equivalent of summer litters in Eurasian reds) in
advance ol high food production (Fig. 2C). In
most cases, lemales were still lactating with the
[irst litter when they concetved the second (litter
one young were 35 to 87 days old, and weaning
occurs at 70 days of age), suggesting that the
normal physiological inhibition ol ovulation by
lactation characteristic ol mammals (/9) had
been circumvented. These increases in reproduc-
tive ecffort when taken together resulted in a
higher average number of offspring produced per
female in advance of high food production (Fig.
2D). In Eurasian reds, summer litters were
produced n all years, but the proportion of fe-
males doing so was positively correlated with

with the abundances of food produced the pre-
vious autumn (table S1). Instead, summer pop-
ulation growth rates were correlated with future
food production (Fig. 3). This increased popula-
tion growth before the maturation of the seed crop
means that population size reached a maximum
when the seed crop reached maturity in au-
tumn. These results show that the temporal lag
in population growth rate, common to consumer-
resource pulse systems, can be circumvented
through anticipatory reproductive mvestment.
The collective anticipatory reproductive re-
sponses observed in both systems represent a
departure from the simple resource-tracking
strategy characteristic of consumers in resource
pulse systems. This raises two important ques-
tions. First, what cues do American and Eurasian
red squirrels use to predict upcoming resources?
We can rule out previous food abundance, be-
cause sced crop m the previous year was not
correlated with seed crop in the current year (for
American reds, the relevant statistics arer = - 0.07,
14 = 0.28, and P = 0.78: lor Eurasian reds, they
are r= —0.24, tjg = 1.0, and P = 0.32). Other
studies have suggested that visual (20) or chem-
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ical (27) stimuli, possibly linked to reproductive
structures |buds, flowers, pollen cones (/5)], can
trigger onset ol reproduction. These structures are
also good cue candidates for American and Eur-
asian reds, because they are consumed by
squirrels (/7) and are present in advance of and
may be correlated with the size of the forthcom-
Ing seed crop (22).

The second question 1s how American and
Eurasian reds increase reproductive investment
during what has been considered a seasonal re-
source bottleneck i other consumer-resource
pulse systems. One possibility is that the squir-
rels are in fact following a resource-tracking
strategy but that the resource being tracked 1s
an altemative energy source whose abundance
is correlated to the upcoming seed crop (23).
Immature reproductive structures ol trees are
unlikely candidates, because they arce only con-
sumed i quantity when sced is not available and
do not differ in energetic value from vegetative
buds, which are always superabundant (24, 25).
American reds given buds in feeding trials lost
welght (24): in the case ol Eurasian reds, daily
cnergy intake was low, time spent active in-

future food abundance (Fig. 2E), as was summer  Fig. 3. Summer popula- g g |A . — g B Eurasiin reds
litter size (Fig. 2F). In both species, none of these  tion growth rates of Amer- 5 o o 22
breeding parameters were correlated with the  ican (A) and Eurasian (B) c o ° S
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The ability to adjust reproductive output to  lated to future food sup- 3 5 =4
< - . o = Q -
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Fig. 2. Red squirrel life history characteristics that anticipated future food o
abundance. In American reds, litter size (A) and the proportion of year- 5=~ |E Eurasian:reds o D JF Eurasian reds
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for statistical results.
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creased, and body mass was lower when squirrels
were feeding on these items as compared with
feeding on seed (26, 27). Lastly, food supple-
mentation experiments of American reds have
failled to produce increases in litter size or a
second litter, providing strong evidence that the
increased reproductive investment observed in
our study cannot be triggered by increased
energy availability alone (77, 28, 29). We hy-
pothesize that, rather than following a resource-
tracking strategy where reproductive mvestment
1s determined by current resource amounts, re-
productive rates are driven by future [iness
payolls. During years of low seed production,
competition among juveniles for available re-
sources 1s intense, and, although litter augmenta-
tion experiments in American reds show that
females are capable of supporting larger litters
(30), they refrain lrom doing so because ofl-
spring recruttment i1s low (30). However, when
mast years occur, competition among juveniles 1s
reduced, and females produce more oflspring,
which successfully recruit into the population
(37, 32). Further, the increased production of young
by females in mast years does not come with
any obvious cost to the female, because over-

winter survival 1s not reduced afier years of

mcreased reproductive mvestment (for Amer-
ican reds, offspring production in the previous
year versus proportion of adult females surviving
to spring has slope = -0.023 + 0.034, t;5= 0.7,

and P = 0.51: for Eurasian reds, proportion of

estrous females in the previous year versus adult
female survival 1o spring has slope = 0.37 + 0.27,
b5 = 14. and P= 0, ].‘“}]

[I' masting has evolved as a swamp-and-
starve adaptation agamst seed predation, then
anticipatory reproduction and population growth
represent a potent counteradaptation by the pred-
ators. Given that increased reproductive output
in these systems coincides with low current but
high future resources, our results suggest that
reproductive investment in these systems is more
responsive to future fitness prospects than present
energetic constraints. The evolution of seed mast-
g 1n trees 1s also driven by the survival pros-
pects for progeny rather than simple resource
tracking, suggesting an intriguing parallel in re-
productive strategies of trees and the predators
that consume their seed.
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Human Catechol-0-Methyltransferase
Haplotypes Modulate Protein Expression
by Altering mRNA Secondary Structure
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Catechol-O-methyltransferase (COMT) is a key regulator of pain perception, cognitive function, and
affective mood. Three common haplotypes of the human COMT gene, divergent in two synonymous
and one nonsynonymous position, code for differences in COMT enzymatic activity and are
associated with pain sensitivity. Haplotypes divergent in synonymous changes exhibited the largest
difference in COMT enzymatic activity, due to a reduced amount of translated protein. The major
COMT haplotypes varied with respect to messenger RNA local stem-loop structures, such that the
most stable structure was associated with the lowest protein levels and enzymatic activity, Site-
directed mutagenesis that eliminated the stable structure restored the amount of translated
protein. These data highlight the functional significance of synonymous variations and suggest the
importance of haplotypes over single-nucleotide polymorphisms for analysis of genetic variations.

he ability to predict the downstream
elfects ol genetic variation is critically
important for understanding both the
evolution of the genome and the molecular
basis of human discase. The elfects of non-
synonymous polymorphisms have been wide-
ly characterized: becausc these variations
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directly mfluence protein function, they are
relatively easy to study statistically and
experimentally (/). However, characterizing
polymorphisms located in regulatory regions,
which are much more common, has proved to
be problematic (2). Here, we locus on the
mechanism whereby polymorphisms of the
cathechol-O-methyltransferase (COMT) gene
regulate gene expression.

COMT 1s an enzyme responsible for de-
orading catecholamines and thus represents a
critical component ol homeostasis maintenance
(3). The human COMT gene encodes two
distinct proteins: soluble COMT (S-COMT)
and membrane-bound COMT (MB-COMT)
through the use of altemative translation mitia-
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tion sites and promoters (3). Recently, COMT
has been implicated in the modulation of
persistent pain (4 7). Our group demonstrated
that three common haplotypes of the human
COMT gene are associated with pain sensitivity
and the likelthood of developing temporoman-
dibular joint disorder (TMIJD), a common
chronic musculoskeletal pain condition (4).
Three major haplotypes arc formed by four
single-nucleotide polymorphisms (SNPs): one
located 1in the S-COMT promoter region (A/G:
rs6269) and three in the S- and MB-COMT
coding region at codons his®his (C/T: rs4633),
leuClen (C/G: 1s4818), and val™Fmet (A/G:
rs4680) (Fig. 1A). On the basis of subjects’
pain responsiveness, haplotypes were desig-
nated as low (LPS: GCGG), average (APS;
ATCA), or high (HPS:; ACCG) pain sensitive.
Individuals carrving HPS/APS or APS/APS
diplotypes were nearly 2.5 times as likely to
develop TMID. Previous data further suggest
that COMT haplotypes code for differences in
COMT enzymatic activity (4):. however, the
molecular mechanisms nvolved have remained
unknown,

A common SNP in codon 158 {mﬂ S met)
has been associated with pain ratings and

w-opioid system responses (7) as well as
addiction, cognition, and common allective
disorders (3, & -70). The substitution of valine
(Val) by methionine (Met) results in reduced
thermostability and activity of the enzyme (3).
It is generally accepted that val’*mer is the
main source ol individual vanation in human
COMT activity: numerous studies have iden-
tified associations between the low-activity
met allele and several complex phenotypes
(3, &, /). However, observed associations
between these conditions and the mer allele
are often modest and occasionally inconsistent
(3). This suggests that additional SNPs in the
COMT gene modulate COMT activity. Indeed,
we found that haplotype rather than an
individual SNP better accounts for variability
in pain sensitivity (4). The HPS and LPS
haplotypes that both code for the stable val'®
variant were associated with the two extreme-
pain phenotypes: thus, the effect of haplotype
on pain sensitivity in our study cannot be

explained by the sum of the effects of

functional SNPs. Instead, the val/”*mer SNP
interacts with other SNPs to determine phe-
notype. Because varnation in the S-COMT
promoter region does not contribute to pain

Fig. 1. Common haplo- A G L N e - :” "u'

types of the human COMT rs6260 rsd633 rs4B1d  rsd680 _
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phenotype (Fig. 1A), we suggest that the rate
of mRNA degradation or protein synthesis 1s
affected by the structural properties of the
haplotypes, such as haplotype-specific mRNA
HCCDHdﬂI'}" structure,

Previous reports have shown that polymor-
phic alleles can markedly affect mRNA sec-
ondary structure (//7, 12), which can then have
functional consequences on the rate of mRNA
degradation (/7, I3). It 1s also plausible that
polymorphic alleles directly modulate protein
translation through alterations in mRNA scc-
ondary structure, because protein translation
clliciency is affected by mRNA secondary struc-
ture (/4 16). To test these possibilities, we
evaluated the affect ol LPS, APS, and HPS
haplotypes on the stability of the corresponding
mRNA sccondary structures (/7).

Secondary structures of the full-length LPS,
APS, and HPS mRNA transcripts were pre-
dicted by means of'the RNA Mfold (78, /9) and
Afold (20) programs. The mRNA folding
analyses demonstrated that the major COMT
haplotypes differ with respect to mRNA
secondary structure. The LPS haplotype codes
for the shortest, least stable local stem-loop
structure, and the HPS haplotype codes for the
longest, most stable local stem-loop structure
in the va/'>® region for both S-COMT and
MB-COMT. Gibbs free energy (AG) for the stem-
loop structure associated with the HPS haplotype 1s
~17 kcal/mol less than that associated with the
LPS haplotype for both S-COMT and MB-COMT
(Fig. 1B and fig. SIA). Additional evidence sup-
porting predicted RNA folding structures was
obtained by gencrating consensus RNA  sec-
ondary structures based on comparative analysis
ol COMT sequences from eight mammalian
species (fig. S2). The consensus RNA folding
structures were LPS-like and did not contain
highly stable local stem-loop structures analo-
gous 1o the human HPS-like form. Thus, sub-
stantial deviation from consensus structure, as
observed for the HPS haplotype, should have
notable functional consequences. Additional
studies were conducted to test this molecular
modeling.

We constructed full-length S- and MB-COMT
cDNA clones in mammalian expression vec-
tors that differed only in three nucleotides
corresponding to the LPS, APS, and HPS hap-
lotypes (/7, 2/). Rat adrenal (PC-12) cells
were transiently transfected with cach of these
six constructs. COMT enzymatic activity, pro-
tein expression, and mRNA abundance were
measured. Relative to the LPS haplotype, the
HPS haplotype showed a 25- and 18-fold
reduction in enzymatic activity for S- and
MB-COMT constructs, respectively (Fig. 1C
and fig. SIB). The HPS haplotype also exhib-
ited marked reductions in S- and MB-COMT
protein expression (Fig. 1D and fig. S1C). The
APS haplotype displayed a moderate 2.5- and 3-
fold reduction in enzymatic activity for S- and
MB-COMT constructs, respectively, while pro-
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tein expression levels did not differ. The mod-
erate reduction mn enzymatic activity produced
by the APS haplotype 1s most likely due to the
previously reported decrease in protein thermo-
stability coded by the mes™™® allele (3). These
data illustrate that the reduced enzymatic activity
corresponding to the HPS haplotype 1s paralleled
by reduced protein levels, an effeet that could be
mediated by local mRNA sccondary structure at
the level of protein synthesis and/or mRNA
degradation. Because total RNA abundance and
RNA degradation rates did not parallel COMT
protein levels (fig. S2), differences in protein
translation efliciency likely results from differ-
ences in the local secondary structure of cor-
responding mRNAs.

To directly assess this hypothesis, we
performed site-directed mutagenesis (/7).
The stable stem-loop structure of S- and

MB-COMT mRNA corresponding to the HPS

haplotype is supported by base pairs between
several critical nucleotides, including 403C
and 479G in S-COMT and 625C and 701G in

MB-COMT (Fig. 2A and fig. S3A). Mutation

of 403C to G in S-COMT or 625C to G n

MB-COMT destroys the stable stem-loop struc-

ture and converts it into a LPS haplotype - like
structure (HPS Lsm). Double mutation of

mRNA 1n position 403C to G and 479G to C in
S-COMT or 625C to G and 701G to C in MB-
COMT reconstructs the original long stem-loop
structure (HPS dm). The single- and double-
nucleotide HPS mutants (HPS Lsm and HPS
dm, respectively) were transiently transfected to
PC-12 cells. As predicted by the mRNA
secondary-structure folding analyses, the HPS
Lsm exhibited increased COMT enzymatic
activity and protein levels equivalent to those
of the LPS haplotype, whereas the HPS dm
exhibited reduced enzymatic activity and pro-
tein levels equivalent to those of the original
HPS haplotype (Fig. 2, B and C: fig. S3, B and
(). These data rule out the involvement of RNA
sequence recognition motils or codon usage in
the regulation of translation. In contrast to the
HPS haplotype, protein levels did not parallel
COMT enzymatic activity for the APS haplotype
and site-directed mutagenesis confirmed that the
met™™® allele, not a more stable mRNA sce-
ondary structure, drives the reduced enzymatic
activity observed for the APS haplotype (fig.
S4). This diflerence 1s moderate relative to the
mRNA structure dependent diflerence coded by
LPS and HPS haplotypes. These results were
verified by an alternate approach of modifying
mRNA secondary structure (fig. S5).

Fig. 2. Site-directed mu- A o %
tagenesis that destroys )
the stable stem-loop struc- s
ture corresponding to the o
HPS haplotype restores e
COMT enzymatic activity beh 450
and protein expression. s
(A) The mRNA structure s
corresponding to the HPS g
haplotype was converted ok,
to an LPS haplotype-like 2
structure (HPS Lsm) by g
single mutation of 403C pon
to G. The original HPS % gm*
haplotype structure (HPS X b ;:t
dm) was restored by dou- o St
_ble mutation of interact- o 403 G°
ing nucleotides 403Cto G ot 0\ deu
and 479G to C. (B and C) ] o8 agg 5 r-‘l,; vom b 4—4T79 C
The HPS Lsm exhibited e Bk Pt
COMT enzymatic activity Caot ™ T -
and protein levels equiv- ”.-::H_‘,fm - L :. Y oy
alent to those of the LPS :“ oy '::.a.:‘ ¥t
haplotype, whereas the O A s, s ] - t: ey
HPS dm exhibited re- PRI S S L T ® € dt o
duced enzymatic activity. i1t il e 5.
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e 2 T
2 i 75
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a5 *° ... 11 e - -
N
£ 00 LPS HPS HPS HPS LPS HPS HPS HPS Cntl
Lsm dm Lsm dm

Our data have very broad evolutionary and
medical implications for the analysis of
variants common 1in the human population.
The fact that alterations in mRNA secondary
structure resulting from synonymous changes
have such a pronounced effect on the level of
protein expression emphasizes the cntical role
ol synonymous nucleotide positions 1n main-
tainmg mRNA secondary structure and sug-
oests that the mRNA  sccondary  structure,
rather than independent nucleotides 1 the
synonymous positions, should undergo sub-
stantial selective pressure (22). Furthermore,
our data stress the importance of synonymous
SNPs as potential functional variants in the
arca ol human medical genectics. Although
nonsynonymous SNPs are believed to have
the strongest impact on variation In gene
[unction, our data clearly demonstrate that
haplotypic variants of common synonymous
SNPs can have stronger effects on gene func-
tion than nonsynonymous variations and
play an important role in disease onset and
Progression.
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Lineages of Acidophilic
Archaea Revealed by Community

Genomic Analysis
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Novel, low-abundance microbial species can be easily overlooked in standard polymerase chain
reaction (PCR)—based surveys. We used community genomic data obtained without PCR or
cultivation to reconstruct DNA fragments bearing unusual 165 ribosomal RNA (rRNA) and protein-
coding genes from organisms belonging to novel archaeal lineages. The organisms are minor
components of all biofilms growing in pH 0.5 to 1.5 solutions within the Richmond Mine,
California. Probes specific for 165 rRNA showed that the fraction less than 0.45 micrometers in
diameter is dominated by these organisms. Transmission electron microscope images revealed that
the cells are pleomorphic with unusual folded membrane protrusions and have apparent volumes

of <0.006 cubic micrometer.

ur understanding of the variety of

microorganisms that populate natural

environments was advanced by the

development of polymerase chain reaction
(PCR) based, culuvation-independent methods
that target one or a small number of genes (/- 3).
Genomic analyses of DNA sequence fragments
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Fig. 1. Comparison of syntenous genomic regions of ARMAN-1 [from the
4)] and ARMAN-2 (from the UBA community).
Orthologs and their protein identity are indicated by the red bands. The

“S-way"” (CG) community (
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derived from multispecies consortia (4-6) and
whole environments (7-9) have provided new
information about diversity and metabolic
potental. However, PCR-based methods have
limited ability to detect organisms whose genes
arc significantly divergent relative to gene
sequences in databases, and most cultivation-
independent genomic sequencing approaches
arc relatively insensitive to organisms that
occur at low abundance. Consequently, it is
likely that low-abundance microorganisms dis-
tantly related to known species will be undetected
members ol natural consortia, low
complexity systems such as acid mine drainage
(AMD) (10)).

An important way 1n which microorganisms
aflect geochemical cyeles 1s by accelerating the
dissolution of mmerals. For example, micro-
organisms can derive metabolic energy by ox-

even in

idizing iron released by the dissolution of

pyrte (FeS;). The ferric iron by-product pro-

motes [urther pyrite dissolution, leading to AMD
oeneration. AMD  solutions forming  under-
oround in the Richmond Mine at Iron Mountain,
Califormia, are warm (307 to 59°C’), acidic (pH
~0.5 1o 1.5), metalrich [submolar Fe** and mi-
cromolar As and Cu (//)] and host active
microbial communities. Extensive cultivation-
independent sequence analysis ol functional and
rRNA genes (//, 12) revealed that biofilms con-
tain a significant number of” Archaca, but the
diversity reported to date has been limited to the
order Thermoplasmatales (/¢). Current models
for AMD generation thus include only these
species.

The genomes of the five dominant members
ol one biofilm community from the “S-way”
region ol the Richmond Mine (fig. S1) were

largely reconstructed through the assembly of

76 Mb ol shotgun genomic sequence (4). Pre-
viously unreported 1s a genome f“ruumcnt that
encodes part of the 165 rRNA gene of a novel
archacal lmeage: Archacal Rthnmnd Mine
Acidophilic Nanoorganism (ARMAN-1). Using
an expanded data set that now comprises more
than 100 Mb of genomic sequence, we recon-
structed a contiguous 4.2-kb fragment adjacent
to this gene. A second 13.2-kb genome [ragment
encoding a 165 rRNA gene from an organism
that 1s related to ARMAN-1 (ARMAN-2) was
reconstructed from 117 Mb ol community ge-
NOMmIc sequence derived from a biofilm from the
A drift (Nig. ST). Within the data sets from each
site, results to date indicate that each ARMAN
population is near-clonal.

Comparison of the ARMAN-1 and -2 DNA
fragments revealed some gene rearrangements,
msertions, and deletions (Fig. 1). Genes present
in both organisms encode pufative inorganic
pyrophosphatases, a transcription regulator, and
a gene shown to be an arsenate reductase (/3).
Comparative analysis ol these genes with se-
quences in the public databases consistently

ARMAN-1

p}fu}phmphaldse ime:l

I:I_

ARMAN-2

e T e 4. 276

1

165 rRNA

13,236

percentage similarity for the 165 rRNA gene sequences is also shown.
Numbers at ends indicate length (number of nucleotides); predicted open
reading frames for hypothetical proteins are indicated by boxes.
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indicated that ARMAN-1 and -2 are representa-
tives of a deeply branching lincage within
Euryvarchacota with no cultivated representa-
tives. The only other identified members of this
lincage are uncultivated organisms from a hot
pool (78°C, pH 7.5) with 835% similarity to
ARMAN-2 (Fig. 2) (/4), and organisms repre-
sented by clones from an acidic (pll 4.2 1o 4.8)
west Siberian peat bog [88% similarity to
ARMAN-2 (/5)]. In both of these studies,
atypical 165 tRNA gene primers were used.
The 165 rRNA genes of ARMAN-1 and -2
have three to five mismatches with commonly
used broad-specificity primers (four mis-
matches with Arc-23F and Univ-1492R; table
S1), which explains why these organisms
were missed in previous PCR-based surveys
(/00-12). The 1685 rRNA genes both have 519
base pair inserts that encode predicted pro-
teins. The mserts (1102-1103 £ coli num-
bering) share protein-level similarity to cach
other (/3) and have weak homology with a
functionally characterized homing endonucle-

ase encoded within the 165 rRNA gene of

Aeropvrum pernix (16). Excision of the in-
serts, probably at the bulge-helix-bulge (fig.
S2), leaves complete and fully aligned rRNA
genes. Insertion sequences (e.g.. ntrons) in
archacal and bacternial rRNA genes are un-
common, although other instances have been
reported in pathogens, symbionts, and the
crenarchacal orders Thermoproteales and De-
sulfurococcales (/7).

To lurther explore the diversity and distri-
bution of ARMAN-like microorganisms, we
designed primers that target the 165 fRNA and
putative arsC genes of ARMAN-1 and -2, and
applied them to samples collected from through-
out the Richmond Mine (/3) (fig. S1). The
primers amplified 165 rRNA genes [rom a third
previously undetected lineage, ARMAN-3, that
are 18% divergent from ARMAN-1 and -2
(Fig. 2). The ARMAN-3 organisms do not
have inserts m their 168 rRNA genes. This
observation, in combination with the
tively low similarity between inserts in the
ARMAN-1 and -2 genes, suggests that inser-
tion sequences were acquired after the diver-
gence of the three groups. Both the arsC and
165 rRNA genes from an ARMAN-lineage
organism were recovered from all samples
tested, indicating that these organisms are
present in most biolilms growing at the site.
ARMAN group organisms are present in
samples that differ significantly in habitat
type (e.g., subaerial and subagueous biofilms)
and geochemical conditions (pH 0.5 to 1.5,
temperature 30° to 47°C).

Fluorescently labeled oligonucleotide
probes targeting the 165 rRNA (ARMYK0
and ARMI1357) of all known ARMAN-
lincage microorganisms cnabled optical
microscope-based visualization of the cells
in the suite of biofilm samples (Fig. 3A). The
specilicity of probe binding was verified using

rela-

1934

an archacal-ARMAN (ARC915-ARM915)
competitor probe set (/3). Notably, the cells
labeled with the ARM probes are significantly
smaller than other bacterial and archaeal cells
in the samples. A filtration-based method was
used to concentrate cells for ultrastructural
characterization.

A biofilm from the A dnfi (fig. S1) was
homogenized, and the fraction of the biomass
that passed through 0.45-um filters was col-
lected (/3). To verily that ARMAN-lincage
organisms dominated the filtrate, we extracted
genomic DNA and amplified the 165 rRNA
genes with the ARMAN-, archaecal-, and
bacterial-specific primers. Significant am-
plification product was obtained only with the
ARMAN primers (fig. S3). Cloning and
sequencing of this amplilication product (24

Cl
Bacteria

peat bog clone SP45, AJ606291
peat bog clone SP31, AJo062771

ARMAN-1_ %
ARMAN-2 :
ARMAN-3 :

hot pool clone archaeapl 1, AF402987
hot pool clone archaeap3, AF4(2986

hydrothermal vent clone pMC2A17. ABO19747
hydrothermal vent clone plSA35, AB0O19748

hydrothermal vent clone pMC2A384, AB0O19734

hydrothermal vent clone pISA1S, AB(19749
hydrothermal vent clone pISA L, ABO19751

.10

Thermoplasmata

Desulfurococcaceae f|
Thermoproteaceae ‘ Sulfolobales

2] . u - -
Korarchaeota Thermococei

e,

clones) revealed that the filtrate was dominated
by ARMAN-2 organisms but contained some
ARMAN-1 organisms. Cells in the filtrate were
labeled with ARMAN-specific fluorescent
probes (Fig. 3B), and the resultimg images
were compared with those obtained from envi-
ronmental samples (Fig. 3A). The results
confirm that ARMAN organisms are highly
enriched by filtration (Fig. 3B).

The filtrate was frozen under high pres-
sure and cryo-substituted for transmission
clectron microscope (TEM) based mmaging
of cell size and morphology (/3). In addition
to ruptured cell membranes, we detected
some morphologies typical of Leptospirilium
cells known to be present at low abundance in
the hOltrate, as well as rounded objects of
highly variable size (average diameter ~85 nm;

¢
Nenoarchaeum equitans

-

b -

-

[ - © AArchacoglobi

/ " Methanococcales

Hafnhﬂca‘eria

7 Methanobacteriales

‘ Methanosarcinales

Methanonicrobiales

Fig. 2. Phylogeny of the ARMAN groups and several other archaeal phyla, based on 165 rRNA
gene sequence analysis (maximum likelihood method). Bootstrap values are indicated at the nodes
(solid circles, >75%; open circles, >50%). The dashed branch to Nanearchaeum equitans and the
uncultured peat bog clones SP31 and SP45 (15) signifies that we were unable to resolve these

positions in our analyses.

Fig. 3. Fluorescence in
situ hybridization mi-
crographs of Archaea
(ARC915, fluorescein iso-
thiocyanate in green),
Bacteria (EUB338, Cy5
in blue), and ARMAN
(ARM980 and ARM1357,
Cy3 in red) in (A) an A-
drift biofilm sample and
(B) the 0.45-um filtrate.
Magnifications, 630x.
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fig. S4) interpreted to be membrane buds. The
other abundant cell-like objects are pleomor-
phic and surrounded by an archaeal-like cell
wall with an S-layer. These objects have one
or two folded membrane protrusions (Fig. 4
and fig. S5) that somewhat resemble struc-
tures of unknown function observed in the
crenarchacon Pyrodictium abyssi (18). On the
basis of 60 measurements (excluding the pro-
trusions), the sectioned cell-like objects have
a mean length of 244 nm (range, 193 to 299
nm) and a mean width of 175 nm (range, 129
to 207 nm). The colocalization of DNA stain
and probes binding specifically to ARMAN
rRNA, the existence of clearly contiguous
external membranes, and the presence ol an
archacal-type cell wall indicate that these
objects are the ARMAN cells. The apparently
dense packing of the ribosomes may account
for the strength of the fluorescence signal
in optical microscope images, despite the
small cell size. The TEM data confirm the
inference from the filtration experiment that
the ARMAN-lineage organisms are extreme-
ly small.

It has not escaped our attention that if the
average cell size estimated from TEM obser-
vations 1s accurate, the ARMAN cells have

Fig. 4. Transmission
electron microscope im-
ages of four cells in-
ferred to belong to the
ARMAN group. (A) A
large area showing many
cells of the ARMAN type,
a subset of which are
indicated by arrows.
Also present are rounded
objects, membrane de-
bris, and a small number
of Leptospirillum group II
cells (LII). (B) Most cells
exhibit one or two folded
membrane-bounded pro-
trusions (see fig. S5). (C)
Most cells appear to be
surrounded by an S-layer
with periodicity in the
cell surface. The dark in-
ternal contrast is consist-
ent with densely packed
ribosomes. (D) Some
cells have very dark in-
clusions (arrow).

volumes of <0.006 pm?‘ |calculated from the
maxmmum size observed m ultramicrotomed
sections (/3)], making them smaller than any
other known cellular life form. The smallest
known Archaea, of the phylum Nanoar-
chaea, have cell volumes that range from 0.02
to 0.70 um?® (19). They are obligate parasites of
other Archaeca (20), 2/). The smallest Bacteria
include those described from Greenland ice
cores, with cell volumes of 0.04 to 0.10 um?
(22), and members of the SARI1 clade, which
inhabit the oligotrophic open ocean and have
cell volumes of 0.031 to 0.051 pum® (23, 24).
Note that these data do not rule out the pos-
sibility of larger cytoplasmic volumes if there
are unobserved connections between the ob-
jects that appear to be cells.

IT'the ARMAN cells have volumes of
<0.006 pum®, and half of the cell volume is
occupied by rnbosomes, then there i1s enough
room for at least 350 nibosomes of normal size.
However, the cells are smaller than the minmmum
size expected on the basis of theoretic consid-
erations for free-living cells (25). We have no
evidence to suggest that the ARMAN cells are
parasitic on other community members. I future
work demonstrates that ARMAN cells are viable
and have cell volumes of <0.006 pm3, it may be

REPORTS

necessary to reconsider existing paradigms for
the minimum requirements for life.

The ARMAN groups expand the variety of
archaca known to be associated with AMD. Fur-
ther targeted genomic characterization of cells
concentrated by filtration should help to elucidate
the ecological roles of these tiny, enigmatic, un-
cultivated microorganisms. Our findings empha-
size¢ the possibility that novel organisms with
unexpected characteristics remain to be dis-
covered among the relatively low-abundance
members of microbial communities.
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Adjuvant-Enhanced Antibody
Responses in the Absence of Toll-Like

1936

Receptor Signaling

Amanda L. Gavin,* Kasper Hoebe,! Bao Duong,™? Takayuki Ota,* Christopher Martin,™?

Bruce Beutler,® David Nemazee*

Innate immune signals mediated by Toll-like receptors (TLRs) have been thought to contribute
considerably to the antibody-enhancing effects of vaccine adjuvants. However, we report here that
mice deficient in the critical signaling components for TLR mount robust antibody responses to

T cell-dependent antigen given in four typical adjuvants: alum, Freund’'s complete adjuvant,
Freund's incomplete adjuvant, and monophosphoryl-lipid A/trehalose dicorynomycolate adjuvant.
We conclude that TLR signaling does not account for the action of classical adjuvants and does not
fully explain the action of a strong adjuvant containing a TLR ligand. This may have important
implications in the use and development of vaccine adjuvants.

djuvants are vaccme additives that en-

hance the elicited levels of antibodies

and T lymphocyte responses by promot-
ing inflammatory responses of leukocytes in
ways that presumably mimic natural infection.
Toll-like receptor (TLR) mediated recognition
of microbial signature molecules 1s one of the
cues normally used by leukocytes to react to real
microbial challenges (/, 2). Each of the 10
diflferent functional TLRs i humans (12 m
mice) has apparently evolved to recognize a
specific set of evolutionarily conserved mole-
cules, including components of bactenal cell
walls, and endocytosed nucleic acids such as
double-stranded RNA, single-stranded DNA,
and unmethylated CpG dinucleotide-containing
DNA (/, 2). TLR recognition leads to the acti-
vation of transcription factors that drive cytokine
expression, proliferation, survival, and inflam-
matory mediator expression, TLR signaling 1s
initiated by four adapters— MyDS8S, Toll-
interleukin 1 receptor (TIR) domain containing
adapter inducing interferon beta (TRIF), TIR
domain containing adapter protein (TIRAPY
MyD&SS adapter like (Mal), and TRIF-related
adapter molecule (TRAM)—which associate
with the cytoplasmic TIR domains of TLRs
(7, 2). MyDR8R associates with all TLRs except
TLR3, whereas TRIF associates with TLR3 and
TLR4. TIRAP/Mal and TRAM appear to func-
tion as bridging adapters for MyDXS and TRIF,
respectively (7, 2). TIRAP/Mal and TRAM are
essential for signaling by TLR4, with TIRAP/
Mal also required for TLR2 function. MyDSS
also contributes to signaling in B cells and 1s
required for maximal B cell responses to foreign
proteins when present in the context of TLR

'Department of Immunology, The Scripps Research
Institute, La Jolla, CA 92037 USA. *The Scripps Research
Institute, Kellogg School of Science and Technology,
Doctoral Program in Chemical and Biological Sciences, La
Jolla, CA 92037, USA.

*To whom correspondence should be addressed. E-mail:
nemazee@scripps.edu

ligands (3). Nevertheless, there 1s debate about
whether such signals are necessary for this class
of response (4, 3). Mice genetically deficient in
both MyD88 and TRIF (Myd88™ " Tyif#s2trs2
mice) have a complete lack of known TLR

signaling (6-4&), thus allowmg an assessment of

the TLR dependence of antibody responses. We
took advantage of this to explore more precisely
the role of TLR signaling in antibody responses

@ Wild type

to immunization and the augmenting roles ol
adjuvants m this response.

MydSS™ Trif 1752 and control C57BL/6
mice were immunized with the T cell- dependent
antigen trinitrophenol-hemocyanin (TNP-Iy)
given i Freund’s complete adjuvant (FCA),
and the titers of induced antibodies to TNP in
the serum were determined (9). In these analyses,
antibody responses of AMyd88 " :Tyifrs2tes?
mice were entirely comparable to those of
(57BL/6 mice, indicating that signals transmitted
by TRIF and MyDS88 made no appreciable
contribution to the antibody response (Fig. 1).
This experiment included nitial immunization,
followed by a boost with TNP-Hy in phosphate-
buflered saline (PBS) on day 21, and showed no
significant defect in sera at any time point [or
mmmunoglobulin M (IeM), [eGl, IgG2b, 1g(2c,
(53, and IgE antibody responses to TNP. Fur-
thermore, when the TNP-Hy challenge was given
with the adjuvant alum, a frequently used
adjuvant in human vaccines, antibody responses
of Myvd88™: Trif #*¥™#52 mice were also compa-
rable to those of C57BL/6 mice (3) (fig. S1).

To reevaluate the augmenting effects of
adjuvant on antibody production and 1ts sug-
oested dependence on MyDES and TRIF,
additional immunizations of C57BL/6 and of
Myd8S™ " Trif 252 mice were carried out

* p<.05
[ ] mydss *x p <.01
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10%} 10° . ot RERT . o=
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Days post immunization with TNP-Hy in FCA

Fig. 1. T cell-dependent antibody responses of Myd88~"=Trif P"!P%2 and control mice using FCA.
Two-month-old mice were immunized with TNP-Hy in FCA on day 0 and boosted with antigen in
PBS on day 21. Each point represents the serum antibody titer to TNP for an individual mouse. IgE
titers represent ng/ml, whereas other measurements represent reciprocal serum dilution yielding
half-maximal signal. Closed circles, wild-type C57BL/6; open squares, Myd88~ ~:TrifP*2Ps2 double
knockout mice. *, P < .05: **, P < .01. For methods, see (9).

22 DECEMBER 2006 VOL 314 SCIENCE www.sciencemag.org




with a second antigen, TNP keyhole limpet
hemocyanin (TNP-KLH), in which the adju-
vants FCA, Freund’s incomplete adjuvant (FIA),
and monophosphoryl-limd A/trehalose dicory-
nomycolate (“Ribi™ adjuvant) were compared
with responses in the absence of adjuvant. TNP-
specific antibody responses were assessed 7 and
4 days later (Fig. 2). Ribi adjuvant contains the
TLR4 hgand monophosphoryl-lipid A, whercas
FIA is not known to contain any TLR ligand.
Both CS7BL/6 and Myd88 ™ :Trif 22 mice
responded strongly to TNP-KLH only when
given in adjuvant (Fig. 2). [The IgGG1 responses
to TNP-KLIH given in PBS, although low, were
significantly above preimmune background
(titer < 10)]. Responses of Myd88 " :Trif 722
mice o antigen given in FCA or FIA were un-
impaired, whereas responses to TNP-KLH given
in Ribi adjuvant were reduced relative to those
of wild-type mice at day 14 (Fig. 2). However,
the reduction in antibody titers elicited 1n
MyvdS88™  Tiif " P52 mice was modest and
observed mainly in the IgG2¢ and [gG2b re-
sponses (Fig. 2). We conclude that, under these
experimental conditions, TLR signaling 1s not
required for T cell dependent antibody re-
sponses and makes a relatively small contribu-
tion to responses to antigen given in either alum
or FCA.

It was notable that even i mice challenged
with Ribi adjuvant, which contains a potent TLR
ligand, most of the antibody-augmenting adju-
vant eflfect was independent of MyDSR/TRIF
(Fig. 2). Consistent with this, Ribi, but not FIA
or FCA, stimulated peritoneal macrophages to
produce type [ interferon (IFN) and tumor
necrosis factor (TNF) when vsed to treat cells
at concentrations approximating those achieved
in vivo (fig. S2). As expected, 1solated splenic B
cells from AMvd S8 T f’!*”"‘? L2 ice failed to
proliferate in response to the TLR ligand
Ilpnpulvmu,handa. (LPS) (fig. S3B). By con-
trast, responses of Myd88 T:IL”"”‘FJ""?B cells
to B cell receptor ligation were mdistinguishable
[rom those ol normal cells (fig. S3, A and C).
Nevertheless, 1t was apparent that the observed
adjuvant effect on antibody responses in vivo
[ailed 1o correlate with their potential to activate
myeloid cells or B cells in vitro.

Thus far, the responses we had measured
were for antigens that depend on T cell help,
although another class ol antibody response 1s
independent of help from T cells. MydS88
Trif 252 mice were thus tested for their re-
sponses to the T cell independent type 2 (TI-2)
antigen TNP-Ficoll. Overall antibody responses
did not generally differ significantly from normal
controls (fig. S4). These results show for the first
time that the antibody response to a typical TI-2
antigen 1s independent of TLR signaling.

Preimmune serum levels of Ig in MydS8S
Trif 7752 mice were next analyzed and found
to have a complex pattern, with some 1sotypes
reduced in amount and others increased relative
to C57BL/6 levels (Fig. 3). Relative to control,

[oG2b and 19G2¢ levels were lower in MydS8
Trif 252 mice, by 50% and 70%, respectively,
a statistically significant but modest reduction
(Fig. 3). Also, the serum levels of one [g subclass
(IgG3) in MydS8™ Trif P22 mice were no-
tably lower. By contrast, MydS8 ”r'_'T“ff'L‘mH‘m .
mice displayed 3 times the levels of [eG 1 (P =
001) and 20 umes the levels ol IgE (P < .0001).
Collectively, such differences suggest that TLR
signaling may control the class rather than the
magnitude of Ig levels m naive mice, at least un-
der specific pathogen-free conditions such as
those found n our facility.

Consistent with the robust preimmune g
levels and antibody responses of MydS8™ ™
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zone, and follicular B cell numbers were found in
these ammals. Compared with wild-type mice, the
only consistent differences found in MydSS "
Trif 752 mice tested at 2 and 6 months of age
were a B cell surface level of CD23 about twice
as high (fig. S5) and a slight reduction in splenic
transitional type 1 B cells (T1) (tables S1 and
S2). We conclude that TLR signaling 1s not
required for preimmune B cell development but
may partly aftect the abundance and CD23 lev-
cls of' B cell subsets. As levels of CD23, [¢gE, and
[gGl are up-regulated by interleukin 4, we
speculate that environmental stimuli transduced
by TLRs in a MyDS8S8- and/or TRIF-dependent

manner suppress the expression of, or response

Trif 22 mice, nearly normal B-1, marginal  to, this cytokine.
10t IgM 10t 1gG1 104 1gG2c
E . : : *
= o ¢ |
o 10° * 10% 7 ] 10357
= dn S | |
= 102 i | 102 . 1k {| 1 “‘
< 1 I il :
x I ‘Y 4
-_L o ‘| 101 s a L A i ! l J.
714 7 ?14?14 714 714 714 7 14 14?14?14?14
;_,.... .._,,_.. — e e *-u—-' (]
PBS FIA FC.& RIBI PBS FIA FCA RIBI PBS FIA FCA RIBI
lgG2b 1gG3
o i 104: 4 B wild type
=
I—
o 10°, 10% ] MyD88™*;
E | . Trif Lps2/Lps2
= | | I
c 102: 1021 :
< | 1 *p=<0.05
1 HEL DY #p=<0.005
10" 1 <M 10' - M P’
714 714 7 14 7 14 714 7 14 7 14 7 14

et g A

——
PBS FIA FCA RIBI PBS

Fig. 2. Comparison of serum antibody responses of C57BL/6 and Myd88

FIA FCA RIBI

7SN 7 SRR
;Trif P*"P% mice given

immunogen in different adjuvants. Groups of four mice were immunized with 100 g TNP-KLH in
PBS in the indicated adjuvants, and titers of antibody to TNP of the indicated immunoglobulin

isotypes were determined on days 7 and 14.

10% E =104
; Myd88*Trif -Ps2/Lps2 :
[ [ i
. Wild type O
10° F - E’ P % 103
E O '.' E E ' E u E
= ™ & L E | 2 E
%1025 T | ] P ® E“ e 0 [10%
I ! . O I
10 E = x p<.01 =10
: E xx p < .001 . 3
100 - e e e e R ,- 100
lgM lgG3 lgG1 lgG2b  lgG2c IgE

Fig. 3. Preimmune serum immunoglobulin levels in Myd88~~:Trif *P52P52 compared with wild-type

C57BL/6 controls as measured by enzyme-linked immunosorbent assay. Each point represents data

from a different mouse. Closed circles, wild-type,

C57BL/6; open squares, Myd88™ ~:Trif P52 mice.

www.sciencemag.org  SCIENCE VOL 314 22 DECEMBER 2006

1937




REPORTS

1938

Our findings reveal that TLR signaling 1s not
required for robust antibody responses to antigen
when given n four commonly used adjuvants, in
particular FCA, which is widely thought to depend
on TLR signaling for its adjuvant effect (/0).
However, ligands that signal through the MyD8S
and TRIF pathways can costimulate these
responses and aflect the antibody class of the
response, as has been known for LPS for many
years (3), and 1s indicated by the modest boost
scen m CS57BL/6 mice mmmunized with Ribi
adjuvant (Fig. 2). By exclusion, our data suggest
the likelithood that non-TLR -mediated “mnnate™
signals may be mmvolved i the augmentation of
adaptive antibody responses. It 1s also formally
possible that MyDSX/TRIF-independent modes
ol TLR signaling are yet to be discovered,
possibly through TRAM and TIRAP, although
so far there is no evidence for this.

Our results extend and clarify previous studies.
A recent paper involving MyDS8-deficient mice
asserted that T cell-dependent antibody responses
require activation of TLRs in B cells (4). However,
that inference was based on the use of LPS as an
adjuvant rather than more commonly used
adjuvants such as FCA or alum. Indeed, an carlier
study found that although MyDg88-delicient mice
falled to make an IgG2a response to ovalbumin
oiven in FCA, they still made good IeGl and IgE
antibody responses, and antigen given i alum
could promote an [gE response (/7). However, in
those studies, the remaining antibody responses in
MyD88-deficient mice could conceivably have
mvolved TLR signaling through TRIF-dependent
pathways, a caveat that does not apply to our data.
We clearly find that IeG2¢ (also known as 12G2a®)
responses to protein antigen given in alum or
FCA are robust in Myd88 " :Trif *#%2 mice,
in apparent contradiction to both studies of
MyDS&8-deficient mice mentioned (4, //) and
other studies implicating a requirement of
MyD&E or TLR signaling in the generation of
[g(52a antibodies. It may be that TLR ligand
driven suppression ol [gG2c/a production oc-
curs in mice with intact TRIF signaling that lack
MyDS8S: for example, through cytokine-driven
polarization of the T helper response (11, 12).
The IgG2¢/a response 1s promoted by [FN-o/p3
or IEN=y (13, 14). In viral infection, the [gG2¢/a
response 1s lost in mice lacking both IFN-a/BR
and IFN-yR (/35). Because we found good lg(G2¢
responses upon mmmunization of _.-1f1'_1'f.=’r‘s‘f‘>’_'f_:
Trif 252 mice, our results may indicate
that these immunizations can stimulate TLR-
independent IFN production.

The antibody response to the T cell
independent type II antigen TNP-Ficoll was
relatively normal in MydS8™: Trif 52452 mice,
although 1t was shghtly lower at later time points.
Interestingly, the [g(G3 component of the antigen-
specific response of _.-1f1f1'f.l’r%?s‘_’f_:ﬁ'if 22 mice
was not significantly lower than normal despite
therr reduced preimmune total serum IgGs levels.
It has been argued that the class switch to [e(3
requires cytokines produced by accessory cells

(10). If this is so, 1t 1s clear from these results that
production of the cytokmes in question does not
require TLR stimulation
cells.

That B cells can respond to autologous DNA
and RNA through TLR signaling (/7, /§) raised
the possibility that TLRs could affect preim-
mune development or maintenance of B cell
subsets, particularly the marginal zone and
B-1 compartments. However, our findings that
MydS88™ Trif 5?52 mjce generate abundant
B-1 and marginal zone B cells appear to rule
out defmitively a required role for TLR signal-
ing in their development.

Our data do not contest the long-held under-
standing that TLR ligands can augment antibody
responses. However, 1t is surprising, given the
recent emphasis on the importance of TLRs in
the initiation of the adaptive immune response,
that we fail to find a deficit in the carly antibody
responses of Myd88™ " Tiif P2 mice using
conventional antigens and immunization regi-
mens. Our data are more consistent with a model
in which TLRs play roles in early microbial
suppression, regulation of the antibody class,
and sustaining antibody sccretion at late times
after immunization, rather than as an essential

of B cells or accessory

component of the selfmonsell discrimination of

the adaptive immune response. These data have
implications for vaccine design because they
indicate that robust antibody responses to mod-
crate doses ol antigens can be achieved when
given in the total absence ol TLR ligands.
Because TLR-mediated signals can be toxic,
our findings raise the possibility that unwanted

side elfects of adjuvants may be avoided by
excluding TLR ligands from adjuvants.
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Relating Three-Dimensional
Structures to Protein Networks

Provides Evolutionary Insights

Philip M. Kim," Long J. Lu," Yu Xia,** Mark B. Gerstein-***

Most studies of protein networks operate on a high level of abstraction, neglecting structural and
chemical aspects of each interaction. Here, we characterize interactions by using atomic-resolution
information from three-dimensional protein structures. We find that some previously recognized
relationships between network topology and genomic features (e.g., hubs tending to be essential
proteins) are actually more reflective of a structural quantity, the number of distinct binding
interfaces. Subdividing hubs with respect to this quantity provides insight into their evolutionary
rate and indicates that additional mechanisms of network growth are active in evolution (beyond
effective preferential attachment through gene duplication).

rotein interaction networks are principal
components ol'a systems-level description
of the cell (/-4). Many previous studies
have explored global aspects of network to-
pology, clearly linking 1t to protein function, ¢x-
pression dynamics, and other genomic features

(5-9). In particular, a protein’s degree (number of

interaction partners) is an important lactor, and
proteins with high degree (hubs) have been found

to be essential (3, 7). However, most network
studies have not considered the structural and
chemical aspects of interactions; only recently
have there been proposals to use structural m-
[ormation for systems biology (/0)). One specilic
problem with the current treatment 1s that protein
interaction networks do not differentiate between
many types of relationships—¢.g., high-allinity
and direct versus loose and transient. Sometimes,
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in fact, interactions are reported that connect two
proteins that never touch each other physically but
are only linked through a third protein (/7. 12).
Here we address this problem by combining
structural modeling with network analysis. In
particular, we compiled a consensus yeast in-
teraction network [rom various sources (/3),
[iltering out low-confidence interactions by using
statistical methodologies (4). We then annotated
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Interactome

Fig. 1. The creation of the
structural interaction net-
work (SIN) data set. All
interactions from the fil-
tered protein interaction
data set are mapped to
Pfam domains (30). The
Pfam domains are mapped
to known structures of pro-
tein interactions by means
of iPfam (31). Only those
interactions in which both
interaction partners (or a
homologous domain of ei-
ther) can be found in a 3D
structure of a protein com-
plex are kept. All interac-
tions are then classified
into mutually exclusive and
simultaneously possible by
3D structural exclusion.
When a protein has more
than one simultaneously
possible interaction, the
number of interaction inter-
faces is counted.

many ol the edges in this network structurally on
the basis of sequence similarity to known com-
plexes (Fig. 1). We used simple three-dimensional
(3D) structural exclusion to distinguish the mter-
laces of each interaction. Consider two or more
proteins interacting with a common partner pro-
tein. If they use the same interface on the partner
(as known from the structures), the interactions
are classified as mutually exclusive. Conversely,
if they use different interfaces, the interactions are
simultancously possible (Fig. 1). The network
resulting from this analysis (the structural inter-
action network, SIN) contains 873 nodes (pro-
teins) and 1269 edges (interactions), 438 of which
are mutually exclusive (lig. S1). It contains parts
ol 147 complexes, suggesting that it covers a
representative range ol mteractions. |For the SIN
data set and further discussion, see SOM Text,
tables S1 and S3, and (/3)]

Map all interactions to
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After building the SIN, we examined 1ts two
different kinds of interactions with respect to the
properties of the linked proteins. As shown in
Table 1. proteins connected by simultancously
possible mnteractions are more likely to share the
same function than are those connected by mutually
exclusive ones [ terms of Gene Ontology (GO)
cellular component, molecular function, and bi-
ological process designations|: also, they are more
likely to be expressed at the same time. Conse-
quently, we expect most of the mutually exclusive
mteractions to be temporary or transient, because
they cannot occur at the same time. Likewise, the
simultaneously possible interactions are enriched in
permanent assoclations, connecting members of the
same complex (table S4).

Tuming to global statistics of the SIN, we find
that it has a degree distribution with a notably
shorter tail than either the complete yeast inter-
actome or a core, liltered subset of this (fig. S2). In
particular, hubs in the SIN have a maximum of 14
mteraction partners. This is similar to the number of
close-packed neighbors in crystal lattices (12 n
hexagonal packing) and reflects the direct, physical
constraints on interactions in the SIN. In contrast, in
carly vyeast interactomes some hubs had =200
nteraction pariners, and even in newer data scts,
=30 partners are noted for some proteins (7, 14).

Within hubs in the SIN., we compared those
with many physical interfaces (as detected by our
approach) to those with a few —to uncouple de-
gree from interface number (which are corre-
lated). We defined hubs by setting an arbitrary
cutofl’ of =5 interaction partners; variations in this
cutofl’ did not allect our results (table S5). We
detected differences in the properties between
multi- and single-interface hubs. However, more
statistically significant diflerences were evident 1f
we distinguished between hubs with one or two
mterfaces (singhsh-interface) and those with more

Table 1. Differences of simultaneously possible
versus mutually exclusive interactions with respect
to GO annotations (shared by the interacting
proteins) and coexpression correlation coeffi-
cients. GO biological process, molecular function,
and cellular component are taken from SGD lite
(26) and coexpression correlation from the com-
pendium expression data set (27). All differences
are significant, with P << 0.01.

Simultaneously  Mutually
possible exclusive
interactions  interactions
Fraction with
same biological
process 14% 24%
Fraction with
same molecular
function 18% 33%
Fraction with
same cellular
component 12%0 27%
Coexpression
correlation 0.17 0.23
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than two interfaces (multi-interface). Fist, we
examined the essentiality of both kinds of hubs.
Although hubs in general are more likely than other
proteins to be essential for cellular viability (3), as
shown i Table 2, multi-interface hubs are twice as
likely to be essential as singlish-interface ones,
which, i turn, are no more likely to be essential
than the average protein in the SIN. This result
suggests the notion of hubs having a higher
essentiality due to their network centrality 1s

somewhat incomplete: It is the number of interac-
tion interfaces that leads to higher essentiality.
Furthermore, Table 2 shows that mult-interface
hubs are more likely to be coexpressed with their
neighbors than are singlish-interface ones. This
provides a straightforward structural explanation
for the existence of two types of expression
dynamics for hubs (/0), date and party hubs (7).
In particular, singlish-interface hubs seem 1o
correspond to date hubs (which are expressed at

L r2=0.05 ’

-

P omh

Degree
Adjusted Interface Surface Area
¥ —

o |

0 0.01

0.03 004 005 006 007 008 009

Evolutionary rate (dN/dS ratio)

0.02 0.1

Fig. 2. Dependence of the average evolutionary rate (dN/dS ratio) of a protein with the degree and
the interacting accessible surface area (adjusted by protein size, as estimated from molecular
weight). For the degree correlation coefficient, we get r2 = 0.05, and for the adjusted interface
surface area, r% = 0.12, suggesting that more than twice as much of the variation in dN/dS is
accounted for by adjusted interface surface area (12%) than by the degree (5%).

Table 2. Correlation of genomic features with singlish and multi-interface hubs. The fraction of
proteins that are products of essential genes (28), the average expression correlation with their
neighbors (27), and the evolutionary rate [dN/dS ratio, from (29)] was calculated for the entire
proteome, the entire SIN, singlish-interface protein hubs, and multi-interface protein hubs. The P-
values of the differences between the whole data set and the singlish interface hubs (all-singlish)
and the singlish and multi-interface hubs (singlish-multi) were calculated with the Wilcoxon rank-
sum test (see Methods in the SOM),

Entire All in P-value  Singlish-interface P-value Multi-interface

proteome data set (all-singlish) hubs only (singlish-multi)  hubs only
Protein
essentiality 18.6% 32.3% 0.9 31.8% <0.01 64.9%
Expression
correlation 0.20 0.3 0.17 <0.05 0.25
Evolutionary
rate 0.077 0.047 0.5 0.051 <0.01 0.029

Table 3. Fraction of protein pairs that are paralogs of each other. Random pair: randomly chosen
protein pair from our data set (average); Same partner: fraction of pairs with the same interaction
partner that are paralogs; Same partner, same interface: Fraction of pairs that bind to the same
interface that are paralogs; Same partner, different interface: fraction of pairs with the same
interaction partner, but different interacting interface that are paralogs (calculated from the
platinum standard set only; see Methods in the SOM).

Random Same Same partner, Same partner,
pair partner same interface different interface
Fraction paralogs 0.23% 4.10% 8.10% 0.00%
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different times than their interaction partners: table
S7), and multi-interface hubs correspond to party
hubs (which are expressed at the same times as
their interaction partners). It is quite reasonable that
the interaction partners of singlish-interface hubs
are not coexpressed, because they would compete
for the same binding interface. On the other hand,
for the partners of multu-interface hubs, 1t makes
sense 1o be expressed simultancously, because they
bind to different interfaces. Multi-interface hubs, in
fact, correspond to central members ol protein
complexes, as 1s evident from cross-relerencing
them with known complexes (table SR). A
representative multi-interface hub, for example, is
Arp2p, a member of the Arp2/3 complex.
Conversely, a good example for a singlish-interface
hub 1s Snflp, a central protein kinase (see SOM
Text and table S6).

There has been some controversy over wheth-
er hubs are slower-evolving than other proteins
(/5-18). A commonly used measure of evolu-
tionary rate 1s the dN/dS ratio (the ratio of non-
synonymous 1o synonymous substitutions, also
referred to as KK, ratio). Table 2 shows that it 15
significantly lower for multi-interface hubs than
for the average SIN protein, but not so for
singlish-interface hubs. Although the dependence
of evolutionary rate on protein degree has been
attributed to an underlying eflect of expression
level (/8), we find that the relationship of evo-
lutionary rate to the number of interfaces 1s
mdependent of expression level (whereas that to
the degree 1s not) (fig. S4). The aforementioned
controversy may have arisen because previous
studies did not differentiate between singlish and
multi-interface hubs. A larger number of inter-
faces may give rise to a lower evolutionary rate
because a larger fraction of residues participate in
mteractions. Indeed, Fig. 2 shows that the vari-
ation 1n a protein’s evolutionary rate can be ac-
counted for better by changes in the fraction of its
accessible surface area involved n interactions
than by degree. This result can be explained sim-
ply from a structural point of view: The average
mutational rate for exposed surface residues 1s
more than twice as high as for those at an
interface, which, mn tumn, i1s shghtly higher than
the one for buried residues (table 89) (/9). Thus,
as suggested previously (20) and shown in our
analysis, the proportion of a protein's available
surface area involved in interactions should cor-
relate inversely with evolutionary rate.

Fmally, we examined network evolution [rom
a structural perspective. The existing scale-free
network topology (the dominance of hubs) may
have evolved through preferential attachment (27).
(iene duplication is one possible cause of such an
evolutionary process (22, 23). but other factors,
such as preferential rewiring, could contribute as
well (23, 24). As depicted 1in Fig. 3, 1f a hub
evolves by duplication, its interaction partners are
expected to be enriched in paralogs (products ol
homologous genes onginating from within-
genome duplications). As expected (25), we found
that two proteins are significantly more likely to be
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Duplicate Gene B3

(preferential attachment)

OpOn =O
@

B1
B2
B3
B1
B2
B2
| B3
\ i B3’
B3’ B

B3’ is an equal interaction
partner of A.

B3’ and A actually evolve
a new binding interface

REPORTS

8. 1. Lee, S. V. Date, A. T. Adai, E. M. Marcotte, Saence 306,
1555 (2004).
9. P. M. Kim, thesis (MIT, Cambridge, Ma, 2003), pp. 1-125.

10. P. Aloy, R. B. Russell, Nat. Rev. Mol. Cell Biol. 7, 188
(2006).

11. P. Aloy, R. B. Russell, Nat. Biotechnol. 22, 1317 (2004).

12. G.D. Bader, C. W. Hoque, Nat. Biotechnol 20, 991 (2002).

13. See supporting information on Scence Online for details.
For updates to the SIN and interactive viewing using
tYNA, see http://sin.gersteinlab.org.

14. P. Uetz et al., Nature 403, 623 (2000).

15. H. B. Fraser, A. E. Hirsh, L. M. Steinmetz, C. Scharfe,
M. W. Feldman, Science 296, 750 (2002).

16. 1. K. Jordan, Y. I. Welf, E. V. Koonin, BMC Evol. Biol. 3,
1 (2003).

17. S. Wuchty, Genome Res. 14, 1310 (2004).

18. 1. D. Bloom, C. Adami, BMC Evol Biol. 3, 21 (2003).

19. W. 5. Valdar, ]. M. Thornton, Proteins 42, 108 (2001).

20. H. B. Fraser, A. E. Hirsh, BMC Evol. Biol. 4, 13 (2004).

21. R. Albert, A. L. Barabasi, Rev. Mod. Phys. 74, 47 (2002).

22. A. Vazquez, Phys. Rev. E 67, 056103 (2003).

23. A. Wagner, Proc. Biol. Sci. 270, 457 (2003).

24. E. Esenberg, E. Y. Levanon, Phys. Rev. Left. 91, 138701
(2003).

25. ]. Espadaler et al., Proc. Natl. Acad. 5qa. U.5.A. 102,
7151 (2005).

26. L Issel-Tarver et al., Methods Enzymol. 350, 329 (2002).

27. T. R. Hughes ef al., Cell 102, 109 (2000).

28. G. Giaever et al., Nature 418, 387 (2002).

29. D. P. Wall ef al., Proc. Natl. Acad. Sa. U.5.A. 102, 5483
(2005).

30. A. Bateman et al., Nucleic Acids Res. 30, 276 (2002).

31. R. D. Finn, M. Marshall, A. Bateman, Bioinformatics 21,

Fig. 3. The concept of network evolution by gene duplication. A given protein may acquire a new
interaction by duplication of an existing one, Given equal likelihood of any gene to be duplicated,
a protein with many partners is more likely to get a new partner than one with few—hence, there
is effective preferential attachment. For singlish-interface hubs, this mechanism is straightforward.
However, for multi-interface hubs, it would then require coevolution of the hub and the duplicated

32.

410 (2005).

We thank ]. Korbel, T. Gianoulis, &. Paccanaro, and H. Yu
for helpful comments on the manuscript. We also thank
the anonymous referees for valuable suggestions. This
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paralogs il they share a common partner (Table 3).
However, this is true only il they also share an
mieraction interface. We did not lind enrichment
for paralogs among interaction pariners binding to
different interfaces (Table 3). That is, our analysis 1s
consistent with the evolution of smglish-mterface
hubs through duplication-mutation, whereas it
does not support such an evolution of multi-
interface hubs (Fig. 3). Because multi-interface
hubs are often parts of larger protein complexes,
It appears that protein-complex evolution could
follow a different mechanism.

From our 3D structural analysis of protein
iteraction networks, we find that we can dis-
tinguish two fundamentally different types of
network edges. On the one hand, we find a group
ol interactions that are simultancously possible and
a set of mult-interface hubs associated with these.
Multi-interface hubs correspond, m many respects,
to our “classic” notion of network hubs, They are
more likely 1o be essential and more conserved.
They are most likely members of large and stable
complexes. However, they do not follow canonical
models of network evolution, growing through
gene duplication. On the other hand, we find a
second class of nteractions, mutually exclusive
ones, which have a transient character and occur in
smglish-interface hubs. Singlish-interface hubs are
distinctly “nonclassical™ They are neither likely to
be essential, nor conserved. However, i respect 1o
network growth they do follow the canonical
preferential gene duplication model.
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Characterizing a Mammalian
Circannual Pacemaker

Gerald A. Lincoln,* lain ]. Clarke, Roelof A. Hut,® David G. Hazlerigg*

Many species express endogenous cycles in physiology and behavior that allow anticipation of the
seasons. The anatomical and cellular bases of these circannual rhythms have not been defined.
Here, we provide strong evidence using an in vivo Soay sheep model that the circannual regulation
of prolactin secretion, and 1its associated biology, derive from a pituitary-based timing mechanism.
Circannual rhythm generation is seen as the product of the interaction between melatonin-
regulated timer cells and adjacent prolactin-secreting cells, which together function as an
intrapituitary “pacemaker-slave” timer system. These new insights open the way for a molecular

analysis of long-term timing mechanisms.

ndogenous circannual rhythms drive many
long-term cyeles in physiology and be-
havior m long-lived vertebrates (/, 2)
mcluding reproduction (3), hibernation (4, 3),
migration (60), and pelage growth (7). but the
anatomical and cellular bases of such rhythm

generation remain a mystery. We investigated
whether a circannual rhythm may be generated
through a pituitary mechanism, itself dependent
on the circadian system. We focused on the
anterior pituitary control of prolactin secretion,
but similar cell-cell interactions i the brain may
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govern circannual thythms for other physiolog-
ical processes.

Circannual thythms are sell-sustaining under
constant conditions of day length, temperature,
and food supply, with a free-running period
typically less than | year. Geophysical cues, in-
cluding the annual cycle of day length (photo-
period), act to entrain the circannual thythm to the
precise 365-day periodicity of the Earth’s year
(/, 2). Thus, many long-lived organisms us¢
both an endogenous calendar and a day length
measuring mechanism to adjust physiological
state precisely to the seasons.

[n sheep, photoperiod-dependent changes in
the duration ol nocturnal melatonin secretion by
the pineal gland synchronize circannual rhythms
to time of vear (§). Pmealectomy blocks photo-
periodic responsiveness and leads to expres-
sion of variable and asynchronous long-term
rhythms, whereas appropriate replacement with
exogenous melatonin mimics the synchronizing
effect of photoperiod. Melatonin replacement to
simulate only a part of the overall annual cycle
1s sullicient to induce synchronous circannual
rhythms (9). Short-duration daily melatonin
signals (8 hours/day) given for 3 months once a
year are notably more eflective than long-duration
melatonmn signals (16 hours/day). This indicates
that the summer photoperiod is the important
zeitgeber for the circannual reproductive rhythm.

The neuroanatomical basis of melatonin-
mediated photoperiodic control is well defined
(/0). In sheep and hamsters, melatonin acts

within the hypothalamus to mediate control of

scasonal changes in gonadotrophin secretion
and gonadal activity and acts within the pars
tuberalis (PT) of the pituitary gland to control
prolactin secretion and its dependent biology.
This differential control is strongly supported by
studies in hypothalamopituitary-disconnected
(HPD) Soay sheep, where ablation of the neural
input to the median eminence and arcuate
nucleus blocks the photoperniodic control of the
reproductive and metabolic axes but spares the
control ol prolactin secretion, because of a direct
action ol melatonmn within the pituitary gland
(11, 12). The HPD sheep thus provides a unique
in vivo model for the study of pituitary gland
[unction in the absence of complex neural inputs
[rom the brain (/3).

We investigated whether HPD sheep exhibit a
circannual rhythm of prolactin secretion under a
constant photoperiod, with the aim of localizing a
circannual timer mechanism. HPD Soay rams
were preconditioned to short photoperiod (SP) (8
hours light/day) for 16 wecks to entram the
scasonal physiology to a winter state with low
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blood concentrations of prolactin. The animals
were then released mto constant long summer
photoperiod (LP) (16 hours light/day) for 144
weeks (Fig. 1). This period was selected to cover,
potentially, three repeated circannual cycles.

The transter to LP caused an initial synchro-
nous increase in prolactin concentrations. This
was followed by a robust cyclical decline and
reactivation in prolactin release that persisted
throughout the 144-week study. The oscillations
dampened m amplitude and became asynchronous
(Fig. 1B). The period of this free-running prolactin
rhythm, determined by a nonlinear sine wave
regression procedure (73), ranged from 37.6 1o 46.
9 weeks (mean of 40.9, SD of 2.8 weeks, n = 10).
The mean pertod was significantly (one-sample ¢
test: 7 < 0.0001) different from the period of the
sidercal year (/3). There was a periodic “spring”
molt of the pelage (recorded for the scrotal hair)
lollowing cach cycle of increasing blood prolactin
concentrations (Fig. 1A). consistent with the
known role of prolactin in the dermal papilla
(10)). The molt cycle became progressively less
clearly defined in parallel with the dampening of
the prolactin rhythm. The testes of the HPD rams
remained permanently regressed, and there was no
overt cyclicity in other scasonal characteristics, as
previously observed afier pituitary disconnection
(11, 13)

The daily blood melatonin rhythim was mea-
sured at regular intervals, and locomotor activity
patterns were recorded continuously throughout

A

200

the 144 weeks under constant LP (/3). There was
no significant (2 = 0.05, analysis of vanance)
change either in the duration of the nocturnal
melatonin peak or in the amplitude of the maxi-
mum 24-hour melatonin concentration recorded at
cight different sampling occasions under LP,
Locomotor activity was consistently diurnal, and
there was no evidence ol a change in the behavioral
pattemns with time under LP, or related to the
progression ol the circannual prolactin cycles.
Thus, the circannual rhythm in prolactin secretion
m HPD animals 1s not accompanied by any
detectable changes in circadian rhythmicity.

In a second experiment, we tested whether an
abrupt change in photoperiod would reset the
circannual rhythm. The same HPD animals from
experiment | were switched to SP (8 hours light/
day) for 8 weeks and then reexposed to continual
LP (16 hours hght/day). The resulting prolactin
pattems are shown in Fig. 2A. The exposure to SP
induced a rapid decline in prolactin concentrations
within a week in all animals, and values remained
low during the 8-week treatment. The release back
into LP reactivated a robust prolactin response and
a high-amplitude prolactin rhythm with a corre-
sponding pelage molt in most animals, very
similar to that seen at the start of experiment |
(Fig. 2A). Analysis of the phase of the new
circannual thythm after 8 weeks of SP, assessed by
the sine wave regression procedure, revealed
that full reentramment had occurred. The new
phase was not dependent on the phase imme-
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Fig. 1. Free-running circannual

prolactin rhythms under constant
LP. (A) Long-term rhythms in

blood prolactin concentrations
in individual HPD Soay rams
exposed to a change from SP
(8 hours light/day) to LP (16 hours
light/day) at week 0 and main-
tained on constant LP for 144

weeks. The curves were fitted by
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a nonlinear sine wave regression
procedure. The horizontal bars
indicate the timing of the spring
pelage molt, known to be pro-
lactin dependent (white bar, full

molt; line, partial molt). (B)
Prolactin curves for all animals
on a common scale illustrating
the development of asynchrony.
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diately before SP exposure (Fig. 2B). This “type
(" resetting characteristic (/4) indicates that the
circannual oscillator expressed in the sheep is
highly labile to altered photoperiodic input.
The pronounced eflects of photoperiod on
prolactin secretion in the HPD sheep are mediated
by altered melatonin secretion (/7). We therelore

mvestigated whether the pincal melatonin signal is
necessary for the expression ol a circannual
prolactin thythm under constant photoperiod. In a
new group of HPD Soay rams, the rhythmic
secretion of melatonin was permanently blocked
by superior cervical ganglionectomy, a procedure
that denervates the pineal gland (/35). The absence

8004 vl
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Fig. 2. Resetting the circannual
prolactin rhythm. (A) Long-term
blood prolactin rhythms in indi-
vidual HPD Soay rams under

N

Prolactin (Lg7)

constant LP (starting at week 0),
following exposure to SP for 8
weeks after prolonged LP for 144
weeks (a resetting protocol). The
timing of the pelage molt 1is
indicated (horizontal bar as in

1604

-

120+

Fig. 1). (B) Phase-transition plot
showing that the magnitude of
the phase-shift in the circannual
rhythm induced by SP was un-
related to the previous circannual
phase, consistent with a type 0

ghaap 55

sheap S reseting response.

Fig. 3. Effectof removing A
the melatonin signal on tdh
circannual rhythmicity. (A) 1004
Long-term blood prolactin
rhythms in HPD and HPDX
Soay rams exposed to
changes between SP and
LP and then maintained
under prolonged LP for 96
weeks. The time of the 09
surgical operations is indi-

B«

Prolactin (pg/)

cated (ops, arrow). Remov- B
al of the melatonin signal
blocked both photoperiod
responsiveness and circan-
nual rhythm generation.

(B) Blood prolactin con- ~;—‘-
centrations in HPD Soay 3 ey
sheep aligned to the time £ ,,.

of treatment comparing
the effects of removal of 204
melatonin (HPDX), trans-

& HPDX
o HPD LP-SP
& HPD Mel

fer from LP to SP (HPD
LP-SP), and treatment with
a subcutaneous melatonin

implant (HPD Mel) (16). All three treatments effectively blocked the LP melatonin signal and produced a

similar winter-like default response.

REPORTS

of a nocturnal increase in melatonin concentrations
in these “HPDX" ammals was confirmed by
radioimmunoassay. The groups (HPD and HPDX)
were exposed to a change from LP (16 hours light/
day) to SP (8 hours light/day), and afier 16 weeks
returned 1o LP for 96 weeks. The standard HPD
sheep showed the expected mncrease in blood
prolactin concentrations under LP and a decrease
m response to SP, with rapid transitions. The switch
to constant LP produced a robust circannual
prolactin oscillation, with two full cycles completed
within 88 weeks (Fig. 3A). The removal of
melatonin in the HPDX sheep distupted both the
mitial photoperiodic response and the long-term
expression of circannual prolactin rthythms (Fig.
3A). Alignment ol the prolactin profiles to the time
ol the HPDX operation revealed that the loss of the
LP melatonin signal because of the surgery caused
an immediate and progressive decline in prolactin
concentrations [ollowed by partial recovery. This is
akin to that seen m HPD amimals transferred from
LP to SP or given a constant-release melatonin
mplant (/6) (Fig. 3B). Therealter, prolactin
concentrations remained in the intermediate range,
with a vanable long-term pattern in the mdividual
amimals. There was no consistent residual prolactin
rhythm with a period close to 40 weeks and no
regular pelage molt in the HPDX animals. Hence,
an invariant LP melatonin signal 1s required for the
expression of a robust, circannual prolactin rhythm
m HPD sheep. This inference contrasts with the
observations of Thrun and colleagues (/7). who
suggested that vanability in melatonin secretion
during continuous exposure o SP might lead to
expression of circannual variation in reproductive
status.

It has been suggested that circannual
rhythms emerge as a subharmonic of circadian
rhythms through “frequency demultiplication™
(/). This idea has not gamed favor, however, as
the period of circannual rhythms appears to be
mdependent of the period of the daily light-dark
cycle on which amimals are held (7, 18, 19).
Given these Nindings, we prefer a model in
which the dependence of the circannual prolac-
tn rhythm on the circadian melatonin signal
reflects a permissive requirement for circadian
mput. Thus, the circadian melatonin signal is
required for circannual behavior to emerge, but
does not determine the period of that behavior.

Two types ol mechanism can be invoked to
account for the generation of a circannual thythm
m the HPD sheep. The first 1s one in which the
pituitary cells are driven by a timer in the brain or
elsewhere that 1s responsive to pincal melatonin
and that produces a thythmical signal to control the
pituttary gland. The pituitary 1s thus downstream
[rom the putative circannual pacemaker. The
second mechanism 1s where the timer exists within
the pitutary gland and melatonin acts directly n
the pitutary tissues. The latter model 1s consistent
with the data from the HPD sheep where the
surgery isolates the pituitary gland and blocks all
known hypothalamopituitary-dependent  changes
in seasonal physiology (/3). Melatonin receptors

www.sciencemag.org  SCIENCE VOL 314 22 DECEMBER 2006




REPORTS

1944

circadian
melatonin signal

CNS
‘HPDbarier _ N.__
PT
Pituitary ®
circannual ol © S
pacemaker @
dhs

\ prolactin
target

Fig. 4. Working hypothesis for a tissue autono-
mous circannual timer. The model proposes a
pacemaker-slave mechanism operating within the
pituitary gland. The pacemaker is the PT cell that
receives circadian gating through the nocturnal
melatonin signal, by means of the melatonin MT,
receptor, and has interval timer properties. The
slave is the PD lactotroph cell that has stochastic
and heterogeneous properties and must be
synchronized as a population of cells by a positive
stimulus from the PT. The propagation of circan-
nual oscillation is presumed to depend on feed-
back signals with long time-delays.

are highly expressed in the PT ol the pituttary gland
i HPD sheep, as i the nonmal animal (20), and
can thus act as the local target for melatonin. The
PT produces a prolactin-releasing factor modulated
by melatonin that regulates the synthesis and
release of prolactin by the lactotrophs that are
located in the adjacent pars distalis (PD) of the

pituitary gland (27). The local administration of

melatonin close to the PT m sheep, using micro-
implants or programmed nfusions, markedly
affects prolactin secretion, with rapid suppression
and slow recovery afier 8 to 12 weeks, paralleling
the change seen i response to SP (/()). These
treatments produce no detectable increase in the
concentration ol melatonin m the penpheral
circulation. The result provides the strongest
support for a localized timer mechanism within
the pituitary. Other studies demonstrate that
prolonged exposure to a lixed photoperiod
produces changes m PT function |glycoprotein
hormone, subunit ¢, and thyroid-stmulating
hormone, subunit B, gene expression (22, 23)|

and in prolactin-releasing factor production (2/)
that preempt the endogenous cycle in prolactin
secretion. This indicates that it 15 PT cells that
drive the cycle m the lactotrophs.

We propose that the intrapituitary communi-
cation between PT photoperiod-relay cells and PD
lactotroph cells is central to the propagation of a
circannual prolactin thythm. This is illustrated
schematically in our working model for circan-
nual thythm generation within the pituitary gland
(Fig. 4). We know that the noctumal melatonin
signal regulates circadian rhythms in clock gene
expression in the mammalian PT (24, 25), and
that clock gene rhythmicity continues to reflect
the ambient light-dark cycle, even during
prolonged photoperiod treatments when photo-
refractoriness develops (22, 26). This indicates
that control depends on a stable melatonin signal
and that the melatonin thythm may be permissive
because of its gating eflect on processes in the PT
that depend on clock gene expression. By
contrast, endogenous changes in the PT appear
to drive the circannual cycle in prolactin secretion.
Morecover, we have shown that temporanly
blocking prolactin secretion with bromocriptine
fails to perturb the phase ol this endogenous cyele
(27). This favors our view that the PT cell may be
the circannual pacemaker for this system (Fig. 4).

Lactotrophic cells are known to exhibit sto-
chastic variability i prolactin gene expression and
secretion over circadian and noncircadian time
scales (28, 29), and the heterogeneous population
of lactotrophs 1s known to be activated by LP by
means ol a PT prolactin-releasing factor (30)). We
therefore propose that the function of the PT cells 1s
to provide a coordinating signal for the lactotroph
population that generates a slave response (Fig. 4).
According to this hypothesis, ablation ol the
melatonin signal results in desynchronized activity
within the lactotroph population, accounting for
the winter-like default pattern in prolactin secre-
tion, as well as loss ol coordinated circannual
rhythmicity, as observed in the HPDX animals
(Fig. 3). Further studies will be required to
determine whether long-term rthythmicity is an
mtrinsic property of the melatonin-regulated PT
cells or whether 1t emerges through feedback
interactions within the pituitary, or possibly
involves peripheral prolactin target tissues.
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Wisconsin, La Crosse, invites applications for an
academic year, tenure-track position at the level of
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apply. Ph.D. required in pharmacology, chemistry,
biochemistry, or related discipline. The successful
applicant w il be provided with an attractive startup
package, including laboratory space within Phar-
macology (website: http://www.healthsystem.

virginia.edu/internet/pharmacology/) and access
to core facalities. To apply send curriculum vitae, re-
scarch plan with names and addresses of at least three
references (including e-mail address and telephone
number) to: Pharmacology Search Committee, De-
partment of Pharmacology, University of Vir-
ginia, P.O. Box 800735, Charlottesville, VA
22908-0735 (e-mail: pharmsearch@virginia.
edu). Review of applicadons will begin January 15,
2007; however, the positton will remain open until
filled. The Uwiversity of Virginia iz an Equal Opportunity/
Affirmative Action Employer.

ASSISTANT PROFESSOR OF BIOLOGY, Uni-
versity of South Carolina, Sumter, tenure track bthm—
ning fall 2007. Ph.D. required, preferably in plant
biology. Twelve hours/semester all undergraduate;
expectations include excellence in teaching and po-
tential for research /scholarship. Ability to teach in-
troductory and intermediate biology courses, and
botany with accompanying field work to majors and
nonmajors. May apply online at website: http://
uscjobs.sc.edu or submit application letter {should

1946

describe the applicant’s record, philosophy of teach-
ing, and professional goals and interests ), curriculum
vitae, three current letters of recommendation, copies
of all undergraduate and graduate transcripts, writ-
ing samples, and summary of teaching evaluations,
or other evidence of excellence in teaching,. Send
materials to: Dr. James E. Privett, Chair, Dlﬂsiun
of Science, Math, and Engiucf.:riug, University of
South Carolina, Sumter, 200 Miller Road, Sumter,
SC 29150-2498. Review of credentials will begin im-
mediately. Foreign nationals indicate current ULS. immigra-
tion status. Affirmative Action/Equal Opportunity Empleyer.

POSITIONS OPEN

ASSISTANT PROFESSOR, ANATOMY AND
PHYSIOLOGY

The Biology Department at the University of
Nevada, Reno, secks a faculty member for a state-
funded CONTINUING LECTURER position at
the level of Assistant Professor, This nontenure track,
12-month position, which starts August 2007, will
teach human anatomy and physiology courses,
comparative physiology, and another course such as
endocrinology, cardiovascular, or introductory biol-
ogy. Responsibilities include tcaching twWo or more
courses per semester, including summer semester,
supervision of the anatomy and physiology labora-
tories, and Department service responsibilities. We
seck an outstanding and enthusiastic Educator who is
eager to interact with students. The Department has
about 640 majors and 23 state-funded faculty, Reno,
Nevada, sits on the castern flank of the Sierra Nevada
range, offers outstanding opportunities for outdoor
recreation, and was recently rated one of the best
small cities in the United States for overall quality of
life, Minimum qualifications include an ecarned
Ph.D. in biology, physiology, or related discipline,
and previous teaching experience at the college lev-
el in a faculty position or as a graduate assistant.
Applicants should apply online with curriculum
vitae, letter of application, and statement of teaching,
philﬂmph}'. Also, three letrers of recommendation
should be sent to: Dr. Carol Ort, Anatomy and
Physiology Lecturer Search, Department of Biol-
ogy /314, University of Nevada, Reno, NV 89557.
For complete position announcement and require-
ments, visit website: http: //jobs.unr.edu. Appli-
cations received by February 2, 2007, will receive full
consideration.

Egual Employment Opportunity / Affirmative Action. TWom-
e and wnderrepresented groups are enconraged to apply.

FACULTY POSITION IN MOLECULAR
MICROBIOLOGY

The Department of Biological Sciences, Universi-
ty of Wisconsin, Milwaukee (UWM), invites appli-
cations for a faculty position in molecular microbial
physiology at the ASSISTANT, ASSOCIATE, or
FULL PROFESSOR level. Landldatu mndmun&
genome-sequence enabled research using model pro-
karyotic systems are especally encouraged to apply.
The successful candidate will be expected to be an
integral member of the microbiology and biotech-
nology group, develop an extramurally funded rescarch
program and contribute to the education of under-
praduate and graduate (M.S. and Ph.D.) students.

Applicants must have a Ph.D. degree and post-
doctoral experience. Applicants should submit cur-
riculum vitae, a statement of research and teaching
eoals, and up to five recent reprints, and arrange to
have three letters of recommendation sent to: Chair
of the Molecular Microbiology Search Commit-
tee, Department of Biological Sciences, Univer-
sity of Wisconsin-Milwaukee, P.O. Box 413,
Milwaukee, WI 53201. Review of applications will
commence on Fcbruaw 1, 2007, and continue until
the position is filled. More detailed information
about this position, UWM, and the Department
may be found at website: http: //www.nwm.edu/
Dcptf Emlogy/ The University of Wisconsin, Milwaukee,
is an Equal Opportunity / Affirmative Action Employer.

ORNITHOLOGIST. The University of Texas,
Brownsville / Texas Southmost College (UTB /TSC)
invites applications for a tenure-track position of avian
ecology in the Department of Biological Sciences.
Applicants must have a Ph.D. in a related field. Pref-
erence will be given to applicants with experience in
the application of geographic information system in
ecological studies, postdoctoral resecarch, and teach-
ing experience. Successtul candidates will be expected
to develop an extramurally funded research program
and participate in both graduate and undergraduate
programs in arcas relevant to his/her expertise. To
apply, submit curriculum vitae, copies of offical tran-
scripts, statements of research and teaching interests,
and three letters of reference to: Dr. Luis Colom,
Chair, Department of Biology, LHSB 2.816, Uni-

versity of Texas Brownsville/Texas Southmost
College, 80 Fort Brown, Brownsville, TX 78520.
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NIDDK &)

Postdoctoral Fellowship in Chemical Biology
Laboratory of Bioorganic Chemistry

The Laboratory of Bioorganic Chemistry, NIDDK, NIH, has fully funded
postdoctoral positions available in the areas of chemical genetics, medicmal
chemistry and proteomics. Research projects will focus on identifying novel
protein substrates and small-molecule inhibitors of histone acetyltransferase
(HAT) enzymes, which are key regulators of eukaryotic gene expression.
Prospective candidates must have obtained a Ph.D. within the past four
years, be highly motivated and have demonstrated experience in any or all
of the following: synthetic organic/medicinal chemistry, protein biochem-
istry and proteomics, Located on the main NIH campus in Bethesda, MD,
the NIDDK provides excellent opportunities for collaborative interactions
with other research laboratories and access to advanced facilities dedicated
to chemical biology, genomics, mass spectrometry and the NIH Chemical
Genomics Center (NCGC).

Applicants should send a letter stating their research interests and goals,
a CVincluding bibliography, and arrange for three letters of reference
to be sent directly or by email to Dr. Hans Luecke, LBC/NIDDK/NIH,
9000 Rockville Pike, Bldg. 8, Room B2-A03, Bethesda, MD 20892,
lueckeh(@niddk.nih.gov

Department of Health and Human Services
National Institutes of Health
Clinical Center

G0

This position is located in The Warren G. Magnuson Clinical Center, Nuclear

Medicine Department (NMD).

Tenure-track Physician
Clinical Center/Nuclear Medicine Department

We are secking a research-oriented physician for a possible tenure-track position. An
M.D. or M.D. /PhD with U.S. Nuclear Medicine Board certification and CT training
is needed to provide diagnostic and therapeutic nuclear medicine procedures as well
as to participate in clinical research protocols of the NIH Intramural Program. U.S.
citizenship or permanent residency status 1s required.

Please submit your curriculum vitae, bibliography. and a letter describing your
clinical. research, and management experience to: Mrs. Veronica Olaaje, HR
Specialist, DHHS, NIH, OD/CSD-E, 2115 E. Jefferson Street, Rm. 2B209
MSC-8503, Bethesda, MD 20892-8503. Phone: 301-435-4748. Email: volaaje@
mail.nih.gov.

Salary is commensurate with experience. This appointment offers a full benefits
package (including retirement, health, life and long term care insurance. Thrift
Savings Plan participation, ctc.). Application packages should be submitted as carly
as possible, but no later than December 31, 2006.

Selection for this position will be based solely on merit, without discrimination for
non-merit reasons such as race, color, religion, sex, national origin, politics, marital
status, sexual orientation, physical or mental handicap, age or membership or non-
membership in an employee organization.

MATION AL INETITUTE

TENURE-TRACKINVESTIGATOR: The Department of Health and Human Services
(DHHS), National Institutes of Health (NIH), announces a search for a tenure-track
scientist, to lead the structural biology program at the Intramural Research Program
(IRP), National Institute on Drug Abuse (NIDA). Candidates must have a terminal (MD
and/or Ph.D.) degree. Candidates will be evaluated on (1) knowledge and experience in
proteomics, lipidomics. glycomics, and their bioinformatics; (2) expertise in analytical
chemistry, with a major emphasis on mass spectrometry and chromatography: (3) an under-
standing of mass spectrometric techniques applied to surface imaging, including MALDI,
LDI, MALDI-lon Mobility-oTOFMS - with UV and IR lasers and SIMS, particularly as
applied to neuroscience and drug abuse; (4) knowledge of direct tissue imaging analysis
of drug and biomelecular localization; (5) demonstrated ability to prepare biological tissue
samples for quantitative and semi-quantitative spatial analysis of small and large molecules
by laser and ion microprobe and laser capture microdissection; (6) application of these
techniques, as well as ESI, lon traps, Quadrupole and Q-TOF ESI, (GC, TLC and HPLC)
/MBS, to real-time monitoring of levels of molecules inblood, cerebrospinal fluid and saliva;
(7) experience in correlating analytical results with three dimensional theoretical molecular
modeling of physiological structure; and (8) successful collaboration with investigators
from a wide range of disciplines. The successful candidate may be hired through the NIH
Title 42(g) program at a competitive salary rate and with full Federal benefits. Candidates
must submit a CV, a statement of proposed research objectives and goals of not more than
three pages, and four (4) letters of recommendation (from noncollaborators) to; Barry J.
Hoffer, M.D., Ph.D., Scientific Director, NIDA, and Chief, Cellular Neurophysiology
Section, Cellular Neurobiology Research Branch, IRP/NIDA, 5500 Nathan Shock
Drive, Baltimore, Maryland 21224. A copy of the terminal degree (with a certified
English translation if foreign) should also be included. Email: bhoffer(@intra.nida.nih.
gov. Application materials must be received by COB onJanuary 31,2007, Applications
recetved after that date will not receive consideration.

Staff Scientist (Core Laboratory)

¥

The National Institute of Allergy and Infectious Diseases (NIAID), a major research
component of the NIH and the Department of Health and Human Services, is recruiting
for a Staff Scientist (Core Laboratory) in the Respiratory Viruses Section, Laboratory of
Infectious Diseases (LID). LID has an active vaccine development program to generate
live attenuated virus vaccines for flaviviruses including the four dengue, West Nile
encephalitis, St. Louis encephalitis, and Tick-borne encephalitis viruses and respiratory
viruses including the three parainfluenza viruses, two respiratory syncytial viruses, and
the human metapneumoviruses. Vaccines are also being developed against viruses of
interest to biodefense.

Responsibilities: 1) generate documents constituting the Investigational New Drug
Application (IND) for the vaccmes being developed: 2) work closely with members of the
Sponsor of the IND, another unit of the Intramural program of NIAID, to generate final
IND documents for submission to the FDA; 3) coordinate efforts of LID staff involving
vaccine manufacture and preclinical testing of the vaccine candidates; and 4) organize the
response of NIAID to the comments of the FDA regarding IND submissions.

The successful individual will ideally possess an M.D. or Ph.D. degree and have experience
with IND preparation for infectious agents, but individuals without one of these degrees
will also be considered if they have extensive experience in the field. Experience with
generation of investigational vaccines, especially cDNA derived vaccines, and testing of
investigational vaccines inanimals and human subjects is desired. Salary rangeis $73,178
- $159,657 and is commensurate with research experience and accomplishments,

Please send CV/Bibliography and three references to Dr. Alexander Schmidt, Bldg. 50,
Room 6511, 50 South Drive, MSC 8007, Bethesda, MD 20892-8007. Applications
must be received by January 5, 2007. For additional information on this position, contact
Dr. Alexander Schmidt at schmidta(a niaid.nih.gov.

THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS




