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SCIENCE EXPRESS
PHYSICS

Coherent Dynamics of a Single Spin Interacting with an

Adjustable Spin Bath

R. Hanson, V. . Dobrovitski, A, E. Feiguin, O, Gywat, D. 0. Awschalom

Simulations successfully show how the spin of a nitrogen vacancy in diamond is coupled

to those of surrounding nitrogen impurities and how coherence between them is lost,
10.1126/cience. 1155400

CHEMISTRY

Gate-Variable Optical Transitions in Graphene

F. Wang et al.

Application of electrical biases to single or double layers of graphene change its infrared

reflectivity, mimicking aspects of transistors and opening up optoelectranic applications.
10.1126/cience. 1152793

CLIMATE CHANGE

Impact of Artificial Reservoir Water Impoundment on Global Sea Level

B.F. Chao, Y. H. Wu, ¥. 5. Li

Accounting lor water impounded globally in artificial lakes that were filled during

the past 80 years rabses estimates of natural contributions to recent sea level.
10.1126/science. 1154580

CONTENTS

MOLECULAR BIOLOGY

Nutritional Control of Reproductive Status in Honeybees via

DNA Methylation

R. Kucharski, |. Maleszka, S. Foret, R. Maleszka

Epigenetic modifications that involve methylation cause female honeybee larvae to
become queens rather than workers when they are led royal jelly.

10.1126/5cience. 1153069

NEUROSCIEMCE

Insect Odorant Receptors Are Molecular Targets of the Insect Repellent DEET
M. Ditzen, M. Pellegring, L. B. Vosshall

The widely used insect repellent DEET acts by inhibiting olfactory neurons that
respond to odors such as those that attract insects to their hosts.

Sk 10.1126/5cience. 1153121

REVIEW

ANTHROPOLOGY

The Late Pleistocene Dispersal of Modern Humans
in the Americas

T. Goebel M. R. Waters, D. H. O Rourke

BREVIA

1497

ECOLOGY

Predators Induce Cloning in Echinoderm Larvae
D. Vaughn and R. R. Strathmann

Sand dollar larvae respond to mucus from fish predators by rapid
asexual reproduction, producing an increased number of smaller
indiiduals that may be less visible.
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ASTRONOMY

Organic Molecules and Water in the Planet
Formation Region of Young Circumstellar Disks
L 5. Carr and J. R, Najita

Simple organic molecules and water are abundant in the inner disk
of a star like our early Sun, implying that arganic synthesis is
occurring there,
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PHYSICS

Superconductivity in Hydrogen Dominant
Materials; Silane

M. I. Eremets, I A. Trofan, 5. A Medvedey, [. 5. Tse, ¥. Yao
Under pressure, the insulator silane (SiH,) transforms to a metallic
phase and, at even higher pressures and low temperatures, becomes
superconducting.

PHYSICS

Energy Gaps and Kohn Anomalies in Elemental
Superconductors

P Aynajian et al.

High-resolution neutron-scattering expenments reveal behavior
in pure lead and niobium superconductors beyond that descnbed
by the standard theoretical framework.
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CHEMISTRY

Synthesis of Macrocyclic Copolymer Brushes and
‘[_Ijgjf_?_ﬂf_—_ ssemhlg iﬂgﬂpramgﬂular Tubes
M. Schappacher and A. Deffieux

A three-block polymer can generate long cyclic palymers in solution,
which can be further functionalized to form polymer brushes and
tubular assemblies,
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GEOCHEMISTRY

Splitting of the 520-Kilometer Seismic Discontinuity 1575
and Chemical Heterogeneity in the Mantle

A Saikia, D. . Frost, D, C. Rubie

A reaction in calcium-rich rocks in Earth’s mantle can explain a
seismic signal that varies geagraphically and with depth, providing

a means to map mantle compositions.

GEOCHEMISTRY

The Chlorine lsotope Composition of Earth’s Mantle 1518
M. Bonifacie et al.

Analysis of ocean basalts imply that Earth’s mantle has a different
chlorine isotopic ratio than crust or seawater, perhaps reflecting a
late addition of material to Earth.

PALEQONTOLOGY

Caribbean Reef Development Was Independentof 1521
Coral Diversity over 28 Million Years

K. G. Johnson, J. B. C. Jacksen, A. F. Budd

An analysis of fossil and modern Caribbean corals shows that,

for the last 28 million years, coral reef growth and persistence

hawve not required high coral diversity.

BIOCHEMISTRY

Amyloid Fibrils of the HET-5(218-289) Prion Forma 1523
|3 Solenoid with a Triangular Hydrophobic Core

C. Wasmer et al.

Astructural model of a yeast prion shows that the amyloid fibrils
form a left-handed [} solenoid stabilized by hydrophobic and polar
interactions and salt bridges.

GEMETICS

A Retrotransposon-Mediated Gene Duplication 1527
Underlies Morphological Variation of Tomato Fruit

H. Xiao el al.

The gene causing elongated tomatoes arose from an unusual,
transposon-mediated duplication that provided a new requlatory
enviranment that increased its expression,

CONTENTS I

GENETICS

Evidence for Karyogamy and Exchange of Genetic 1530
Material in the Binucleate Intestinal Parasite

Giardia intestinalis

M. K. Poxleitner et al,

The unusual lack of accumulated mutations in asexual Glardia

can be explained by the exchange of plasmid DNA between its

two nuclei during the cyst phase.

MICROBIOLOGY

Direct Visualization of Horizontal Gene Transfer 1533
A, Babic et al.

Visualization of DNA exchange between two bacteria reveals

that the process is highly efficient, is mediated by the pilus,

and occurs about once per replication cyele.

MEDICINE

Neurokinin 1 Receptor Antagonism as a Possible 1536
Therapy for Alcoholism

D. I George el al.

A drug that inhibits a neural signaling pathway linked to behavioral
stress may be a useful therapy in preventing relapse in aleoholics.

CELL BIOLOGY

Using Engineered Scaffold Interactions to Reshape 1539
MAP Kinase Pathway Signaling Dynamics

C. J. Bashor, N. C. Helman, S. Yan, WA Lim

A yeast signaling pathway acquires new regulatory properties

{such as adaptation) when additional protein-protein interaction
sites are engineered into a scaffolding protein,

== Perspechive p, 1489

MEUROSCIENCE

Synaptic Theory of Working Memary 1543
G. Mongillo, 0. Barak, M. Todyks

Stronger synapses induced by calcium currents are respansible

far working memory rather than the more metabalically expensive
action potential firing, as had bean thoughl. == Perspective p. 1495
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Water waster?

SCIENCENOW o

www.sciencenow.org DAILY NEWS COVERAGE

Future Cars May Save Gas But Waste Water

Plug-in vehicles could strain resources of drought-stricken
regions,

He Heard, She Heard

Girls and boys use different parts of their brains to process
language.

Mathematicians Debate the Hole Truth

Who was the first ta improve on a widely used classic formula?

From drifter to researcher.

SCIENCE CAREERS

www.sclencecareers.orng CAREER RESOURCES FOR SCIENTIST

From the Archives: The Drifter

I. Chen

After 2 years of wandering, Gary Ruvkun settled into a productive
research career.
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Migration Dates to the
New World

The Americas were the last major habitable con
tinents to be settled by humans, Goebel et al.
{p. 1497) review recent archaeological finds,
more accurate dates, and genetic evidence that
have changed some ideas about how this migra-
tion occurred. The data faver an initial migration
along a coaslal ice-free corridor about 15,000
years ago from populations that were in Beringia,
including Alaska, and perhaps a second migra
tion around 13,000 years ago that led to the
Clovis culture in Morth America.

Protoplanetary Parts Lists

Our understanding of the initial conditions of
aur early solar system is based mainly on samples
of material that has condensed and accumulated
into grains, comets, asteroids, and planets. Carr
and Najita (p. 1504; see the Perspective by
Ciesla) present spectral observations oblained
with Spitzer Space Telescope of the gas in the pro
toplanetary disk around the star AA Taun, which is
thought to be similar to our early Sun. Even the
inner portion of this disk of contains high concen
trations of HCN, CO,, C,H,, OH, and H,0, which
suggests that organic chemical reactions are
ongoing. These results raise the possibility that
even more complex molecules are synthesized in
these regions, and may also help in understand-
ing the origin of Earth’s water budgel.

Hydrogen Surrogates
Under Pressure

The issue of hydrogen metallization at extreme
pressures is not only of fundamental interest but
also bears on our understanding of the deep
interior of gas giant planets, This issue is diffi

www.sciencemag.org  SCIENCE  VOL 319
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<< Maintaining Duplicate Nuclei

The intestinal parasite Giardia has two nuclei in its vege-
tatively growing form (the trophozeite), and both nuclei
seem to be fully functional and essentially indistinguish-
able. Remarkably, despite no previous evidence for
genetic exchange between the two nuclei, they somehow
appear to contain essentially identical copies of the
genome. Poxleitner et al. (p. 1530) show that efficient
DMA transfer occurs during encystations and provides a
mechanism for maintaining homozygosity between the
two nuclei.

cult to address experimentally in that pressure
cells, which allow for detailed observations, can
not yet induce elemental hydrogen into its
metallic phase. Eremets et al. (p. 1506) turned
to compounds containing hydrogen—in this
case, silanes—with the motivation that because
the hydrogen is “chemically precompressed,” it
should be easier to induce phase changes at
lower pressure. Silane can indeed be pressured
into a metallic phase and is also superconduct
ing at lower lemperature. The results suggest
that hydrogen-rich compounds can be a good
surrogate for studying elemental hydrogen.

Look Beyond BCS Theory?

The Bardeen-Cooper-Schrieffer (BCS) theory of
low-temperature superconductivity in metals
stands as a monument in solid-state physics, and
its cornerstone is a pairing interaction between
electrons mediated by lattice vibra 1.
lions, or phonons. The availability

of high-resolution neutron spec
troscopy now allows measure
ment of phonon lifetimes from
micro—electron volt resolution
studies throughout the Bril
lowin zone, Aynajian et al.

(p. 1509, published online

21 February; see the Perspec
tive by Scalapino) studied the
elemental superconductors lead and niobium with
such methods and found results which are sugges
tive of many-body correlated effects that reguire
explanations beyond the standard BCS framework,

x'/.

Blocking Out
Cyclic Polymers

Synthesis of cyclic polymers requires some way
of bringing the ends of a linear polymer

together before competing reactions occur, For
this reason, such reactions are usually per-
formed under high dilution, and for long poly
mers, this requirement often leads to low
yields. Schappacher and Deffieux (p. 1512)
overcome a number of these limitations by syn-
thesizing a triblock copolymer with a long mid
dle block and two smaller end blocks with reac
Live groups needed for the cyclization reaction.
The central block could also be decorated with
side chains, which aided in visualization with
atomic force microscopy. By using two
monomers to decorate the cyclic polymers and
by choosing a selective solvent for one of them,
it was possible to form supramolecular tubular
assemblies in solution.

Constraining Earth’s
Chlorine Budget

Maost of Earth’s chlorine is now in the crust (in
evaporiates and brines) and the oceans. Deter-
mining how and when it became concen-
trated there requires some assessment of

the mantle chlorine concentration

and 1sotopic value. Such measure
ments are often difficult—for example,

volcanic rocks from the mantle, such as
mid-ocean ridge basalts (MORBs), are rap-
idly contaminated by seawater. Bonifacie et
al. (p. 1518} examined Cl stable isolopes in 22
MORB samples and found, in contrast Lo previ
ous studies, that the mantle chlorine has rela
tively less #7C| than #*CL. This difference implies
either that fractionation accompanied separa-
tion from the mantle, and later mixing in of
altered ocean crust, or that the crust of the
Earth contains isotopically different Cl from a
late accrelion evenl.

Continued on page 1455
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Contfnued from page 1453

Yeast Prion Protein Structure Revealed

Prion proteins are linked to several diseases, including bovine spongiform encephalopathy in cattle,
scrapie in sheep, and Creutzfeldt-Jakeb disease in humans. Infectious prion-like proteins that also
form amyloid fibrils are found in yeast and other fungi. Based on solid-state nuclear magnetic reso-
nance data, Wasmer et al. (p. 1523) provide a structural model of amyloid fibrils from the prion-
forming domain of the fungal HET-s prolein. An earlier preliminary model gave no information on
intermolecular [3-sheet propagation. The current model shows that the amyloid fibrils form a left-
handed [3-solencid with two windings per molecule that is stabilized by hydrophobic and polar inter
actions and salt bridges.

Bacterial Conjugation in Living Color

Although conjugation in bacteria has been studied for decades, there are many oulstanding issues
about how it works. By using a direct visualization technigue, Babi€ et al {p. 1553) show that DNA is
transferred through the pilus and efficiently incorporated (=95%) into the recipient’s bacterial chro-
mosome; unrecombined DNA is
degraded. Tracking of the acquired
DA showed that the resulting
chromosomes appeared 1o recom
bine frequently, about once per cell
generation, and was able to gener
ate a diverse set of progeny from a
single ancestor.

Stress Relief in Alcoholism

Despite the success of psychosocial interventions such as Alcoholics Anonymous, chronic alcohol
abuse remains a significant public health problem. Noling that stress is a relapse trigger in alco-
holism, George et al. (p. 1536, published online 14 February) explored whether pharmacological
inhibition of the neurokinin 1 receptor (NK1R), a mediator of the brain's stress response, would
alleviate symptoms associated wilh alcohol dependence. Mice genetically deficient in NK1R
consumed less alcohol than contrals. A drug that antagonizes NK 1R was used in a small, con-
trolled study of recently detoxified alcoholic inpatients and showed promising activity, such as
reducing alcohol cravings. However, these latter results need to be confirmed in much larger,
longer-term studies.

Synthetic Biology in Action

One goal of synthetic biology is to remodel intracellular processes at will. Bashor et al. (p. 1539; see
the Perspective by Pryciak) wanted Lo engineer new regulatory properties into the well-studied mitogen
activated protein kinase pathway in yeast that mediates response to mating pheromones, By creating
proteins with customized protein interaction domains, which allered the association of signaling pro
teins with a key scaffold protein that assembles proteins that participate in the signaling pathway, the
authors changed complex regulatory properties of the signaling pathway. A gradual dose response
could be modified into a switchlike all-or-none response, the time course of system response could be
varied, or adaptation (a process in which output diminishes even in the presence of continued stimu
lus) could be added.

A Working Model of Working Memory

Working memory, the system that enables us te hold information tempararily for processing pur-
poses, is thought to be stored primanily in the form of elevated, persistent neuronal firing rates,
Mongillo et al. (p. 1543; see the Perspective by Fusi) now suggest that working memaory may instead
be stored in the short-term facilitalion caused by a temporary calcium increase in synapses from neu-
rons that code for a particular memory, Short-term facilitation on the necessary time scale has
recently been observed in prefrontal cortex, lending itself to memory maintenance on the scale of
seconds. During the memory span, and also during recall, neuronal activity then shows population
spikes, If memory is indeed stored in the form of synaptic facilitation, few spikes need to be expended
in maintaining it, which would reduce the metabolic cost of working memory.
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Warming Island,

GREENLAND

Expedition
September 16-27, 2008

Join explorer Dennis Schmitt
as he returns to East Greenland
and his discoverv—a three-finger-
shaped island in East Greenland
now nam ed Warming Island—
a compelling indicator of the

rapid speed of global warming.

In Revicgjavik, Teelandd,
we will board the 50-passenger
expedition vessel, MV, "L]l‘I\‘-l“;
Marvshev, and go north across
the Denmark
Strait and
above the
Arctic Cirele
to the coast
al East
Greenland.

Blue whales L
feed in the rich waters, and
orcias (killer whales), whilte-
beaked dolphins, and sea birds
ey b seen.

We will visit Seoreshy Sund,
the longest fjord in the world,
and al Cape Hofmann Halvo we
will loak or musk axen, Remains
of remole Inuit villages will be
afinterest, as will seals and other
wildlife—all againsi the stunning
glaciers and peaks of coastal
Greenfand, From 55,745 + air,

.L“'HL = “ {"‘-ﬁ

For a detailed brochure,
please call (800)252-4910
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AAAS Travels

17050 Montebello Road
Cuperting, Calilornia 95014
Email: AAASInfoEhetchartexpeditions.com
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Research Labaratory,
National Oceanic and
Atmospheric Adminisira-
tion, Boulder, CO.

Martin Manning is the
former head of the IPCC
Working Group | Technical
Support Unit and a
professar at Vicloria
University, Wellington,
New Zealand.

The IPCC Must Maintain Its Rigor

LAST YEAR, THE INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE (IPCC) WAS
awarded the Nobel Peace Prize along with Albert Gore Ir., sending a strong message about the
importance of the worlds future climate. Indeed. for two decades. international scientists and
policy-makers contributing to the [PCC process have provided assessments of climate change
science, impacts. and mitigation, addressing one of the most far-reaching and complex challenges
that society has ever faced. Yet this is no time for the [PCC w reston its laurels. The climate system
continues to change and science continues o improve, so policy must be kept current with our best
understanding. Reformulating the science/policy interface should be considered and be open 1o
change but must acknowledge lessons from the past. The factors that have been eritical to the
success of the IPCC need 1 be preserved il a ngorous scientific basis is 1o continue to inform the
growing challenge of decision-making on climate change.

The IPCC's assessments have been highly credible to both policy-
makers and scientists largely because, despite differences in language
and approach between these communities, both groups recogmize the
importance of multiple reviews of drafts in an open process in which
diverse authors, reviewers, and governments do not hide behind a cloak
of anonymity, The successive reviews and revisions of complex material,
with the broad inputs of many. take time. For instance. after scientists and
governments defined its scope, the last Working Group 1 assessment
took 3 years to be developed by 152 authors and then reviewed by more
than 600 experts along with dozens of governments. Any move toward
more rapid products risks incomplete identification of the range of
Justilfiable views and a consequent reduction of the rigor. clarity, and
robustness of the consensus,

Moreover, completion of an IPCC assessment report requires a
demanding line-by-line approval of its summary that is eritical for its value to policy-makers, This
process ensures that key conclusions are accepted by all governments and expressed in language
that 15 both scientifically accurate and useful to policy. It requires Working Group co-chairs
and authors with the stature and expertise needed to justfy their findings and levels of scientific
confidence. The wulity of the [PCC also depends on its direct relevance to climate policy
decisions, and this sharp clanty of purpose requires that the TPCC avoid becoming entruned
many aspects of broader global change and sustainable development issues.

IPCC meetings of experts play roles in addressing specific issues such as drought or climate
sensitivity, but they do not include the crucial and interactive aspects of review and approval and
hence cannot serve either the science or policy communities in the same way as assessment
reports. IPCC special reports follow the same process as a comprehensive assessment and can be
highly valuable, but cover limited subtopics (such as aviation), Thus, only periodic comprehensive
IPCC assessments can span the breadth of policy-relevant issues and research advances, and they
must be retained for a proper balance between science push and policy pull,

The IPCC does not plan or carry out research, and this separation between research and assess-
ment is essenial ifthe IPCC 15 to be an objective assessor, The mandate of the [PCC 15 to evaluate
information that must be independently documented. primarily as peer-reviewed hterature. The
planning and coordination of internatonal research are best carried out by organizations such as
the World Climate Research Programme, the International Geosphere-Biosphere Programme, and
the International Human Dimensions Programme. These bodies often consider IPCC assessments
and help provide the means for the scientific community to produce related research.

In physical climate science, there are pressing needs for further information on coupled
climate system changes. There will very likely soon be further advances in understanding
changes in temperature, rainfall, hurricanes and other extreme events, sea-level rise, regional
modeling, the carbon cyele. and other climate-forcing factors. These and other developments
are certain to provide rich grounds for a new comprehensive physical science assessment
within about 3 1o 7 vears that can, if conducted using an appropriately rigorous process, be
the foundation for the most appropriate next steps in global climate policy.

— Susan Solomon and Martin Manning

10,1126 /5cience. 1155724
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Skull embedded in

flowstone.
e

Cool Clustering

The decomposition of a precursor within a poly
meric medium can yield metal nanoclusters with
narrow size distribution and uniform morphol
aqy. Gazit et al. explored the impact of this
approach, performing the synthesis below the
glass transition temperature (Tgh of the polymer,
thereby precluding large-scale motions of the
polymer segments. For iron nanoparticles within
a polystyrene (PS) matrix, a large reduction
in temperature shifted size and
marphology from 70-nm spherical
particles to 50-by-3-nm needles,
whereas inlermediate tempera-
tures produced 8-nm spheres,
Formation rates scaled expo-
nentially with temperature
above and below Tg. In the case
of a poly(methyl methacrylate)
(PMMA) matrix, similar size and
morphology changes occurred, bul
the rate of cluster growth below Ty
proved insensitive to lemperalure,
The authors attribute the discrepancy 1o the
relatively strong coordinative bonding between
cluster and polymer present in the PMMA matrix
but absent from PS. Taken together, the results
support tuning of polymer segment mobility as
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Early People of Palau

Diminutive fossils of Homo sapiens, perhaps representing several tens of
individuals, have been found in two caves in Palau. The fossils, described by
Berger et al., range in age from about 3000 to 1500 years; humans are thought
to have arrived on the island from the Philippines (700 km to the west) about
1000 years earlier. The fossils include several complete, small crania still encased
in flowstone. Preliminary measurements suggest a brain size near the low end of
extant Homo sapiens and close to that of Homo erectus. Measurements of multi-
ple postcranial bones imply a corresponding body size comparable to those of
the smallest known H. sapiens and the early hominin Lucy. Although many traits
are consistent with H. sapiens, some fossils also exhibit more primitive traits,
including minimal chins and an enlarged brow ridge. These traits and some
aspects of the teeth and the small body size are similar to those seen in the older,
enigmatic diminutive fossils found recently on the nearby island of Flores, which
in turn have been ascribed to a relict population of an earlier Homo species.
Although any relation between these fossils is not clear, the sample on Palau is
further evidence of the extremes in size and characteristics that may develop in

an additional control variable in the synthesis of
metal clusters. — MSL
Macraomolecules 41, 10.1021/ma0718160 (2008).

Leaf Production Plant

Leal epidermis, usually a single layer of cells,
negotiates the balance between environmental
factors and internal physiology. Leal epidermal
cells synthesize a wax that serves as a protective
surface barrier and also synthesize
a variety of complex metabo-
lites important in plant
defense. Leaves of the
Madagascar periwinkle
(Catharanthus roseus),
long known as an
herbal medicine, syn-
thesize the alkaloids
vinblastine and vin-
cristine, which have
valuable anticancer activ-
ities. In the search for ather
useful alkaloids or metabolites,
Murata ef al, have exploited RNA
analysis of the leal epidermis. C. roseus epider-
mis is rich in a variety of biosynthetic pathways,
including those for flavonoids, lipids, and penta-
cyclic triterpenes. Analysis of RNAs expressed in
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isolated island human populations. — BH

Plos One 10.1371fournal.pone 0001780 (2008).

leaf epidermis revealed much more complexity
of the biochemistry occurring in leaves than did
similar analytic approaches using broader tissue
samples of the plant. The diversity of biosyn
thetic pathways represented in the leal epider-
mis, combined with the variable destinations of
the products, makes this single layer of cells look
like the busiest of production and distribution
centers. — PJH

Plant Cell 10.1105/tpc. 107056630 (2008).

More to Noradrenaline

Noradrenaline is a well-established neuromodu-
lator in many parts of the brain. s effects have
usually been described in terms of its impact on
cells or synapses. Using paired recordings from
connected GABAergic interneurons in the hip
pocampus, Zsiros and Maccaferri investigaled a
novel type of noradrenergic modulation. Activa-
tion of [i-adrenergic receplors decreased gap
junction—dependent electrical coupling between
inhibitory interneurans. A series of pharmaco-
logical interventions established that this effect
was due to activation of the cAMP/protein kinase
A signaling cascade. Electrical coupling is impor-
tant for the coordination of interneuron activity,
which may lead to synchronous firing and oscil-
Continued on page 1461
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lations of larger neuronal networks. Noradrener-
gic modulation of electrical coupling between
connected inhibitory interneurons can thus have
important effects on information transmission in
the whole GABAergic inhibitory hippocampal
network and hence on signal propagation
throughout the hippocampus and the many
other brain regions connected to it. — PRS

I. Neurgse. 28, 1804 (2008).

Shared Prosperity

The relationships between biodiversity and eco-
system function {(such as productivity and nutrient
dynamics) have mostly been investigated with
tractable ecological communities such as herb
aceous vegetation. Now Potvin and Gotelli have

extended such studies to simple tree communities,

with an experiment on the effects of tree species
diversity on yield,
measured by growth
in tree basal area.

In a forest plantation
in Panama, plots in
which several species
of tree seedlings were
planted yielded 30 to
58% more growth
than monocullures
after 5 years. The
increased yield
resulted from
increased growth in
the mixed-species

Forest plantation at
S years. plots rather than
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from mortality in the monocultures. The authors
speculate that competition for light is greater in
monocultures, implying that more effective parti-
tioning of resources permits more biomass accu
mulation in the mixed-species plots. — AMS

Ecol. Lett, 11, 217 (2008).

Crystals of an Iron Nitride

Both industrial and enzymatic nitrogen reduc
tion catalysts rely on iron centers. However,
high valent molecular iron nitride complexes
(Fe=MN) have stubbomly eluded crystallo
graphic characterization, in contrast to analo
gous lerminal oxo structures (Fe=0). Vogel
et al. now find that a tridentate ligand compris
ing three coordinating M-heterocyclic carbene
maoieties offers the solution. Reaction of the lig
and (bearing either xylyl or mesityl groups for
steric protection) with ferrous chloride followed
by reduction with sodium amalgam and treal
ment with trimethylsilylazide yields a cationic
Fe-N, complex that loses dinitrogen under
xenon lamp photolysis to afford the terminal
iron nitride. Air-stable purple crystals of the
compound were characterized by x-ray diffrac-
tion, revealing a short FeN bond length of 1.53
A. Massbauer spectroscopy further suggested
an iren center more electron-rich than a previ-
ously prepared phosphorus-coordinated iron
nitride characterized in solution; the authors
attribute the difference to n-donation from the
carbene ligands. — ]5Y
Angew. Chem, int. Ed. 47,
10.1002/anie.200800600 (2008).

Science Signaling &S5 Pulling on the TCR

The exact mechanism by which peptide-loaded major
histocompatibility complex (pMHC) activates the T cell

£
(O
it
e
13L=
0 @
O ¢
—
-
..mu_)
O D
‘53
< 3
m
N
Ty
O

713-677-7429 | 888-377-TIGM

CREDIT: POTVIN AMD GOTELLL, ECOL LETT. 11, 217 [2008)

receptor (TCR) has been controversial. Effective TCR activation requires presentation by antigen-
presenting cells—soluble pMHC cannot activate T cells. In the presence of endogenous pMHC, how-
ever, very low concentrations of agonist pMHC are required to activate TCR signaling, as are costim-
ulatory interactions. Ma et al. anchored pMHCs to lipid bilayers or plastic surfaces and found that
in the absence of nonagonist pMHC, a minimum of 1 to 10 monomeric agonist pMHCs (MCC-loaded
pMHC) per T cellwas sufficient to stimulate TCR signaling inT cells interacting with the artificial sub-
strates. Furthermore, the T cell response (calcium signal) was not enhanced by the addition of
nonagonist pMHC with the agonist pMHC or under conditions where the nonagonist pMHC and
agonist pMHC were close enough to function as a dimer. When murine B cell lymphoma cells were
loaded with various endogenous peplides and the MCC peptide, the production of interleukin-2 by
the T cells was the same whether a costimulatory endogenous pMHC was present or not, In further
experiments, adhesion was shown Lo be necessary for TCR triggering, as was the actin cytoskeleton.
The authors propose a model whereby the agonist pMHCTCR interaction leads to receptor deforma-
tion and activation when the cyloskeleton provides a pulling force on the complex. Endogenous
pMHC-TCR interactions would be insufficiently strong to provide the necessary activation signal,
and the complex would dissociate when “pulled on” by the cytoskeleton. — NRG

Plos Biol. 6, e43 (2008).
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Galileo in the Vatican

Better late than never. Nearly 4 centuries after
Galileo was persecuted lfor heresy, the Vatican
will erect a statue of the pioneer astronomer in
its garden.

Armed with only a Dutch “spyglass,” Galileo
shook the foundations of the prevailing view of
the universe with discovenes aboul the moon and
Jupiter as well as the heretical notion that Earth
revolves around the sun, He stood trialin 1633,
was forced to recant his discoveries, and remained
under house arrest until his death in 1642,

It was not until 1979 that Pope John Paul Il
encouraged the clergy lo reconsider the
episode. Now, with the statue, “the Church
wants to close the Galileo affair and reach a
definitive understanding not only of his great
legacy but also of the relationship between sci
ence and faith,” Nicola Cabibbo, a nuclear
physicist and head of the Pontifical Academy of
Sciences, told The Times of London,

which is considered a legal part of a name.
Maximum penalty 1s a year in jail. On & March,
authorities announced that haolders of

U.5. Ph.D.s will be allowed to use the title. Bul
because of a loophole in slate law governing
Jena, Baldwin's case is continuing. 5o far,

he's keeping his sense of
humor. “If they have
e-mail in jail, this could
be productive,” he says.

Homeward Buzz

This month, a famous Tamily will
return to its original home at the
University of California (UC), Davis,
after a stint at Arizona State University
(ASU). A colony of 750,000 honey bees, now
inits 32nd generalion, was recently trucked

to Califomia.

Honey bee geneticist Robert E. Page ]r.,
who developed the colony 18 years ago at UC
Davis, took the bees with him when he moved
to ASU as founding director of its School of Life
Sciences. But they were stressed by the vari
able Arizona climate, so now they're pollinal

EDITED BY CONSTANCE HOLDEN

ing almonds en route to settling at Davis.
The country’s oldest and most carelully char
acterized bee research colony,
according Lo Page, has led lo
dozens of discoveries aboul bee
genes, behavior, and development,
. all of which were made by
™~ selecting for one trait;
pollen storage. Bees have
an intricate social system
based on how much
pollen they store in their
combs. By breeding bees
into high- and low-storing stocks, “we've
identified a whole suite of traits that differ
between them,” says Page. For example,
high storers are belter al associative learning.

The Davis colony has a new Iriend: the
makers of H3agen-Dazs ice cream, “More than
40% of our flavors depend on honey bee polli-
nation,” says spokesperson Katty Pien. The com
pany just gave UC Davis $100,000 for research
on pollination and on colony collapse disorder,
which has caused agricultural havoc (Science,
18 May 2007, p. 970). Some of the money will
also support a Haagen-Dazs Postdoctoral Fellow.
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Out of the Frying Pan

Only 7.6 billion years from now, it'll be the end of the line for Earth. Two astronomers who sug-
gested that our planel might escape the fireball as the dying sun expands have changed their
minds: Earth will be engulfed and vaporized after all.

In 2002, Robert Smith of the University of Sussex in the U.K. and colleague Klaus-Peter
Schroeder calculated that a strong solar wind would eventually reduce the sun's mass, weakening
its gravitational hold on Earth. The planet would then drift outward far enough to remain intact,

But since then, Schroeder, now at the University of Guanajuato in Mexico, has revised the
stellar mass-loss formula that astrophysicists have been using for decades. The new formula
shiows that the sun's gravity will be stronger than he and Smith thought. The two have also
refined their calculations to take into account the way Earth's gravity causes the sun to bulge
slightly toward it. This tidal effect slows Earth's course so that it sinks toward the sun. The
results spell ultimate doom.

None of this matters much to human beings: Increased solar radiation will turn Earth into
a lifeless rock about a billion years from now.

“I think that the statue is a way for the Church
to get away [from] the Galileo affair without
embarrassment,” says astrophysicist Simone
Recchi of the University of Trieste in ltaly. But
Recchi says it's not enough: To win the support of
scientists, it must “concentrate on present prob

such as stem cells, contraceptives,
and open a fair debate”

lems
euthanasia, abortion
about them.

Doctor Is Out

A German law designed to prevent people from
impersonating physicians and police officers has
gotten some U.S.—educated scientists in hot
water. A hall-dozen Max Planck Institute
researchers have been charged with unauthorized
use of the title "Dr.”

lan Baldwin, a director at the Max Planck
Institute for Chemical Ecology in Jena, says he
received a letter in January charging him with
Titelmissbrauch. "I spent the weekend wondering
whom | had killed,” he says. Two other directors
of the institute have also been charged, as have
researchers in Dresden and Polsdam.

In Germany, only those who receive their
doctorates in the EU, are allowed to use Dr.,
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A PACK OF ... 7A French surgeon has used his knowledge of “wolf chuldren™ to help expose
the latest fabricated autobiography to rock the publishing world. Misha Defonseca, now liv-
ing in Massachusetts, had claimed to be a Jewish girl from Belgium who lived with wolves
during a part of her journey to Ukraine and back during World War 11 in a futile search for
her deported parents, Published 11 years ago, Misfia: A Mémoaire of the Holocaust Years
wits turned into a feature film that premiered this year in France,

Her book drew the ire of Serge Aroles, who last vear published a book debunking leg-
ends of children being raised by wolves. Although it's theoretically possible that a “pseudo-
pregnant” female wolt would nourish a buman newbormn, Aroles says, a pack would never
adopt a child of age 7. And he adds that certain details. such as a female woll reprimand-
ing Misha for urinating like amale, with one leg raised, were “just ridiculous.” Aroles also
discovered that Defonseca, whose real name 1s Monigue De Wael and who was born into

a Catholic fumily, attended school during the vears she claimed to have made the wip.

After Aroles published a number of online articles attacking the book and Belgian
newspapers started investigating, Defonseca admitted to the hoax in a statement on
29 February. She asked forgiveness but said the story “has been my reality”

IN MEMORIAM
CLOSURE. Airmen John Lubben, Albert
Forgue, and Charles Spiegel disappeared in

majors clamored to get into Ph.D. programs in
the United States—but they had no idea how
to enroll, and U.S. universities had no idea

is considered the founder of biochemistry in
China. Wu came to the United States in the
waning days of China's civil war in 1948 to

CREDITSTOR TO BOTTOME BAC FILMS; CORMELL 'NIVERSITY: PERC

1944 after their U.S. fighter plane went down
during a bombing mission near Cologne,
Germany. Thanks to efforts by forensic scien-
tists, the men’s remains will be buried with
honors next month at Arlington National
Cemetery near Washington, D.C.

Although the remains were discovered in
Germany in 1975 and recognized as American
servicemen, nothing suggested the men's
identities. They were buried among nearly
800 unknown soldiers in a Belgium cemetery,
Their story surfaced in 2003, when a group of
German hobbyists unearthed American plane
wreckage near the original location of the
remains and notified the Joint POW/MIA
Accounting Command (JPAC) in Hawaii.
Forensic anthropologists at JPAC and scientists
at the Department of Defense DNA Registry in
Washington, D.C., identified the men by
matching their fillings to their dental charts
and comparing their DNA to that collected
from family members,

JPAC issues about 100 identifications every
year, some of them dating back to the
American Civil War, and the DNA lab processes
more than 800 samples a year to help identify
casualties of past and current conflicts. James
Canik, deputy director of the lab, says modern
molecular methods help solve cases that
would have been impossible a decade ago.
“When we're able to go back to [the families)
and provide them an answer after so many
years, it's extremely rewarding,” he says.

DEATHS
BRIDGE. When China decided to look West
in the late 1970s, hundreds of science
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how to assess them. Cornell
University geneticist Ray Wu
played matchmaker, creating the
China-United States Biochemistry
Examination and Application pro-
gram, which vouched for students
who did not have access to GRE
or TOEFL exams,

Last month, Wu, 79, passed
away in Ithaca, New York. To
honor his memary, the Chinese
Biological Investigators Society
(CBIS) hopes to create a founda-
tion that will continue his legacy
of strengthening ties between Asia
and the West,

Chinese biologists speak in awe of Wu, a
soft-spoken émigré whose father, Wu Hsien,

pursue doctoral studies. He made
his awn scientific mark in 1970,
when he developed the primer-
extension approach for determin-
ing nucleotide sequences,
Frederick Sanger improved on
the method and won a Nobel
Prize. Later in his career, Wu
worked on transgenic rice.

While mourning Wu, leaders
of CBIS are drawing up plans for
a Ray Wu Fund. One element of
the fund will be prizes to out-
standing graduate students of
any nationality working in Asia. And an
October symposium in Ithaca, eriginally
intended to celebrate Wu's 80th birthday,
will now be a memorial event,

<<Two Cultures

THINK ABOUT IT. A statue of an upside-down figure, evocative of flames, is
a new reminder of the value—and the price—of free thought. The memorial
to Giordano Bruno, who was born 450 years ago, was unveiled on 2 March in
Berlin's Potsdamer Platz station. The statue commemorates the one-time
Dominican monk who was burned at the stake in 1600, primarily for denying
the divinity of Christ, but also for supporting the Copernican model of the
solar system and for his idea that the universe contained a multitude of suns
and Earth-like worlds. The sculpture, by Alexander Polzin, is symbolic of the
way scentific discoveries and revolutions happen, "by turning a worldview on
its head,” says Jirgen Renn of the Max Planck Institute for the History of
Science in Berlin, which hosted an associated symposium this week on Bruno,
The 6-meter-high sculpture is designed to “irritate” passersby into reflecting
on the role of human reason in making the world a better place, says Ernst
Salcher of the Giordano Bruno Foundation, which helped fund the project.
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Congress’s new
physicist-politici

Two Papers From Korean Lab Found
To Lack “Scientific Truth’

An investigation by a prominent South Korean
university has revealed that two papers by its
rescarchers “do not contain any scientific
truth.” Both will likely be retracted by the jour-
nals in which they appeared, Science and
Natwre Chemical Biology, The papers
describe a new way w identify drug trgets by
tracking protein movements in hiving cells,
Their well-known senior author, Tae Kook
Kim. studied in the United States and founded
a company in Dagjeon, South Korea. i 2004

o commercialize the findings,

Kim. in a brief e-mail 1o a
Science reporter, said he
would cooperate with the
investigation “to open the truth
very soon.” He added that a
“certain party has twisted this
current situation to take an
advantage of 1"

An inguiry by the Korea
Advanced Institute of Science and
Technology (KAIST) in Dagjeon,
where Kim is a faculty member, 15
not vet complete. But Gyun Min
Lee. chair of KAISTs Department
of Biologieal Seiences and head of
the imternal investization committee,
informed Science by e-mail that “our
initial mvestigative results are strong
enough to convinee us that the two
papers do not contain any scientific
truth.” Another member of the commit-
tee. Yeon-Soo Seo. a biochemist at
KAIST, declines o say precisely what it
has found untl the ivestigation 1s complete.

KAIST launched the ingquiry afier scien-
tists at Kim's company, CGK Co., had difh-
culty coaxing the technology. called mag-
netism-based interaction capture ( MAGIC),
to work. One co-author of both papers and a
Former Ph.D. student in Kim’s lab, Yong-
Weon Yi, contacted Science and Naruire
Chemical Biologv in December to ask that
his name be removed from the papers. The
journals then quietly began asking ques-
tions of their own. Science was reassured by
Eoim that “he didn’t think there were prob-
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lems with the paper,” savs Katrina Kelner,
Science’s deputy editor for biological sci-
ences, The journals” inguiries were continu-
mg when KAIST announced its preliminary
findings on 29 February.

LETTERS

of cellular lifespan
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Too good to be true? Papers describing a technique
known as MAGIC for tracking proteins in a living cell
have been called into question,

At CORK, which rased 2.5 million from
three Korean venture capitalists in 2006,
concerns about the technology had run deep
for months. *“CGK has tried to reproduce the
technology but invain.” the company said in
a4 written response to questions from a
reporter for Scicnce. In mid-February, CEO
Jin Hwan Kim informed KAIST ofhicials of
the company’s difficuliies with MAGIC,
prompting KAIST to launch a deparimental
investigation the next day.

Xenopusrules alarm
LLK. biologists

The school followed a protocol estab-
lished by the Ministry of Science and Tech-
nology after a scandal over fraudulent stem
cell publications by Seoul NMational Univer-
sity professor Woo Suk Hwang (Science,
19 May 2006, p. 980). Seo says investiga-
tors approached Tae Kook Kim, who could-
n't provide notebooks or original data for
the experiments. The task force interviewed
members of Kim's team and met twice with
Jagjoon Won, the first author of both stud-
ies. After the second interview, Seo says,
Won sent a written statement to the com-
mittee that, Seo says, admitted "serious sci-
entific misconduct in bath papers.” The
committee reported its findings to KAIST
President Mam Pvo Suh on 28 February,
The school then suspended Kim and noti-
f1ed the journals, Seience posted an Editor-
1al Expression of Concern about the paper
online on 3 March, and editors at Science
and Natwre Chemical Biology say they're
hoping to hear from all the authors, or learn
the outcome of the investigation, before
retracting the papers.

Both journals say the papers garmered
praise. “Reviewers were very enthusiastic.”
says Kelner. Notes Terry Sheppard, chiet
editor of Nature Chemical Biology: “The
referce comments, | thought, were quite
consistent with a favorable response.”

But in response 1o a reporter’s questions,
CGK histed eight problems with MAGIC. in
which magnetized nanoparticles are prod-
ded to interact with proteins in cells.
Among them were the type of magnetic
nanoparticle used and the resolution of the
microscope that authors say generated the
published images. It “cannot produce the
results shown,” according 10 CGK.

Science began routine screening of
images for manipulation in 2006, after pub-
lhishing Kim’s paper in July 2005, The
Netrre journals instituted image screening
a few months after publishing their paper
from Kim and his colleagues in the summer
ol 2006,

Kim’s mentors were stunned to learn of
KAISTS initial findings. *1 certainly would
never have expected this,” says Tom Mani-
atis, a molecular biologist at Harvard Uni-
versity who supervised Kim’s postdoc work
in the mid-1990s. Maniatis described Kim
as “an extremely hard worker. very effi-
cient. very focused.” echoing comments
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from Kim’ Ph.D. adviser, Robert Roeder
of Rockefeller University in New York City,
The work Kim performed in Maniatis’s lab,
on interferon genes, has held up, as have his
experiments under Roeder.

After his postdoc, Kim landed a covered
Fellowship at Harvard’s Institute of Chem-
istry and Cell Biology, as well as a post
with Seoul NMational University’s Institute
for Molecular Biology and Genetics, It was
at this time that he began focusing on ways
to identily drug targets. MAGIC does this
by coating a magnetized nanoparticle with

a small molecule of interest: the particle is
then gulped up by a cell. Proteins are
tageed one after another with Muorescent
labels, and scientists apply & magnetic
field to the cell. This forces the nanoparti-
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cle to move, and researchers can observe
whether a particular protein moves with it,
indicating that the small molecule has
bound to the protein. The 2006 Nartre
Chemical Biology paper showed that
MAGIC could pick up two proteins that
reset a cell’s aging clock.

Although the MAGIC technology was
eve-catching. 1t apparently wasn’t hugely
popular, “I don’t know anybody who was
using” MAGIC, says Brent Stockwell, a
chemical biologist at Columbia University
who knew Kim somewhat when the two
were at Harvard, Stockwell recalls reading
the Science paper and wondering whether i
“seemed too good to be true” Because the
technigue melded different disciplines, he
adds, “it would be hard to find anyone who

The future of
blood typing?

would have expertise in all” of them,

Ower the past year, Kim had become
embroiled in a patent dispute between
KAIST and CGK over rights to MAGIC.
Last July, KAIST suspended Kim for 6
months for allegedly by passing the schools
normal patent procedures. and Kim had
been aggressively job-hunting, secking ref-
erences from Roeder and Manats, T must
have sent out 30 leters in the last month,”
Maniatis says,

Kim was still listed as CGR's “scientific
director and founder™ on the company s
Web site this week, But CGK says it has
developed an alternative to the MAGIC
technique and hopes to build a business
around 11,

=]JENMIFER COUZIN AND DENNIS NORMILE

$300 Million in Private Money for New Investigators

Concerned that young investiga-
tors are barely treading water, the
largest LS. biomedical research
charity this week unveiled a plan
to throw a lifeline to some of
them. The Howard Hughes Med-
iwcal Institute (HHMI) in Chevy
Chase, Maryland, will spend
5300 mullion over & vears to sup-

port researchers it considers
promising but who are struggling
to obtain their first independent
federal research grant. Hughes
aims to fund up to 70 this year,
HHMI President Thomas Cech
sees the new program as an emergency effon
to help voung scientists who have been dispro-
portionately affected by 3 vears of flat budgets
at the Natonal Institutes of Health (NIH) in
Bethesda, Maryland. As success rates for NIH
research grants serape a historical low, Cech
and other leaders worry that many new inves-
tigators are abandoning academic rescarch.
Underscoring the community’s concerns.
Senate committee this week held a hearing 1o
look into the “Broken Pipeline™ in life sci-
ences—the ttle of a report” released the same
day by a coaliion of umversities descnbing the
difficulties faced by 12 young investigators,

" www. broken pipeline.org
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Pipeline problem. HHMI President Thomas Cech worries about an academic
brain drain; Chio State's Jill Rafael-Fortney testified about challenges facing
ncwm‘ucshgaluri.

HHMI plans to help scientists with a lab
and 2 to 6 yvears” experience as assistant pro=
people who typically have an early
career award but currently have only an 18%
chance of being awarded their first basic
NIH ROI research grant. Cech says that
when he visits top research universities, “the
carly faculty are struggling and depressed.”
The one-time, H-year appointments will
average about STO0,000 per vear—twice the
stze of an NIH RO1 grant—split between
research, salary, and institutional support.

Hughes’s rescue 15 a drop i the bucket
compared with the challenge NIH per-
cetves, NIH aims to give RO1 awards to the
historic average of 15300 new investigators

fessors
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annually, starting last vear, up
from 1333 in 2006, Other NIH
programs have geared up: Path-
way to [ndependence will give
out about 170 awards this vear
tor traiming and research., and
Mew Innovators will award up to
24 S-year grants to new investi-
gators for high-impact research.

Young mvestigators say help
is badly needed. Human geneti-
cist Jill Rafael-Fortney of Ohio
State University, Columbus, who
testified this week before the
Senate Health, Education.
Labor, and Pensions Committee, is waiting
tor a renewal of her first RO1 or a new grant
to study a muscular dystrophy gene that also
plays a role in heart Fatlure. The second pro-
posal has gotten “great scores, and 1t°s just
missing the pay line.” or cutofl, for funding,
she says. I her RO1 applications fail, and a
multi-Pl grant she’s on doesn’t come
through, it will mean a 50% cut in her
salary. “I'd probably have to leave my job.”
she 5dY¥s5.

Hughes expects to fund at least one more
competition 3 vears from now to help yvoung
people “through this rough period,” Cech
says. “We hope we won’t have to do it any
more than twice.” -]OCELYN KAISER
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U.S. CONGRESS

Physicist Wins Open Illinois Seat

Developmental biologist Donald Brown ofthe
Carnegie Institution of Washington m Balti-
more, Maryland, doesn't get many fundrais-
ing calls from candidates for Congress, But
when experimental physicist Bill Foster called
Brown in January, he gave the Hlinois
Democrat his ear. and soon after, $1000,

Bigger science. Bill Foster (center) will join two
other physicists in Congress.

Last weekend, Foster, a former researcher at
Fermi Mational Accelerator Laboratory (Fermi-
lab) in Batavia. Minois, won a special election
to fill the seat held by former House Majority
Leader Dennis Hastert in a race that attracted
national attention, And hundreds of scientists
around the country gave their time and money
to help put Foster over the top.

SCIENTIFIC WORKFPLACE

“The combination of my scientific and
business backgrounds ... spells problem
solver.” says Foster, who ranks the economic
downtum and pulling US, troops out of Trag as
his highest priorities and savs more funding for
basic science is a problem he also wants to
tackle. “Bill’s background as a scientist not
from Washington helped him.” savs his came-
pangn manager. Tom Bowen.

During his 22-vear career at Fermilab,
Foster. 53. also was part-owner of a prosperous

lighting firm. Unhappy with the cancellaion of

a particle physics project he led and bitten by
the political bug, Foster left the lab in 2006 to
work on the successful congressional cam-
paign of another neophyie, Democrat Patrick
Murphy. for a seat in suburban Phaladelphia,
Calling himselt the campaign physicist, Foster
learned the ropes—and devised software
organize the efforts of volunteers knocking on
some 140,000 doors,

Foster's lab ties helped him jump-start his
own campaign. Nobelist and former Fermilab
director Leon Lederman introduced Foster to

Chicago power brokers and assembled a list of

28 MNobelists who publicly endorsed Foster.
After work hours, Fermilab physicist and
county alderman James Volk recruited col-
leagues to get involved. Lab engineer Thomas
Peterson told voters in a campaign commercial

that Foster “brings people together” Volk and
others braved the bitter weather “to collect sig-
natures and knock on doors to get out the
vote,” he says,

The community also dug into its pockets,
giving roughly 5160,000 according to cam-
paign documenis. Amounis ranged from
52350 from former Deparoment of Energy ofii-
cial and Massachusetts Insttute of Technology
physicist Mildred Dresselhaus w $2000 from
Fermilab Director Pier Oddone, Foster was his
own biggest contributor, spending $1.4 million,
and the Democratic National Committee put in
a similar amount to help Foster capture what
had been a traditional Republican swonghold,

Brown says he's proud of his role in helping
Foster win the Democratic pnmary last month
and then defeat Republican Jim Oberweis on
& March by a margin of 33% to 47%. “Iisa
great omen for the Democrats.” he says. “This
Administration has been ermble for science.”

Despite being the newest member of Congress,
Foster won't be able to leave the campaign trail.
That’s because he faces Oberwels again on
4 November in a race for a full 2-vear term.
And scientists such as Fermilab physicist
Michael Church, who contributed S400, say
Foster can counton their support again, “1t'1 be
a tough election, and he'd need all the help he
can get,” savs Church. -ELI KINTISCH

Indian Government Offers Helping Hand to Women Scientists

NEW DELHI—In 2000. when Vijayalakshmi
Ravindranath was appointed director of the
National Brain Research Centre in Gurgaon,
the neuroscientist made history, Ravin-
dranath became the first woman to lead any
of the 63 institutes under India’s Ministry of
Science and Technology—and today she is
one of only two women who have broken the
ministry’s glass ceiling. When it comes to
promoting women scientists in India, she
says, “our record is dismal.”

It may be surprising that women scientists
are struggling in the nation that elected Indira
Gandhi prime minister in 1966. But at a con-
ference in New Delhi to mark International
Women's Day on 8 March, more than 1000
scientists spoke of barriers to advancement
and debated how to attract more women into
rescarch carcers. At the meeting, science
munister Kapil Sibal announced what he calls
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“fledgling steps to ... empower women to
have their rightful role in science.” including
new regulations o allow women with young
children to work more {lexible hours.

The statistics are sobering. Although
women have camed 37% of all science Ph.D.s
awarded by Indian institutions, they hold
fewer than 15% of science faculty positions.
Out of India’s 114,000 or so government sci-
entists, fewer than 16,000 are women. Only
one of the Indian Council of Agricultural
Research’s 175 institutes has a female direc-
tor: the Natnonal Research Centre for Women
in Agriculture in Bhubaneswar.

The hurdles women scientists face are
not unigue to India. “Women are unable to
cope with the triple burden of home, work,
and societal prejudices. including gender-
related nepotism,” says Mahtab 5. Bamji, a
nutritionist with the Dangoria Chantable

Trust in Hyderabad and chair of a science
ministry task force assessing the status of
women in science in India. The panel wall
release its findings later this year,

At the conference. Sibal announced that
his ministry s 63 institutions would provide
flexible working hours for women scientists
with children younger than 3 and establish
créches in all institutions. In addition, Sibal
said some of the 33 female members of the
Indian National Science Academy (which
has a fellowship of 774) will receive
rescarch grants of up to $25.000 a vear
over 5 years,

Women scientists applaud the meas-
ures. But in the long run, as India’s first
woman president, Pratibha D. Patil, argued
at the conference. gender parity will come
only when discrimination against women
has stopped. =PALLAVA BAGLA
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Dinnertime. Unprotected by DEET, this
man's arm draws hungry mosquitoes.
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Hiding From Biting Insects in Plain Scent

For backpackers, the insect repellent DEET
makes hikes bearable by protecting against
mosquitoes and other blood-sucking pests,
For people who live in malana-prone arcas,
it can be a lifesaver. Although people have
been spraving and dabbing DEET on for
more than 30 years. nobody knew exactly
how it works until now. Researchers report
onling in Science this week (www.selencemag.
org/cgi/content/abstract/1153121) that
instead of dnving away biting bugs, DEET
actually conceals us from them. The com-
pound dulls the insects’ sensitivity to certain
body odors, explains co-author Leslie
Vosshall. a molecular neurobiologist at
Rockefeller University in New York City,

Although DEETs insect-deterrent abili-
ties are fornudable. it can be toxic. especially
to infants. Unraveling how DEET fends off
attacks “1s a first step™ toward developing
maore specific alternatives, says neuroscien-
tist Richard Axel of Columbia University,
who wasn’t involved in the research, The
work “affords the possibility of rational
approaches to confounding the olfactory sys-
tem of insects.” But first. more behavioral
studies of mosquitoes are needed, cautions
medical entomologist Willem Takken of
Wageningen University in the Netherlands,
as Vosshall's behavioral experiments focused
on fruit Nies.

To female mosquitoes, our body odors
mean food. These insects sniff out lactic acid
in our sweat and carbon dioxide and 1-octen-
3-ol alcohol in our breath. “It's wildly attrac-
tive to mosquitoes.” savs Vosshall,

She and her colleagues netted key evi-
dence about DEET s mode of action from
fruit flies. whose neurobiology is better
understood than that of mosquitoes, For these
behavioral studies, the researchers gave the
flies a chance to enter either of two small
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vials. ITboth wbes held food, Mies piled into
them in about equal numbers. If one tube also
contained DEET at the 10% concentration
tound m many sprays, the insects preferred
the DEET-free vial. However. when the
choice was between an empty tube and an
empty tube dosed with 0% DEET, the flies
made no distinetion, suggesting that they
weren't just shunning the compound, With
DEET walting around, they apparently couldn’t
smell the food, says Vosshall.

To bolster this suspicion, her team took a
close look at fly odor receptors, The team
engineered frog eges to make these receptors,
a technique that effectively “can turn a frog
ceg into a fly nose,” says Vosshall. Exposure
to certain odor molecules activated the recep-
tors and triggered a surge of positive 1ons into
the egge. But DEET reduced the flow, indicat-
ing that the receptors are less responsive in
DEET presence. The compound hides food
scents by blunting the sensitivity of specific
odor receptors, the researchers conclude.

But that conclusion is premature, says
Takken, until the researchers determine
whether mosquitoes react the same way as do
fruit Mies in the tube-choice tests.

However, Vosshall and colleagues did
show that their results held true for mosquito
receptors and neurons, Using the frog-egg
method, the team discovered that DEET sup-
presses three body-odor—detecting receptors
from Anopheles mosquitoes, which transmit
malaria. They also saw a dampening of elec-
trical activity in mosguito neurons that typi-
cally respond to 1-octen-3-ol, confirming
that DEET disrupts the insects’ perception of
some attractive smells.

Calling DEET a “repellent™ is a mis-
nomer, savs Yosshall; “Itdoesn’t smell bad to
insects; 1t masks or inhibits their ability to
smell you.”
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More Wins for Wisconsin

The U.S. Patent and Trademark Office (PTOD has
upheld two key patents, on primate and human
embryonic stem cells, held by the Wisconsin
Alumni Research Foundation, giving WARF a
solid victory in its hotly contested patent battle.
Last month, PTO upheld a third patent, on stem
cell culture techniques (Science, 7 March,
p. 1323). The WARF patents, granted in 1995,
1998, and 2001, were challenged 2 years ago
by two nonprofits that said the work was obwvi-
ous and therefore unpatentable. The patent
office disagreed, although it narrowed the
patents slightly. "We applaud this final decision
on our two most important base stem cell pat-
ents, " said the foundation’s Carl Gulbrandsen.
<ELI KINTISCH

New Panel Tackles Boston Peril

Responding to state and public concerns about
the salety of a new biodefense lab being built by
Boston University, the National Institutes of
Health (NIH) has set up a blue-ribbon panel to
provide an independent assessment of the
5128 million facility. "We will thoroughly exam-
ine any potential risks to the community associ-
ated with this project,” says Anthony Fauci, who
directs NIH"s National Institute of Allergy and
Infectious Diseases, which is funding the lab.
The panel, which held its first meeting this week
in Boston, is chaired by Adel Mahmoud, a
Princeton University biologist and former presi-
dent of Merck Vaccines. The lab, which will han-
dle highly toxic and infectious biological materi-
als, has drawn widespread criticism for its loca
tion in a densely populated and mostly minority
area of downlown Boston. -ANDREW LAWLER

Research Funds Granted

BEIJING—China's premier research labs have
many advances to their credit, including super-
hybrid rice varieties, new dinosaur species, and
instruments on the Chang'e lunar spacecraft.
Now the government is showing its appreciation
with a huge cash injection. Last week, the sci-
ence and finance ministries announced the cre-
ation of a special fund for China's 220 key stale
laboratories. The fund will hand the labs
5280 million in 2008, primarily for research
materials and new equipment. The money is
expected to liberate key-lab scientists from the
drudgery of grantsmanship. “Our scientists
have wasted a lot of time applying for funds,”
says Chen Changjie of Beijing’s Institute of Bio-
physics, which has key labs on biological
macromolecules and brain and cognitive sci-
ence. Now, Chen says, China’s top scientists
“will have more time (o do research,” =L JIAO
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DEVELOPMENTAL BIOLOGY

Proposed Frog Ban Makes a Splash

A proposal to ban the sale of African clawed
toads in the United Kingdom has that coun-
try's developmental biologists worried about
the availability of their favorite research ani-
mal—and conducting studies to surmount the
reason for the ban. In November, the UK.

Environmental menace? African clawed toads can spread disease.

Department for Environment, Food and Rural
Aftairs (Defra) 1ssued a list of potentially
harmful non-native species that it wants to
ban from sale or trade. To the surpnse of sci-
entists who work with the animal, the toad,

Xenapus faevis, was on the list, Defia savs the

animals can carry the chytrid fungus blamed

EDUCATION

for mass amphibian die-offs around the
waorld. It also noted that escaped African
clawed toads can compete with—and some-
times eat—native amphibians,

The UK. biomedical charity The Well-
come Trust and other scientific groups quickly
lodged protests and filed briefs
against the proposed ban,
Defra’s hist “came out of left
field,” says developmental
biologist Matthew Guille of the
European Xenopus Resource
Centre in Portsmouth. The two
sides are likely to settle on a
new licensing scheme that
would limit, rather than ban,
sale of the animals, But
the 1ssue has made biologisis
more aware of potential dan-
gers their toad colonies pose o
the environment,

For decades, developmen-
tal biologists have prized Xenopus for its
large. robust embryos that make it possible to
observe and manipulate key stages of devel-
opment. In recent years. the frogs have
become even more valuable to researchers,
as scientists have learned to ereate mutants
and interrupt the function of specific frog

Spanish Scientists Question Accreditation Plan

Many in Spain’s scientific community are
lobbying the country to change a new
accreditation system for professors, com-
plaiming that 1t emphasizes nonresearch
activities such as patenting, consulting, uni-
versity management, and work in govern-
mental and state agency offices. In a letter
last month to the Spanish Minister of Educa-
tionand Science. endorsed by more than 760
Spanish scientists, Joaquin Marro Borau, a

statistical physicist at the University of

Granada. expressed the concern that “many
of the best scientists ... would never be able
to become full professors in Spain with this
marking scale™ and that many competent
scientists will “autoexclude themselves
from the process.™

Some Spanish officials have questioned
the political motives of the letter—at least
one signer had connections to the opposition
party that lost last week’s elections—and
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others argue that scientists are rushing to
Judgment. “When accreditations start to be
given out to scientists and they see that
someone of their profile gets i, they are
going to calm down,” says Félix Pérez
Martinez, coordinator of faculty evaluation
for Spain’s National Agency for Quality
Assessment and Accreditation (ANECA).

Marro denies any political motive to the
letter. And the debate overaccreditation dates
back to 2001 when Spain, in an attempt to
bypass the old-boy network, mandated that
aspiring professors first get their compe-
tences accredited. But everyone soon agreed
that that process was flawed.

The new accreditation scheme replaces
oral examinations with faster, electronic
applications. But a complex scoring system,
released in January, has come under fire for
giving too much credit to nonresearch-
related activities—an applicant to full

genes. A ban on the sale of the animals would
mean that researchers would have to keep
their own breeding frozs on hand, making 1t
much more difficult and expensive to man-
age colomes. Guille says.

Defra admits being surprised by the sci-
entists” reaction, “We didn’t realize it was
quite such a big deal,” says Matthew Ashton,
who is coordinating the agency’s response,

The scientists support Delra’s aims, 1f not
1ts ban. “We are biologists. 1 have no wish
nor do my colleagues—to be the people who
are responsible for the die-off of a whole lot
ol native amphibians,” Guille says. The
Nenopus research community already had
relatively strict standards in place to prevent
wild release of their animals, he says. but in
response to the proposed ban, researchers
have started to test for the fungal disease,
which doesn’t make X laevis obviously ill.
Guille says that so far, levels in laboratory
frog colonies seem to be low, Although there
15 no evidence that the fungus compromises
studies by affecting Xenopus development,
“we'd all feel a lot better if we knew we had
an infection-Tree colony.” he says. There isno
recognized treatment, he says, but the fungus
seems Lo disappear on its own when animals
are kept at low density.

Ashton says Defra’s final decision on the
Nenopus ban is expected in October,

~GRETCHEN VOGEL

professorship must get 80 out of 100 points,
although research can provide a maximum of
35 points. But the authors “have misinter-
preted the importance of this marking scale”
savs Spanish Secretary of State for Universi-
ties and Research Miguel Angel Quintanilla
Fisac. Evaluators, adds Pérez, can give scien-
tists points for management activities such as
coordinating European research projects and
sitting on editorial boards for journals.

All agree that the revised application pro-
cedure remains cumbersome. Applicants
must back each achievement with written
proof, for example. “They 've made it so
bureaucratic. difficult to comply with, and
cuni'u:icd [that] it seems unbearable,” says
Maria Angels Gareia Bach, an associate pro-
fessorat the University of Barcelona

ANECA says that it’s open to adjusting the
process further. 1 believe that we stll need to
improve and ask the ANECA to make [the
system] more agile,” Quintanilla says,

—ELISABETH PAIN

Elisabeth Pain is a contributing editor for Science
Careers,
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INNOVATION

U.K.'s Royal Society Ventures Into
Funding Start-Up Companies

The Roval Society. the United Kingdom’s
academy of science. is taking the unusual step
of getting into the venture capital business.
Last month, it announced the creation of an
Enterprise Fund, with the aim of funneling
money into start-up companies seeking to
commercialize the fruits of academic
research. The society says that although it
does much to support science and teaching, as
well as contnibuting w policy debates, it could
be more active in applying science for public
benelit—either by simply boosting the UK.
economy or tackling problems such as carbon
capture, renewable energy, and water purifica-
tion. “1f there are difficulties gewing science
into the marketplace, the society has a role
helping with that,” sayvs Andrew Mackintosh,
a chemical physicist-turned-businessman
who has been brought in to run the fund.

Although the society’s plan has largely
earned plaudits. some worry that the institu-
tion could ultimately tarmish its famous name,
and others argue that any money raised under
the society’s name should go to traditional
research. Nick Dusic, head of the Campaign
For Science and Engineering, a UK. pressure
group. welcomes the injection of start-up
funding but says the society “mustn’t lose its
independence in advising government and
disbursing funds.”

Some see the Enterprise Fund as a return to
the society’s roots, as many of its early activi-

ties were spurred by the business concerns of

the day. *“The society was i more commer-
cially oriented organization back then.” says
Peter Littlewood. head of physies at Cam-
bridge Unmiversity and a Fellow of the Royal
Society. In the run-up to its 330th anniversary
in 2010, the society 1s seeking 1o raise

£100 million (5200 million) for a variety of

special projects, £20 million of which 15 des-
tined for the Enterprise Fund. The society has
so far raised £3 million for the fund from
philanthropists, and Mackintosh says he
hopes to begin making imvestments this vear,
The equity investments may range from
E250,000 to £2 million but would typically
be about £500,000 and extend over longer
time scales than are usual for venture capital
funding. The fund will be commercially run
and legally independent from the society, and
any profits will be reinvested in the fund. The
hope is that the society s network of grantecs,
as well as 1400 elected fellows. will be a
profitable source of ideas for start-up com-

panies. An advisory board of fellows and
some well-known venture capitalists will
oversee the fund.

Medical start-ups in the United Kingdom
are frequently given help by orgamizations
such as the Wellcome Trust or cancer research
charities, but “nonmedical research 15 more
difficult. There's a severe shortage of early
stage venture capital,” says Roger Brooke, &
venture capimlist with the [P Group and one of
the fund’s carly benefactors.

Mathematician Michael Ativah, a former
president of the Royal Society, says “this is a
good thing for the Royal Society o be doing,
well within the scope of an academic body.”
The Roval Society of Edinburgh, a separate
Scottish body of which Ativah i1s now presi-

Bold venture? The venerable Royal Society wanls to
help scientists with good ideas turn them into com-
mercial reality.

dent, has had a similar scheme in place for
10 years using government money, he says,
and 1t’s been “very successlul.”

Mot everyone is entirely convinced. how-
ever. Littlewood is skeptical that there 15 a
problem finding financing for start-ups
with a good idea, “This s yet another surge
in a direction where we don’t need much
help.” he says. *I don™t feel 1t’s inappropri-
ate, but is the Royal Society the best vehicle
to do it? It's increasingly hard to get money
Just to do science.” -DANIEL CLERY

14 MARCH 2008

(\ O)x

Message From Mars Mottled

Planetary scientists who study Mars like
NASA's plan to bring back samples (Science,
29 February, p. 1174). But they think the
agency’s plans lo pay for it are unrealistic and
ultimately bad for those who study the planel.
A 29 February letter from the Mars Explo
ration Program Analysis Group to the NMASA
Advisory Council’s Planetary Science Subcom
mittee warns that the plan would have “a dev
astating effect on the Mars program” by creat-
ing a 13-year gap in landings and causing
“severe damage” to the next generation of
scientists. The two-page letter urges NASA to
conduct a sophisticated sample return rather
than a limited mission that would pick up
material gathered by the upcoming Mars
Science Laboralory.

NASA's planned sample return "cannot
happen” unless the agency doubles its current
Mars spending levels, states the letter, signed
by planetary scientist John Mustard of Brown
University, who chairs the group. And a 2-year
delay won't work, the letter adds, because the
orbital trajectory between the two planels is
unfavorable. Sean Solomon, a Carnegie Insti
tution of Washington scientist who chairs the
advisory subcommittee, says his panel also
supports the mare expensive and sophisti
cated sample-return mission,

-ANDREW LAWLER

Australian Reactor ldle

CANBERRA, AUSTRALIA—With the country’s
only nuclear reactor shut down, Australian
nuclear scientists are hoping the authorities
get them back in business soon. The Aus-
tralian Nuclear Science and Technology
Organisation (ANSTO) shut down the Open
Pool Australian Light-Water (OPAL) reactor in
Lucas Heights outside Sydney 7 months ago
because of faulty uranium-laden fuel ele
ments. ANSTO has been working to solve the
problem, but the government regulator wants
more details before it will clear the reactor to
start up again, ending the shutdown.

The delay is hampering scientists who use
OPAL to conduct neutron-scatlering research
to probe high-temperature superconductors
and other advanced materials. Robert
Robinson, head of the Bragg Institute in
Lucas Heights, laments “the potential loss of
users to overseas facilities and the impost on
the users, particularly graduate students, who
have either not been able to do their research
or have had to fund travel to overseas neu-
Lron sources,” ~CHERYL JONES
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When econonust Carl Pray heard about plans
tor the first international assessment of agn-
cultural research. a gold standard sprang to
mind: the Interzovernmental Panel on Chimate
Change (IPCC). But things didn't turn out the
wily he expected.

IPCC has been pivotal in proving that ¢li-
mate change 1s real and Imking it to human
activities, As an agriculural economist at
Rutgers University who has worked in many
poor countries, Pray is convinced that agricul-
tural research—and genetic modification in
particular—is key to fighting pervasive
hunger, which will only worsen as the world’s
population soars to 9 billion during the next
500 years. He hoped that the new project, like
IPCC, mught be able to muster top experts and
galvanize support for a field that had lan-
guished through the 19905, Most encouraging
was the leader: Robert Watson. who hac
eamed high marks asa charof [PCC,

By the time Pray had signed up and the
International Assessment of Agncultural Sci-
ence and Technology for Development
(IAASTDY) got under way in 2005 with fund-
ing from the United Nations, the World Bank,
and several countries, the purview had broad-
ened far bevond food production to include
social justice and the environment. The over-

arching question., posed on the home page of

IAASTDS Web site.” is a mouthful: “How can
we reduce bunger and poverty, improve rural
livelihoods, and facilitate equitable, environ-

" www.agassessmeniorg

14 MARCH 2008 WVOL 319 SCIENCE

K+ ] A

mentally, socially and economically sustain-
able development through the generation,
access to, and use of agriculural knowledge.
science and technology™” Critics say this broad
mandate made conflict inevitable and stunted
the assessment’s analytical rigor.

On several key issues, consensus proved
elusive. Industry sciennsts and some academ-
mainly agricultural economists and plamt
biologists—believe the assessment was
“hijacked™ by participants who oppose geneti-
cally modified (GM ) crops and other common
tools of industrial agniculture. Tensions peaked
in October when Monsanto and Syngenta
walked out of the assessment,

Many other participants, who include
activists and social scientists, are pleased with

Key Findings of IAASTD

* Focus on “agroecological” strategies
to address environmental issues.

Ics

* Create opportunities for poor
farmers and rural laborers.

* Do more to involve women Lo
advance toward sustainability and
development goals.

* |Integrate formal, traditional, and
community-based knowledge.

* Create space for diverse voices and
include social scientists in policy.
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the outcome. They note that the voice and
experience of small-scale farmers, particularly
women, have finally been brought to the fore
by the assessment. It really deals with 15sues
of power. influence. and benefits” says Marcia
Ishii-Eiteman of the Pesticide Action Network
North America in San Francisco, California.
Toby Kiers. who studies sustamnable agncul-
ture at Vrije University in Amsterdam, the
Netherlands, agrees. “For technology to be
maost effective, farmers must be at the center.
influencing how it 15 developed, delivered, and
managed” she savs,

But as the drafts are being readied for a
final meeting of governments next month, the
camps for and against GM crops remain polar-
1zed with no resolution in sight. Industry
groups, once considered Key “stakeholders,”
are boyeotting the meeting, and some partici-
pants suspect the dissent will undercut the

assessment’s impact. Savs Pietvan der Meer of

the Public Research and Regulation Initiative
in Delft, Netherlands: *
having lost a wonderful opportunity.”

Big tent

The origin of the $12 million IAASTD dates to
2002, when a group of ag biotech companies
asked the World Bank whether it recom-
mended GM crops for developing countries.
Watson, then the World Bank’s chiel scientist,
sigeested that the bank review the entire range
of agriculural technologies and policies. Con-
vinced that agncultural research should be
considered in the comext of the myriad factors

WWW.sCiencema g.org
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Green machines. Experts debated the role of tools,
such as fertilizers, that have boosted yields.

that affect Farmers, Watson and his team
solicited suggestions about what to include in
the assessment from some 800 stakeholders
representing scientific and agriculture-related
organizations around the world, “Right from
day one, I wanted to make sure there was a wide
range of views,” Watson says. He formed an
advisory bureau of 35 people, comprised of
representatives from governments, consumer
groups, indusiry, and nongovernmental organi-
zations such as Greenpeace.

In theory, such an inclusive approach can
be a plus, sayvs William Clark, a science policy
expert at Harvard University, conferring polit-
ical legitimacy on an assessment. In practice. it
can lead 1o logjams, Part of the tension over
TAASTD reflects two competing worldviews
of agriculture. Hans Herren. one of ITAASTDS
co-chairs, stresses the importance of recogniz-
ing the “multifunctionality™ of agriculiure.
That 15, i addition to producing food, farmers
have other important roles, such as maintain-
ing the landscape and culiwral heritage. In con-
trast to this view, Herren says others “see agn-
culture as an industrial process, like making
cars.” That analogy doesn’t offend Jonathan
Gressel, a plant scientist with the Weizmann
Institute of Science in Rehovot, lsrael. “Pro-
ducing food is the primary function of agricul-
ture.” says Gressel. “It should do it safely and
[should be] compatible with the environment,
Just like GM [General Motors] should produce
a safe and nonpolluting car—but they have to
produce cars.”

Many of the plavers weren't used 1o sitting
at the same table with opponents, *“We con-
stantly had doubts about participating,” says
Benedikt Haerlin. At the time. he represented
Cireenpeace, which wants a ban on GM organ-
1sms (GMOs) in the environment and a phase-
out of pesticides and a reduction of synthetic
feralizers. Greenpeace i1s not used 0 compro-
mising, Haerlin concedes,

Molecular biologists and groups that
employ them were also skeptical. Rodney
Brown of Brigham Young University in Provo,
Utah, who was then deputy undersecretary for
research, education, and economics at the
U.S. Department of Agriculture, worried that
the scientific analyses might be swamped by
nonscientific views. “Like it or not, notall mput
is equally valuable.” Brown savs. But almostall
participants and observers interviewed by
Science say that they had faith in Wason, “He
has one of the finest, sharpest minds for assess-
ments,” says Walter Reid now at the David and
Lucile Packard Foundation in Los Altos, Cali-
fornia, who led the Millennium Ecosyvstem
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Assessment that examined the state of the
world’s ecosystems as of 20000 Science. | April
2005, p.41).
Watson
East Anglia in Norwich. UK., and chief sci-
ence adviser to the LLK.s Department for Envi-
ronment. Food and Rural Affairs—was

involved in several other projects. so much of

the supervision of the assessment fell to his two
co-chairs, Herren, a longtime advocate for sus-
tamable agriculture, is the president of the Mil-
lennivm Institute, a think wnk in Arlington, Vir-
ginia. Adding perspective from a developing

nation is energy specialist Judi Wakhungu of

the Afncan Centre for Technology Studies in
Nairobi, Kenya, The pair comvened meetings at
which the advisory bureau picked the 400-odd
authors and assigned them to groups to tackle
the many topics, which included bioenergy and
the role of women in agriculture, as well as five
geographically focused subassessments,

A guestion of balance
It’s perhaps not surprising that this massive

eHort encountered some snags, Some authors of

the eight main chapters say that from the start,
the process was dis-
organized, lacked clear
direction, and suftered
tfrom turnover of par-
ticipants and continual
rehashing of drafts, It
didn’t help that the
makeup of the teams
was fairly ngid. Each
chapter had to have the
same number of men
and women as authors,
One ol the two lead
authors on each chap-
ter had to be a woman,
and one had to be from
a developing country.
“We wanted 1o make
sure that everyone was
represented equally.”
says Herren. Pray has a different take: It was
excruciatingly polincally correctin some ways.”

Some teams bogged down in conflicts about
hot-button issues such as GM crops or trade lib-
cralization, with various members charging
cach other with bias. One chapter, on how to
help developing countries generate and adopt
agricultural research, was canned entirely. "It
was clear that the chapter was not going to fly,”
says Beverly Meintyre of the World Bank, who
was a senior administrator on the project, She
says the team did not have the right expertise
tor the task. And midway through, just before
initial results were to be presented, the bureau
decided to eliminate a major modeling exer-

who i5 now at the University of
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cise, The Inernational Food Policy Research
Institute had raised about 5460,000 for the
modeling. which would have provided insights

to help policymakers compare the outcomes of

four broad policy scenarios, such as futures
with more free trade or green technologies. But
Cireenpeace’ Haerlin and others objected that
the models were not “transparent.”

Conflict erupted in the review process as
well, with some scientists and GM advocates
complaining that their commenis were not
incorporated. To a certain degree, they may
have been outmaneuvered: environmental
groups set up a well-organized Web site' 1o
funnel comments to chapter lead authors, They
miay have been outnumbered as well, Bureau
member Emuile Frison, director of Biodiversity
International, a research organization working
toconserve agricultural biodiversity, says it was
difficult from the outset w engage the best sci-
entists “There are probably multiple reasons,
including the fact that they didn’™t see it as
mnporant,” he savs, One participant who asked
not to be named puts some of the blame on
Watson for not spending enough effont person-
ally recruiting top scientists, as Reid did with

Scrutinized. Perhaps the hottest issue was the role of genetically modified crops
in helping poor farmers and making agriculture mare sustainable,

the Millennium Ecosystem Assessment.

The text of the ag assessment concedes the
difficulty of resolving the differences to every-
one’s satistaction: “One of the key findings of
the IAASTD is that there are diverse and con-
Hicting interpretations of past and current
events, which need to be acknowledged and
respected”™—not exactly a helpful insight for
policymakers trying to decide whether to
approve the planting of GM crops, for example.
“Tedevolved into *I'm okay: vou're ok, says
Andrew McDonald, a crop and soil scientist
at Cornell University,

T www.agassessment-watch.org/review.html
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Critics such as Adrian Dubock,
who participated while serving as
Syeenta’s head of biotech ventures,
also complain that the summary
and synthesis documents—which
are all most people will read of the
2500-page draft assessment—are
biased against GM crops and don™t
incorporate positive appraisals
from some of the underlying chap-
ters. Chapter 5. for example, con-
cludes that both transgenic and
conventional breeding will be
needed w boost crop productivity
during the next 50 vears, Eliminate
transgenic crops, the chapter notes,
and “humanity would likely be
maore vulnerable to climatic and
other shocks and to increased natu-
ral resource scarcity.”

But the Global Summary for
Decision Makers puts less empha-
515 on the potential benefits of
GM crops, says Dubock, who
resigned in protest, and others, In
the synthesis report as well, the section on
biotechnology tends w highlight the controver-
sies about GMOs, such as “lingering doubts
about the adequacy of efficacy and safety test-
ing.” The majority of the tour authors of this
synthesis chapter have experience inrisk assess-
ment and sociology but not in the agricultural
industry or plant modification. Like all the other
authors, they were picked by the bureau, which
had relatively few representatives from industry.,
“The whole thing was incredibly stacked”
agamst GM crops, cloams Gressel. An IAASTD
ofTicial disputes that charge and notes that
Deborah Keith of Sygenta was slated 1o write
the first draft but resigned. =T fielt it was a hope-
less cause.” Keith says,

Pullout

Last October, the biotech companies voted
with their feet and pulled out of the process.
Their representatives won't attend the final
meeting. “We can't endorse something that is
fundamentally giving the wrong message.”
explains Keith Jones. manager of stewardship
and sustainable agriculture at CropLife Inter-
national, an industry trade group. He says that

the report tends to overstate the potential of

organic and “ecological” agriculture. which he
doesn’t think 15 a viable solution for boosting
global agricultural productivity.,

Watson, who says he was “extremely disap-
pointed” in the companies’ decision to with-
draw;, argues that instead of giving up. industry
scientists ought to have playved a bigger role.
“They should have screamed and pushed.” he
savs. But he also accepts some responsibility

o e s,

for not keeping close enough tabs on their con-
cerns. "It means [ didn't succeed as director at
keeping all the players at the table.” Herren
decries the | 1th-hour move as well. pointing
out that industry reps sat on the bureau, which
vetted all of the authors, “You cannot come at
the end, after all the meetings setting up the
rules of the game, and say, "1 don’t like i By
walking out. industry ended the dialogue.
Herren savs: “You can agree to disagree, but
that can’t happen when you slam the door”

Mot all who were displeased lefi. In Decem-
ber, for instance, the Alliance Executive of the
Consultative Group on International Agricul-
wral Research (CGIAR }—the governing body
of 15 publicly funded scientific centers around
the world—wrote a private letter to the bureau
about its concerns, “The reader would get a
rather negative view about agricultural research
in general,” says Frison, the chair of the
alliance. In the letter, which Science has
obtained, CGIAR notes that the assessment
chapters might underming support for research,
But CGIAR has remained in the assessment.
It is more constructive to make our points as a
participant.” says Frison, who also appreciates
the assessment’s emphasis on the mportance of
involving farmers in research.

At a Nnal meeting in April, representatives
from about 90 governments will gather in
Johannesburg, South Africa, to decide whether
to endorse the report. (They can accept,
approve, or Just note 1t.) Watson doesn’t think
that industry’s pullout will lessen the impact of
the report. which he hopes governments and
international donors, for instance. will use to

Backbreaking. The assessment concludes that agricultural research needs to do more for poor farmers such as these
indigenous wheat growers in Bolivia, by better managing pests and soils, for example.

guide their invesiments in agriculural research.
Robert Paarlberz of Wellesley College in
Massachusetts, author of Starved for Science:

How Biotechnology Is Being Kepr Out of

Africa, 15 skepuical. *It’s a document that has
much less scienttic credibility™ than does
IPCC. he says. By being so inclusive. it ended
up more a collection of opinions than an inci-
sive summary of the scientific literature. And
because its scope is 50 broad, the assessment
doesn’t offer targeted analyses for partcular
problems. “You end up with [ platitudes] such as
“Small farmers need to be supported,” ™ says
Emmy Simmons, an agricultural development
consultant who retired from the US. Agency
for International Development in 2005,
Watson remains sanguine. He and others
think the assessment will bring more attention
to the plight of the rural poor and the chronic

underinvestment in agricultural research. “If

we can stimulate a debate,” he says—for
nstance, about the degree to which agrnicultural
science is meeting the needs of the poor and
whether evervone gains from free rade —then
it’s a success.” Nor does he have any regrets
about throwing the doors wide open. 1 always
knew it was a social experiment.” he says.

As for Prav, he has mixed feelings.
“Halfway through this painful exercise, |
thought, *If [ Watson] can pull this of ¥, it will be
great,” ™ he says, “but we couldn’t come to con-
sensus. Mow Greenpeace and Monsanto con-
tinue to beat each other up.” Meanwhile., he
says, neither the environment nor the poor are
getting the agnicultural research they deserve,

—-ERIK STOKSTAD
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GRADUATETRAINING

NSF Fellowships Called Powerful
Tool for Building the Pipeline

A prestigious program is slated for a big in

crease next year thanks in part to recent

data showing its ability to draw talented students into science

A fellowship program that has nurtured the
early careers of Nobel prizewinners and a co-
founder of Google has quietly been gaining
politcal favor in Washington. Last month, the
Bush Admumnistration proposed a sharp increase
in the number of Graduate Research Fellow-
ships (GRFs) awarded by the US. National
Science Foundation {(NSF). And Democratic
presidential hopeful Senator Hillary Clinton
{D-NY) has called for its expansion as part of
her “innovation agenda.”

The GRE'S rise to prominence has been pro-
pelled in part by the work of Har-
vard University labor economist
Richard Freeman, who calls the

Not Kee

Google. But by the 19%90s, it had fallen on hard
times, Stipend levels had tailed w keep up with
those of other fellowships. and the number of
awards had remained constant for decades
despite a steady nse in the number of under-
graduates majoring in science and engineer-
ing. The shrinking ratio, from 5.4 awards per
1000 science and engineering majors in its
first few years 1o 2.2 earlier this decade (see
graph), “sent a very bad signal to studems that
science wasn timportant,” savs Freeman.
Students responded by avording the pro-

ping Pace
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Analyzing 30 yvears of data, Freeman cal-
culated that increasing the number of awards
substantially would have only a slight impact
on quality while resulting in an influx of s-
dents into science and engineering. A survey
of 1800 Harvard undergraduates similarly
suggested that talented students would be
lured into science if NSF gave out more fel-
lowships to support their graduate studies. In
particular, some 40% of students said that
they would opt for graduate school in sci-
ence if given “a national fellowship™; only
1 8% already had such plans.

Freeman’s analysis soon gained adherents.
The Brookings Institution’s Hamilton Project
to foster economic growth has promoted 1t

{www. hamiltonproject.org: policy brief

2006-09), and Clinton has embraced the
tripling of awards and a 33% boost in the
stipend, asserting that the fellowships are “the
key financial resource for [ULS.] science and
engineering graduate students.”

It also struck a chord at NSE
“He put the pieces together.”

fellowship “the U.S8."s premier 8 graduate education at NSE. The
award for suiunu:.-:md ulﬁ;il_'mﬂihg o B Award ratio agency expects to make about
i{nnjumu ::tEuJ-:m.v». Ina 2005 su{d:.-'. 5 B Degrees 17 = 825 ;m':_!rd.-'- this year, says pro-
Freeman found that the GRF- %9 400 |- _ s 3 gram director William Hahn,
which provides a 3-year stipend 0 & ; En down from 925 in 2007, (For the
LLS. citizens or permanent resi- 32 3 300 | 45 5  past 2 decades, the annual
dents for graduate study at the EE‘ 2  number has fluctuated between
university of their choice—isa @ s 44 T 800 and 1000.) Its 2009 budget
powerful mechanism for luring tal- Ec 200f 4 &  request of S117 million for the
ented ULS. students into science 8 E S education directorate, up from
(www.nber.org: working paper -:'u;' =) -2 % the current $88 million, would
I 1623). He argues that NSF should E o, 10083 e raise the current 10% success
triple the number of GRF avards 2 1l v rate for applicants, Because the
(fromroughly 1000 o 30004 vear) & 0 L i i | I 0 fellowships run for 3 years. how-
and increase the amount of the 1950 1960 1970 1980 1990 2000 ever, Congress would need to

scholarship (now $30.000) by
510,000, Although NSF has
responded with a more modest pro-
posal—a 32% budget increase that
could mean as many as 700 new awards in
2009—agency officials are happy to dissemi-
nate Freeman's message to make their case.

Created in 1932, the merii-based program
funds all science and engineering disciplines
proportionately—that is, it selects the same
percentage of applicants ineach field that NSF
supports. In the early vears, the physical sci-
ences and engineering accounted for the bulk
of the awards. These felds now make up about
half the recipients, with the life sciences com-
prising another quarter and the social and
behavioral scientists about one-sixth,

The program helped nurture a post-Sputnik
aeneration of researchers, lis 43,000 alumm
include more than 20 Nobelists: a more recent
recipient is Sergzey Brin, a co-founder of

WIAW.SCIENC

Negative numbers, Adeclining ratio of awards to degrees sends students “a bad
signal,” says Harvard's Richard Freeman,

gram. Hoping to turn things around, NSF
began raising the annual stipend, which stood
at $15.000 in 1999, untl it reached $30,000 in
2004, (Universities also receive $10.500 as an
institutional allowance.) The number of appli-
cants nearly doubled, Freeman found, to
almost Y000 in 2004, and the overall quality of
the applicant pool also rose. In other words, he
says, the fellowships prestige caused maore of
the “best and brightest” seniors to consider
graduate degrees in science and engineering.

It certainly opens doors at Harvard,
Freeman explains, “My department has a
policy that if you get a GRF, you're admit-
tedd” he savs, “Absolutely, Because you're
not costing us anything. And we know NSF
runs i preity tight ship.”

emag.org SCIENCE VOL 319

sustain the increase for several
years o avoid sending the pro-
gram on a roller-coaster ride.

As the biggest single increase
in NSF's education budget, the request for the
GRF program will atract close scrutiny from
('{'I'['Igﬂ.':-i!-i. Il. must ﬂi!l'l'l[!l...'ll; ;!g;llll:-ii Progrims
serving ditferent populations that enjoy strong
legislative support., in particular those for
minorities, undergraduates, and precollege
science education,

“It deserves serious consideration because
MNSF feels so strongly about it” Representative
Alan Mollohan (D-WV), chair of the House
panel that controls NSFs budget, explained
afier a 27 February heaning in which NSF made
its case, “1s it the fastest way w fill the pipeline?
I don’t know, And [ don’t want to prejudge |the
request]. But there are alot of things we need 1o
do toimprove science and math education.”

-]JEFFREY MERVIS
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Blood-Matching Goes Genetic

Hoping to prevent adverse transfusion reactions and save lives, European
researchers are lobbying to replace serology-based blood typing with matching

based on DNA tests

Two decades ago, a 20-year-old man
entered Duke University hospital for a hip
replacement. He had sickle cell disease and
because he was anemie, he needed a blood
transfusion before the operation. As with
maost sickle cell patients. he had received
transfusions before. But on this occasion,
his body rejected the blood.

The doctors tried again and agam with dif-
ferent blood, but the man’s immune system
rebelled against every new transfusion, gen-
erating antibodies that killed the new blood
cells and some of his own in the process. “He
reacted to everything,” sayvs Wendell Rosse, a
hematologist at Duke at the time. The man’s
anemia continued to worsen, and 2 weeks
later he died. “There wasn’t anything we
could do,” Rosse savs,

Following previous transfusions, the
man had become alloimmunized, meaning
that his body made antibodies to donated
blood. He had so many transfused cells
mingling with his own and had made so
many antibodies that physicians could no
longer identify his original blood type nor
find suitable blood. Although this rare case
of fatal alloimmunization happened more
than 20 vears ago, Rosse savs he's not sure
whether the man would have survived today,
as there have been few advances in blood-
matching tests in hospitals,

Some hematologists believe genetic test-
ing offers a soluton, For more than 100 vears,

blood matching, also known as typing, has
relied on serology, the wentification of sur-
face proteins and carbohydrates, called anti-
gens, on red blood cells, Genotyping looks at
the genes that determine these antigens, and
some scientists say genetic technigues can
more closely maich blood between donors
and recipients, preventing alloimmunization
and other immune-related blood reactions.
Now, these claims are being put to the
test. France, for one, will begin genotvping
a portion of blood donors by the end of
April to determine ifa switch from serology
is scientifically justified and practical. In
addition, Canada has begun using genotyp-

Anti-A Anti-B |
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Old-fashioned. Serology tests like this one have been
used to match blood samples for more than a century.

ing as a screcning tool to identify donors
with rare blood tvpes that are hard to find in
emergency situations,

“The argument that we will have 100% per-
fect blood for every patient will never be the
case.” says Neil Avent of the University of the
West ol England (UWE) in Bristol, who has
led a European research consortium explor-
ing blood genotyping. “But when vou have all
the information available, vou can find the
best blood.”

Matchmaking

Finding the best blood seems simple. Two
antigens on red blood cells determine the
major blood group—A, B, AB. or O, A person
with type A naturally harbors antibodies to
B antigens and vice versa. Give type-B blood
to a patient with type A, and antibody reac-
tions will cause blood cells to clump together,
sometimes with fatal results, AB people don't
have antibodies to either antigen, making 1
easier o Find blood for them. But O people
have antibodies to both A and B, as their
blood cells have neither antizen, so they can
only receive O blood.

But there’s more to blood than A and
B antigens. Physicians also routinely test for
D, an antigen in the Rhesus (Rh) blood group
that can evoke a strong immune response.
They try never to give RhD+ blood to an
RhD- person.

The possibilities get even more compli-
cated. Avent, who also directs UWE’s Centre
for Research in Biomedicine, says there are
29 known blood groups. which are deter-
mined by about 200 antigens. A person’s full
blood type might read: AB, D+, M+, N+, K-,
Leat, and so on.

A simple antibody test can identfy a
donor’s or patient’s ABO blood type. and in
theory, similar tests could detect the other so-
called minor blood groups. But the reagents
to idemily some of these antigens are costly,
not reliable, or simply not available. For
patients who receive only one or two trans-
fusions during their lifetimes, mismatches in
the minor blood groups pose no obvious
problems. Yet people who receive multiple
transfusions—including those with sickle
cell disease, hemophilia, or leukemia—can
develop antibodies to the minor blood group
antigens, which is what happened in the Duke
University patient. In some cases, the trans-
fused blood can cause acute or delaved
hemolytic reactions. The Public Health
Agency of Canada, which keeps statistics on
such reactions, estimates that as many as 1 n
12,000 transfusions ends in an acute reaction,
with as many as | in 600,000 ending in death.
Delayed reactions occur in as many as 1 in
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000 ransfusions but are less often fatal,

Traditional blood tvping has other limita-
tions. Some people have a weak or partial ver-
sion of the D antigen that is difficult to detect.
Misdiagnosing D+ donor blood as D— could
cause serious problems. A D- person given
such mislabeled blood will make antibodies
that would react to future transfusions of
D+ blood. Furthermore, its important for
women to accurately know their RhD status:
If'a D— woman had a D+ baby, any subsequent
D+ fetus is at risk because the mother will
have made antibodies to the D antigen dur-
ing the first pregnancy. Because serology
has trouble deciphering RhD status, savs
Avent, as many as 40% of pregnant women
may receive unnecessary drug treatment,
which can have side effects, to limit their
antibody production.

Genotyping offers an alternative. By
sequencing the 31 genes that determine the sur-
face antigens, hematologists can classify the
blood into the 29 groups, For example, a single
gene on chromosome 9 controls the ABO anti-
gens, and the versions inherited from each par-
ent determine a person’s type. Other blood
groups are determined by a single nucleotide
polymomphism (SNP), which changes just one
base in an antigen-determining gene. Inser-
tions or deletions of DNA within other blood-
group genes lead to different antigens, By iden-
tifying these different versions of'a gene, or
alleles, genotyping can predict a person’s blood
types in fine detail.

Advocates of genotyping predict that with
better matched blood. they can prevent
between S0% and 90% of alloimmunization
and also eliminate partial and weak versions
of the D antigen from the blood supply. Rosse
savs such tests might have helped his patient.
“1f we had his genotype, we could have
matched it with a donor’s genotype.” Rosse
savs, “We might have found a match”

Europe takes the lead

Researchers have been using polymerase
chain reaction (PCR )-based techniques to
genotype blood samples in the lab for a
decade. But if blood genotyping is extended
into widespread clinical use, cheaper and
faster methods will be needed,

In 2002, the European Union gave
&2 .35 million to BloodGen, a consortium of
universities and blood centers across Europe
that planned to standardize blood genotyping
techniques and prove that they beat serology.
The consortium, led by Avent, has since
developed the BLOODchip. a gene chip that
tests a person’s DNA using blood samples.
PCR alone would require 60 or more tests to
determine the blood type as comprehensively

www.sciencemag.org SCIENCE VOL 319

as the chip can with just one west. The current
chip, produced by the company Progenika,
looks at nine blood groups. including the
genes that code for the A, B, and D antigens.
In initial tests, the BloodGen team
genotyped 1000 blood samples and found
42 cases that conflicted with serology,
some of which were in the Rhesus blood

group. Further analysis revealed that two of

these errors were the fault of genotyping
and 40 were the fault of serology. Prog-

cnika has full ¢clinical approval for seven of

the blood groups on its chip and is cur-
rently seeking approval for RhD. The next
round of tests will look at 3000 samples.
BioArray Solutions in Warren, New Jersey,
has developed another genotyping product
called BeadChip that tests for

NEWSFOCUS

wenotyping is already supenor for identifving
the D antigen. Willy Flegel, a transfusion
medicine specialist at University Hospital
Ulm in Germany, agrees. He has genotvped
miore than 46,000 blood donations identified
as D- based on serology and found that 47 are
actually D+, “The smant serologist will apply
molecular technigues now for the benefit of
the patient,” Flegel says. “The scientific argu-
ments are clearly in favor of genotyping.”
Connie Westhofl, scientific director at
the American Red Cross, concurs that geno-
typing is the future, but she doesn™t expect
that the United States will fully adopt it for
another 15 vears at least, and even then,
she does not expect the country 1o com-
pletely abandon serology. *We would never
throw out our old tool-

11 blood groups but not A, B,
and Do Although the omis-
sion s in part practical, some
researchers have said 1t
reflects a larger debate in the
scieniific community aboui

the potential of genotyping | RhCE and RhD
toreplace, as opposed to sup- RhCE
plement, serology. KEL
JK
A bloody debate FY
Avent 15 adamant that
MNS

genotyping will replace
serology for most blood Dl

groups within the decade Do
and in some cases sooner. 0
He predicts European hos-

: ; 5C
pitals will demand blood "

genotyping of patients
expecting 1o receive a trans-
fusion. “For multitrans-

LW
\ ABO

NUMBER OF ANTIGENS
Blood Type  BLOODchip BeadChip

box,” she says.

Moving forward

A few countries are already
forging ahead with blood
genotyping on a large scale,
Canada is among the lead-
ers. In December, for exam-
ple, Quebec announced
plans to genotype 22,000
blood donors. Currently,
when a patient with a rare
blood group needs a trans-
fusion, practitioners have to
blindly order blood from
banks based on ABO and
D grouping alone and then
test it with more detailed
serology on site. This tral-
and-error approach wastes
time and money. The

18
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fused patients, [ expect a
change in policy this year,”
Avent says, “Then [ would
expect other vulnerable
groups [such as pregnant
women to be] tested. Then [ would like to see
blood centers genotyping cohorts of donors.™

Researchers in the United States are tak-
ing a more cautious approach. They believe
genotyping has a way to go for the A, B, and
[ antigens. Researchers have identified more
than 100 alleles for the ABO blood type and
more than 200 for the Rhesus system, and
new mutations are discovered frequently,
which makes some people nervous about
relying on current gene chips. “1 don't think
we have found all the alleles.” says Marion
Reid, an immunohematologist at the New
York Blood Center.

Avent predicts that within the next few
vears, researchers will have compiled the
majority of those alleles, and he adds that

Chipping away. Two new gene chips
(BLOODchip above) can test for many
blood groups beyond ABD.

screening should make the
process faster by narrowing
initial blood selection, but
serological testing will stll
servie as a follow-up,

Jean-Pierre Cartron, scientific director at
France’s national institute of blood transfu-
sion, siys his blood center will be genotyping
using both the BLOODchip and the Bead-
Chip by the beginning of April. “We want to
see them together on the same population of
donors and patients,” Cartron says.

Flegel says the ABO group will take
time o work out, but for all other groups,
genotyping should begin now. Only by
using the available genotyping tools can
hematologists locate unknown alleles and
make future gene chips more accurate, “We
need to learn what we are missing.” he says.
He agrees that hematologists need to pro-
ceed with caution. But, he savs, “we don’t
need to wait” =ELIZABETH QUILL
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Cryptologists Cook Up Some
Hash for New ‘Bake-Off’

A worldwide competition aims to keep the algorithms for authenticating electronic
documents a jump ahead of forgers’ ability to defeat them

In Movember, three Dutch cryptologists pub-
lished on their Web site a “digital fingerprim”
of their prediction of the winner of the United
States’s 2008 presidential election. According
to them, the next commander in chiet will be
IDSISDEADTAALGSGOABAZEYDFOS
CBCRO.

After the election, these modern-day
Nostradamuses will use a simple mathe-
matical procedure called a hash function,
which is available on nearly all computers,
to show that a PDF document created
before the election has that hexadecimal
number as its digital fingerprint. This will
prove that they knew the winner all along,
because the PDF document could not have
been altered after the election. Any such
change would make its fingerprint, known
as a hash value. no longer match the one
that has been published.

But it’s all a trick. The “Nostradamus
attack™ by Marc Stevens, Arjen Lenstra, and
Benne de Weger is designed to highlight a
serious problem in eryptology: The so-called
hash functions that many of the world’s com-
puters use for authenticating documents are
dangerously out of date. The cryprologists
prepared 12 separate documents, one saving
that John McCain will win, one naming
Hillary Clinton, and one even predicting
Paris Hilton. By carefully tweaking the con-
tents of each PDF document. in a way not
obviously notuceable, they made 1t s0 each
one generates the same digital Fingerprint,
computed by a widely used hash function
called MD3, As the Dutch effort shows, the
ability to produce multiple documents with
the same fingerprint renders MD3 useless
for authentication,

Without the ability to authenticate files,
such as passwords and online transactions,
Internet commerce would be seriously
threatened. Therefore, the U.S. National
Institute of Standards and Technology
i NIST) in November announced a world-
wide competition to select a new standard for
hash functions, which is expected to con-
clude by 2012. The winner will be certified
for LLS. zovernment use, and if past history
15 any guide, that will make 1t a de facto stan-
dard for the rest of the world.

MNIST held a similar “bake-ofl™ (as some
cryptologists called it) from 1997 to 2000 10
select a new standard cipher for government
use, called the Advanced Encryption Stan-
dard {AES). “The AES competition was the
most fun 've ever had in eryptography,” says
Bruce Schneier of BT Counterpane in Santa
Clara, California, who designed one of the
five AES finalists and who plans to enter the

hash-function competition as well, “Think of

it as a giant cryptographic demolition derby:
A bunch of us put our best work into the nng.
and then we beat on each other until there was
only one standing. ... 1 personally learned an
enormous amount about [cipher design] from
the AES competition, and we as a community
benelited immeasurably”

Like the previous competition, the new
bake-ofl offers no financial reward, and the
submissions must be unpatented so that they
can be incorporated into any software. The
real payofTto the winner will be prestige. The
AES competition drew 15 entries, and the
hash-function competition is expected to
attract as many as 30,

Although the contests will be similar.
the products could hardly be more differ-
ent. A cipher, like AES, encrypts data in
such a way that it can be recovered but only
by someone with a key. Hash functions, on
the other hand. are not meant

to be reversible, and they ot may turn out
that they aren't
broken or can't
be broken, but we
didn’t want to get
caught out on the

wrong side.”
—WILLIAM BURR, NIST

have no secret key. They
merely show that a docu-
ment is what it claims to be.
They tend to be much sim-
pler than ciphers and have a
much broader range of
applications—so many that
they are ofien called the
“duct tape™ or “Swiss army
knife™ of cryptology.

Hash functions work by
converting any string or message of 1s and Os
to a new string, usually much shorter, For
example. the function might take a gigabyte
MPEG movie file and boil it down to any-
where from 128 to 512 bits. In the current
vovernment standard, called SHA-1, the
output, known as the hash, hash value, or
hash sum, 15 160 bits. whereas for MD3 it 1s

128 bits, The hash should look more or less
ri.ll'l{EU-l'l'I S0 [I'I.'.J.l no ane can Suess “']'I[Il '[I'IL"
original message said. On the other hand, it
should be generated in a completely deter-
ministic manner so that anybody who knows
the hash function used can have a computer
verify that the hash value matches the hashed
file’s contents. In addition, it should be stag-
geringly unlikely that any other document
hashes to the same value. When that happens.
cryptographers call it a “collision.”

Compressing gigabyie-sized files to
160 bits inevitably results in many collisions.
But the key point is that it is virtually impos-
sible to find one by random search. That s
because there are so many possible hash val-
ues— 2 of them for a 160-bit hash sum. For
such a hash value, the number of movies vou
would have to hash before generating the
same hash twice would be roughly 2%, or a
trillion a year for a billion years. Not even
Bollywood is that prolific.

However, 2 hash function can be defeated
if it 1s possible to deliberately create two col-
liding documents, If this takes more than
280 auempts. then the hash function is consid-
ered secure, because such an attack is no bet-
ter than random guessing. However, ifa colli-
sion can be found in less than 2 tries, then a
supercomputer, or a very large network of
personal computers, might be able w do it in
a year. If it takes less than 2* ries, one can do
it on a PlayStation in a few minutes—as the
Dutch “Nostradamuses™ did.

The current standard. SHA-1. borrows its
basic architecture from MD3, which was
invented in 1992, You feed vour message
into a device that compresses and random-
1zes 512 bits at a ume. You add another piece
of your file to the first piece and feed it
through again, and you repeat
this procedure until you run
out of message.

lerative algorithms, like
MD35 and SHA-1, are very
easy to program and quick to
run. But recently. they have
come under heavy attack from
cryptologists. In 2004 and
20035, cryprologist Xiaoyun
Wang of Shandong University
in China showed that MD3
could be cracked in fewer
than 2% steps, and SHA-1 in fewer than 2%,
No one has produced an actual collision in
SHA- 1. but a search, using the spare time of
many personal computers, is under way at
Graz University of Technology in Austria.

“If vou find a [SHA-1] collision, people
in industry will be forced to upgrade their
products.” savs Bart Preneel, a cryptologist at
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- Hash of the Future?

Have you ever struggled to solve a maze? Then imagine trying to find a
path through a tangled, three-dimensional maze as large as the Milky
Way. By incarporating such a maze into a hash function, Kristin
Lauter of Microsoft Researchin Redmond, Washinglon, is betting
that neither you nor anyone else will solve that problem.
Technically, Lauter's maze is called an "expander
graph” (see figure, right), Nodes in the graph corre-
spond to elliptic curves, or equations of the form y? =
x¥ + ax + b. Each curve leads to three other curves by
a mathematical relation, now called isogeny, thal
Pierre de Fermat discovered while trying Lo prove
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his famous Last Theorem. . ] _ /
To hash a digital file using an expander t"fi"ﬁ?ﬁ : ";ﬁur;gf.—-q
- CSEY, SRR
graph, you would convert the bits of dala i‘l'-' /1 f""'"i"" k
into directions: 0 would mean "turn right,” 7 :'_in-ﬂl'é,--- ) i 1,:!'&; %
1 would mean “turn left.” In the maze () “ “ / X
illustrated here, after the initial step 1-2, Q -

the blue path encodes the directions 1,0, 1, 1, 0,
0,0, 0, 1, ending at point 24, which would be the
digital signature of the string 101100001, The red
loop shows a collision of two paths, which would be
practically impossible to find in the immense maze
envisioned by Lauter.

Although her hash function (developed with colleagues
Denis Charles and Eyal Goren) is provably secure, Lauter admils
that it is not yet fast enough to compete with iterative hash func-
tions. However, for applications in which speed is less of an issue—
for example, where the files to be hashed are relatively small—Lauter

\ believes it might be a winner,

Katholicke Universiteit Leuven in Belgium.
Anticipating such a breakdown, Microsoft in
2005 banned both SHA-1 and MD3 from
new products and has removed MD3 from all
its current products. says Kristin Lauter. head
of the Cryptography Group at Microsoft
Research in Redmond, Washington. Fortu-
nately, a good backup is already available. In
2004, NIST 1ssued several new standards,
collectively called SHA-2, which are more
secure than SHA-1 because they produce
longer hashes (up 1o 512 bits instead of 160),

But NIST worries that SHA-2 could even-
tually fall, oo, “Everything that has been
attacked is in the same Tamily.” says William
Burr of NIST s Security Technology Group.
“It may turn out that they aren’t broken or
can’t be broken, but we didn’t want to get
caught out on the wrong side.”

After extensive debate, including two
international workshaops in 2005 and 2006,

i NIST decided that a new competition could

E
3
.
:

turn up completely new approaches to hash
functions. “We'll be reluctant to pick some-
thing that looks just like SHA-2" says Burr,
“We want some hiodiversity.”

Although no designs have been formally
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submitied yet—the deadline is in October—
experts predict that most entrants will con-
tinue to be iterative algorithms subtly
retooled o defeat the new kinds of attacks.
For instance. Preneel’s RIPEMD—one of the
few first-generation hash functions still
standing—performs two parallel iterations,
making it difficult for an attacker 1o figure
out which one to attack.

A second approach, called “provably
secure” hash functions, denves its presump-
tive security from math problems that are
considered to be hard to crack (see sidebar,
above). This type of algorithm typically does
not require multiple iterations, but it does
require crypiologists to put their faith in a
mathematical “black box.” Also, such algo-
rithms tend to be slower than iterative algo-
rithms because they require a more elaborate
caleulation—even though it 1s performed
only once. Speed is at a premium for hash
functions. as they are typically used to tag a
document in the split-second 1t's electroni-
cally transmitted.

Mot surprisingly, mathematicians love
provably secure systems, whereas crypiolo-
gists have litle use for them. “They are typi-

cally only provable with respect to one prop-
erty but are weak with respect to other proper-
ties.” says Joun Daemen of STMicroelectron-
ics, co-winner of the AES competition, For
instance, a “provably secure” hash developed
by Lenstra and his colleagues, called Very
Smooth Hash (VSH), was compromised last
vear when Markku-Juhani Saarinen at a Span-
1sh company called Kinamik showed that it
was easy to find “near-collisions™ in VSH, In
practice. engineers often truncate a long hash
value to a shorter one, assuming that the trun-
cated hash will inherit the long one’s security.
Saarinen’s result means that they can’t count
on that with VSH.

In the final analysis, what makes it so
hard to come up with good hash func-
tions—and prove they work—is that they
are expected to do so many things, “You
expect them to do everything and blame
them when they don’t work,” says Preneel.
Perhaps a 4-year bake-off will be just what
the chef ordered to make some new hash
that will satisty evervbody's tastes.

-DANA MACKENZIE

Dana Mackenzie is a freelance writer in Santa Crug,
California.
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The Right Pitch for Saxophonists

THE BREVIA BY ]. M, CHEN ET AL, ("EXPERIENCED SAXOPHONISTS
learn to tune their vocal tracts,” 8 February, p. 776) substantially adds
to the debate, now more than 25 vears old, on the influence of the
vocal tract on the tone production of single-reed instruments, |
thought it might be useful to offer some practical experiences on the
subject as a jaze saxophonist who has been playing professionally for
nearly 30 yvears, Professional saxophonists have always been looking
tor a scientific explanation of the phenomenon otften described by
mysell and others as “singing through the horn.” This is a wtally
instinctive and rather colorful expression that describes rather well the
use of the vocal tract in the art of good tone production on the saxo-
phone or other reed instruments.

1 first became aware of the importance of using my vocal tract while
plaving m the saxophone section of a famous Bntish big band in the
early "60s. One night, after some thought on the subject, [ discovered
that if' I mentally “sang™ the notes, | was able 1o play much better in
tune and with a fuller and more centered tone. It made sense that by

almost silently singing the notes, the sound would be more focused. OF

course, for many years now, the importance of this aspect of technigue
has been well known, but 1t has not been well understood.

I have always taught saxophone pupils to *sing through their
horns™ but now elaborate with more precise instructions. In general,
the higher the note on the instrument. the more one has to lift the back
of the tongue and restnet the size ofthe oral cavity. This explains why

using the vocal tract is espe-
cially important when playing
in the “altissimo™ register of
the saxophone.

The saxophone 15 without
doubt the most *flexible™ ol all
the reed famuly: 1t has the
widest range of possible tone
colors of all wind instruments,
This flexibility 15 the reason
why the greatest jazz saxo-
phonists have such uniguely
personal timbres. One only needs
to hear "masters” like John
Coltrane, as well as Coleman
Hawkins or Stan Gete, to realize the saxophone can produce sounds of
enormous variety: sounds whose individuality comes closer to the

Singing through the horn. Peter King
plays his saxophone,

human voice than on any other instrument,

I have always maintained that the saxophone is one of the easi-
gst instruments to pick up and get a tune out of, but the hardest of
all to play with a truly great and personal sound, Much of the art of
suxophone playing relies on an impeccable understanding and con-
trol of the vocal tract and the ability to almost literally
through the horn.”

“sing

PETER KING
15 Oakhill Place, London SW15 20N, UK. E-mail: pj2kingSte@aol.com

Second Basket's

Negative Impact

ON 1 JANUARY 2008, THE GERMAN "SECOND
Act Governing Copyright in the Information
society” (“Second Basket”) wok effect.
Second Basket limits the circulation of sci-
entific documents and will substantially
reduce scientific communication among
researchers. For example. libraries or other
document providers may send copies elec-
tronically (e.g.. in PDF format) only if the

publisher of'a particular work does not itself

offer the work online in a clear manner
and on reasonable terms. In principle. the

Copyright Act strengthens the protection of

authors” intellectual rights: however., most
scientsts do not want this protection if it

www.sciencemacd.org

comes at the expense of elficient and effec-
tive circulation of scientific information,
Effective science relies on effective com-
munication, often quantified by the term
“impact™ (/).

Who is really protected by limiting
the circulation of scientific knowledge?
Publishers benefit most. The Copyright Act
requires them to deliver scientific work on
“reasonable terms.” making possible a
wide spectrum of business terms and con-
ditions. Transfer agreements allow publish-
ers to claim the copyright. A paradoxical
situation emerges: Natonal research foun-
dations pay scientists to write papers, but
the scientists must transfer the copyrights
and then buy back their own papers in order
to provide access to them. The international

SCIENCE VOL 319
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community should create a suitable frame-
work Tor international copyrights in a net-
worked world (2).

CLAUS-CHRISTIAN CARBON

Department of Peychology, University of Vienna, Vienna,
Austria, and TU Delft, Delft, Netherlands.
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Going Public with the
Scientific Process

THE IDEA OF USING FRAMING STRATEGIES TO
communicate science to the public has
recently been taken up in scientific forums
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CORRECTIONS AND CLARIFICATIONS
Cover Caption: (1 February). The cover image was originally published as the right side of figure 8 from Chem, Mater, 19,

5485 (2007), copyright 2007 American Chemical Society.

Perspectives: "From molecules to memory in the cerebellum”™ by D. . Linden {19 September 2003, p. 1682). As a result of
an editorial oversight, a aredit for the second figure was missing, The figure was adapled from figure 2 of D. A, McCormick

et al., Proc. Natl. Acad. 5ci. US.A 79, 2731 (1982).

(1, 2), the mainstream media (3). and the
blogosphere (4, 5). Most participants in the

framing science debate limit their notion of

scientific imformation to scientific facts.
However, confining science messages to just
the facts interferes with public understand-
ing ol science as a systematic, logical
process of human inquiry and effaces the
distinction between data and scientists’ rea-
soning about data. To communicate success-
fully, we should focus on scientific process
by emphasizing two important elements
of scientific rauonality: skepticism and
dynamicism{a. 7).

Scientists deliberately integrate skepu-
cism into their procedures by trying to refute
their own hypotheses, retaining them only
when confronted with compelling evidence
sought through carefully controlled proce-
dures, Scientists tend to shy away from
revealing the intrinsic skepticism of science
to the public, fearful that it will open the door
to doubt about the validity of their conclu-

sions, But communicating only the facts of

science (framed or unframed) destabilizes
public confidence in science. A fact doesn’t
allow science communicators to reveal, jus-
uify, and ultimately promote the skeptical rea-
soning process that helps make scienusts
more confident that their reasoning is correct.

Science isalso dynamie: itis acumulative
enterprise that requires scientists to situate
their instrumental activities and interpreta-
tions against the evidence that has come
before and to alter them in light of new evi-
dence, Insisting that new data be interpreted
within the context of past and future data will
ferret out and correct error over time, but it
means that a fact cannot, by definition, be
anything more than the (ephemeral and falli-
ble) consensus of scientists at a given point in
time. A “just the facts™ strategy can and often
does backfire, ultimately fueling public
alienation from science. When scientists
inform the public of “facts™ (like the “fact™
widely disseminated in the 19705 that all
dietary fats are bad for us), and then that
*fact™ is refined or altered (now we're told
olive oil is good for us), the public is justifi-
ably confused. Studies suggest that the pub-
lic tends o regard normal scientific refine-
ment and self-correction as equivocation or
incompetence (8- /). Instead of sweeping

uncertainty under the rug. science communi-
cators should help the public understand the
logical and systematic procedures by which
scientists confront it.

The true majesty and promise of sclence
lies in its systematic, logical, skeptical, and
dvnamic reasoning procedures. “Successful”
communication should not be
regarded as any message that enlists public
support for science. Rather. we should define
“success™ in scientific communication as
achieving a public that celebrates sciemific
reasoning procedures,

science

RUTH CRON]E

Scientific and Technical Writing Program, University of
Wisconsin—Eau Claire, Eau Claire, W1 54701, USA.
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Hoyle's Role in B?FH

IN JULY 2007, THE NUCLEAR ASTROPHYSICS
19572007 conference (/) commemorated

the 50th anniversary of the publication of

“Synthesis of the elements in stars.” by
Burbidge, Burbidge, Fowler, and Hovle
(referred to by the shorthand B*FH) (2).
In response, D. D. Clayton (*Hoyles equa-
tion,” Perspectives, 21 December 2007,
p. IB76) wrote that a key paper by Hoyle (3)
in the development of the theory of stellar
nucleosynthesis has been undercited and, by
implication, that not enough credit has been
given to Fred Hoyle. | agree.

As one of the only two survivors of B2FH,
[ would like to provide some additional com-
ments. First, the theory of stellar nucleosyn-

thesis is attributable o Fred Hovle alone, as
shown by his papers in 1946 (4) and 1954 (3)
and the collaborative work of B*FH (2). In
writing up B*FH. all of us incorporated the
earlier work of Hovle (3, 4).

In my view, Hoyles work has been
undercited in part because it was published
in an astrophysical journal (3), and a new
one at that (the very first volume, in fact).
whereas BIFH was published in a well-
established physics journal, Review of
Maodern Physics. When BYFH was first
written. preprints were widely distributed to
the nuclear physics community. Willy
Fowler was very well known as a leader in
that community, and the California Institute
of Technology already had a news bureau
that knew how to spread the word.

As | poimnted out at the meeting in July
(3], Margaret Burbidge and [ wrote the first
drafi of B’FH. We deliberately incorporated
extensive observations and experimental
data supporting the theory, and Hoyle and
Fowler worked extensively on the early draft
to see that all of the work was covered, There
wis no leader in the group. We all made
substantial contributions, and Hoyle was
entirely happy with the result.

Hoyle should have been awarded a Nobel
Prize forthis and other work. On the basis of
my private correspondence, | believe that a
major reason for his exclusion was that
W. A, Fowler was believed to be the leader
of the group. As | stated in Pasadena. this
was not the case (5).

GEOFFREY BURBIDGE

Center for Astrophysics and Space Sciences, University of
Califomia, San Diego, La Jolla, CA 92093-0424, USA.
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Fresh Renderings of Physics

David Kaiser

uring its first decade in print, Stephen

Hawking's A Brief History of Time

(/) sold an astonishing 12 million
copies in English-language editons alone and
millions more in a host of other languages.
Omnce upon a tme, those were Jaw-dropping
sales figures (at least before Harry Potter).
Scholars have often pointed to the runaway
success of Hawkings book w explain a boom
in popular-science book publishing during the
19905, when more than two dozen nonfiction
hooks on scientific topies became bestsellers
in both the United Kingdom and the United
States. Yet, as literary scholar Elizabeth Leane
{ the University of Tasmania) rightly notes in
her tightly argued and fascinating study,
Reading Popular Physics, popular-science

publishing had been flourishing for at least a
decade before Hawking’s book appeared.
Hawking rode a wave—and rode it with more
gusto than most could have imagined—but he
did not invent the wave itself,

The focus of Reading Popular Plysics 15
the liminal stats of best-selling science
books. caught betwixt and between recog-
nized genres: not exactly original contribu-
tions to scientific research, but rarely mis-
taken for high-brow literature, either. Instead
they are hybrids, borrowing certain conven-
tions from both sides of what C. P Snow
famously called the “two cultures. As such,
Leane demonstrates, popular-science books-

The reviewer is at the Program in Scdence, Technalogy, and
Society and the Department of Physics, Building E51-185,
Massachusetts Institute of Technology, 77 Massachusetts
Avenue, Cambridge, MA 02139, USA. E-maildikaiser@
mit.edu

www.sciencemag.org SCIENCE WOL 319

and especially the popular
books about physics on which
she  focuses—played major
roles in the overheated “science
wars” of the 1990s, which pit-
ted ideas from a variety of
humanistic disciplines against a
traditional view of how scien-
tific knowledge is generated,
vetted, and stabilized.

The book opens with three chapters plac-
ing the popular-science boom in vanious con-
texts, including the science wars, Exhibit A:

the famous (or infamous) “Sokal affair” of

1996, in which New York University physicist
Alan Sokal composed an essay spooling
recent trends in the cultural studies of science
and managed to get it published in an
(unrefereed) cultural studies journal.
Leane. who completed a degree in
theoretical physics before shifting to
literary studies, navigates the thickets
of the conflicts with patience and

intelligence, demonstrating clearly
that exponents of both sides fre-
quently resonted to superficial carica-
tures of each other’s positions. More-
over, as she reminds us, many of the
first battles played out in popular-
sclence venues,

The second haltof the book shifis
to close textual studies. Populari-
zations often serve as bridges for
cross-disciplinary borrowings. Yet
they are hardly transparent representations
of underlyving scientific research. They are
more like fresh renderings, akin to translating
a poem into a different language (2). Thus,
Leane argues. it is crucial to pay particular
attention to the literary strategies used by pop-
ular-science authors.

Leane’ first theme concerns the use of

metaphor and rampant anthropomorphism in
popularizations of quantum theory, Some-
times the metaphors can be as subtle as an
author’s choice of verb, such as the common
descriptions of an electron “knowing™ when
to jump from an excited orbit to a lower one in
the Bohr model of the atom or a photon
“choosing™ which slit to pass through in a
double-sht expenment. The bulk of this chap-
ter concerns Gary Zukav’s well-known The
Dancing Wi Li Masrers (3 )—one of the few to
which literary scholars continue to turn when

and Textual Strategies

by Elizabeth Leane

looking for an accessible inroducuon to the
topic—which dips more than most in the
anthropomorphic waters.

MNext comes a study of narrative structure
and the use of mythic tropes in popular treat-
mients of big bang cosmology,
Steven Weinberg s The First
Three Minures (4) follows

tragedy: All threads are ued
up in the end, leading to
Weinberg's famously pes-
simistic conclusion. Hawk-
ing’s Brief History of Time,
meanwhile, unfolds like a
comedy: Seeds are planted
early for a happy union at the end—in this
case not amarriage of protagonists, but a*the-
ory of everything.”

Leane’s final chapter focuses on popular
authors’ styles of depicting characters. She
produces lovely parallels between the tone
and even specific word choices and collogui-
alisms in James Gleick’s Chaox (5), M.
Mitchell Waldrops Complexine (6), and the
huard-boiled noir detective fiction of Dashiell
Hammett and Raymond Chandler. Like the
gumshoe private investigators, the characters
in the populanzations are depicted as work-
ing alone, outside society, and immune o its
superficialities and cultural codes of conduct,
As Leane points out, this choice of stencil
carries consequences. It leads to strongly
gendered male stories, with virtually no
women in view, And it stakes a claim about
sclentists” proper relation to society—mnamely.
they should remain outside it and bevond its
defiling reach—just at the moment that the
science wars pushed the question of science
and society to center stage.

The book’s lengthy bibliography offers
further nches for speciahists, while the main
text remains accessible o readers with no
background in literary criticism, Reading
FPopular Physics 1s a sophisticated, engaging
book on the ways we talk about science—and
their consequences.
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MOLECULAR BIOLOGY

On Ends and Means

Michael A. Goldman

lizabeth H. Blackburn, telomere, and

telomerase are not yet househaold

names. but odds are we’ll see Black-
burn in Stockholm before we see federally
tunded research on embryonic stem cells,
Blackburn’s groundbreaking work in telomere
biology is a remarkable story worth telling.
Bevond this, Catherine Brady's Elizaberh
Blackburn and the Story of Telomeres offers a
commanding account of an inspiring effort
to overcome gender bias along with advice
about doing science, conquering academic
politics, and taking responsible positions on
science policy,

“For her.” says Brady. “a feeling of awe for
the mystery of life, symbolically embedded in
the “secret code’ of the genes, was wedded o
curiosity and a methodical etfort o dismantle
that mystery.” Fred Sanger invited Blackburn
o pursue graduate study in his laboratory at
the Medical Research Council’s Laboratory of
Molecular Biology in Cambridge. There she
rubbed shoulders with the likes of Sydney
Brenner, James Watson, and
Francis Crick: got into DNA
sequencing at ground zero;
and met her future husband,
John Sedat. You get the im-
pression that she was intelli-
gent and, although mostly
silent. able w0 hold her own
without difTiculty in a British
tradition that invited the stu-
dents to tea and lunch with
the eminent scientists of the
day. She no doubt benefited from picking
up information even if she wasn’t always a
lively participant,

As a postdoc in Joe Galls lab at Yale,
Blackburn applied her knowledge o deter-
mining the nucleotide sequence of telo-
meres in Terralfivmena. She went on to dom-
inate the field. sequencing telomeres in
several other organisms and, with her gradu-
ate student Carol Greider, identifving the
telomerase enzyme.

Brady payvs close. but not unwarranted,
attention to the dynamics of a woman navigat-
ing a male-dominated science. She paints a
picture of Blackbum steering clear of the most
competitive aspects of molecular biology,

The reviewer is in the Department of Biology, San Francisco
State Universily, San Francisco, CA 94132=1722, USA,

E-mail: goldman@siuedu

Elizabeth Blackburn and
the Story of Telomeres

carving out a niche of her own, and then
becoming a titan in that field. Brady 1s fervent
in interpreting every event in Blackburn'’s life
as aconquest of her disadvantages as a woman
rather than as a natural evolution of her excel-
lence as a scientist: “That Blackbum. so emi-
nent in her field, sull could not see herself as
powerful speaks volumes about the difficul-
ties that continue to beset women as they enter
the higher ranks of academua.
She couldn’t imagine a negoti-
ating strategy other than threat-
ening 1o leave....” Sometimes,
no matter who you are, there is
no other strategy,

Although Brady (a profes-
sorin the writing programat the
University of San Francisco)
has done an admirable job of
educating herselfin the science.
readers desiring a good under-
standing of telomeres and telomerase will need
some background—say, a couple of semesters
of college biology, Yet all should come away
comprehending the main scientific points, rec-
ognizing the potential clinical applications, and
appreciating how science is done and just how
painstaking work at the laboratory bench is,

What most researchers will value most
from the book is its compilation of a master’s
wisdom about doing science. Hints and
gquotable lines abound. from how to think
about data to how to navigate a career. Brady
explains that Blackburn “tends to ‘roam’ the
data,” “exploring a single experimental ques-
tion from every angle and ... synthesizing a
wide range of potentially relevant informa-
tion.” Blackburn captures a key difference
between the biological and physical sciences
when she notes “You cant operate from first
principles. as physicists can, but have o test

logic against precedent and the data itself.
Proof in the purest sense 1s something that
comes in a messy way.”

Blackburn faulis the granting and publish-
ing establishments in which she has been
quite successful. She notes that the National
Institutes of Health are risk-averse, but “coun-
tering this tendency ... 15 the fact that the gramt
itself is not a contract.” Reviewers sometimes
abuse the process. "Who knows what knives
are out there, under the cloak of anonymity?™
With disdain Blackburn remarks, “1 don’t
even really know what the impact factoris... .
It’s the bottom-feeders who talk about the
tmpact factor”

A stard member of the President’s Council
on Bioethics, Blackburn holds that “[i]t s
tmportant for scientists to participate in policy
debates because they can evaluate the dat.”
Her insistence on accuracy put her at odds
with council chair Leon Kass, whose “yuck
factor” replaced reason when presidential pol-
iy on embryonie stem cell research con-
Micted with science. The result was her
dismissal from the Council and another
embarrassment for the president.

Brady never shows us the dark side of

Blackburn, but the encounters 1've had with
Blackburns former fellows, students, and
colleagues suggest that there i1sn't one. She
always supported her students and fellows
whether they chose to follow her career path
or not. She thinks that it is important to have
competent scientists in every walk of life.
Leading a new field and training the people
who will take it into the future is a tremen-
dous contribution. But Blackburn’s aca-
demic legacy is notable because it has begun
to spread far beyond academe. I'm waiting
for a sequel.
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SCIENCE PRIORITIES

Inappropriate Use and Portrayal

of Chimpanzees

S.R.Ross,'? K. E. Lukas?E V. Lonsdorf,'* T. S. Stoinski ®® B. Hare,” R. Shumaker?? J. Goodall™

n Morth America alone, about 2300
chimpanzees live in a variety of settings
from accredited zoological parks o lab-

oratories and sanctuanes. However, in 44 of

the 50 states in America, chimpanzees can
also be privately owned as pets and/or used
as actors and photographer’s props in the
entertainment and media industry (). In
movies, television shows, and advertise-
ments, chimpanzees are often depicted as
caricatures of humans, dressed in clothes
and/or photographed in contrived poses, For
example. chimpanzees are portrayed as
mishehaving business executives in the pop-
ular “Careerbuilder” advertisements. More
recently, chimpanzees were shown dressed
in hats while reading an issue of Science
magazine in a promotional campaign by the
American Association for the Advancement
of Science (AAAS) (although. it should be
noted that the campaign was halted when
AAAS was made aware of objections). Such
inappropriate portrayals are viewed by mil-
lions of people annually and may nfluence
the way in which members of the general
public perceive this endangered great ape.
In 2003, a survey (see the table, lefi
side) was conducted at the Regensiein
Center for African Apes (RCAA) at the
Lincoln Park Zoo (Chicago, IL). The full
survey was made up of 56 questions with the
intent of assessing the effect of a new
Facility on visitor knowledge and attitudes
toward apes (2), The final question of the

survey asked respondents to select which of

three great ape species (chimpanzees, voril-
las, and orangutans ) were considered endan-
oered i the wild, Labeled photographs were
used to ensure that species dentification

Wester E. Fisher Center for the Study and Conservation
of Apes, Lincoln Park Zoe, Chicago, IL 60614, USA,
Y Wimpanzee Species Survival Plan (55P) of the Assodiation of
Zoos and Aquanums (AZA), Silver Spring, MD 20910, USA.
Hleveland Metroparks Zoo, Cleveland, OH, and Case Western
Reserve University, Cleveland, OH 44109, USA *Committes
on Evolutionary Biology, University of Chicago, Chicago, IL
G063T, USA, *Zoo Atlanta, Mlanta, GA 30315, USA. *Ape
Taxon Advisory Group (TAG) at AZA, Silver Spring, MD 20910,
USA, "Duke University, Durham, NC 27708, USA. SGreat Ape
Trust of lowa, Des Moines, 1A 50320, USA. "Krasnow Institute
for Advanced Study, Fairfax, VA& 22030, USA. YThe Jane
Goodall Institute, Arlinglon, VA 22203, USA.

*Author for cormespondence. E-mail: sross@|pzog.org
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correct, and the
order of the species list
was randomized. Of those
choices, 453% of respon-
dents  thought gorillas
were endangered, 91%
thought orangutans were
endangered. but only 66%
believed chimpanzees
to be endangered. This
species-level difference
was significant by a two-
way »? analysis for chim-
panzees versus gorillas
(CvG), = 37.726.df= 1,
P = 0.001; for chimpan-
ZECs Versus orangutans

Wils

SURVEY

W4

Depictions of chimpanzees as caricatures can
lead people to think these animals are not
endangered and is a problem for conservation
and welfare efforts.

and other apes in popular
media, particularly by
professional publications
such as Sefence,

The inappropriate por-
traval of great apes in ad-
vertisements undermines
the scientific, welfare.
and conservation goals
that we and many readers
work hard 1o achieve ().
Respected organizations
such as AAAS must take
a leadership role in pro-
moting ethically sound
practices not only in re-
search they promote. but

(CvO), y=22588.dI= 1, RCAA GATI in fields as diverse as
P=0.001 (sce table, right)  Endangered? Yes Mo | Yes No  public relations and mar-
(2). A follow-up question Chimparzees 665 333 | 95 37 keting. Together with
addressed the potential ex-  Gorillas 953 45 | 124 8 like-minded organiza-
planation for such a dif- Orangutans 911 87 | 121 m tons such as the Inter-

lerence. Respondents were

informed that, 1n tact, all three great apes
were classified as endangered and then asked
tor a reason why they thought a particular ape
was not considered in this category., Mo
prompting with answers was provided. and all
responses were recorded by the interviewer.
Of the 250 respondents who were willing to
provide explanations for their choice, the
most common reason for the category chosen
(35%) was that chimpanzees were commonly
s>enon [L‘l.l.."'r 150000, :ILI"» eriscments, i.l]'ILI miawies
and, therefore, must not be in jeopardy.

The results were later duplicated in a sim-
ilar survey (see the table, nght side) of 132
visitors to the Great Ape Trust of lowa
(GATTY (Des Moines, TA) in 2006 (2). There,
only 72% of respondents thought chim-
panzees were endangered {compared with
94% for gorillas and 92% lor orangutans)
(for CvG, ¥ =22.53, P<0.001; for CvQ, ¥
17.21, P < 0.001). OF those who did not
believe chimpanzees were endangered, 30%
Justified their response by noting how olien
they see chimpanzees i the media and as
pets. Given the reality facing chimpanzees in
the wild—current estimates are that popula-
tions could go extinet in the next several
decades (3)—such daw highlight the impor-
tance of accurately representing chimpanzees

SCIENCE VOL 319

national Society of Prima-
tologists (IPS) and the Association of Zoos
and Aquariums { AZA ), we can make progress
in shifting the perception of chimpanzees as

frivolous subhumans that are not in danger of

extinction to more scientfically accurate char-
acterizations of our ¢losest relatives that stur
interest, respect, and conservation efforts,
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PLANETARY SCIENCE

Observing Our Origins

Fred J. Ciesla

lanetary systems are born around young

stars and grow from vast clouds of dust

and gas called protoplanetary disks.
Models predict that as our own solar sysiem’s
protoplanetary disk evolved, the dust and gas
pushed each other around while constantly
being stirred and jolted by magnetic fields and
gravitational torques. The resulting mixing
and motion set the chemical compositions of
the planetesimals that formed and from which
planets eventually grew. Although evidence
for maxing 1s found in objects m our solar sys-
tem, such as primitive meteorites, questions

orating icy bodies

5 INNER DISK

Birthplace of the planets. The temperature of a protoplanetary disk decreases
with distance from the star, so some compaunds “freeze out” of the gas beyond a
certain point in the disk. For example, water condenses to form water ice beyond
the “snow line,” Models predict that water ice boulders drifting into the warm inner
regianof the disk, where terrestrial planets are expected to form, supply this region

remain about the details of the processes
responsible and whether this mixing was com-
maon in other protoplanetary disks. On page
1504 of this issue, Carr et all, () report obser-
vations of the disk around the star AA Tau tha
sugeest that we will soon be able to address
these questions,

The gas and solids in a protoplanetary
disk drift inward with time, representing the
final stages of growth for the star (2). On
their journey inward, the solids collide with
one another and stick together. From the
time they grow from the submicrometer-
sized grains originally inherited from the
parent molecular cloud to the kilometer-
sized bodies that eventually acerete to form
planets. solids migrate inward slightly faster
than the gas (3). As bodies drift into hotter

Department of Terrestrial Magnetism, Camegie [nstitution
of Washington, Washingten, DC 20015, USA. E-mail:

friesla@ciw.edu
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regions of the disk, they vaporize, with the
vapor then either comtinuing inward with the
flow of disk material, albeit at a slower rate.
or diffusing outward where it would freeze
out at lower temperatures and be incorpo-
rated nto other solids only to repeat the

Journey again {see the figure). The whole

process acts as a chemical convever belt,
delivering materials from one part of the
disk to another, where they can acerete or
undergo chemical reactions.

Maodels of this transport and cycling have
largely focused on water, owing to its high

abundance n the solar nebula (4). Tnally. the
influx of' water ice to the warm inner nebula is
predicted to have been large. leading to an
increase i the relative abundance of water
vapor in the gas phase, With time, the influx
decreased as water was locked up in immaobile
planets and comets, allowing the vapor to be
redistributed without being replenished, lead-
ing to a decrease in the abundance of water in
the mner disk.

Because water 15 a major oxidizing
agent, variations i its abundance would be
recorded in the mineralogy of the rocks that
formed in the solar nebula, Indeed, chon-
dritic  meteorites—relatively
remnants from the solar nebula
minerals that formed in environments rang-
ing from highly oxidizing (increased
abundance of oxygen) to very reducing
{depleted oxyeen) (5). In addition, photwo-
chemical effects could enrich water with
the heavy isotopes of oxygen, providing an

unaltered
contain

VOL 319 SCIENCE

Infrared observations of water and organic
matenals will help astronomers determine
how our solar system formed.

explanation Tor the range of Isotopic ratios
seen in chondritic materials (6, 7).
Although agreements of this type between
the models and the chondrites hint that we are
beginning o understand how our solar system
formed. they are far from defimtive. Alernate
models have been proposed and have equal
success 1n explaining the properties of chon-
dritic matenials, For example, Clayton () sug-
wests that the differences in oxveen properties
arise because chondritic materials formed at
high temperatures near the Sun and were then
tossed outward by strong jets. ldentfyving

O DS T DISK

with water vapor that would otherwise be lost. Organic compounds could be deliv-
ered ina similar manner. Carr ef ol report signatures of these materials in the inner
disk of the star AA Tau, providing observational support for such models. These
processas may be responsible for the chemical and isotopic variations observed in
the chandritic metearites that formed within our own protoplanetary disk

which of these models 15 correct 15 eritical o
furthering our understanding of how plane-
tary systems lorm because it has implications
on other 1ssues, ranging from the ongin of
cometary grains to the manner by which giam
planets form. Unfortunately, researchers have
been unable to setile the debate by examining
the chondrites alone,

This is what makes the results of Carr er al.
s0 exciiing. With data from the Spitzer
Space Telescope, they identified spectral
emission features of water and basic orsanic
maolecules from the zas in the disk around
AA Tau within 3 AU {one AU or astronomi-
cal unit 15 the distance from Earth to the
Sun) of the central star, approximately
where the chondrites tormed in our solar

nebula. Carr er afl. infer abund
than predicted in stagnant disks. suggesting
a dynamically active disk where inward
drifting, volatile-rich boulders replenish
water and organic molecules. Water emis-

dnces grealer
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sion features have also been reported for the
disks around the stars MWC430 (¥) and
SVS 13 (1), although these studies only
probed distances <0.3 AU from the central
star. Interestingly, water appears to be
depleted in SVS 13 relative to what is pre-
dicted in stagnant disk models (/). The
variation of observed water abundances in
these disks mirrors that which has been
inferred for our own solar nebula,

To date. these observations do not distin-
guish which of the models developed for our
solar nebula is correct but rather lend sup-
port to recent models for the dynamic evolu-
tion of water and other volatiles 1n proto-
planetary disks, However, as the wechniques
used by Carr er al. are applied to other disks,
correlations between their chemical compo-
sittons and their physical properties can be

idennfied. Models for water evolution pre-
dict that the enhancement of water in inner
disks should be followed by periods of
depletions, so systematic variations with age
are expected. Also, larger disks would pro-
vide more water ice to drift imward and thus
would produce greater enhancements in the
inner disk. Searching for such correlations
will thus allow us 1o test models developed
for our own solar nebula and determine
whether it evolved in a similar way as other
disks in our galaxy or if. instead. our plane-
tary system is the result of one or multple
unigue circumstances. Right now, these new
results, combined with the discovery of high
temperature grains in comets (/) and in the
outer regions of protoplanetary disks (/2).
suggest that the manner by which our solar
system formed may have been the rule.

PERSPECTIVES
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SYSTEMS BIOLOGY

Customized Signaling Circuits

Peter M. Pryciak

or nearly three decades. cell biologists

have labored to identify and dissect the

claborate intracellular signaling path-
ways that control cellular responses (o exter-
nal stimuli, The emerging field of “synthetic
biology™ now seeks to move beyond mere
understanding of these existing biological sys-
tems. and to begin exploiting the acquired
knowledge for new purposes such as creating
custom-configured signal transduction path-
ways (/-3). Much as an engineer assembles
new electronic eircuits from a wolbox of pre-

Department of Molecular Genetics and Microbiology,
University of Massachusetts Medical School, Worcester, MA
014605, UsA E-mail: peter.pryciak@umassmed.edu

existing parts. the study by Bashor et al. on
page 1539 in this issue (4) modifies and recon-
nects components of a well-charcterized cel-
lular signaling pathway to reshape fundamen-
tal input-output processing behaviors such as
temporal dynamics and dose response.

The svstem chosen for modification is the
signaling pathway that responds to mating
pheromones in the budding veast Saccha-
romvees cerevisiae. Because this pathway has
long been a model for eukarvotic signal trans-
duction (3), the depth of knowledge and the
sase of experimental manipulations make it an
ideal system for testing new theories of path-
Wiy engineering.

In principle, two general strategies can be

Altering cellular behaviors can be achieved
through a synthetic approach by refashioning
signaling circuitry.

used to alter signaling circuitry: a bottom-up
approach involving de novo design of proteins
with new properties (e.g., new interactions,
substrate specificities. or kinetic parameters).
or a modular approach in which existing pro-
teins are co-opted as parts to be connected in
new ways, Bashor er af. follow the latter
scheme, which exploits the modular property
of many natural signaling proteins (6). At the
core ofthis effort liesa “scaffold” protein called
Ste5, which serves as an assembly platform for
aseries of sequentially acting enzymes (protein
kinases) that propagate signals through the
pathway (7). The role of scaffold proteins as
central signal processing hubs makes them a
natural choice as the framework upon which to

Mg sgna) _ Altered dose-dependent behavior
A=
Scaffold e Enhances
o signaling
Varying time and :
pgélf::}m RECRUITED: order of modulator PO gradieci sesponse:  ...to swiiih fespomse.
MODULE MODULATORS recruitment
.,f‘l g signaling From sustained response... ..o pulse response... ...or delayed response.
:-%: Output response Altered time-dependent behavior

Changing behavior. The response of a cellular signaling pathway 1o a stimulus
can be altered with positive and negative modulators. When such modulators are
recruited to the scaffold protein in specific tempaoral sequences, through the use

www.sciencemaqg.org SCIENCE VOL 319

of feedback loops that contral their expression and competitor recruitment sites
that act as binding sinks, the time or dose dependence of the signaling response
can be adjusted to adopt a variety of useful creuit behaviors,
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append addinonal regulatory input, Indeed
previous work indicated that modified scaf-
folds can alter the flow of signaling between
alternate pathways (8, 9), Bashor et a/. build on
these past efforts in a comprehensive and sys-

tematic way, generating multiple new layers of

control over signaling dyvnamics.

The authors use heterodimerizing protein
interaction motifs called leucine zippers 1o
recruit to the scaffold protein additional posi-
tive or negative modulators of pathway signal-
ing. Alone, recruitment of these modulators
simply enhances or dampens signaling. To gen-
erate more sophisticated behaviors, however,
the timing of their recruitment was varied n
two ways: by expressing modulators from pro-
maoters that themselves are regulated by the
signaling pathway, thus generating feedback
loops, and by forcing the modulators to com-
pete for access to the scalfold with nonfunc-
tional “decov™ molecules. thus generating
delaved action. Different permutations of these
variables yielded differemt effects on either
temporal or dose-response behaviors. For
example, ifexpression of the negatuve modula-
tor 15 induced by the pathway, but must first sat-
urate a constant number of high-affinity decoy
hinding sites before it can bind to the scaffold,
the pathway is converted from one that shows
sustained activation to one that shows a “pulse”
of activation followed by a sharp decline (see
the figure ). A reciprocal arrangement, in which
a preexisting negative modulator must be dis-
placed by a decoy protein whose expression is
induced by the signaling pathway itsell] causes
the response to be delaved, rather than immedi-
ate. Yet another configuration alters the dose
dependence of the pathway, converting it from
a graded. rheostat-like response to a sharply
sensitive, switchlike response, A related recent
study using the same system showed that by
expressing pathway components from a pro-
moterthat is itself regulated by the same signal-
ing pathway. a positive-leedback loop can be
established that maintains signaling even after
the stimulus is removed, thus converting the
pathway from reversible to irreversible (/0).

The results of such tinkering illustrate sev-
eral points. They test whether our concepts
about signaling mechanisms are correct.
Indeed. the observed results clearly emphasize
how colocalization of signaling proteins can
play a critical role in shaping pathway behavior.
In addition, the observed variations in signaling
behavier mimic those in nature (e.2., transient
versus sustained or graded versus switchlike)
and hence, suggest how they could have arisen
by evolutionary swapping of promoters or
protein-binding sites, The resulis also show
that signaling dynamics can be successfully
reengineered by using rational approaches.

14 MARCH 2008 VOL 319 SCIENCE

One goal of synthetic biology is 1o estab-
lish a set of standard brological parts that can
be connected in multiple combinations to
accomplish various objectives (3). Although
some tools developed by Bashor ¢f al. may
seem pathway specific, it is conceivable that
the entire signaling cascade, along with the
modifications that confer specific circuit
behaviors. might serve as a ransferable mod-
ule that can be connected to different inputs
and outputs. Indeed, because a primary output
of this pathway is the regulation of gene
expression, essentially any gene can be placed
under pathway control by simply providing it
with the proper promoter. Furthermore. the
activating stimulus can be altered either by
additional changes o the scaffold (8. ¥) or by
replacing the upstream receptor of the stimu-
lus (11). Therefore, future engineers might
potentially generate an extraordinary variety
of signaling circuits by mixing and matching
one choice from each category: an input, an

output, and a signal-processing module, The
broad lesson of the modular approach is that
complex behaviors do not necessarily require
highly evolved proteins, but can be developed
from the gradual lavering of regulators and
connections. These early studies are just the
tip of the iceberg in what 1s likely o become a
rapidly accelerating field.
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MATERIALS SCIENCE

The New Diamond Age?

Paul W. May

After the hype, what realistic applications might synthetic diamond films have in the near future?

tamonds were prized for their scarcity
for centuries, and they remain a sym-
bol of wealth and prestige to this day.
Apart from their appeal as gemstones, dia-
monds have remarkable physical properties.
Diamond is the hardest known material. has
the highest thermal conductivity at room tem-

perature. is transparent over a wide range of

wavelengths, is the stiffest and least com-
pressible matenal, and 15 inert to most chemi-
cal reagents, [t s thus not surprising that dia-
mond has been referred to as the ultimate
engineering material, Here | highlight some
of the exciting new areas where the use ofarti=
ficial diamond in the form of thin films or
coatings may find realistic wide-scale appli-
cations in the next few vears,

Artificial diamond was first fabricated in
the laboratory in the 1950s by the high-pres-
sure, high-temperature growth technigue.
This method has been used to produce small
synthetic diamond crystals, which are used
for industrial processes such as cutting and
machining mechanical components and for
polishing and grinding of optics.

School of Chemistry, University of Bristol, Bristol BS8 1TS,
UK. E-mail: paul. may@bris.ac.uk

Inthe late 1980s, a new method of making
diamond was developed (/). In the chemical
vapor deposition (CVD) method. a gas-phase
chemical reaction above a solid surface results
in deposition onto that surface. For diamond,
the process gas 15 usually a mixture of 99% H,
and 1% CH,, activated by a hot (2000°C)
metal filament or a microwave plasma. A sub-
strate temperature above 700°C ensures for-
mation of diamond rather than amorphous
carbon, Apart from diamond itself, the most
common substrate material is  silicon:
researchers now regularly grow polyerys-
talline diamond films to thicknesses from
micrometers o millimeters on standard 5i
wafers. Adding a boron-containing gas to the
process mixture allows the diamond film o
become boron-doped, giving it controllable p-
type semiconducting properties.

In the early 1990s, the rapid progress in
this field led to speculation that diamond
would become the next-generation ideal semi-
conductor and spark a new “diamond age™ for
electronics and mechanical components, This
technological promise has not yvet been real-
ized. Was it all just hyvpe? And what are the
realistic applications for CVD diamond in the
short w middle term?!

www.sCiencemag.org
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Some of the major problems associated
with diamond CVD have now been solved.
but many hurdles remain. First, it s difficult to
make large-area, single-crystal diamond sub-
strates. Most CVD diamond films are poly-
crystalline, and the presence of graphitie
material at the grain boundaries between the
diamond crystallites degrades the material
properties, Second. diamond films grow at a
rate of only a few micrometers per hour;
unless methods are found to speed up growth
by a factor of 10 or more. diamond films will
remain prohibitively expensive.

Third, the high deposition temperature
severely limits the substrates on which dia-
mond can be deposited. Ultra-nanocrystalline
diamond with grain diameters below 10 nm
can be grown at 400°C ( 2), but most CVD dia-
mond requires temperatures above 700°C,
Thus, low-melting-point materials such as
glass. plastics, and aluminum are difficult. if
not impossible, to coat with diamond by stan-
dard CVD methods, Ferrous matenals are also
problematic, because carbon is highly soluble
in iron at these temperatures.

Fourth. doping diamond to make a viable
n-type semiconducting material has proved
elusive. Phosphorus has been used as a
dopant, but the electronic characteristics are
not good enough for most devices (3).
Without an n-type material, diamond elec-
tronics will be limited to simple p-type
devices such as sensors and detectors, Even af
a suitable n-type dopant were discovered. it is
doubtful that the resulting material would
have high enough carrier mobilities to rival
high-performance room-temperature elec-
tromics made with silicon. However, for high-
power. high-temperature electronies. the
properties of diamond reign supreme. High-
vialue specialized applications such as sensors
in car or jet engines where temperatures can
be above 300°C, or fast high-power switches
for train doors or heavy machinery, are arcas
where diamond may have a substantial impact
on the market.

Despite the problems mentioned above,
thin, polycrystalline diamond films currently
find small-scale specialized applications.
They are, for example, used as hard and wear-
resistant coatings, cold cathode sources, heat
spreaders, microwave and infrared windows,
micro- and nanoelectromechanical systems,
electrolytic water purifiers. ultraviolet
sensors, electrodes for electrochemical pro-
cesses. and loudspeaker tweeters (4).

A promising new application stems from
the recent discovery that the usually inert sur-
face of diamond can be functionalized by
chemically replacing the hydrogen atoms that
terminate the carbon bonds with other. more
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Micracrystalline diamond

Device structures

Nanocrystalline diamond
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remain. These include devis-
ing methods to deposit dia-
mond films uniformly onto
300-mm-diameter Si wafters,
and then polishing the sur-
face to nanometer smooth-
ness, while avoiding bowing
of the wafer that might arise
from thermal-expansion mis-
match between the diamond
and 51, If these challenges
are overcome, it is likely

iz that within 5 vears, most PC
microprocessors may  be

= 1}
Ulon W —— Tt
Diamond Heat transpart _
‘\-‘-_ o —— __-
Silicon

The next generation of integrated circuits? In Si-diamond-5i sandwich
structures, the heat generated by the devices (red semicircle) diffuses
into the diamaond layer, which rapidly transports the heat to a heat sink at
the chip edge, preventing overheating. The diamond layer may be micro-
erystalline diamond (top left), which must be polished belore use, or
nanocrystalline diamond [shown in top view (top middle) and cross sec-
tion (top right), with film thickness 10 pm), which conducts heat less

well but does not require polishing.

reactive ligands. Attaching a hydrocarbon
chain terminating in an amine group allows
selected proteins or DNA fragments to be teth-
ered to the diamond surface (5). When
immersed in a liquid solution containing bio-
molecules, the tethered protein/DNA will
selectively grab hold of its nawral “parimer”
(for example. a coenzyme or complementary
DMA strand). This uptake can be monitored
electrochemically or via a fluorescent marker.
This approach could be used 1o make cheap.
reusable biosensors for use in genetic screen-
ing. disease diagnosis, or day-to-day monitor-
ing of diabetes and other conditions,

The extremely high thermal conductiv-
ity of diamond may result in one of the first
large-scale apphications for CVD diamond
films, With the increasing miniaturization
of silicon-integrated circuits comes the
major problem of heat dissipation. To over-
come this, chip manufacturers and diamond
companies such as sp’® Diamond Tech-
nologies Inc. (6)are beginning to consider
replacing the standard Si wafer subsirate
with a composite wafer comprising a Si-
diamond-5i sandwich. To make this wafter,
a CVD diamond layer 10 to 20 pm thick
is grown onto a standard 51 wafer. Next, a
thin (<5 um) layer of Si is deposited. The
device components are deposited onto the
top Si layer and patterned using standard
photolithography and etching processes
(see the figure).

Although this sounds relatively straight-
forward, some serious technological problems

fabricated on such a dia-
mond-sandwich wafer,

The expense and difficul-
ties of making such complex
composite wafers would not
be necessary if large single-
crystal diamond wafers were
commercially avarlable at at-
fordable prices, Progress in
growing single-crystal dia-
mond has been slow, but break-
throughs in understanding
the growth chemistry in the past 5 years are
beginning to vield results, The UK-based com-
pany Element Six now makes and supplies sin-
gle-crystal diamond substrates. although the
largest are only about 5 um by 5 um (7). Ho er
al. have grown single-crystal CVD diamond
gemstones 6.7 mm in diameter and 12
mm high (§). The crystals were intended pri-
marily for use in diamond anvil cells, but the
same technology can be used to make com-
mercial gems. Compamies such as Apollo
Diamond (¥) are beginning o exploit these
advances for growing commercial gemstones.

In hindsight, the enthusiastic predictions
of the 1990s for diamond were perhaps too
ambitious, but the story is not over vet. As
well as being essential for a growing number
of small but lucrative niche applications,
CVD diamond may vet play a crucial role in
more mainstream emerging technologies,
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PHYSICS

This Coincidence Cannot

Be Accidental

Douglas J. Scalapino

or the past two decades, physicists have

been obsessed with figuring out

how cuprates can be superconducting
at high temperatures. Yet on page 1509 of this
issue, Avnajian ef af. (/) report neutron scat-
tering measurements indicatng that long-
known superconductors such as lead and nio-
bium still have plenty of puzzling features.
The data imply that either there is new physics
not contained i the accepted theory of super-
conductivity (2, 3) or there is some aspect of
this theory that we have not vet recognized.
Either way, it is remarkable to learn something
new about elemental metallic superconduc-
tors, which we thought were understood more
than 40 years ago,

Lattice vibrations called phonons are the
key here: phonons in metals hold electrons
together in pairs, and these pairs then form
a current that flows without resistance.
Aynajian ef al. show that as the frequency of
the phonons increases, their lifetime exhibits
dips at several frequencies w, , called “Kohn
anomalies™ (). What is remarkable is that the
energy of the phonon fimy,, (where fi is
Planck’s constant divided by 2n) associated
with one of these Kohn anomalies appears to
coincide with the measured binding energy
2A(0) of superconducting electron pairs
[where A(0) 1s the zero-temperature super-
conducting energy gap]. The enerzy gap and
the energies of the Kohn anomalies are of
course different for lead and niobium, but the
equality of the phonon energy associated
with one of the Kohn anomalies and the pair
binding energy 2A(0) is observed for both
materials, As the authors remark, “this coinci-
dence cannot be accidental.”

To appreciate this surprising equality, we
need o consider the differences in the physics
responsible for a Kohnanomaly and for super-
conducting pairing. The Kohn anomalies anise
from and retlect the way in which the elec-
trons fill the energy levels in a metal. For
example, 1If we ignore the 1ons, the one-elec-
tron states of the conduction electrons are
plane waves. Representing the metal as a peri-
odic cube of side L. the allowed values of the
momentum are quantized such that p = fik
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Metal superconductors such as lead and
niobium were thought fully understood

40 years ago, but they have now presented
some fresh puzzles.

]
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Resolving an anomaly. (Left) Cutaway view of a spherical Fermi surface that separates the filled k-states
(shown as dots) fram the empty ones. (Middle) A cross section of the Fermi sphere that encloses the occupied
one-electron k-states of a noninteracting electron gas. The solid line denoles the Fermi surface and 2k, is the
wave vector of a Kohn anomaly. (Right) Schematic diagram of the {110) cross section of the Pb Fermi surface.
Here K denoles one of the reciprocal lattice vectors, and a phonon with wave vector g* has a Kahn anomaly.
The electron-phonon coupling te transverse acoustic phonons is initiated when q exceeds g®. Here the electron
scattering process involves a reciprocal lattice wave vector K and is called an wnklapp scattering.

withallowed wave vectorsk = (2/L) (n.n . n).
Here the n, are integers, and one can specify
the one-electron states by points in a three-
dimensional k-space.

Electrons obey the Pauli exclusion prinei-
ple, which prevents two of them from occupy-
ing the same state. The ground state is charac-
terized by having all the allowed A-space points
inside a sphere of a given radius &, filled and
the states outside empty (see the left panel of
the figure). The momentum up to the filled
radius 1s called the Fermi momentum. and the
surface of the &-space sphere that separates the
occupied from the unoccupied states is called
the Fermi surface (aslice through the surface is
shown in the middle panel). When the poten-
tial from the ionic lattice is taken into account,
the one-electron states are altered and the
Fermi surface changes, as illustrated for Ph
(see the right panel of the figure). The recipro-
cal lattice vectors K are equal o 2ma, where g,
describes the unit cell of the Pb lattice, The
reflection of the electron waves from the static
ionic lattice gives rise to the geometry of the
Fermi surface characteristic of a given material,

The conduction elections of a metal sur-
round and screen the electric field of the 1onic
lattice, The restoring force of this field enters
in determining the frequency and lifetimes of
the phonons, As shown by Kohn (4), the abil-
ity of the electrons to screen the 1omie electric
field decreases suddenly at certain phonon
wavelengths & determined by the geometry of
the Fermi surface, This leads o achange in the

phonon frequency and an merease i its dissi-
pation, which is reflected as a dip in its life-
time. This 1s the Kohn anomaly. Wave vectors
A= 2r/h associated with these wavelengths
connect parts of the Fermi surface that have
parallel tangents, Two examples of such wave
vectors. gy, = 2k.and g, = g*. are shown in
the figure. The phonon frequency m,, at
which the Kohn anomaly occurs is determined
by gy 5. For the low-frequency anomaly dis-
cussed by Aynajian ef al.. o, = ' g, .. where
v is the transverse acoustic sound velocity, so
that fim,, = fivig, ..

In contrast to the phonon Kohn anomaly
energy fiwg,. which is determined by the
geometry of the one-electron Fermi surface and
the velocity of sound in the normal nonsuper-
conducting state, the binding energy 2A(0)
involves pairs of electrons and is a property
of the superconducting state. [t is equal to the
energy required 1o break apart a superconduct-
ing pair. Although the effective painng interac-
tion imvolves phonons, it is difficult o see any
direct connection between fim,, and 2A(0).

As an analogy, imagine watching ramnfall
and snow totals for the Lake Tahoe area in the
western United States in order to estimate how
high the lake will be in the summer. We notice
that when the official rainfall season ends in
May, Lyon County, a neighboring agricultural
area in Nevada, reports 38.6 inches of rain.
Then late in June, alter the spring thaw, we get
anannouncement that Lake Tahoe 1s once again
running over the spillway of the small dam at
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the northeast end of the lake and had risen 38.6
inches since the time 1t last spilled on |
November. Checking records from previous
years, we observe that when the lake spills in
June, its reported rise is always equal to the
annual rainfall of Lyon County. Although some
winter storms that bring precipitation o the
Tahoe area move on to Lyon County, there
clearly must be something else atwork. Indeed,
in this fictitious story, we discover that there is
a local law that during the summer months the
dam must be lowered w keep the Truckee River
flowing from Tahoe to Lyvon County. On |
MNovember, the spillway 15 1o be raised because
the winter rins will keep the nver Nowing.
Then on | June, the spillway 1s to be lowered o
aheight above its 1 November level equal to the
annual rminfall recorded in Lyvon County. Thus,
it is not a coincidence but a law that locks the
rise of Lake Tahoe to the minfall in Lyon County.

Similarly, although the polanization cre-
ated by the conduction electrons and the
response of the jonic latice contribute o
determining both the Kohn anomaly and the
pair binding energy, there must be something
else at work that locks 2ZA(0) 1o fimy . As
noted, this could mean that there 15 some new
physies that is not captured by the Elashberg
formulation (3). Aynajian ¢t al. raise the possi-
bility that charge density or spin density corre-
lations may limit the growth of the supercon-
ducting energy gap and lead to the observed
convergence of 2A(0) and fimy,.

Alteratively. I believe that the Eliashberg
theory contains an explanation for the experi-
mental findings, provided that one takes into
account the change of the pairing interaction
that occurs in the superconducting state,
Suppose the Kohn anomaly 15 associated with
the scattering process illustrated in the rght
panel of the figure. Then. at energies greater
than fie ,. there will be a sudden increase
in the coupling of electrons to the transverse
acoustic mode because K is parallel 1o the
polarization (5. 6). Then in the super-
conducting state, if 28(0) is close in energy
o M, it may lock on to it That is, for 2A(0)
< fin . . the change in the electron polariza-
tion caused by the superconducting gap will
push phonon spectral weight above fio ..
where it can couple via an wmklapp scattering
process (from the German word for “flip
over™" ) shown in the right panel. This will lead
to an increase in 2A1 0). Alternatively, if 240 0)
increases above fim . the electron polariza-
tion will push phonon spectral weight below
fiw ., where it will not couple, causing a
decrease in 2A(0).

Although this locking can only occur if

fi , 15 reasonably close to the value 2A(0)
woulld have had in the absence of Kohn anom-

www.sciencemag.org SCIENCE VOL 319

alies, it 1s not a complete accidemt. Further-
maore, it can be understood within the tradi-
tional theory of superconductivity. It appears
from the electron tunneling data that an gem-
klapp Kohn anomaly in the transverse phonon
15 indeed present in Ph (3, 6). One needsto see
whether a similar feature can be observed in
the Nb tunneling spectrum. A further test
would be a careful measurement of the size of
the superconducting gap on different parts of
the Fermi surface. One only needs the “lock-
ing”™ on the Fermi surface regions associated
with the umklapp Kohn anomaly.

PERSPECTIVES
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ARCHAEOLOGY

Standing on the Shoulders of Giants

Fiona Coward

Archaeological studies are helping to understand how humans acquired the ability for cultural

transmission.

ow and why did humans learn o

learn? A variety of disciplines have

recently provided important insights
into the basic mechanisms that underpin
cultural transmission. Archaeology 1s now
beginning to place these insights in a
chronological framework that will help o
understand when and why these mecha-
nisms evolved among our ancestors.

The extent to which human behaviors and
knowledge are culturally transmitted within
and between generations has long been con-
sidered a defining feature of our species.
Parts of the behavioral repertoires of many
other animals—from ants to dolphins—are
neither determined by genetics nor individu-

ally acquired but learned from members of

the same species. For example. the manufac-
ture and’or use of material objects among
some of our closest primate relatives are
group-specific and persist between genera-
tions (/. 2). However, the diversity and com-
plexity of learned behaviors among humans
by far outstrip anvthing known in other
species: in additon, human culure is cumu-
lative in a way that other species” socially
learned repertoires are not (3. 4).

A basic capacity for motor imitation
the mirror neuron system, which automati-
cally maps the observed actions of others
onto one’s own motor system
our primate heritage (5). But, although

Department of Geography, Royal Holloway University of
London, Egham TW20 OEX, UK. E-mail: Fiona.Coward@
rhul.ac.uk

15 part of

other species may learn behaviors and even
act in such a way as to facilitate their off-
spring s learning. only humans are known to
teach, which involves actively correcting
learners (4. 6). Furthermore, although pr-
mates are capable of complex interactions

Bead making at Makuri Village, Namibia.
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Learning traditional Micronesian navigation skills.

with one another or with objects, they do
not seem to engage in relations with objects
and with other individuals at the same time
(M), The suggestion is that the human mirror
neuron svstem may allow us to go bevond
mmitating the observed motor acts of others
to infer their intentions and perhaps even
their states of mind (5)—perhaps the pre-
requisite for true imitation and cumulative
cultural transmission,

However, neither humans nor primates
are born fully fledged imitators or mind
readers; the necessary cognitive and motor
systems take time to mature. The fossil
record documents an extension of the
hominin developmental period relative wo
that of primates: Estimates of brain size
at birth, coupled with analysis of the rela-
tive development of teeth and bones of
juveniles, demonstrate the birth of less-
developed infants and longer, slower
growth of both brains and bodies (7). Stone
tools appear in the archaeological record
from at least 2.5 million vears ago (8),
roughly at the same time as the earliest
known specimens of Homo, documenting
sufficient social and technical skills for the
habitual targeting of higher-quality foods
requiring more processing to extract. such
as meat. This dietary shift in turn made it
easier to provide for the longer develop-
mental period, which required the involve-
ment of more than one adult
tion of more complex and longer-lasting
social relationships,

This expanded period of development
and maturation of the brain thus oceurred in
ncreasingly rich social and cultural envi-
ronments, with longer-lived social relations

an indica-

facilitating the transmission of more and
more complex cultural skills (4)—many
craft skills practiced by modern humans
take several vears of intensive teaching o
masier, often in childhood (see the first
photo). Meuroimaging studies of the acqui-
sition of toolmaking skills (9) and modeling
of early hominin social systems based on
those of extant primates (/) are eshing
out our understanding of the basic cognitive
mechanisms for motor imitation, learning,
and sociality. Their social and cultural flex-
ithility allowed hominins o colonize new
and unfamiliar ecosvstems and to develop
the bewildering diversity of cultral traits
visible today and in the archacological
record as they spread across the globe,
Archacology can add to the debate by
investigating specific patterns of cultural
transmission among and between prehis-
toric populations, The patterns formed by
the geographic and temporal distribution of
material culture in the archacological
record results from the dissemination of the
relevant behaviors between individuals,
Thus. the process can be modeled {much as
epidemiologists model the transmission of
disease) to investigate the social and cul-
tural factors that influence how learned
skills spread into population-wide distribu-
tions (3 ). Application of such models to the
archaeological record has provided insights
into such puzzles as the loss of various tech-
nologies in Holocene Tasmania, including
the manuficture of composite tools and of
cold-weather clothing. Rising sea levels cut
the island off from the Australian mainland
in the early Holocene, resulting mm a sharp
drop in effective population size that

reduced the pool of social learners, result-
g in these cultural losses (/7).

Furthermore, because cultural transmis-
ston oceurs vertically, from parents to chil-
dren ( /2). dual inheritance theory considers
cultural transmission as analogous to—but
distinet from-—genetic transmission (J3).
The use of methodologies better known for
dealing with genetic data, such as cladistics
and phylogenetic analysis, is beginning to
vield valuable information on the rates, im-
ings. and directions of such processes as the
colomzation of the Pacific Islands. the
spread of agriculture across Europe from its
Mear eastern origins, and the changing com-
positions of pottery assemblages in the later
stone age (/3).

However, cultural transmission is always
first and foremost social transmission,
Firmly embedded in networks of social rela-
tions between individuals. Thus, large-scale
models can be enhanced by considering the
small-scale processes revealed by ethno-
graphy. For example. among Micronesian
sailors, the raditional skills of naviganon
are passed down between generations, ofien
from father to son. From a very voung age,

children are immersed in discussion of
canoes and navigation, and from the age of

perhaps Five upwards. teaching becomes
more explicit. Knowledge 15 acquired
through rote learning. the rehearsal of drills,

chants, and stories, and the construction of

“star charts” and “stick maps™ that transmit
the details of voyages covering more than
1400 miles of ocean (see the second phow),
But this data is only part of the package:
over more than 10 years, children are edu-
cated into a practcal. physical understand-
mg ul‘ how to use stars, ocean }\'-"u'i'l..'”.'i, Cur=
rents, and wildlife in the actual perform-
ance of navigation ( /4).

In this case, the “maps™ are dehiberately
designed to be ephemeral and thus leave
no trace Iin the archaeological record.
Mevertheless, the social expertise and rela-

tonships that underpin the transmission of

navigational skills are fundamental to
the negotiation and maintenance of wider
social networks, These networks connect
islands through practices such as gifting,
trade, and exchange. leaving material traces
that could be found in the archaeological
record. Thus, the entanglement of cultural
transmission with social relationships cre-
ates the patterns visible in the archaeologi-
cal record. The adoption of social network
models to mvestigate their mterrelations 1s
therefore an exciting new development in
archaeology that has been used to model
interactions of another island group—the
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Acgean Cyelades—in the Bronze Age (/3),
How and why human cultural transmis-
sion differs from that documented in other
species is a fundamental question. As the
only discipline with the temporal scope to
investigate patterns and processes of cul-
tural transmission from the first hominins
to the modern day, archacology is well
placed to integrate the insights of the many
disparate disciplines whose work informs
on the question. We must learn to tack
between the large scales of cultural trans-
mission and the small scale of social rela-
tions o gain the best possible understanding
of cultural transmission past and present.
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A Quiescent Working Memory

Stefano Fusi

hen we perform a complex task

like driving a car, we need (o retain

important information that will
affect our behavior later on. For example,
when we see a yvield traffic sign, the image is
not merely stored in our memory. but it is also
“actively” held in mind so that we can react
appropriately at the next crossroad. In such a
case, we make use of what is known as “work-
ing memory™ (). Itis widely believed that this
type of memory is maintained by the persist-
ent activity of a population of neurons. On
page 1543 in this 1ssue. Mongillo et al. (2)
propose mstead that the memory is stored in
the efficacies of connections (svnapses)
among these neurons, This type of memory
can be easily and rapidly reactivated after a
period of neuronal quiescence.

Most previous models of working memory
were inspired by experiments in which non-
human primates were trained to hold in mind
the identity or location of a sensory stimulus

for a few seconds. During these periods of

memory retention, sustained neuronal activity
wis observed in regions of the brain including
the prefrontal cortex (3) and parietal cortex
{4). The recorded activity was specific to the
ientity of a previously shown stimulus, sug-
gesting that the memory of a stimulus might
be stored in the pattern of persistent activity.
The mechanism for sustaining such neural
activity likely involves the collective behavior
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of a larze number of interacting cells. Circuits
of cortical neurons can be forged that sustain
activity reverberations for times that greatly
exceed the inherent time constant ofevery cell
in the circuit (3, 6). Meurons generate strong
electrical impulses (spikes) when they receive
enough excitatory inputs from other con-
nected neurons, These spikes cause a release
of neurotransmitter molecules at the synaptic
connections with other neurons, which trig-
vers an electrical impulse in the posisynaptic
cells. Neurons can excite each other so that
each spike In one neuron causes an increasing
number of other neurons o generate spikes,
even In the absence of external stimulaton.
This growth of activity in a population of
strongly interacting neurons increases until
some regulatory mechanism stabilizes a con-
stant average neuronal activity. In cortical
neuronal circuits, coupling among neurons
can be chosen so that there are several possible
patterns of persistent activity ( 7). cach corre-
sponding to a different memory. An external
stimulus simply “selects” one of the memories
by activating the corresponding pattern of per-
sistent activity.

Mongillo er al. propose a new neural mech-
anism of working memory that is based on
plasticity in synaptic connections rather than
persistent neural activity. Thus, a memory
resides in the pattern of synaptic strengths, and
can be temporarily modified by a sensory
stimuilus to be remembered. Synaptic strengths
are continuously modulated by spikes enmitted
by the presynaptic neurons (8). Ateach synapse,
small-molecule neurotransmitters are released
by the presynaptic neuron. and stimulate

Many of our actions or decisions are guided by
what we experienced in the recent past.

receptors on the postsynaptic neuron. Each
presymapiic spike not only depletes the neuro-
transmitter supply. but also increases the con-
centration of imtracellular calcium. This, in
turn, increases the amount of available neuro-
transmitters that can be released by the next
presynaptic spike. Neurotransmitter depletion
depresses synaptic strength until the resources
are restored. However., the increased calcium
concentration facilitates synaptic transmission
and potentiates. temporarily, the synapse.

As with persistent activity. several possi-
ble memones are stored in the imual pattern
ol synaptic strengths, and a sensory stmulus
selects a memory by activating one of the
strongly interacting populations of neurons.
The synaptic connections within this popula-
tion are modulated by short-term depression
and facilitation. After the stimulus s re-
moved, total synaptic resources decrease due
to depression, but the average fraction of
resources used by each spike increases due to
facilitation, The parameters can be chosen so
that the net effect on the population activity is
small. to the point that the spike activity is
indistinguishable from the spontaneous activ-
ity preceding the stimulation, However, injec-
tion of a noisy current-—such as when a mem-
ory recall signal is generated by another brain
region—into a randomly selected subset of
neurons s sufficient to reactivate the neu-
ronal population that was previously stimu-
lated. This indicates that memory of the
sensory stimulus is still present. Indeed. any
increase in neural activity facilitates all
synapses. Those synapses originating from
previously stimulated neurons are already
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Mo stimulus yet

Stimulus appears

Working memory. (Top) After each stimulus, the mental state (pattern of
neuronal activity) changes to encode the last stimulus seen and, at the
same time, remember previously memaorized items in the order in which
they appeared. The number of possible mental states grows rapidly with
the number of memorized items as there is a unigue state for each
sequence of events. (Bottom) Mongillo ef al. propose that each new memory
does not interfere with previous ones and is retained indepondently.

tacilitated. and are strengthened even further.
Eventually, each spike will activate an in-
creasing number of neurons, leading to the
activation of all cells of the previously stimu-
latedd population. Afier generating a spike. the
neurons are quiet until the synapses recover
from depression. and then a new “avalanche™
will start. This oscillatory behavior will con-
tinue as long as the net synaptic efficacy
remains above some critical level. Depending
on the parameters of the input, the imerplay
between facilitation and depression can either
sustain an oscillatory behavior, or a state of
asynchronous enhanced activity.

This mechanism of Mongillo er af. has
lower metabolic costs than persistent neural
activity because it does not require the
generation of spikes to retain memories.
Moreover, it has two highly desirable fea-
tures that complement those of the more tra-
ditional models of working memory. The
first 1s that the memories are stored in the
synaptic state and not in neural activity, This
makes these memories quiescent until an
external signal reactivates or refreshes them.
During the silent period, the neural circuit
responsible for holding the memory is
decoupled from other brain areas because no
spike is emitted, whereas any sustained
activity would signal the participation of the
cortical circuit in a larger network. Such a
decoupling might play an important role in
modular brain systems, in which different
modules encode stimuli coming from differ-
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ent sensory modalities. For example, corti-
cal circuits located in different modules
could independently store the memory of a
large number of stimuli without interfering
with other memal processes, These memo-
ries would be dynamically gated (¥). When
the memories are quiescent, the gate is
closed, and information about the sensory
stimuli 15 not communicated to other brain
areas. When the memories are reactivated,
the gate is open, and other neural circuits can
rapidly acquire information contained in the
stored memories, Gate opening might hap-
pen, for example, when attention is directed
to a particular sensory modality, as in the
case when you are reading a text (visual
madality ). and somebody asks whether the
phone in the next room was ringing a few
seconds ago (auditory modality),

The second attractive feature of the pro-
posed model is the ability to memorize mul-
tiple items within the same neural circuit
without requiring a reverberating stable
state of neuronal activity for each combina-
tion of memory items. Earlier models
require a number of reverberating activity
states that grow exponentially with the
number of memorized items (see the fig-
ure). Although building such a system is
possible when the number of 1tems is not
too large. the mechanism proposed by
Mongillo er af. is easier to implement,
Indeed. in their case, because memories
are stored in the synaptic states, a strong

Stimulus disappears

imteraction between different neurons is not
required until the memories are retrieved.
This allows us to hold in mind the identity
of multiple stimuli that appear at different
times without relying on a complex pattern
of synaptic connections. Such a mechanism
also permits us to retain memories in the
face of distraction, as when having to
remember one visual stimulus embedded in
a long series of irrelevant distractors,

There may, nevertheless, be situations
requiring a large number of stable states of
reverberating activity—for example, complex
tasks in which it is necessary to remember
both the events and the temporal order in
which they occur. In such a case, the nter-
action between different memories would
play a fundamental role and a different mech-
anism might be required.
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The Late Pleistocene Dispersal of
Modern Humans in the Americas

Ted Goebel,»* Michael R. Waters,” Dennis H. 0'Rourke?

When did humans colonize the Americas? From where did they come and what routes did they
take? These questions have gripped scientists for decades, but until recently answers have
proven difficult to find. Current genetic evidence implies dispersal from a single Siberian
population toward the Bering Land Bridge no earlier than about 30,000 years ago (and possibly
after 22,000 years ago), then migration from Beringia to the Americas sometime after

16,500 years ago. The archaeological records of Siberia and Beringia generally support these
findings, as do archaeological sites in North and South America dating to as early as 15,000
years ago. If this is the time of colonization, geological data from western Canada suggest that
humans dispersed along the recently deglaciated Pacific coastline.

xplaiming when and how carly modern
Ehl.munm entered the New World and

adapted 1o its varied environments is one
ol anthropology’s most exciting and enduring
questions. Until recently, it was generally
believed that about 1335 thousand vears ago
(ka) (f) the fisst migrants spread rapidly rom
Beringia to Tierra del Fuego in a fow centunies,
passing through an intenor ice-lree comidor in
western Canada, becoming Clovis, and hunting
o extinetion the last of the New Worlds mega-
mammils (2) Today, we realize that the peo-
pling ol the Amencas was a much more complex
process, because ol two signiflicant developments
dunng the past decade. Molecular penclicists,
using refined methods and an ever-inereasing
sample of Tiving populations and ancient remains,
are now capable of providing reliable information
on the Old World ongins of the first Amencans,
the timing of their initial migrmtion w0 the New
World, and the number of major dispersal evenis,
Archacologists have found new sites and wein-
vestigated old ones using new methods, W0 test
whether a pre-13.5-ka population existed in
Norh and South Amenca, and to explain how
carly populations colonized its unpeopled land-
scapes (Fig. 1), Here, we review these develop-
ments and present a working model explaining
the dispersal of modem humans across the New
World. We focus primanly on molecular ge-
netic, archacological, and human skeletal evi-

dence. We do not review the contributions of

historical linguistics, because most linguists
today are pessimistic about the use of their data
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1o reconstruct population histones beyond about
8 Kka (3},

The Genetic Evidence

All human skeletal remains from the Americas
are anatomically modem Home sapiens: thus,
the peopling of the New Word is best under-
stood in the context of the evolution and dis-
persal of modem humans in the Old World.
Modermn human  dispersal from Adrica across
Eurasia began by about 50 ka (4, 5) and cul-
minated with colomzation of the Amencas.
Evidence from nuclear gene markers, mitochon-
dral (muDNA, and Y chromosomes indicates
that all Native Amerncans came from Asia
6, 7). Molecular genetic diversity among mod-
ern Native Amercans fits within five miDNA
(AL B, C, D, and X) and two Y-chromosome (C
and () founding haplogroups, and all of these

are found among indigenous populations of

southem Siberia, from the Alai 1o Amur regions
(8- OF these haplogroups, only X is known
from both cemml Asia and Europe; however, X
is a large, diverse haplogroup with many lin-
cages, and the lincage found in Native American
populations s distinct from those in Eurasia
(6, /). Ancient DNA from carly American
skeletal remains (12, 13) and human coprolites
(/) lnk the present and the past; these, oo,
have only yielded Natve American haplogroups
of Asian origin. Based on the modern and an-
cient DNA records, then, Asia was the home-
land of the first Americans, not Europe, lending
no support o the recently proposed “Solutrean
hypothesis.”™ that the progenitors of Clovis were
denved from an Upper Paleolithic population on
the Therian Peninsula (15, 16),

Using conmermporary miDNA and Y-cluomosome
varation as a clock, gencticists calculme that
modem humans dispersed into greater central
Asiaby 40 ka (4, 17, 18}, sciing the stage for the
colonization of the Americas, Corrohorating
human skeletal evidence of this event, however,
is scarce. The cadiest modern buman remains in

a
Maximum
extent of
iee sheots,

ice sheets,
15-12.5 ka

Fig. 1. Map showing location of archaeological
sites mentioned in text (1, Yamashita-cho; 2,
Tianyuan Cave; 3, Studenoe-2; 4, Mal'ta; 5, Nizhnii
Idzhir; 6, Alekseevsk; 7, Nepa-1; 8, Khaergas Cave;
9, Diuktai Cave; 10, Byzovaia; 11, Mamontovaya
Kurya; 12, Yana RHS; 13, Ushki; 14, Tuluag; 15,
Nogahabara I; 16, Nenana; 17, Swan Paint; 18, Old
Crow; 19, Bluefish Caves; 20, Kennewick; 21, Paisley
Caves; 22, Spirit Cave; 23, Arlington Springs; 24,
Calico; 25, Tule Spring; 26, Pendejo Cave; 27, La
Sena and Lovewell; 28, Gault; 29, Schaefer, Hebior,
and Mud Lake; 30, Meadoworoft Rockshelter; 31, Cactus
Hill; 32, Topper; 33, Page-ladson; 34, Tlapacoya;
35, Pedra Furada; 36, Lagoa Santa; 37, Pikimachay;
38, Quebrada Jaguay; 39, Quebrada Santa Julia; 40,
Monte Verde; 41, Piedra Museo; 42, Cerro Tres Tatas
and Cuevo Casa del Minero: 43, Fell's Cave).

Siberia are from Malta and date o only 24 ka
(%), In nearby castem Asia, though, modem
humin fossils from Tianyuan Cave and Yamashita-
cho are dated 10 the ertical period, 39 10 36 ka (20),
and i Siberia, archacological evidence suggests
that modem humans entered the region by 43 10 40
kar, when initial Upper Paleolithic technologics, ool
formmes, tems of personal adomment, and an appeancd
for the first tme (27). In Europe, archacologists
link the emergence of such behaviors 1o the spread
of modern humans from southwestem Asia (22),
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Establishing when central Asian and Native
American haplogroup lincages last shared a com-
min ancestor has proven to be ditficult. Cument
coalescent estimates based on variation in extant
miDNA lincages set the event at 25 1o 20 ka (4)
or less than 20 ka (23), afier the last glacial
maximum (LGM), and cstimates based on Y-
chromosome vanability suggest that divergence
ocoumed after 22,5 Ka, possibly as late as 20 10
15 ka (7, 24, 25). The differences in calculations
are the result of several issues, including poten-
tial variation in mutation rates, vanable and some-
times circular technigques of calibrating coalescent
times 1o calendar vears, time-dependency of
mutation and/or substitution mics, and effects of
genctic dnli on the onginal founding population
(4, 26).

New analyses of haplogroup subclades help
o resolve when modern humans subsequently
spread fromn Beringia (o the rest ol the Americas,
Three subclades of mIDNA subhaplogroup ]
are widely distributed among North, Central, and
South Americans but absent in Asian popula-
tions, which suggests that they evolved after the
central Asian-Native American split, as the first
Americans were dispersing from Beringia (27),
The estimated date of coalescence for these
subclades is 16.6 1o 11.2 ka, which suggests that
the colonization of the Americas south ol the
continental ice sheets may have occurred some-
time during the late-glacial perod, thousands of
vears after the imitial spliting ol Asian and
Native Amencan lincages. Genetic simulation
studies and analyses of the geogrphic structure
of Matve American mtDNA haplogroups further
sugpest that colonization from Beringia occwrmed
carlier in this time frame (about 16 Ka) than later,
because late-entry, rapid-spread models (like the
Clovis=First model) are not capable of generating
the observed geographic disinbution ol genetic
patiems in extant populations (28, 29),

The cranial morphology of the cardiest Amer-
icans [ie. “Paleoamericans™ like Kennewick
(Washington), Spirit Cave (Nevada), and Lagoa
Santa (Brazil)] is signilicantly different from that
of more recent Native Americans (30). Given the
assumption that craniometric variation is neutral
and therefore phylogenctically significant, the
differences could reflect two  successive mi-
smbons siemmimg from wo geographically or
teporally distinet sources (34 33), According-
Iy, Palecoamencans came 1o the New World first
and wene later replaced by ancestors of modem
Native Americans.

Genetic data do not support this model.
All major Native Amerdcan miDNA and Y-
chromosome haplogroups emenged in the same
region ol central Asia, and all share similar coa-
lescent dates, indicating that a single ancient gene
pool is ancestral 10 all Native American pop-
ulations (6, /0, /6), Similarly, all sampled native
New World populations (from Alaska 0 Bril)
share a unigue allele @ a specitic microsatellite
locus that is pot found in any Old World popu-
lations (except Koryak and Chukehi of westem
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Beringia), which implies that all modem Native
Amencans descended from a single source
population (34}, This history 1 further supported
by ancient DNA studies showing that Paleo-
americans carricd the same haplogroups (and
even subliaplogroups) as modern Native groups
(12-14). Thus, although the Palcoamerican
sample is stll small, the mophological dilfer-
ences are likely the result of genctic drift and
natural selection (30), not separate migrations,

A separme but related problem is whether
some modem Native American populations re-
sulted from migrations that occurred after initial
human dispersal. Phvlogenctic analyses of haplo-
group lincages cannot easily  discriminate be-
tween a single migmtion and multiple migrations
of genctically distinet but closely related pop-
ulations. For this, we noed identification of spe-
cific miDNA and Y-chromosome haplogroup
subclades through malysis of the entire molecule
(as well as detaled studies of nuclear genome
varation). A recent study investigating mtDNA
subclade distributions across Siberia (/1) recog-
nized two subclades of haplogroup D2, one
among central Siberian groups (D2a) and the
other among Chukehi, Siberian Eskimos, and
Aleuts (D2b). These subclades share a coalescent
date of 8 1o 6 ka, which suggests that middle-
Holocene ancestors of modem Eskimo-Alewts
spread from Siberia into the Bering Sea region
and not viee wversa, which supports carlier
interpretations based on dental evidence (3.5),

The Archaeological Evidence

To colonize the Americas, modern humans had
10 leam 1o subsist in the extreme environments
of the Siberian Arctic. They did this by 32 ka.
The evidence comes from the Yana Rhinoceros
Hom site (RHS). which is located along the
lower Yana River in nonhwest Beringia and
conains a frozen, well-preserved culural layer
with stone artifacts and remains of extingt fauna
(#6). Most interesting are bi-beveled rods on
rhinoceros hom and mammodh ivory, signs ol a
sophisticaied Upper Paleolithic technology. Sites
of similar age occur in subarctic central Sibena
(Mepa, Alekscevsk) and arctic European Russia
(Mamontovava Kurya, Byeovaia) (21, 37). which
sugeests that people had become well-cquipped
1o handle life i the far north shonly afier amiving
in south Sibena (22). Their spread into the Arctic
occured dunng a time of relatively warm climate
hefore the LGM.

As vel, no uncquivocal traces that the carly
people of Yana RHS explored Garther ¢ast onto
the Benng Land Bridge and crossed into Aliska
and northwest Canada have been found, but
hints of an carly human presence may include
the 28-ka mammoth-bone core and flake re-
covered from Bluefish Caves (Yukon Temitory)
and even older bone matenals from along the
nearby Old Crow River (38). These bones, how-
ever, lack associated stone antifacts and might be
the result of natural bone breakage (39), Instead,
the cardicst reliable archacological evidence from
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castern Benngia comes from Swan Point {central
Alaska), where a distinctive microblade and burnn
indusiry dates w0 14 ka (40). The Swan Pomnt
antifaets share many technological qualitics with
late Upper Paleolithic sites in central Sibena (e.g.,
Studenoc-2, Nizhnii Idzhir, Khaergas Cave,
Diuktai Cave) and appear o document the dis-
persal of microblade-producing  humans  from
Sibenia 1o Berngia during the late glacial,

After 14 ka, the Benngian archacological
record becomes much more complicated. The
besi-documented indusiries for this time are the
Nenana complex of central Alaska (dating 1o
13.8 w0 13 ka) and the carly Ushki complex of
Kamchatka (13 ka) (22, 4/). These complexes
contmin small bifaces and wnifaces made on
blades and Nakes, but they lack microblades and
burins. The Sluiceway-Tuluag complex (north-
west Alaska) also may be conlempormeous o
Nenana but s technologically distinet from it
{22}, These sites contain large lanceolate bifaces
that appear to date 1o about 13.2 ka. Another
site, Nogahabara [ (west Alaska), contains a
mixed amray of anifacts (lanceolate bilaces,
notched bilaces, and microblade cores) repon-
edly dated 10 13.8 10 12.7 ka (42% however, this
site must be viewed with caution because the
artifacts and bones used for dating are from
near-surtace and surlice contexts in a sand dune
blowout, a context notorious [or artifact ralepo-
sition and mixing. After 13 ka, microblade and
burin technologies reappear, sometimes in com-
biration with bifacial point technologics. Perhaps
these changes through time and across space
relate o cultural differences and population um-
overs, but more likely they represent the devel-
opment of a unigue human adaptation o the
mpidly changing shrub-tundra environmem of
late-glacial Berngia (223 A small number of
undated Muied poims similar 10 Clovis occur in
Adaska (39), but their relanon 1w Clovis poinis
found south of the continemal ice sheets s un-
known and may represent the backward flow of
technologics (or people) from mid-latitude North
America w Beringia at the very end of the Pleis-
tocene (22, 39).

Since 40 ka. the Cordilleran and Laurentide
ice sheets covered much ol Canada, but during
warmer periods  they retreated  sulliciently 1o
create ice-free comidors along the Pacific coas
and Plains cast of the Canadian Rockices, These
comidors were the conduits through which the
first humans spread from Benngia o the Amer-
icas. When humans amved in arctic Siberia atl
Yana RHS 32 ka, contructed ice sheets lefi
wide-open cornidors  through  which  humans
could have passed, but by 24 ka the ice sheets
had grown sulliciently to clog both passageways
143). Although solated ice-free refugia probably
existed in both corndors throughowt the LGM,
bumans probably did not occupy these arcas
until the comidors wopened during the e
glacial, Timing of the rcopening of the coastal
and interior cormdors s still debated, because
of imprecise dating and because the vadous
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Cordilleran glaciers reacted differently o climate
change (43). Nonetheless, the coastal corndor
appears 0 have become deglaciated and open to
human habinaton by o least 15 ka, whercas the
mterior corndor may nod have opened unul 14 o

11.5 ka (44, 43). The archacalogical records of

both comdors are still madeguate for address-
ing questions about the mitial peopling of the
Americas: however, the presence of human
remains dating o 13,1 1w 13 ka at Ardington
Springs, on Santa Rosa Island off the coast of
California, indicates that the fist Americans
used watercrali (#/6)

Clervis and fs CEIERIPOraries Discussion
of 1|h.' u'.ll[_\ archacol l:,'_ii.'.'ll n,'cun| south of |.|:'I|.,'
Canadhan ce sheets stants with Clovis, the besi-
documented carly complex m the Amcricas,
the last 40
VIS from Clowis siles across North Amenca

Radwcarbon dates obtamed over

suggested that the complex ranged i age from
13.6 1w 13 ka (2); however, evaluaton of the
existing dates and new "C assays reveals that
Clovis more precisely dates from 132131 w
129-12.8 ka (47}, a shoner and vounger time
span for Clovis than carlier thought. The current
evidence sugeests Clovis Dourshed during the
late Adlerod intersiadial and quickly disappeared
at the stant of the Younger Divas stadial. The
apparem simultaneous appeamnee ol Clovis

across much of North America suggests that it

rapidly expanded across the continent, but the
overap in "*C dates between regions of North
America makes it impossible o determine a
podnt of arigin or dircction of movement.

With recently exeavated Clovis assemblages,
capecially from the southeastem United States
and Texas, we know unequivocally that Clovis
15 chameterized by not only bilacial technology
but also distinctive Upper Paleolithic blade
technology (Fig. 2) (f5. 48). The principal
diagnostic artifact of Clovis s 1ts lanceolate
Muted projectile point, not just because of its
form bt also the technology used w0 produce 1.
Other 1ol forms were equally important, ¢s-
pecially formal stone tools like end scrapers, as
well as cvlindrical rods made on ivory, antler, or
Mhese mods were beveled ot one or both
ends and functioned as fore-shalls or projectile
points, respectively (48,

Traditionally, Clovis has been thought to
represent a popu lation of mobile humer-gatherers

hone

becavse mdividual Clovis wols had muliple
[unctions and were highly curated, which sug-
pests that they were part of a conveniently
transported ool kit (2). Many Clovis ools were
made on high-guality stones hke chert and ob-
sidian procured hundreds of kilometers from
where they were eventually discarded (48). Clovis
sites are small and wpically represem mammaoth
or |'I|i|.'1|.l|\|1'l['| th!,\, :‘||I.I'|]'[-|1.'|]|.I \'i,l[l'll"‘.‘t, or I.;I\'1II.'.'|,
In the southeastern United Shates and |L'\:|.-,
however, enormous scatters of Clovis anifacts
have been found that possibly represent quarmy-
habitation sites habitually used by Clovis people,
from which they did not mnge great distances,
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Al the Gault site (Texas), of 630000 excavated
artifacts (mostly debitage), 99% are made lrom
local, on-site chens: mre nonlocal matenals are
from sourees only 700 Kkm away (49).

Clovis pomits have long been known o be
associted with emains of mammaoth and mas-
todon (23, but the importance of proboscideans
i Clowis subsistencoe remams uncenam. Optumal
foraging theory has been used w predict that hu-
mans would not become proboscidean-hunting
specialists (30 and cenamly the recunence ol
bison, deer, hares, reptiles. and amphibians
indicates that, in some conexts, Clovis people
did Mmore |.|"|.,LI!'| lum ]II.,I:II'|II:|11||1 Ll|1k| |!|;1nl1|du|l
(3. However, at least 12 |.||!;.1{ui\ni.'.|| Clhowis
proboscidean kill and butchery sites are known
(329, an unusually high number for such a shon
period of time, given that there are only six
|‘|I'~!-1Hmfidu.‘:|li kill sites for the entire Eurasian
Upper Paleolithic (33). In most areas of North
Amenea, Clovis people hunted mammoth and
mastodon regularly, and they hkely playved some

Fig. 2. The distinctive Clovis biface and blade technologies
(schematic diagram with approximate scale). Clovis fluted points
were manufactured by reduction of a large blank through a
succession of stages including removal of broad thinning flakes
across the entire face of the biface, end thinning at all stages,
and final fluting of the finished piece (A). Thinning flakes were
often ubilzed as tools. Clows blades were detached from comical
and wedge-shaped cores (B), the main distinction being that
conical cores have blade removals around their entire circum-
ference while wedge-shaped cores have a single front of blade
removals. Blades are long, parallel-sided, curved in longitudinal
cross section, and triangular or trapezoidal in transverse cross
section; they were often used as tools. These specific artifacts are
made on Edwards chert from the Gault site, Texas.

role in their extinction. It s not surprising that
they also subsisted on a vanety of other [oods.
Most Clovis sites anc in North Amenca. Fow
Clovis artilacts have been tound i Central and
Sowith Amenca (34) Instead, a diflerem complex

of archacological sites may mark this er south of

Panama, Al Jeast six sites m Sowh Amenca
(Cemo Tres Tetas, Cueva Cisa del Minero, and
Picdra Musco in Argentina and Fells Cave,
Quebrada Santa Julia, and Quebmda Jaguay in
Chiley have muluple daes that overlap the
known age of Clovis (47, 35, 36), These sites
1|1Lv.-|1|_~. contam |||:|.|:|:Lj_:|1u:-\1in.' Make ool and
bilaces, but distinctve Fishial |kihll,~. {soume with
Ill.l[u,‘d hases) w i found n L|¢F1Lr.wilh 11:1IL|1':: (1§}
13.1 10 129 ka at Fell's Cave and Piedra Musco.
Although 1t has been sugpested that Fishil
pomnts postdate Clovis and were derved from
(341, the wo Iy have shared m carlier, as yel
unicentilied progenitor. Among the newest Clovis-
aged localiies m South Ameneca 15 Quebrada
Santa Jubia, a stratified site with a well-preserved
ving foor md hearth dating 1o
13.1 ka (37). Associated with the
heanth were a broken, nondiagnos-
tie, Nuted bilace, several Make wols,
a core, and nearly 200 flakes, as
well as J'l..‘r'll'.l.llflh of L"\l.il]l..'l. hm}-.u.'.
Quebrada Santa Julia provides an
unambiguous association of Nuting
echnology and extinet fauna in
South Amenco

Early accupations, Since the
discovery and delinition ol Clovis,
rescarchers have scarched for evi-

the Amencas, bul most sites dating
betore Clovis mvestizated between
1960 and 1995 [e.e. Calico {Cali-
lforma), Tule Springs ( Mevada), Pen-
dejo Cave (New Mexico), Padra
Furada (Brazil). Pikimachay Cave
(P, and Thapacova {Mexioo)] have
not held up o scientific scrutiny
(2, 39). Perbaps the best candidaie is
the Monte Verde site (Chile), which
contains clear anifacts in o sealed
context and 1s dated to 14,6 ka (35),
Diespite cnticism (3%), its acceplance
by most archacologisis means syn-
chronous and possibly carlier sies
should exast in North Amenca. A few
localities dating between 15 and 14 ka
oy seaim 1o prowide compellimg ovi-
dence of an ocaupation before Clovis,

In the northern Unmed States.
the Schaeter and Hebior sites (Wis-
consin} provide strong evidence ol
human proboscidean hunting o
scavengng near the |Jl;||11i|t of the
I'.lll:l'\.'llli.dl,' 1.l.,'|.,' :-|1|,'L'| hetween 14,8
and 14.2 ka (66, 60, At cach site,
disanticulated remains of a single
mammith were sealed in pond clay
and associated with unequivocal
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stone anifacts. The bones bear con-

. ! E : Molecular Siberian Beringian Canadian Morth American South American
sistent signs of butchering—cut and ol genetics archaeclogy archaeclogy ice sheels archaeclogy archaeclogy

pry marks made by stone tools (6£). 'f? o hkl g,m oy o mm'
Critics mggf:it tha Uln: t':mlc break- ;_ ot npc-a:w g@-mm KM ¢ [Piedm Museo
age and surface marring is the resull 18 2 i swan Point [l o mﬁga Eac Ifs Cave
of natural processes (2); however, it i& j R cpens .
is difficult o reject the evidence 2 ia Cactus Hill Juita

frem these sites because of the con- ii La Sena/Lovewsll Monio Verde

[l 0 - )
sistent pattening of the marks, low- E
encrgy depositional context, [LEH.! s
associated stone wols, Even carier close

evidence of humans in Wisconsin
is suggested by what appear 1o be
cut and pry marks on the lower
limb bones of a mammoth recovered
from Mud Lake. These bones date
to 16 ka, but stone wols are absent e
(6l

Three other sites—Meadowcroll
Rockshelter (Pennsylvamia), Page-
Ladson (Flonda), and Paisley Cave
(Oregon)—may provide additional
evidence of humans in Nodh Amer-
ici by about 146 ka At Meadoweroft
Rockshelier, anifacts occur in sedi-
ments thal may be as old as 22 1o 18 ka (62),
but it s the record post-dating 152 ka that is
especially interesting. This is the uppemmost
laver of lower stratum o, which produced a
small lanccolate biface and is brucketed by dates
of 15.2 and 134 ka. Acceptance ol the site,
however, hinges on resolution of dating issues
(Ad).

Al Page-Ladson, carly matenals occur in a
buned geologie context within a sinkhole that 1s
now submerged by e Aucilla River. Seven
picces of chent debitage, one expedient unifacial
Nake wol, and a possible bammerstone were
associated with extinet funal remains, including
a mastodon wsk with six deep grooves al the
point where the tusk emerged from the alveolus
of the cranium (64). These grooves are inter-
prcied 1o have been made by humans as the wsk
was removed from its socket. Seven MC dates
for this horizon avermge about 144 ka, which
suggests human occupation of the sinkhole
duning the late Pleistocene when the water table
wis lower than it s today. Page-Ladson may
contain evidence of preClovis humans, but,
despiie extensive reporting on the site, more
details on anifact contexts and site formation
processes are needed o penmmit objective evalu-
ation of the record,

At Paisley Cave, three human coproliies are
dircetly "C dated 10 about 14.1 ka (/4). The
human origin of the coprolites is supponed by
ancienmt mIDNA analyses that showed they
contained haplogroups A and B, but a complete
report s not el available,

The evidence for humans in the Americas
even carlier than 15 ka is less secure, but re-
cently has been presented for four sites; Caclus
Hill (Virginia), La Sena (Ncbraska), Lovewell
(Kansas), and Topper (South Carolina), Cactus
Hill is a sand-dune site with late prehistoric,
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Archaic, and Clovis levels. Potentially older
artifacts, including small prasmatic blade cores,
blades, and two basally thinned bifacial points
were recovered 10 to 15 em below the Clovis
level (65). Three "*C dates mnging from 20 1
18 ka are reponted from the levels below Clovis,
but there are also dates of 103 ka and lwer.
Charcoal samples were not recovered  from
hearth features but oceur as isolated fmgments
at the same level as the antifacts. The younger
dates indieate translocation of charcoal from
overlying seduments, and the older charcoal could
be denved from sediments underdying the cul-
tural layer (34, 43), but luminescence dates on the
acolian sands comelate with the older "C results
and indicate minimal mixing of the sediments
(). Even though much information has vel 1o
be published about this site, the potential
presence of a biface and blade assemblage
stratigraphically below the site’s Clovis assem-
blage is compelling.

An even older occupation has been pro-
posed based on taphonomically altered mam-
moth bones at the La Sena and Lovewell sites
that date from 22 1o 19 ka (67). Neither site has
yiclded stone wols or evidence of butchering;
however, many of the leg bones display per-
cussion impact and flaking, which suggesis that
they were quarried and flaked by humans while
they were in a fresh, green state, within a few
vears of the death of the animals, Clovis people
penodically laked bone i this fashion, as did
Upper Paleolithic Beringians (2, 22)%: however,
in those contexts humans left behind stone tools,
whereas at La Sena and Lovewell stone 1ools
are absenl,

Currently, the oldest claim for occupation of

North America is at the Topper site, located on
a Pleistocene terrace overlooking the Savannah
River, Clovis antifacts at Topper are found at the
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Fig. 3. Combined, the molecular genetic and archaeological records from Siberia, Beringia, and Morth and
South America suggest humans dispersed from southern Siberia shortly after the last glacial maximum (LGM),
arriving in the Americas as the Canadian ice sheets receded and the Pacific coastal corridor opened, 15 ka.

base of a colluvial deposit, and older artifacts
are reported in underlying sandy alluvial sedi-
ments dated 1o about 15 ka (68). The proposad
carly assemblage is a smashed core and micro-
lithie industry. Cores and their removals show
no negative bulbs, and lakes and spalls were
modified o small unitacial wols and “bend-
break wols,” possibly used for working wood
or bone. In 2004, similar-locking matenal was
found n older alluvial deposits dating in exeess
of 50 ka (69). Given that the assemblage was
not produced through conventional Paleolithic
technologies and that the pulative anifocts
could have been produced through natural
processes (specifically thermal spalling), evalu-
ation of this site must await a complete lithic
analysis,

Combining the Genetic and
Archaeological Evidence
Unquestionably, the buman skeleial evidence
across the Americas shows that the New World
wis populated by Homo sapiens. Although the
crnia of these carly peopk look different from
modem MNative Amencans, modem and  ancient
DNA studics show that they were genetically e
bied, The earlicst inhabitans of the Amencas
hailed from south Siberia (between the Alad Moun-
tains and Amur valley) and uliimately descended
from a population of modern humans who dis-
persed from Adtica by 50 ka and appeared in central
Asia by 40 ki Thus, o masimum limiting age can
be placed on the entry of people i the New
World of no eadier than 40 ka, Any clims for an
carlicr migration should be viewed with skeplicism,
Current molecular evidence implies that meme-
bers of a single population left Siberia and headed
cast to the Amencas sometime between about 30
and 13 ka (Fig. 3), Most studics suggest this evem
occurred after the LGM, less than 22 ka. Rocent
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analvses of mDNA and nuclear sequence data
further suggest a dispersal south from Beringia
alter 16,6 ka (27), trom a founding population of
less than 5000 individuals (70). The genetic
record has not revealed multiple late-Plastocene
migrations, bul does distinguish a Holocene
dispersal of Eskimo-Aleuts from nonheast Asia,
There is nothing in the modem or ancient genetic
records 1o sugeest a European ongin for some
Mative Americans,

At fimst glance, the genctic evidence would
seem 1o mesh well with the irmditional view that
Clovis represents the first people 0 enter the
Americas, Redating of Clovis from 13.2-13.1 w
12.9-12.8 ka indicates it 1s nol only centurics
vounger than the late-glacial complexes of
Alaska but also younger than even the most
conservative estimate for the opening of the in-
terior Canadian comidor. The Clovis-First model,
however, requires all American sites older than
Clovis 1o be rejected, and this appears 0 be no
longer possible. The Clovis-First model does not
explain the apparent svochroneity batween Clo-
vis and the carly Paleo-Indian sites of South
America. Finally, a late-entry and rapid dispersal
of humans across the New World is inconsistent
with the distribution of genclic varation ob-
served in Native American populations today,

Humans possibly colonized the Americas be-
fore the LGM. They occupiod westem Beringia
by 32 ka. and no glacial ice sheets would have
blocked passage through western Canada during
this relatively warm time. However, there is still
no unequivoeal archacological evidence in the
Americas 10 support such an carly entry.

The most parsimonious explanation of the
available genetic, anchacological, and environ-
mental evidence is that humans colonized the
Americas around 15 ka, immediaiely afier de-
glaciation of the Pacific comsial cormdor. Monte
Verde, Schaefer, and Hebior point 10 a human
presence in the Americas by 146 ka. Human
occupations at Meadowcerodl, Page-Ladson, and
Paisley Cave also appear 10 date 1o this time,
Together these sites may represent the new basal
stroium of Amencan prehistory, one that could
have given rise o Clovis, Most miDNA and Y-
chromosome haplogroup coalescence estimaies
predict a 15-ka migration ¢vent, and it may cor-
relate o the post-LGM dispersal of microblade-
producing populations into norhem Siberia and
their evenual appearance in Berningia dunng the
late glacial. The first Americans used boais, and
the coastal comridor would have been the likely
route of passage since the interior comidor ap-
pears 10 have remained closed for at least
another 1000 years. Once humans reached the
Pacilic Northwest, they could have cominued
their spread soumhward along the coast o Chile,
as well as eastward along the southern margin
of the continental ice sheets, possibly following
tmees of mammoth and mastodon 1o Wisconsin,
Clovis could have onginated south of the conti-
nental ice sheets, and the dense Clovis quay-
campsites in the southeastern United States may
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be the result of a longer occupation there than in
other regions. Allermatively, Clovis could be the
result of a second dispersal event from Benngia
to America—from the same ancestral gene pool
as the (irst dispersing population—when the in-
tenor ice-free comidor opened, about 13.5 ka,

The peopling of the Amencas debaie is far
from resolved, To move forward, we must contin-
ue 1o take an interdisciplinary scientific approach
to the problem. Archacological investigations
will provide the empirical evidence of the first
Americans, but this evidence must be objectively
and rigorously evaluated, Geoarchacological
investigations have and will play a major role
by documenting the geological and geochrono-
logical context of sites and developing predicuve
models o find carly sites. The sparse evidence
for pre- 13 ka occupation ol the Americas may be
a problem of sampling and artifact recognition.
Genctic studics will also be key as more s
leamed about modern and ancient haplogroup
subclades in combination with full miDNA
genome sequencing and identilication of patterns
ol nuclear DNA variation. The emparical data
from these fields and other disciplines will ul-
timately provide the evidence needed 1o build
and test models w explain the origing and
dispersal of the Tist Americans,
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Predators Induce Cloning in

Echinoderm Larvae

Dawn Vaughn® and Richard R. Strathmann

sexual propagation (cloning) is a wide-

spread  reproductive stmtegy of plants

and aduli and larval animals, Possible
advantages of larval cloning include increased
fecundity, dispersal, and salvagimg of material
otherwise lost . metamorphosis (F-4). These
advantages require a larval environment condu-
cive o growth and reproduction, In contrast, we
show here that echinodenm larvae clone inre-
sponse to cues froan Nish predators, that is, under
conditions indicating potential sk o larvac.
Our results suggest that asexual reproduction
can be a strategy for rapid size reduction as a
defensc.

We exposed -dayv-old sand dollar ( Dendvasier
eveentrions) larvae (plutel) 1o extemal mucus
from fish (predator cucs) (52 Within 24 hours,
clones fomied as buds aborally (Fig, 1A) or by
anterior-posterior lission of carly-stage larvae,
Cloning occurred in all treatments with ish
miucus: 2000 at 0,01 mg of mucus'ml of scawater,
40% m 0.1 mgml, 10% m 1.0 mgml. Cloning
was ol observed in controls withouwt fish mucus,
Buds detached as evenly ciliaed gastrulae and
developad mto small larvae. All products of

cloning by budding and fission were smaller than
uncloned larvac,

The response 10 Nsh mucus suggests that
larval cloning may counter a threat of predation,
Slow-swimmung plutel have no effective escape
from predatory fish: cloning may provide a tem-
porary refuge from predation by producing two
smaller, less-detectable propagules, a pastrula-
like bud and a smaller-thun-usual pluteus. Size re-
duction by clomng s slow compared with a lish
atack, but the stimulus is presence of fish, as
indicated by mucus, not an immediate attack by a
fish.

Small size can protect zooplankion against
predators. Smaller size at a given stage reduces
vulnerability of fish larvae 1o visual predators
(), Sl sand dollar larvae {from hall-embryvos)
are less vulnerable o a visual predator (postlarval
fish}) although more susceptible o some non-
visual predators (7). However, there is evidence
that small size in some zooplankion decrepses
vulnerability 1o nonvisual predators (8). We hyvpoth-
esiae that reduced sese in clones decreases detection

and selection by visual predators and may reduce
signals o some nonvisual planktonie predators.

Fig. 1. Predator-induced cloning by early-stage sand dollar larvae (Dendraster excentricus plutei)
and the effects of cloning on larval size. (A) A bud formed on the aboral surface of the primary larva
that will subsequently be released as a gastrula-like individual. (B} A clone from asexual budding has
developed to the six-arm stage but is only slightly larger than an egg (diameter of egg = 125 pm).
(C) A late-stage clone with juvenile rudiment (right) and a sand dollar larva of the same de-
velopmental stage that was not exposed to fish-mucus stimuli (left). Scale bars indicate 100 pum in (A)

and 200 um in (Q.
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Reduced larval size resulting from predator-
induced clomng also challenges the common
assumption that bigeer oflsping are saler ofl-
sprng. Cloning in plutel occurs in response 1o
ervironmental miommation unavailable 1w par-
ents on the sca Toor Adult sand dollars canno
assess nisks 1o ther planktonic offspring and
adjust cge size accordingly, Instead, larvae may
use information indicating risk in the plankton
1o adjust their sige by cloning, Some cloned
larvae were not much larger than conspecilic
eges (Fig. 1B). Upon nearing metamorphosis,
some clones were 23 the length (~1/3 the
volume) of nonclones (Fig. 1C). Although stz
reduction may decrease vulnerability in the lar-
val planktonic habitat, the persistence ol small
si#c implics that present risk Tor larvae s de-
ferred 1o future nisks for smaller juveniles on the
sea foor.

Although larval eloning is known from all but
one class ofechinoderms /), until now identificd
cues for cloning were limited 1o food and
temperature favorable for growth and reproduc-
tion (). Cloning in response to predators, like
cloning in response to favorable conditions. can
multiply each genet and increase fecundity, but
advaniages of predator-induced cloning do not
depend on those features. [ the small products of
cloning are less vulnemble 1o predators, then
cloning is adaptive whether all clonal products
survive the process of division or only one.

Cloning by larvac in response 1o fish mucus
suggests that even “restarting”  developmen
can provide a lemporary escape from predation.
We predict that cloning in response o prodators
will be found where safety lies in smaller size.
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Organic Molecules and Water
in the Planet Formation Region
of Young Circumstellar Disks

John 5. Carr® and Joan R. Najita®

The chemical composition of protoplanetary disks is expected to hold clues to the physical and
chemical processes that influence the formation of planetary systems. However, characterizing
the gas composition in the planet formation region of disks has been a challenge to date. We
report here that the protoplanetary disk within 3 astronomical units of AA Taur possesses a rich
molecular emission spectrum in the mid-infrared, indicating a high abundance of simple arganic
molecules (HCN, C;H,, and CO,), water vapor, and OH. These results suggest that water is
abundant throughout the inner disk and that the disk supports an active organic chemistry.

isks of gas and dust orbit very voung
Da‘l.'m\' and represent the cardy stages of

planclary system formation. Studies of
these disks can establish the conditions under
which planets form, complementing studies of
solar svstem bodies in efforts 1o reconstruct the
orgin ol our Solar System. In the same way that
the chemical record preserved in primitive bodics
(eomets and meteonites) is probed for clues w
the physical and chemical processes that oper-
ated in the early solar nebula (1, 2), the chemical
composition of protoplanctary disks is expected
to hold clues to the processes that ane active in
disks. Although significant advances have been
made from the study of the dust propenics of
disks (3-3), much less progress has been made
in the swdy of the gaseous component, partic-
ularly over the mnge of mdii where planet for-
mation is thought o occur (6-8). Measurcments
of disk molecular abundances can provide in-
sights on issues such as the onigin and evolution
of water in the Solar System, the nature of or-
ganic chemisiry in disks, and the ability of
disks 1o synthesize pre-biotic species. Here we
report that a protoplanetary disk around a voung
star displays a rich molecular coission spectum
in the mid-infrared that provides detailed
themmal and chemical nfommation on gas n the
planct formation region of the disk,

We obscrved AA Taun, a fairdy typical clas-
sical T Toaun star (CTTS, which are approximaely
solar-mass stas with acerction disks and ages of
less than a few 10° years), with the Infrared Spec-
trograph (IRS) on the Spitzer Space Telescope
(9, 1), covering wavelengths of 9.9 w0 37.2 um
at a speetral resolution (A/A%) of 600, The high
signal-to-noise mtio (200 1o 300) produced by
our observational and dma reduction wechniques
(/1) reveals a nch spectrum of molecular emis-
sion lines that is dominaed by rotational wan-

'Remote Sensing Division, Naval Research Laboratory, Code
7210, Washington, DC 20375, USA. *National Optical Astron-
omy Qbservatory, Tucson, AZ 85719, USA
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sitions of Ha0O (Fig. 1), Rotational transitions of

OH were also observed between 20 and 31 pm.
From 13 to 15 pm, ro-vibrational emission bands
of the fundamental bending modes of Call, HON,
and OOy are prominent (Fig. 2).

This mid-infrared molecular emission almost
cerainly has its origin in a disk, AA Tauri lacks
a surrounding molecular envelope or molecular
outllow as potential altemame sites for the emitting
pus. A disk interpretation is also consistent with
high-spectral-resolution studies of CTTSs, which
demonstrate a disk origin for their near-infrancd
molecular emission features. These include emis-
sion from the S-pm fundamental ro-vibrational
bands of CO, which 15 very common i CTTSs
(£2), and emission from the 2.3-um CO overtone
bands and hot bands of HsO and OH (6. 13, 14).
which is less frequently observed. All these near-
infrared emission bands are thought 1o arse in a
temperaiure inversion in the aimosphere of the
inner [<1 astronomical unit (ALD] disk (6, 12-/4).

To determine the propenties of the emitting
gas, we modelad the emission spectrum and an-
alyred the measured line Mluxes using standard
techniques (/7). The emission from cach molec-

ular species was modeled mdependently as ther-
mally excited emission from a slab with a given
temperature, column density, and enutiing arca.
Although these quantitics are expected 0 vary
with radius ina real disk, we cinnot constrain their
mdial vanation without the benefit of velocity-
resolved line profiles, Our strategy allows us 1o
determine the Mux-weighted mean gas temper-
ature (), column density (M), and emitting arca
{r * R*) for each molecule (Table 1). The com-
bined svmhetic spectrum reproduces well the
details of the observed spectrum (Fig, 2). Mo-
lecular abundances with respect 10 CO (Table 1)
were then determined by modeling the 5-um
fundamental CO emission spectrum of AA Tauri,
obtained with the near-infrared echelle spectro-
graph NIRSPEC (/15) at the Keck Observatory.

The equivalent radi for the enilting arcas
iTable 1) indicate that the observed gas resides al
disk mdu that comespond to the region of ter-
restrial plancts in the Solar Systen that 15, within
210 3 AU of the star. The derived temperatures for
the cmission are also roughly consistent with
predicted gas temperstures at mdii ~1 AU for
models that calculate the gas thenmal structure in
the temperature inversion region of disk atmo-
spheres (16, 170, The significantly kower temperature
For CO; suggests that its emission is concentrated
at larger mdii, which is also consistent with pre-
dictions of chemical models (/&) that COs s de-
stroved ot temperatures much higher than 300 K.
The higher mean wemperature for OO cn be un-
derstond by the faat that CO fundamental cmis-
0N 15 msensitive o pas with 7= 400 K, because
ol the higher energy of the upper levels ol the
transttions and the shorter wavelength of emission,
Venical pradients in the gas tempermature and
molecular abundances could also contribute 1o
some of the dillerences: for example, Ha0 may be
abundant in a cooler part of the atmosphere as
compared 1w CO (),

The abundances of simple organics and 1,0
for A\ Taun (Fig. 3 arc about one order of mag-
nitude higher than both observations and models
119 of hor molecular cores, the dense and warm

| - - R R 1
0.7 Observed AA Tauri Spectrum
E:‘ 0.6
Z
E ﬂ-ﬁ ™ :‘:
- =
e 0.4 | |
0.3
N T T R N TN RO W S N I
10 15 20
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25
Wavelength (um)

e Y Fig. 1. Spitzer IRS spec-
trum of AA Tauri from 9.8
to 38.0 um. The spectrum
combines all orders of
the short-high and long-
high IRS modules (11).
Rotational transitions of
OH are marked with a dia-
mand, and the Q branches
of GaHs, HCN, and COs
are labeled along with
atomic [Ne ll]. The ma-
jority of emission features
are due to rotational tran-
sitions of Hy0 (unmarked
= features),
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{several hundred degrees kelving regions of mo-
lecular gas that sumound luminous protosiars,
The abundances of HON and CaHa m AA Taun,
relative to Ha0), arc also substantially higher than
measurements  for cometary volatiles (g, 513,
whercas the abundance of CO5 is consistent
with or possibly less than its abundances in both
comets and interstellar ices,

I molecular cores are representative of the
composition of materal that is incorporated into
disks, then the higher abundances for AA Taun

suggest that substantial molecular svinthesis takes
place within the disk. The observad region of the
disk lies well inside the radius where wes would
sublimate, based on the gas empertures and in-
ferred mdii, This situation is similar to that of hot
molecular cores, where a wanm gas phase follows
the sublimation of molecules from icy grain man-
thes. The subsequent gas-phase chemistry (1 9) may
produce the complex organic molecules observed
with millimeter-wave spectroscopy in both mas-
sive hot cores and the comesponding regions

Fig. 2. Comparison of
the observed spectrum of
AL Tauri to the combined
model spectrum (11},
The observed continuum-
subtracted spectrum from
13 to 16 pm {above) is
offset from the model
spectrum (below). The er-
ror bar indicates the av-
erage uncertainty in the
observed spectrum. The
model is a slab in local
thermodynamic equilibri-
um, with an independent
temperature, column den-
sity, and disk area derived
for each molecular species
Table 1). Al the unla-
beled features are rotational transitions of H,0.

0.05 I 4rrdel

Flux density [Jv)

AA Taurd, Obeerved

A i & i " 1. i i i b

15
Wavelength (um}

Table 1. Molecular gas parameters and abundances derived for AA Taur,

Molecule T (K

N (10 em™?)

R* (AL} Abundance to CO

Hz0
OH
HCN
CH;

575 + 50
525 =50
650 = 100
650 £ 150
co, 350 = 100 0.2 -13
co 900 + 100 49 = 16

65 =24

81=+52
6.5 + 3.3
0.81 £ 0.32

21+01
22=+01
0.60 = 0.05
0.60t
12+0.2
0.7 +0.1

13

0.18

0.13

0.016
0.004 - 0.26

1.0

*The equivalent radius for the emitting area A (R = [.M:Iﬂl.

fArea was set to that derived for HCN,

Fig. 3. Comparison of abun- |
dances relative to 0. The abun-
dances for each molecule X
relative to CO [N(X)INICO)
derived for AA Tauri (squares)
are compared to the abun-
dances for hot molecular cores
(triangles) and to disk chem-
ical models (21} at radii of
1 and 5 AU (open dircles with
radius labeled). The abun-
dances for hot cores are based
on observations of absorption
bands made with the Infrared
Space Observatory (26-28).
The organic molecules were
studied using the same mid-
infrared bands that were ana- =3
lyzed for AA Tauri.

log( N{X) / N(CO) )
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sumounding low-mass protostars (20) Analogous-
Iy. the indication of molecular synthesis i AA
Taun suggests that more complex organic mol-
ceules, including those of pre-biotic interest,
might be produced within disks,

Similarly high abundances of CiHa, HON,
and €0y have also been observed (7) in ab-
sorption toward the low-mass protostar [RS 46,
where the molecules potentially reside in a disk
viewed at a favorable edge-on inclination or in
an outflowing disk wind, Such gas absomption is
rare oward low-mass protostars (7). In contrast,
emission from a disk, such as the ubiquitous CO
fundamental emission from CTTSs, does not re-
guire a special orientation o be observable, The
fact that the molecular featunes n the mid-infrned
spectrum of AA Taurt are detected in emission,
combined with the fact that it is a typical CTTS,
suggests the potential 1o sludy onzanic molecules
and water in a large number of CTTS disks.

The high abundances in the AA Taur disk are
generally consistent with the predicted abundances
at approxamately 1-AU mdil in a disk chemical
model (24) for the inner 5 AU ol protoplanctary
disks (Fig. 3). However, the model results are ver-
tically imegrated abundances for the disk., whereas
the molecular emission linges we observed are
likely 1o probe only the upper disk atmesphere.
The high abundances we derived are not expecied
in recent models that caloulate the vertical thermal-
chemical structure of the gas in disk atmespheres
(163, which predict low abundances for molecules
such as HaOv in the temperature inversion region of
the atmosphere where emission lines fomm. I
these models are comeet, our measuraments miy
be a sign of vertical mixing that comes molecular
specics from deep in the disk, where they are
abundant, up to the surface where they are ob-
served. Such turbulent mixing is pradicted (22) by
the magnetorotational instability (23), the process
that is hypothesized o power disk accretion,

Our resulis for AA Taun demonsimie the po-
tential w0 measure the distribution of water vapor
throughout the terresirial planet region of disks,
information that was previously restricied 1o
hot HO inside of 0.3 AL {6, [3). The abun-
dance of water vapor in the inner disk s im-
portam in seiting the oxidation state of the gas,
which influences the chemistry and minerlogy.
Enowledee of the distribution of water (zas and
i) & also cenmal w wnderstanding the ongin of
waler i inner solar system bodics and the fonna-
tion of giant planets via the core aceretion: mech-
anism. The high abundance of HaO for AA Tauri,
if typical, would rule out simple models where
outward diffusion mpidly depletes water vapor in
the inner disk (24, leading w large ice density
enhancements al Jarzer rdil and the mpid growth
of giant planct cores, More detailed models (25)
that include a variety of physical processes predict
a more complicaed evolution of water vapor in
the immer disk, with both enhancaments and deple-
tions that vary with tme and rdius, ndicating the
importance of measuring the abundance and dis-
tribution of water with evolutionary age,

14 MARCH 2008

1505



REP

1506

ORTS

References and Notes
1. F. . Giesla, 5. B. Chamley, in Meteontes and the Eorly
Sotar System di, D. 5. Lauretta, H. Y. McSween |r., Eds.
(Univ. of Arizona Press, Tucsan, AZ, 2006), pp. 209-230.
2. D. Bockelde-Morvan, |. Crovisier, M. |. Mumma,
H. A Weaver, in Comets i, M. C. Festou, H, U, Keller,
H. A Weaver, Eds. (Univ. of Arizona Press, Tutsan, AZ,
20040, pp. 391-423.
. E Furlan ef of, Astrophys. |, Suppl. Ser, 165, 568 (2006).
. | E. Kessler-Silacei ef al., Astrophys. | 639, 275 (2006).
. F. 1. Ciesla, Science 318, 613 (2007).
.} R. Majita, ). 5. Camr, A. E. Glassgold, |. A. Valenfi,
ini Protostars and Plonets V, B, Reipurth, D, Jewntt,
K. Keil, Eds, (Univ, of Arizona Press, Tucson, AZ, 2007},
pp. 507-522.

7. F. Lahuis & of., Astrophys. [ 636, L145 (2006).

& A Dutrey, 5 Guilloteaw, P. Ho, in Prolostars and Plonefs
V, B. Reipurth, D. Jewitt, K. Eeil, Eds. (Univ. of Arizona
Press, Tucson, AZ, 2007), pp. 495=506.

9. 1 R Houck of of, Astropiys. | Suppl. Ser. 154, 18 (2004),
10, MW, Werner ef al, Astroplys || Seppl Ser. 154, 1 (2004),
11 Materials and methods are available a5 supporting

material on Scence Onllime.
12, ). Najita, ], 5. Carr, R. D Mathiew, Asfrophys, | 589, 931
(2003).

[T Ry

13, ) 5 Cam, A T, Tokunaga, ). Najita, Astrophys, | 603,
213 (2004).

14. | R Majita, ). S. Carr, A. E. Glassgold, F. H, Shu,

A, T, Tokunaga, Astrophys . 462, 919 (1994),

I. 5. Mclean er ol., Froc. SPIE 4008, 1048 (2000).

A, E Glassgold, |. R. Majita, . Igea, Astrophys | 615,

72 (2004).

17. H. Nomura, Y. Alkawa, M. Tsujimota, Y. Nakagawa,
T. |. Millar, Astrophys. | 661, 334 (20071,

18. K. Willacy, H. H. Klahr, T. | Millar, Th. Henning, Asfron.
Astrophys. 338, 995 (1998).

19. H. Nomura, T, |. Millar, Astron. Astrophys. 414, 409 (2004),

20. €. Ceccarelli, P. Caselli, E Herbst, A G. G. M. Tiedens,
E. Caux, in Frotostars and Plonets V, B. Relpurth,
D. Jewitt, K. Keil, Eds. (Univ. of Arizona Press, Tucson, AZ,
2007}, pp. 47-62.

2L A, ). Markwick, M. ligner, T. ). Millar, Th, Henning, Astron.
Astrophys. 385, 632 (2002).

22. M. ). Turner, K. Willacy, G. Bryden, H. W. Yorke,
Astrophys. ). 639, 1218 (2007).

23. 5. Balbus, J. Hawley, Astrophys J. 376, 214 (1991).

24, D. ). Stevensan, ], | Lunine, feares 75, 146 (1988),

25, F. ). Ciesla, ]. M. Cuzzi, lcorus 181, 178 (2006).

26, F. Lahuis, E, F. van Dishoeck, Astron. Astropfys. 355, 699
{2000).

&k

27. A M. 5 Boconman, E F. van Dishoeck, F. Lahuis, 5. D, Doty,
Astron. Astrophys. 399, 1063 (2003)

28. A M. 5. Boonman, E. F. van Dishoeck, Astron. Astraphys.
403, 1003 (2003).

29. This work is based on obsenvations made with the Spitzer
Space Telescope, which is operated by the Jet Propulsion
Laboratory, California Institute of Technology, under 3
contract with NASA. Suppart for this work was provided
by MASA and by 6.1 base lunding for bask research in
infrared astronomy at the Naval Research Laboratory.
Some of the data presented here were obtained at the
W. M. Keck Observatory from telescope time allocated
1o NASA through the agency’s scientific parinership
with the California Institule of Technology and the
University of California. The cbservatory was made
paossible by the generous financial support of the
W. M. Keck Foundation.

Supporting Online Material

www.sciencemag. onglegifcontentfull 3195869/ 1504001
Materials and Methods

Figs. 51 and 52

References

5 December 2007, accepted 25 January 2008
10,1126/ cience. 1153807

Superconductivity in Hydrogen
Dominant Materials: Silane

ML Eremets,“ l. A ijan,"r 5. A. !ul.-.=vd1.rlzu:lvl!'.ll,.1 ). 5. Tse,’ Y. Yao®

The metallization of hydrogen directly would require pressure in excess of 400 gigapascals (GPa),
out of the reach of present experimental techniques. The dense group IVa hydrides attract
considerable attention because hydrogen in these compounds is chemically precompressed and a
metallic state is expected to be achievable at experimentally accessible pressures. We report the
transformation of insulating molecular silane to a metal at 50 GPa, becoming superconducting at a

transition temperature of T, =

17 kelvin at 96 and 120 GPa. The metallic phase has a hexagonal

close-packed structure with a high density of atomic hydrogen, creating a three-dimensional
conducting network. These experimental findings support the idea of modeling metallic

hydrogen with hydrogen-rich alloy.

he ansformation of molecular hydrogen

I o a metal has been the subject of inlense
theoratical and experimental studies (f-6).
However, the task of reaching the state of metal-
lic hydrogen direcily lies ouiside the possibilitics
of current techniques, reguinng pressures in ex-
cess of ~400GPa (7, 8). To circumvent this prob-
lem, it was proposed o compress hvdrogen-nch
compounds such as CHy and SiHg (%), in which
the electron density on the hvdrogen atoms is
equivalent o pure hydrogen compressed 1o mega-
bar pressures and therelore they are expectad to
metalleee at much lower pressures. For the same
reasons as lor metallic hvdmogen, very high
Debye temperiture and a strong clectron-phonon
interaction are expected, and it has been proposed
that the metallic hydrides are candidates for high-

Uiax Planck Institute 1dr Chermie, Postfach 3060, 55020 Mainz,
Germany. “Department of Physics and Engineering Physics,
University of Saskatchewan, Saskatoon, STN SE2, Canada.
*To whom correspondence should be addressed. E-mail:
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10n leave from A. V. Shubnikov Institute of Crystallog-
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temperature superconductors, This suggestion
has motvated considerable theoretical activity
(10 13). First-principle calculations have pre-
dicted several probable structures for silane,
Sitly, and different estimaies for metallization
pressures staning from as low as 20 w 90 GPa,
with very high critical tempermiture for supercon-
ducting transition of 7. = 40 o 260 K (/0-12).
Metallization for Gelly (/3) and superconduc-
tivity of SnHy with 7, close o 80 K at 120 GPa
for Sntly (£3) have also been predicied.

Expernmental data on the hydrogen-nch com-
pounds at high pressure are scarce. X-ray dif-
fraction shows that at ambient pressure solid
silane has a SnBrg-type structure and remains in
molecular state at pressures at least up 1o 25 GPa
(/6. Reflection and transmission expenments in-
dicane that at very high pressures of 288 GPa,
methane displays semiconductor properics (77,
although calculations show no metallization with-
in the experimentally accessible pressure mnge
(14,

We repont here extensive studies of 10 sam-
ples of silane at pressures up to nearly 200 GPa
using Raman scattering, electrical resistance mea-

SCIENCE

surcments, optical absomtion, and x-ray powder
diffraction. Starting from a few GPa, the Raman
spectra show  the charmcteristic bands around
2200 cm ' and 900 em ™', comesponding o vs,
vy, and vy modes of intemal vibrations of mo-
lecular Sitly, in accordance with known data at
ambient pressure (f8) (Fig. 1A) Discontinuitices
in the pressure dependence of Raman frequencics
at 3 to T GPa and near 25 GPa indicate possible
phase ransitions (/6). Between 50 and 635 GPa,
the sample suddenly darkened and Raman spec-
tra could no longer be detected. Electrical resisi-
ance measurements (Fig. 2A) showed that the
sample resistance at room temperature dropped
sharply, indicating the transformation to a me-
tal (/9. On cooling, a typical metallic behavior
ol the resistance was observed and eventually
becoming superconducting (SCh ot 7= 7 K (Fig.
2B). Upon further compression, the sample be-
came completely opague ar 76 GPa, and 7 in-
creased, with pressure up o 17.5 K a1 96 GPa
and 17 K at 120 GPa (Fig. 2C). At higher pres-
sures, T decreases to 8.8 K at 165 GPa and is
then likely 1o increase again o [1.3 K at 192 GPa
(Fig. 2C). The behavior of T between 90 GPa
and 1200 GPa is suggestive that higher values off
critical temperature of superconductivity may be
possible. However, uncontrollable change ol pres-
sure during sample loading (20) probibied us from
studying this regime in detail.

We clanfied that the 5C could not be al-
feeted by the Prelectrodes (fig. 513, Neither can
the SC be antributed to pure silicon (20) as a ne-
sult of possible decomposition of silane (/). We
avoided decomposition by loading silane and per-
fomming measurements at low temperatures below
120010 150 K. We found that the integnty of the
sample is preserved when warmed 1o 300 K m
pressurcs only above 100 GPa,

The observation of metallization and super-
conductivity in Sitly is m agreement with predic-
tions (9), However, the pressure of metallization
and the observed 7. values are difterent from
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predictions (/0-/2) for vanous structures. We
theretore studied the structure of the sample. We
mdexed the diffmetion pattem of the metallic
phase at 113 GPa with a pnmimive hexagonal ecll
with lattice pammetes g = H =267 A and ¢ =
4.49 A, The ditfraction pattern is well described
by a hexagonal close-packed (hep) structure of Si
atoms with two formula units per unit cell (Fig,
3AY The ¢/a rmtio of 1.679 is close 1o the ideal
hep structure of ¢a = 1633, Although x-ray
diffraction provides exact positions of 5i atoms,
the positions of hyvdrogen atoms cannot be
determined from the diffraction pattem because
of the very low atomic scattering factor, Fortu-
mately, the close-packed amangemen of S1 atoms
proposes the unigue set of positions for eight H
atoms in the interstices of the unit cell, In the hep
structure, there are only four tetrahedral inter-
stices and two octahedml ones, which are almost
twice as large as the tetrahedm] cages, Therelore,

Fig. 1. Raman scattering of silane at
different pressures. (A} Representative
Raman spectra in the low- and high-
pressure regions taken at ambient
temperature, with the exception of the
192 GPa spectrum, which was recorded
at 20 K. Raman spectrum of the
stressed diamonds changes from the
sharp line at 1333 cm™" at the lowest
pressures to the wide band with the
high-frequency edge at 1690 cm™ at
192 GPa. (B} Pressure dependence of
Raman frequencies. The lowest mode
of the band at 2200 em™ strongly
softens. No Raman signal could be
detected in the 50- to 110-GPa range
because the sample became opaque.
At higher pressures, a strong Raman
signal appeared from a new phase. This
phase has a large hysteresis, and a
strong Raman signal persisted to low

A

g

g

Intensity, arb. units

pressures upon releasing pressure (red points). (C) Comparison of ex-
perimental and calculated Raman spectra at 151 GPa. Asterisks denote
features of the Raman band of stressed diamonds. The Raman modes below
400 cm™! are assigned to Si translation modes. The vibrations between

A

Fig. 2. Electrical resistance and
superconductivity in silane. (A} Photo-
graphs of silane at 125 GPa taken in
transmitted (above) and reflected (be-
low) light after annealing at T = 400°C.
Silane is transparent at this pressure;
nevertheless, it noticeably reflects light.
(B} A representative superconducting
step on the temperature dependence of
resistance of silane at 192 GPa and 125
GPa (inset). Amows indicate T.. Electri-
cal measurements were performed be-
fore the annealing, when an essential
part of the sample remained in the
metallic phase. (C) Pressure depen-
dence of the critical transition temper-
ature T, of silane. The solid circles are
data obtained when pressure was in-
creasing, whereas the open dircles show
data obtained upon releasing pressure.

L

the only way to place eight hvdmgen atoms in the
interstices of the unit el is to have four hydrogen
atons occupy all tetrahedml mtersticss and the
other four H atoms located in pairs in the lage
octahedral cages (Fig. 3C) (27). The resuling
Py structure s a compact packing of silicon and
hvdrogen atoms with covalent radii 11T A and
0.37 A, respeetively. This structure can be con-

sidered as an ordered interstitial alloy of 20% of

Si and 50% of hydrogen.

The resulting sublattice of hydrogen atoms is
notable: In the ab-plane, they fomm regular hex-
agonal layers with an H-H distance of 1.54 A,
connected along the c-axis with an inmerlaver dis-
tance of 118 A (Fiz. 3C) Even the longest H-H
distance within hexagons s shorter than the
nearest H-51 distance (165 A) (22), Thus, hy-
drogen atoms m the metallic P structune form a
regular three-dimensional (313) sublattice with
considerable clectronic hvbridization due to short

REPORTS

H-H distances. The exact positions of hydrogen
atoms could be determined with a neutron-
scattenng lechmque. However, the current tech-
nology imins the pressure under 40 GPa. Despate
not knowing the exact positions of hydrogen
atoms in the Moy phase, we can cstimale an aver-
age density of hydmogen by subtricting the atomic
volume of pure silicon rom the sample volume
measured at the same pressure (Fig, 45 At 60
GPa, it gives 4.5 A? for four hydrogen atoms,
which comesponds o the volume per Hy molecule
of molecular hydrogen at 500 GPa (the pressunes
are obtained by extmpolation of equation of stales
{EOS) from (23).

The metallic P6; phase is apparently stable in
the 50 o 110 GPa range, However, if the sample
15 compressed o pressures =120 GPa, notrns-
forms into a transparent phase, st appearing at
the center ol the sample, then spreading with time
toward the edges. This trnsformation is slow,
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Fig. 3. X-ray diffraction patterns of metallic (A)
and transparent (B} phases of SiHy at 113 GPa and
160 GPa, respectively. The black solid lines are
experimental profiles; red solid lines are calculated
[x-ray profiles were calculated using Diamond
Crystal and Molecular Structure and Visualization
software (Crystal Impact, Bonn, Germany)] for the
P63 structure with lattice parametersa=b=2.671 A
and ¢ = 4.491 A, V = 13.9 A¥formula unit (C) for
the metallic phase and for the fd,/a structure with
lattice parametersa@ = b= 3.035 A and c = 6.817 A,
V = 15.7 A¥formula unit (D) for the transparent
phase, The experimental integrated diffraction
pattern in (B) was obtained by summarizing about
20 patterns measured from different areas of the
sample, The tick marks below the profile show the

calculated reflection positions. Green ticks and labels in (B) indicate reflections from residual metallic
phase coexisting at 160 GPa with /4/a phase. Lattice parameters of metallic phase at this pressure are
a=b=262Aand c=439 A, V=131 A*formula unit. Gray spheres in (C) and (D) represent silicon
atoms; the blue spheres are hydrogen atoms. The sublattice of hydrogen atoms in the inferred positions
in the metallic P63 structure is shown by red lines. Both phases were measured at 113 GPa, 160 GPa, and

192 GPa.

developing over several days and involving only
a part of the sample at room temperature, The
transfomuation can be aceclerated sigm licantly
by heating o 7 = 400 K. Alier anncaling for
several hours, neary the entire sample (excepl
the edges of the sample and gosket) transformed
o the ransparent phase (Figs. 2A). Concurnent
with the onset of transparency, a Raman signal
appears and grows with time to a very pro-
nounced spectrum (Fig. 1A), This spectrum ap-
pears at a pressure of =113 GPa afier annealing
for several months at 450 K, while the sample
remains completely opaque. Evidently, two dis-
tinct phases cocxist 1o the highest expenmental
pressune of 192 GPa. Inaddition to the prominent
Raman scattenng, the transparent phase reveals a
strong band at 2.45 ¢V oin the optical absorpion
spectrum. When the pressure was released from
160 GPa, the transparent phase persisted a least
down o 36 GPa, where the Raman signal became
weaker (Fig. 1B).

The transparent phase produces sham., spoity
rings (Fig. 3B) in the x-ray diffiaction patterns.
We determined its structure 1o be a body-centered
tetragonal, with lattice parameters a = b = 303 A
and ¢ = 6,87 A w160 GPa. The expenmental
ditfraction pattem can be described by a Mpa
structure, with Si1 atoms occupying the 4b
positions (0, 0, 0.3) (Fig. 3B). The stucture and
its lattice parameters are in agreement with the
HMya phase predicted w be thermodynamically
stable and insulating in the pressure range 50 10

14 MARCH 2008 WVOL 319 SCIENCE

250 GPa (/1. Following this theoretical work,
we place the H aoms in the 160 positions
(03676, 02166, 0.4328) (Fig. 3D). The Raman
spectrum  caleulated for this structure with
density-functional penurbation theory (24) 1s in
agreement with the experiment ( Fig, 1C). There-
fore, the timsparem Mo phase is undoubtedly
stoichiometric silane. On the other hand, as de-
scribed above, at low pressures molecular silane
was stoichiometric, as the Raman specira are
typical for molecular Sitly (/8). Therefore, under
pressure the molecular phase transfonms succes-
sively to the metallic P64 phase, then into the
transparent M4, phase (Figs. 2A) Because there
15 no evidenoe for Sior Hs (20), the intermediate
metallic oy phase should also be stoichiomctne.

We now can understand the observed con-

ductance and superconductivity behavior of

silanc ot pressures obove 120 GPa with the
coexisience of the metallic phase and the trns-
parcol insulating /4y phase. The sharp increase
of T, with pressure of - 100 GPa (Fig. 2C) may be
related 1o mpid changes in the Fermi surface that
affect electron-phonon coupling  substantially
(e, due 1o nesting ) at a namow Pressure mRnge.
Because a complete structural model for the P64
phase 15 not available, we will not speculate on
the mechanism further,

The observed ransformations in stoichiomet-
ric silane with pressure are unusual, Molecular
SiHy at a pressure of =50 GPa does not transfomm
to the predicied thermodynamically stable My

4{] T L L 1 i i -
i T8 - . ]
_ 35¢ 16} - -
= ] T . ]
c
= molecular L  , 11
< 25}° 0| L |
# SiH . 1
£ »f . P
-4 . insulator
® Si
E 5 -‘" * meta 4
= 4
5F ‘.;\-__‘“ o ;
2 e — 1
G 2 [l " 1 5 L & i 5 L
0 50 100 150 200 250

Pressure (GPa)

Fig. 4. EOS of silane, silicon (25), and molecular
hydrogen (23). EQS of molecular silane at pressures
below 25 GPa was taken from (16). At higher
pressures, silane transforms to metal with Péy
structure (blue points), then at P > 110 GPa an
insulating f44/a phase appears (red points), so that
both phases coexist at higher pressures. Star points
indicate theoretical calculations from (11} for
molecular, insulating /44/3, and metallic C2/c phase.

phase (17) but instead collapses w a signilicantly
denser Poy phase (Fig. 4). According o theoret-
ical calculations (/7). a metallic Cv structure,
which is structurally similar 10 P6y (21}, is stable
above 250 GPa. The appearance ol the metallic
phase at 50 GPa mav be Kinetically driven. It is
likely that these two phases are indeed generical-
Iy connected 1w each other because extrapolation
of VIP) for Poy phase 1o 250 GPa gives a volume
close 1w the predicted value for theoretical 2V
structure (Fig. 4).

Despite the high intemal energy of the
metallic phase, the Gibbs energy can be low. As
the Gibbs free energy s the sum of three terms
the inemal enenzy, the PY work, and the entropy
the overall stability of a higher internal energy
mictastable structure can be stabilized by having a
much smaller volume and a large entropy. In this
case, the M6y phase reported here indeed has a
much smaller volume than the M4 phase. More-
over, the possibility of disordering in the H
positions may also help o increase the eptropy.
The Py and My phases can be separmted with a
significanmt kinetic barner because ol a larpe
difference in volumes. This dilTerence deeneases
with pressure (Fig. 4). and therefore transfomma-
tion o {40 phase becomes possible. Interest-
ingly, at the highest pressurcs of =200 GPa, this
transfomation slows down, apparently because
volumes (Fig. 4) and eneries of the two phases
approach cach other.
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Energy Gaps and Kohn Anomalies in
Elemental Superconductors

P. Aynajian,® T. Keller,™? L. Boeri,’ 5. M. Shapiro,” K. Habicht,® B. Keimer'*

The momentum and temperature dependence of the lifetimes of acoustic phonons in the elemental
superconductors lead and niobium were determined by resonant spin-echo spectroscopy with
neutrons. In both elements, the superconducting energy gap extracted from these measurements
was found to converge with sharp anomalies originating from Fermi-surface nesting (Kohn
anomalies) at low temperatures. The results indicate electron many-body correlations beyond the
standard theoretical framework for conventional superconductivity, A possible mechanism is the
interplay between superconductivity and spin- or charge-density-wave fluctuations, which may

induce dynamical nesting of the Fermi surface.

ver the past hall-century, a comprehen-

sive framework based on the Bardeen-

Cooper-Schrictler formulation (/) has
been developed for the interpretation of experi-
mental data on superconductors. Although this
framework has been challenged by the discovery
of high-tempemture superconductivity, it provides
a remarkably successiul descaption of the phys-
ical propertics of conventional low-temperature
superconduciors (2. Even today, however, the
prediction of two of the most important quantitics
charmcterizing a superconductor, the transition
temperature and the energy gap at the Fermi level,
from first pnnciples presents a formidable chal-
lenge o theory because they depend exponential-
Iy on material-specific pammeters such as the
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phononic and olectronic densities of states and
the electron-phonon coupling (.4). We present neu-
tron seattering data on the lifctimes ol acoustic
phonons in Pb and Nb (the two elements with the
highest superconducting  ansition emperalunes,
To= 7.2 and 9.3 K, respoctively ) that shed light on
the energy gap in conventional superconductors,

The energy gap can be dircetly determined in
phonon hifctime measurcments, becawse electron-
phonon scattering is suppressed (and the phonon
lifetimes are thus cnhanced) for encrgies below
the gap. Our data indicate a surpnsing relation
between the superconducting gap and the ge-
ometry of the Fenni surface, which also leaves
an imprint on the phonon lifetimes (+/): For pho-
non wave vectors connecting nearly parallel seg-
ments of the Fermi surface, the electron-phonon
scaltering probability s enhanced, and lifetime
extrema (termed Kohn anomalies) are generally
expected. We have recorded hitherto unknown
Koln anomalics in both Pb and Nb and found
that the low-temperture energy gap coincides
with such an anomaly in both materials. This
phenomenon has not been anticipated by the

standard theoretical fmmework for conventional
superconductors.

Both Kohn anomalies (5-8) and super-
conductivity-induced phonon renommalization (V)
have been observed by inclastic neutron scatter-
ing. However, because the requisite energy reso-
lution is difficult w oblin, these investigations
have been limited 1o a few selected materials, and
both ¢ffects have thus far not been studied ac-
curtely in the same matenal. The systematic in-
vestigation reportad here was made possible by
recent advances i resonant spin-ccho spectros-
copy with neutrons (/0-12), which have enabled
the determination of the lifetimes ol dispersive
excitations with peV energy resolution over the
entire Brillouin zone. In briel the spin echo is
generated on a inple-axis spectrometer by using
mdio-lrequency magnetic fields 1w manipulate
the spin polarization of neutrons scattered from a
crysial before and afier the scatiering event. The
excitation lifetime is then extracied from the spin-
echo decay profile.

The measurements were taken on high-purity
Pband Kb single crystals, The resulting spin-ccho
decay proliles for sclected trmnsverse acoustic
phonons m Pb and Nb(Fig, 1) are well described
by cxponentials, comesponding w Lorentzian pho-
non spectral functions; deviations from Lorentzian
linc shapes were not found within the experi-
mental emor. The spin-ccho decay mie (propor-
tional w the phonon linewidth and inversely
proportional 1o is lifetime ) decrcases upon low-
ering the temperature, reflecting the loss of the
electron-phonon decay channel in the supercon-
ducting state. The nonzero decay rate at the
lowest emperiures is due o instrumental limi-
tations, which can be quantitatively determined
o the basis of the phonon dispersion relations
and the mosaie spreads of the single-crystal sam-
ples (/3% The intinsic Lorentzian phonon line-
widths, I, are extracted by fining the decay proliles
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to exponentials (lines in Fig, 1) and comecting for
this instrumental contnbution.

The mirnsic wave vector (g)-dependent
lincwidths of the Jowcst-encrgy, transverse
acoustic phonon made 73 of Ph along g = (5, &,
0 is shown in Fig. 2A. At all wempermtures, shamp
anomalies in the phonon linew idths are scen at
5 =~ 0.25, 0,35, and 0,50 reciprocal lattice units
(r.Lu.) Although the phonon spectrum of Pb
has been studied extensively by conventional
neutron spectroscopy, these particular features
have not been recognized because of insuflicient
energy resolution, The same features also appear
in the phonon dispersion relation (Fiz. 2B): Max-

ima in the phonon linewidith coincide with char-
actenstic S-shaped deviations from the g lincar
dispersion, as stipulated by the Krimers-Kronig
relation that holds for all excitations i solids,
Artefacts associated with the new measurement
method would generally not be Kramers-Kronig
consistent and can thus be ruled out. This implics
that phonons with the anomalous wave veetors
shown in Fig, 2A are ininsically unstable toward
decay into other elementary excitations. In prin-
ciple, the decay products can be either other pho-
nons (generated, for instnee, by anharmonic lemms
inthe latice potential) or electron-hole pairs {orig-
inating from Kohn anomalics), The features at
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Fig. 1. Spin-echo decay profiles of transverse acoustic phonons at g = (0.26, 0.26, 0), phonon
energy £ = 2.32 meV in Pb (top two curves) and g = (0.11, 0, 0), £ = 2.06 meV in Nb (bottom two
curves) at selected temperatures. The spin polarization of the beam at the detector is plotted versus
the spin-echo time ¢ (10, 11). The lines are the results of fits of exponentials (corresponding to
Lorentzian spectral functions) to the data. (Inset) A conventional triple-axis scan through the
phonon in Pb. Error bars indicate the statistical errors.
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£~ 0.35 and 0.5 can be associated with Kohn
anomalies because these wave vectors are Known
as nesting vectors of the Fermu surface (/4).
Indeed, Kohn anomalies have been observed at
these wave vectors in the longitudinal phonon
branch of Ph (3, 6, /7). The origin of the feature
at £ ~ 0.25 is more subtle because this wave
vector does not match any known spanning vee-
tor of the Fami surface, A possible origin is a
three-phonon decay process previously observed
in the spectrum of phonons in liquid helium,
which are unstable because their phase velocity
exceads the velocity of sound (13, /6). Indeed,
aceurate measuremants of the phonon dispersions
in Pb (Fig. 2B) show that the phonon phase ve-
locity exceeds the sound velocity around £ - D235,
presumably as a consequence of the dispersion
anonmaly at § ~ 035, This process has thus Gar mot
been observed in sohds and deserves Turther in-
vestigation. Anhammonie tenms in the lattice po-
temtial may also contnbute o the anomaly.

We focused on the influence of super-
conductivity on the phonon linewidths below
I. = 7.2 K. As the superconductor is cooled
below T, the electron-hole decay channel is
closed (and I is reduced) below the energy gap
2A(T). This effect is observed at low wave vee-
tors £ in Fig. 2A. In particular, I” approaches O for
T =< T, amound £ = 032 |comesponding o a
phonon energy o 2.47 meV, below the low-
temperature limit of 24 -~ 2.7 meV known from
wmneling measurements (/7). For lower ener-
gies around £ ~ 025, however, I remains non-
zero even at the lowest temperatures, supporting
the notion that the linewidth anomaly at this
wave vector originates from the three-phonon
down-conversion process discussed above and/or
lattice anharmonicity and not from eleciron-hole
pair production. We removed the contribution of
this process for clarity and show only the phonon
linewidth, T'ep, directly auributable 1o the
electron-phonon inmeraction (Fig. 3). As expected,
I'e exhibits a maximum because of the pileup of

Energy [meV]
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1

D‘ T = T

T
0.1 0.3
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Fig. 2. (A) Linewidths of transverse acoustic phonons along g = (2, £, 0)in Ph
at selected temperatures. The data were obtained by correcting the measured

spin-echo decay rates for instrumental effects (13). The gray symbols are the
results of ab initio lattice-dynamical calculations, as described in the text. Error
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bars indicate the statistical errors. (B) Dispersion relation of the same phonon
extracted from triple-axis data. (Inset) The phonon phase velocity (Elg)
computed from the data. The blue line in (B) and the black line in the (B) inset
represent the experimentally determined sound velocity (29).
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electronic density of states above 2A(1), which
moves o progressively  higher energies upon
cooling and closely tracks the energy gap de-
termined in prior wnneling measurcments (47)
(Fig. 3 inset), Sumrisingly, however, the super-
conductivity-induced maximum of Iy, merges
with the Kohn anomaly as T — 0. At T=035 K,
both ancmalics are indistinguishable within the
MSASURITICTL CTTOL

In order to explore whether the coincidence of

28 T—0) and the Kohn anomaly in Pb is acci-
dental, we performed similar experiments on pho-
nons in Nb, an elemental superconductor with a
ditferent Fermi surface and phonon spectrum,
Figure 44 shows the momentum-dependent line-
widths of the transverse acoustic phonon bmnch
along (£, 0, 0} in Nb at temperstures above and
below T = 9.3 K. The data above T, are in Fair
agreement with prior work (9), but they reveal

several sharp features that have not been been
identified before. In part on the basis of ab
it lattice dynamical calculations, they can be
identificd as Kohn anomalics (see below), The
existence of @ Kohn anomaly at £ ~ 0.17 per-
sisting up w0 mom temperature has been sug-
gested on the basis of prior expenmental work
(7, 18). As desenbed above for Ph, the linewidths
are reduced below and enhanced above the gap
tor quasi-particle-pair production, 2A(T), in the
superconducting state, and the low-lemperature
electron-phonon linewidth shows the expecied
dependence on wave vector {or energy). Similar
to the observation in Ph, the 2M7—40) extmeied
from the low-temperatre Uep of Nb again
coincides with the lowest-cnergy Kohn anomaly
within the experimental emor (Fie. 4B).

To help mierpret these observations, we
calculated the phonon dispersions and linewidths

Fig. 3. Contribution of Energy [meV)

the electron-phonon in- 1.6 2.0 2.4 28 3z
teraction to the linewidth 5T ¥ " H Pb]
of the transverse acoustic ] .
phononalong g =%, 2, 0} 3 ad J W\

in Pb. The corresponding
E is provided by the scale
at the top; note the non-
linear E-versus-g relation-

ship (Fig. 2B). The lines
are results of least-squares
fits to the Bardeen-Cooper-
Schrieffer (BCS) excitation
spectrum function (30).
Error bars indicate the
statistical errors. (Inset)
The temperature depen-
dence of the superconduct-

ing energy gap (squares)
and Kohn anomaly (trian-
gles) extracted from the

T T T
0.28 0.32 0.36

Ein (BEO) [r.lu.]

040

fits. The line in the inset shows the BCS expression for the superconducting gap (2), which was
experimentally confirmed by tunneling spectroscopy (17). The error bars account for systematic errors
associated with extracting the peak positions. At T= 0.5 K, for instance, fits to two peaks with energies at
the end points of the error bar are in acceptable agreement with the data.
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in the framework of ab-initio density functional
perurbation theory in the local-density approxi-
mation (LDA) (/3) on a very fine mesh of q
points in reciprocal space. The phonon fre-
quencics were obtained by diagonalization of
the dynamical matrices and the clectron-phonon
Iinewidihs by Allen’s formula (/9. The results
are in reasonable overall agreement with the
expenimental data (Figs. 3 and 4). In particular,
both the phonon frequencies and the linewidihs
associated with Kohn anomalies in the high-
energy mnsverse acoustic phonons of Nb (Fig.
4A) and in the longitudinal phonon of Pb (/3)
are well deseribed, indicating that the resolution
of the caleulmions 15 sulliciem to reproduce
subtle structures in g space.

The lowest-lying Kohn anomalies i the
transversc-acoustic phonon branches of both Ph
and Nb are, however, nol reproduced by the
calculations {Figs. 3A and 4. A and B), These
anomalies therefore onginate i lactors not
ncluded in the caleulations, such as the rela-
tivistic spin-orbit coupling, phonon nonadia-
baticity (200, or many-body correlations beyond
Allen’s formula (24, 22) or the LDA. Because the
Kohn anomalies in Pb and Nb are of comparable
strength, the spin-orbit coupling (which is much
stronger in Ph than in Nb) cannot be responsible.
Because ol the large Fermi encrgies ol bath ma-
tenals, nomadiabatic electron-phonon  coupling
effects should also be extremely weak.

This leaves eleciron correlation efliects be-
yond the LDA as the most likely mechanism
responsible for the low-cnergy Kohn anomalies.
It scems reasonable 10 assume that the same
comrelations are also responsible for the observed
coincidence of 2A{ =0y with the same anoma-
lics. Because the anomalics persist o lemper-
atures above 100 K, superconducting fluctuaions
are unlikely 1o be directly responsible. We note,
however, that the formation ol spin or charee
density waves driven by electron comelations has
been predicied for Pb and other elemental metals
(23, Ahhough extensive searches for siatic
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Fig. 4. (A} Linewidths of transverse acoustic phonons along g = (2, 0, 0)
in Nb at two different temperatures. The gray symbols are the results
of lattice-dynamical calculations, as described in the text. (B} Elowup

www.sciencemag.org SCIENCE WOL 319

statistical errors.
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of the low-g segment of (A). The corresponding E is provided by the
scale at the top. The lines are guides to the eye. Error bars indicate the
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to exponentials (lines in Fig, 1) and comecting for
this instrumental contnbution.

The mirnsic wave vector (g)-dependent
lincwidths of the Jowcst-encrgy, transverse
acoustic phonon made 73 of Ph along g = (5, &,
0 is shown in Fig. 2A. At all wempermtures, shamp
anomalies in the phonon linew idths are scen at
5 =~ 0.25, 0,35, and 0,50 reciprocal lattice units
(r.Lu.) Although the phonon spectrum of Pb
has been studied extensively by conventional
neutron spectroscopy, these particular features
have not been recognized because of insuflicient
energy resolution, The same features also appear
in the phonon dispersion relation (Fiz. 2B): Max-

ima in the phonon linewidith coincide with char-
actenstic S-shaped deviations from the g lincar
dispersion, as stipulated by the Krimers-Kronig
relation that holds for all excitations i solids,
Artefacts associated with the new measurement
method would generally not be Kramers-Kronig
consistent and can thus be ruled out. This implics
that phonons with the anomalous wave veetors
shown in Fig, 2A are ininsically unstable toward
decay into other elementary excitations. In prin-
ciple, the decay products can be either other pho-
nons (generated, for instnee, by anharmonic lemms
inthe latice potential) or electron-hole pairs {orig-
inating from Kohn anomalics), The features at
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Fig. 1. Spin-echo decay profiles of transverse acoustic phonons at g = (0.26, 0.26, 0), phonon
energy £ = 2.32 meV in Pb (top two curves) and g = (0.11, 0, 0), £ = 2.06 meV in Nb (bottom two
curves) at selected temperatures. The spin polarization of the beam at the detector is plotted versus
the spin-echo time ¢ (10, 11). The lines are the results of fits of exponentials (corresponding to
Lorentzian spectral functions) to the data. (Inset) A conventional triple-axis scan through the
phonon in Pb. Error bars indicate the statistical errors.
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£~ 0.35 and 0.5 can be associated with Kohn
anomalies because these wave vectors are Known
as nesting vectors of the Fermu surface (/4).
Indeed, Kohn anomalies have been observed at
these wave vectors in the longitudinal phonon
branch of Ph (3, 6, /7). The origin of the feature
at £ ~ 0.25 is more subtle because this wave
vector does not match any known spanning vee-
tor of the Fami surface, A possible origin is a
three-phonon decay process previously observed
in the spectrum of phonons in liquid helium,
which are unstable because their phase velocity
exceads the velocity of sound (13, /6). Indeed,
aceurate measuremants of the phonon dispersions
in Pb (Fig. 2B) show that the phonon phase ve-
locity exceeds the sound velocity around £ - D235,
presumably as a consequence of the dispersion
anonmaly at § ~ 035, This process has thus Gar mot
been observed in sohds and deserves Turther in-
vestigation. Anhammonie tenms in the lattice po-
temtial may also contnbute o the anomaly.

We focused on the influence of super-
conductivity on the phonon linewidths below
I. = 7.2 K. As the superconductor is cooled
below T, the electron-hole decay channel is
closed (and I is reduced) below the energy gap
2A(T). This effect is observed at low wave vee-
tors £ in Fig. 2A. In particular, I” approaches O for
T =< T, amound £ = 032 |comesponding o a
phonon energy o 2.47 meV, below the low-
temperature limit of 24 -~ 2.7 meV known from
wmneling measurements (/7). For lower ener-
gies around £ ~ 025, however, I remains non-
zero even at the lowest temperatures, supporting
the notion that the linewidth anomaly at this
wave vector originates from the three-phonon
down-conversion process discussed above and/or
lattice anharmonicity and not from eleciron-hole
pair production. We removed the contribution of
this process for clarity and show only the phonon
linewidth, T'ep, directly auributable 1o the
electron-phonon inmeraction (Fig. 3). As expected,
I'e exhibits a maximum because of the pileup of

Energy [meV]
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1

D‘ T = T

T
0.1 0.3
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Fig. 2. (A) Linewidths of transverse acoustic phonons along g = (2, £, 0)in Ph
at selected temperatures. The data were obtained by correcting the measured

spin-echo decay rates for instrumental effects (13). The gray symbols are the
results of ab initio lattice-dynamical calculations, as described in the text. Error
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bars indicate the statistical errors. (B) Dispersion relation of the same phonon
extracted from triple-axis data. (Inset) The phonon phase velocity (Elg)
computed from the data. The blue line in (B) and the black line in the (B) inset
represent the experimentally determined sound velocity (29).
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electronic density of states above 2A(1), which
moves o progressively  higher energies upon
cooling and closely tracks the energy gap de-
termined in prior wnneling measurcments (47)
(Fig. 3 inset), Sumrisingly, however, the super-
conductivity-induced maximum of Iy, merges
with the Kohn anomaly as T — 0. At T=035 K,
both ancmalics are indistinguishable within the
MSASURITICTL CTTOL

In order to explore whether the coincidence of

28 T—0) and the Kohn anomaly in Pb is acci-
dental, we performed similar experiments on pho-
nons in Nb, an elemental superconductor with a
ditferent Fermi surface and phonon spectrum,
Figure 44 shows the momentum-dependent line-
widths of the transverse acoustic phonon bmnch
along (£, 0, 0} in Nb at temperstures above and
below T = 9.3 K. The data above T, are in Fair
agreement with prior work (9), but they reveal

several sharp features that have not been been
identified before. In part on the basis of ab
it lattice dynamical calculations, they can be
identificd as Kohn anomalics (see below), The
existence of @ Kohn anomaly at £ ~ 0.17 per-
sisting up w0 mom temperature has been sug-
gested on the basis of prior expenmental work
(7, 18). As desenbed above for Ph, the linewidths
are reduced below and enhanced above the gap
tor quasi-particle-pair production, 2A(T), in the
superconducting state, and the low-lemperature
electron-phonon linewidth shows the expecied
dependence on wave vector {or energy). Similar
to the observation in Ph, the 2M7—40) extmeied
from the low-temperatre Uep of Nb again
coincides with the lowest-cnergy Kohn anomaly
within the experimental emor (Fie. 4B).

To help mierpret these observations, we
calculated the phonon dispersions and linewidths

Fig. 3. Contribution of Energy [meV)

the electron-phonon in- 1.6 2.0 2.4 28 3z
teraction to the linewidth 5T ¥ " H Pb]
of the transverse acoustic ] .
phononalong g =%, 2, 0} 3 ad J W\

in Pb. The corresponding
E is provided by the scale
at the top; note the non-
linear E-versus-g relation-

ship (Fig. 2B). The lines
are results of least-squares
fits to the Bardeen-Cooper-
Schrieffer (BCS) excitation
spectrum function (30).
Error bars indicate the
statistical errors. (Inset)
The temperature depen-
dence of the superconduct-

ing energy gap (squares)
and Kohn anomaly (trian-
gles) extracted from the

T T T
0.28 0.32 0.36

Ein (BEO) [r.lu.]

040

fits. The line in the inset shows the BCS expression for the superconducting gap (2), which was
experimentally confirmed by tunneling spectroscopy (17). The error bars account for systematic errors
associated with extracting the peak positions. At T= 0.5 K, for instance, fits to two peaks with energies at
the end points of the error bar are in acceptable agreement with the data.

REPOI

in the framework of ab-initio density functional
perurbation theory in the local-density approxi-
mation (LDA) (/3) on a very fine mesh of q
points in reciprocal space. The phonon fre-
quencics were obtained by diagonalization of
the dynamical matrices and the clectron-phonon
Iinewidihs by Allen’s formula (/9. The results
are in reasonable overall agreement with the
expenimental data (Figs. 3 and 4). In particular,
both the phonon frequencies and the linewidihs
associated with Kohn anomalies in the high-
energy mnsverse acoustic phonons of Nb (Fig.
4A) and in the longitudinal phonon of Pb (/3)
are well deseribed, indicating that the resolution
of the caleulmions 15 sulliciem to reproduce
subtle structures in g space.

The lowest-lying Kohn anomalies i the
transversc-acoustic phonon branches of both Ph
and Nb are, however, nol reproduced by the
calculations {Figs. 3A and 4. A and B), These
anomalies therefore onginate i lactors not
ncluded in the caleulations, such as the rela-
tivistic spin-orbit coupling, phonon nonadia-
baticity (200, or many-body correlations beyond
Allen’s formula (24, 22) or the LDA. Because the
Kohn anomalies in Pb and Nb are of comparable
strength, the spin-orbit coupling (which is much
stronger in Ph than in Nb) cannot be responsible.
Because ol the large Fermi encrgies ol bath ma-
tenals, nomadiabatic electron-phonon  coupling
effects should also be extremely weak.

This leaves eleciron correlation efliects be-
yond the LDA as the most likely mechanism
responsible for the low-cnergy Kohn anomalies.
It scems reasonable 10 assume that the same
comrelations are also responsible for the observed
coincidence of 2A{ =0y with the same anoma-
lics. Because the anomalics persist o lemper-
atures above 100 K, superconducting fluctuaions
are unlikely 1o be directly responsible. We note,
however, that the formation ol spin or charee
density waves driven by electron comelations has
been predicied for Pb and other elemental metals
(23, Ahhough extensive searches for siatic
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Fig. 4. (A} Linewidths of transverse acoustic phonons along g = (2, 0, 0)
in Nb at two different temperatures. The gray symbols are the results
of lattice-dynamical calculations, as described in the text. (B} Elowup
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statistical errors.
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of the low-g segment of (A). The corresponding E is provided by the
scale at the top. The lines are guides to the eye. Error bars indicate the
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density waves in simple matals have been un-
successlul, it s concenvable that Nuctuations
charactenistic of such states dynamically enhance
the nesting propertics of the Fermi surface and
hence the propensity for Kohn anomalics in the
phonon spectrum, Indeed, experiments on charge-
density-wave matenials such as NbSe; have
revealed Koln anomalies (¥) and Fenmi-surface
“pseudogaps™ (24, 23) in the extended Nuctuation

regime at temperatures well above the onset of

static density-wave onder, Detailed  theoretical
work is requirad 10 msess whether interfenence
between density-wave and superconducting cor-
relations can limit the growth of the supercon-
ducting gap and lead 1o the observed convergence
of both encrgy scales at low temperatures,

Our expenments on two differem elemental
supcrconductors demonstrate that the low-
temperature limit of the superconducting encrgy
gap coineldes with low-lying Kohn anomalies in
trmnsverse acoustic phonons. Because both super-
conductors exhibit different lattice structures, pho-
non spectr, Fermi surfaces, and superconducting
gaps, this coincidence cannol be accidental. Al-
though its origin is presently unclear, a specific
scenario o explore in future theoretical work is
the interplay between density-wave and super-
conducting correlations. Lastly, we point out a
possible analogy o rescarch on high-temperature
superconductors, where an anomalous coinei-

dence of the superconducting gap with a weakly
temperature-dependent pseudogap has recently
been reported inosome regions of momentum
space (26-28).
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Synthesis of Macrocyclic Copolymer
Brushes and Their Self-Assembly
into Supramolecular Tubes

Michel Schappacher and Alain Deffieux*®

We report on an efficient route to design large macrocyclic polymers of controlled molar mass
and narrow dispersity. The strategy is based on the synthesis of a triblock copolymer ABC, in which
the long central block B is extended by two short A and C sequences bearing reactive antagonist
functions. When reacted under highly dilute conditions, this precursor produces the corresponding
macrocycle by intramolecular coupling of the A and C blocks. Chloroethyl vinyl ether was selected
as the monomer for the central block B, because it can be readily derivatized into brushlike
polymers by a grafting process. The corresponding macrocyclic brushes were decorated with
polystyrene or randomly distributed polystyrene and polyisoprene branches. In a selective
solvent for the polyisoprene branches, the macrocyclic brushes self-assemble into

cylindrical tubes of up to 700 nanometers.

he interest in cvelic macromolecules be-
g more than 30 vears ago with the
theoratical prediction of the effect of chain

cyclization on polymer properties (£, 2) and the
discovery ol natrally occuming macrocycles such
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as DNA (F). Recently, the self-assembly of pro-
teins into nanorings for the fabrication of ad-
vanced materials has been reported (). Because
of their very limited availability, lrge polymer
macrocycles remain a Bscinating curiosity [or
theoreticians and plvsicists and a challenging area
for synthetic chemists (5).

Macrmoceyelic polvmers were first obtained
from macromolecules systems exhibiting ring-
lincar chain equilibria (6). In such systems, low-
to-medium molar mass macrocycles are obtained

generlly in admixture with lincar chains, al-
though a more selective approach has been re-
cently reported by Grubhs (7).

The most appropriate method for the synthe-
sis of evelic polvmers with comrolled size and
namow dispersity was {irst proposed by Casassa
(4 more than 40 vears ago. 1t is based on the end-
to-end chain coupling of linear auo-difunctional
chains in highly dilute conditions. Coupling of
crw-dianionic polvmers with difunctional agems
has been the most extensively used nng closure
approach (911 however, evelization vields for
large macrocyeles are generally low, and frac-
tionation procedures are required 1o remove ne-
sidual lincar chams and polycondensates (/2).
An altemative route 15 based on the end-to-end
coupling of woe-heterodifunctional inear chan
i /3). Cyclization is performed under high dilu-
tion by sclective activation of one polvimer end,
which reacts intramolecularly with the second
chain end. Higher evclization vields have been
eported but molar masses of the macrocyeles
remain limited. A more selective approach was
proposed by Tezuka (/4) that involves the pre-
evelization of linear chains bearing ionic end
groups. However, only very low molar mass
macrocveles have been synthesized.

The prepamtion of large macrocyelic poly-
micrs and copolymers is thus limited (£2) by (i)
the difficulty 0 get pure om-difunctonal high
miolar mass precursors, (i) the dristic decrease of
the end-to-end ring closing efliciency when in-
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creasing the distance between chain ends, and
{1t} the problem of climination of lincar contam-
mants of the same high molar mass.

We have developad a method 1o synthesize
large polvmer macrocyeles based on the synthe-
sis of an ABC wiblock copolymer, in which the
long cemral B block 1s extended by two short
A and C sequences baaring monomer units with
reactive antagonist functions (Fig. 1) The ex-
temal blocks are then selectively activated under
dilute conditions 1o allow imramolecular cou-
pling between the A and C blocks and form the
macrocvelic polvmers, with Tunther functionaliza-
tion 10 form the corresponding brush polymers
with polyvstyrene (PS) or randomly distributed
polysiyrene and polyisoprene (PSP brunches,

The ABC copolymers were obtuned by se-
quential living cationic polymerization of three
different vinyl ethers (fig. S1) The shon A block
consists of units of fer-butyl dimethyl silyl ethoxy
vinyl ether (a hydroxy-protected vinyl ether).
Chloroethy] vinyl ether (CEVE) was sclected as
the sccond monomer for the B block, because
PCEVE |polyiCEVE)] can be readily converned
into the cormresponding PS brush structure (/5).
Finally, block C' was grown by addition ol cy-
clohexane dimethanol divinyl cther (a divinyl
ether), which allows immoducing monomer units
bearing vinyl cther side groups in appropriate
reaction conditions. Detailed inlormation on the
synthesis methods can be found in the supporting
online material,

Typically, the tinblock copolymers were con-
stited 0 AL B, and C blocks with targeted aver-
age degree of polymerization (DPy) of roughly
5, 1000, and 5, respectively. The propertics of the
ABC copolymer “(L)" are given in Table 1.

Alier deprotection of the hydroxyls on the
block A's, cyclization was achieved under high
dilution via their intramolecular reaction with the
vinyl ether functions on block C's in the presence
ol an acid salt as a catalyst. The size exclusion
chromatograms (SECs) of the ABC copolymer
before and afier cyelization are shown in Fig, 2.

The shift of the main SEC peak 1o higher
clution volume is consistent with the reduction of
the hydrodynamic volume of the macromolecule
afier chain eyvclization (761 The shght peak broad-
ening and the presence of two small peak shoul-
ders indicate the presence of a limited amount of
residual linear precursor and of hincar or evelic
dimers, Some characienistics of cyelic copolymer
“{CY that formed are indicated in Table 1. s
difficult to zat more precise and direct informa-
tion on the architecture of the polymers formed
and on the evelization vield, with convemtional
analvtical technigues.

The synthesis of PS brushes by grafting living
polystyry] lithium (PSLi) andior polyisoprenyl lith-
ium {PIL3) oo PCEVE dlains has been studied in
our group (7, 18), One advantage ol this approach
relics om the capacity to preciscly control the archi-
tecture and dimensions of the brush, given that
both the PCEVE backbone and the PS grafls are
obtained by living polymenzations, In addition,

www.sciencemag.org SCIENCE VOL 319

the good efficiency and selectivity of the coupling
reaction allow the preparation of brush polymers
exhibiting the same architecture as the il PCEVE
backbone as shown by atomic force microscopy
(AFM) (79). This strategy was applied here o con-
ven large macrocvelic polymers imo the corme-
sponding cyvelic PS brushes, This approach had
been tried with eyvelic PCEVE of low molar miass
prepared from an aw-heterodifunctional procur-

catalyst
high dilution
linear
ABC triblock
P5-DPELI
Macrocyclic PS-brush

Macrocyclic PS, Pl-brush

REPORTS

sor (20}, but the formation of cyclic brush was
not demonsirated.,

The SEC chromatogram of a cyelie fush-Ca
15 shown i Fig, 2. The main clution peak can be
attributed 1o macroeyelic brushes, whereas the two
small shoulders obscrved at lower clution volume
have been assigned on the basis of statie hight
scattering (SLS) measurcments (24) to lincar PS
brushes and 1o brush dimers of vadous architec-

Ps
ps-DPELi Pl

PI-DPELi

Tubular self-assembly

Fig. 1. Strateqgy for the synthesis of cyclic comblike copolymers and their self-assembly. PS-DPELI,
(1,1-diphenylethylene) end-capped polystyryllithium; PI-DPELI, (1,1-diphenylethylene) end-capped

polyisoprenyllithium.

Table 1. Dimensional characteristics of linear (L) and cyclized (C) ABC copolymer and of the cor-
responding macrocyclic brushes with different PS or PS/PI branch lengths, M, number-average molecular
weight; M,,, weight-average molecular weight; M, app, apparent M,; M, app, apparent SEC peak molecular
weight.

Chain + M, app* M, app* m
architecture® Bfa (x 1077 MM (x 107%) (x 107
L 0 92 1.05 29 95
C 0 78 115 76 96
PS brush-Ca 2010 740 114 800 5900
PS brush-Cb 260/0 1650 1.09 2160 10,200
PS/PI brush-Cc" 170/50 a7z 110 967 6800
*DF, of PCEVE is 870,  {DP, of PS or Pl branches. $Determined by 5EC in THF by means of PS standards,  §Measured by 515
with refractive index increments (dnfde) of 0.09 {PCEVE L and C), 0.18 (PS5 brushes), and 015 (PSPl brush).  |INumber of PS
and Pl branches per macromolecule are 400 and 350, respectively, which comesponds to 80% in weight of PS,
cyelie Cwelic (C)
'S Brush
L3
=
=
=
(L)
linear ARC
16 0

elution val (ml)

Fig. 2. SECs in tetrahydrofuran (THF) of ABC copolymer (L), cyclized polymer (C), and correspond-
ing cyclic P5 brush-Ca (see Table 1).
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turgs, Direct imaging (/9, 22-24) allowed us
contimm these conclusions and to get direat and
quanttatve information on the cyclic polymer
structures obtamed. The AFM topographic image
ol bresir-Ca (Fig, 3A) shows smgle macromole-
cules isolated on the highly onented pyrolyiic
graphite surface. Most of the structurnes observed
are monodispered macrocyelic brushes, which
agrees with a eyvelization efficiency of 30 10 60%,
Among the other polymer architeciures observed
are lincar brushes comesponding 1o uncyclized
ABC copolymer, linear and macrocyelic dimers
exhibiting abow twice the size of the linear pre-
cursor or of the corresponding evelics, and tad-
|'|U|u sUCiungs,

Samples contaming larger fractions of mac-
rocyelic brushes were readily obtuned by selec-
tive precipitation (rom evelohexane solution upon
gradually deercasing the wmperature from 197 1o

| 8°C, comesponding to the theta conditions of

comb PS. The AFM mmage of the fmctionated
breslr-Ca 15 shown in Fig. 3B, Typically, the

[mctomated samples contam about 800 83%, of

cvelic brushes. The main chamcteristics ol the
evelic brushes are provided in Table 1. The in-
Micnce of the PS gml dimensions on the char-
actenstics of the brush macrocyeles is shown in
Fig. 3, Cand D, for samples with | DP,) of %
and 260, respectively. The two evelic brushes
obained fiom a PCEVE with a DP, of %70 are
characterized by a mean average diameier of 63
to 70 nm for the central backbone (fig. 52). This
vields a circumiference of 205 10 220 nm for the
cyelized PCEVE. Assuming a DP,, of 870 and
a value of 2.5 A per monomer unit, this cor-
responds oa fully extended backbone confor-
mation (870 nm = 0.25 nm = 217.5 nm}). This

Fig. 3. (A and B) Topographic images of crude and fractionated cyclized PS
brush-Ca, respectively, showing the formation of cyclic brushes and the presence
of residual uncyclized brushes (unimer and dimer). Some more complex archi-
tectures, such as cyclic dimers, "tadpoles,” and "bicycles,” are also observed
[structures within yellow dirclesin (Al]. (C and D) Topographic images of two cyclic
PS brush samples—brush-Ca and brush-Cbh—with PS branch DF,, of 100 and 260,
respectively (Table 1), after fractionation by precipitation. The red circles of
identical size show the position of the central PCEVE backbone. AFM topographic
(E} and phase (F} images of tubular objects formed by self-assembly of cyclic PS/FI
brushes—brush-Cc (Table 1}—obtained from deposits on highly oriented pyro-
lytic graphite of their heptane solution. (E} Aggregate of tubes and isolated tube

can be explinad by the steric hindrance and
compaciness near the PCEVE backbone result-
g from the ligh PS grafiing density, which ac-
cording to the brush molar mass (Table 1)
comesponds 1o about three PS5 gralls every lour
CEVE units. However, no chain breaking was
observed despite the strong mechanical forees
apphied to the PCEVE backbone. The crown
section and the size of the central caivity ane de-
temmined by the branch length and can be wned
by controlling the PS DP,. As it may be seen
(Fig. 3, A and D), the macrocyeles as well as
other brush architectures are separmted by an
almost constant distance, which comesponds 1o the
length of two PS branches in an almost fully
extended conformanon (g, S2),

To obtain the comesponding cyelic copolymer
brushes with PS/P] branches, we successively ne-
acted polvstvryllithium and polyisoprenyllithium
both end-capped with 1, 1-diphenylethylene in de-
temmuined amounts with the macrocyelic PCEVE
o yield evelic brushes with PSPL branches that
were randomly distnbuted (Fig. 1) The char-
acteristics of one eyclic PSP brush used in this
study are indicated in Table 1. is capacity to self-
organize was investigated in heplane —a sclective
solvent of the PL blocks by dvnamic light scat-
tering (DLS) and by AFM as solid deposits from
their solutions. In heptane, the evelic PSP beush
copolvmer sell-assembles, forming a single and
monodisperse population of large cvlindrical

objects with an average hvdrodvnamic mdies of

200 nm. The comesponding DLS data are available
as supporting online material (fg. S3). Further in-
sight in these supramolecular structures was gamed
by AFM analysis (Fig. 3, E and F). The sclective
formation of ngid wbular objects (with section

(diameter, 100 nm; length, 600 nm). (F) Series of tubes interconnected by their
polyisoprene shell (black) and image in reverse mode showing the internal PS (purple} and external Pl {green) parts. The stripes corresponding to the elementary

macracyclic copolymer brushes are also visible,
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diameters of about 100 nm, corresponding to che-
mentary macrocyelic PSP brushes, and lengths of
up o 70O ) that were either solated or aggre-
giated 15 observad. This agrees with the sell-
assembly of elementary evehie brushes directed by
intermolecular association between PS branches,
whereas the Pl grafis ensure their dispersion

solubiliztion mto the sclective P solvent. Al-
though they are not ohserved in heplane solution,
the fommuation of clusters ol wbular objects observed
on APM images (Fig. 3E) likely takes place during
solvent evaporation on graphite. The length of the
supramolecular ubes, as well as the observed stue-
tural detects, resulis from the contribution of remain-
ing lincar and other brush structures that perturb or
stop the sell-mssembly of bnsh macrocyvelkes,

We have developed a selective route o farge
macrocylic polymers based on the coupling of
extermal short blocks off ABC-type copolymers,
The substantial inercase in eyelization efliciency
can be attributed both 1o the high functionality
ol ABC precursor and 1o the presence ol several
reactive functions at ¢ach chan end that increase
the probability of intrmmolecular end-to-end eyveli-
zation. As indicated by the absence of eross-linked
chains or high polveondensates, the presence of
several reactive groups al cach chain end does
not vield significant multichain coupling under
high dilution.

The obtained macrocvelic brushes constitute
a class of macromolecules with a precise and tun-
able chain architecture that can be used as such or
as clememtary building blocks Tor the preparation
ol supramolecular wibes, the structure of which
can be eventually frozen by cross-linking. By
changing the character and proporion of the con-

shitutive blocks, tubular assemblics ane expected
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to be formed in different media, whereas the inner
surface of the tube can be wned for a targeted
apphication by selecting a second type of con-
stitutive block of appropriate chamcteristics and
prroperics.
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Splitting of the 520-Kilometer Seismic
Discontinuity and Chemical Heterogeneity

in the Mantle

Ashima Saikia,” Daniel ]. Frost, David. C. Rubie

Seismic studies indicate that beneath some regions the 520-kilometer seismic discontinuity

in Earth's mantle splits into two separate discontinuities (at ~500 kilometers and ~560 kilometers).
The discontinuity near 500 kilometers is most likely caused by the (Mg,Fe),Si0, [-to-y phase
transformation. We show that the formation of Ca5i0; perovskite from gamet can cause the
deeper discontinuity, and by determining the temperature dependence for this reaction we
demonstrate that regional variations in splitting of the discontinuity arise from variability in

the calcium concentration of the mantle rather than from temperature changes. This
discontinuity therefore is sensitive to large-scale chemical heterogeneity. Its occurrence and
variability yield regional information on the fertility of the mantle or the proportion of recycled

oceanic crust.

ecent regional seismic observations have
R]nlunliﬁud multiple discomtinuitics near

the depth of the 5320-km discontinuity
mn the ransition zone (/-4 Beneath some re-
gions, this discontinuity splits into two dis-
continuities, one at a depth of about 500 km
and the other near 560 km (/). The depth of
these two discominuitics varies, implying that
they are marking phase wransitions that are re-
sponding 10 varations i composition between
regions of the mantle or o varying lemperature,
The wadslevite-to=ringwoodite (P-v) ransition 15
often implicated as the cause of the 320-km
discontimuity (5). However, the exsolution of
CaSi0y perovskite from majontic gamet that also
occurs at a similar depth could cause the ob-
served higher pressure split in the 320-km dis-
continuity (63 This reaction is complex because
majontic gamet s a multicomponent solid solu-
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tion. Existing data (7-/0) are not sulliciently
consistent for modeling how the reaction vanes
with respect o pressure, temperature, and mantle
composition. We studied the exsolution of Ca
perovskite i high-pressure and  -temperature
experiments in order o ascertain the depth in-
terval over which the reaction occurs. We also
estimated the jump in density and sound velocity
expected for this reaction and wsed these data o
cxplain regional occurrences of single and split
320-km discontinuitics,

Al mid-trnsition=zone  pressurcs (17 GPa),
gamel will contain all of the Ca in most plavsible
mantle chemical compositions and will have a
substantial majorite component (.., MggSigOya),
which results from the substitution of 5i and Mg
into the Al site @ high pressure (/1. 12). The
proportions of Ca and Al in mnsition-zone gamets
will vary stongly between dillerent rock types,
being low in mocks of pendotite composition but
much higher in mocks that are remnants of sub-
ducted oceanic crust, that is, with the composition
of midoccan ndge basalt (MORB), With in-
creasing pressure, Ca perovakite exsolves from

pamel as the solubility of CaSi0Oy m gamet de-
creases. We measurad this solubility in multianvil
experiments between 15 and 24 GPa at 1400° and
1600°C and as a function of the gamet majorite
content (L. AUSI mtio). Ca-free glass compositions
on the join (Mg.FelSiy05 (Mg FelALSIO 5
were mixed with presynthesized CaSit; wollas-
tonite in a 1:2 weight ratio to produce starting
materials for multianyil experiments. These sumn-
ples were loaded into rhenium capsules that con-
taned four sample chambers (Fig. 1) Three
samples with varving AUSi mtos were loaded
into each expenment, plus a (Mg FelaSi0, sam-
ple to calibrate the pressure. During the experi-
mecnl, the pliss and CaSi0, compesitions ervstalleee
rapidly o form gamet and perovskite, respec-
tively, and CaSi0y dissolves into the gamet (1.3).
The diltusion imo the gamet is slow, and exper-
imenis must be equilibrated for at least 24 hours
in order o reach equilibrium. A BaOjy MMux was
also added 1o speed up the reaction. Some ex-
periments were reversed by first synthesizing
Ca-beanng gamets and measuring their compo-
sitions afler CaSi10y had subsequently exsolved
at a particular pressure and wemperature. Afier the
expenments had been quenched, recovered sam-
ples were analyeed with an electron microprobe.
During the experiments, the (Mg FeRSi0y oli-
vine pressure calibrnt crystallized to fomm coex-
wsting high-pressure phasces. The pressure could be
determined because the high-pressure MesSi0-

FeaSi0y phase diagram consisis of a serics of

two=phase divariam loops where the Fe/(FeMg)
miios of coexisting phases are very sensitive o
pressure, In this way, we calibroted accurately
the pressure of Ca-perovksite formation relative
io the pressure of phase transformations in the
M2 Si0-FeaSi0y system (13- 13).

Our data (Fig. 2) show that the solubility of

CaSiy in gamet in equilibrivm with Ca perov-
skite decreases strongly with pressure, but it -
creases with the gamet AUSI ratio a1 a given
pressure, which can be seen by companng results
from the different stating compositions, At lower
temperatures { 140070, CaSiOs solubility in gar-
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net also decreases. The exsolution can be de-
seribed by the equation

{.ﬂj."'h!zgijilu il jI‘Mg.FL‘h:'}L*(h: =
Ciarnet Ciamel

ACaSK ]3 | :'trlj-._! .FC]]J*L!]Si].{ ) 12

Perovskite Ciarnet il
W lit the experdmental results 1o a thenmody-
namic model (13, 16) for Eq. | that allows us 1o

calculate the extent of exsolution for any bulk

composition and reliably extrapolae the results
to lower temiperaturcs, where slow Kinctics nlibit
the achicvement of cquilibrium m experiments.
In the mid4ransition zone, the Ca content of
gamet in a fertile mantle peridotite composition
(78 15 comstamt with pressure up o about 19.7 GPa
at 1600°C because gamet comains all the Ca in
the bulk composition (Fig. 2A), Above this pres-
sure, the gamet CaSi0y solubility limit is reached,
and Ca perovskite exsolves. Because the Ca con-
tem ol subducted occanic crust (ie., MORB) is
higher, the gamel reaches saturmtion at lower pres-

sures than in the penidotite composition (Fig, 2B).
but the exsolution of Ca perovskite 1s oftsa
somewhat because the MORB gamet has a higher
Al content, which shilis CaSi0y salumtion o
higher pressunes, The gamat becomes more Al-
rich s CaSiOy exsolves and, Tor a MORB com-
position, the AUSH mtio reaches its masimum, that
s, that of pyrope (1.c., AUSI = 2/3), above 23 GPa.
At this point, if Ca perovskite is to continue to
exsolve, an additional phase needs 10 form 1o
accommodate the excess Al from the break-
down of gamet, In some previous experiments, a

Fig. 1. Back-scattered electron images of sample capsules. (A) A radial section
through the high-pressure assembly shows the outer pressure medium and
furnace with an inner four-chamber Re capsule (white). Three sample chambers
contain garnet and Ca-perovskite assemblages (which appear lighter), whereas

& Depth (km)
p—S20___ 560 600 640
Garnet CaSiQ, solubility ® Pyropic Al (plu) =2
B Basaltic Al (pfu) = 1.4
* ¢ Peridotitic Al (phu) = 0.7
¥ Reversals
5 150 Peridatite Model 1
g
= °
g %
I '
3 $e
©
5 05}
17 18 19 20 21 22 23 24
Pressure (GPa)

Fig. 2. (A} Experimental results showing the Ca content of garet saturated
with Ca perovskite as a function of pressure at 1600°C. Symbols refer to
starting compositions, with different garnet majorite proportions labeled
according to the rock types in which the gamets would be present. Al (pfu)
refers to the Al content per garnet formula unit, that is, Al (pfu) = 2 refers to the
formula (Mg, Fe)3Al;Si04; (i, pyropic. These Al contents only refer to those in
the starting material because Al contents decrease as the garnets become
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the bottom left sample chamber contains a (Mg, Fe)z510, pressure-calibrant sample
{darker). (B} An enlargement of one of the sample chambers showing darker,
angular garnet grains coexisting with lighter Ca perovskite. During the experiment,
CaSi0; diffuses into the garet until it becomes saturated in this component.

B Depth (km)
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CaSId.-pnmskm'mnunt ' -
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Ca5i0; saturated. The reversals were performed by using presynthesized Ca-
bearing garnets. The curve shows the calculated Ca content of gamet for a
peridotite composition (18). Below 19.7 GPa, the Ca content is constant with
pressure because the garnet contains the entire Ca content of the rock, whereas
in the experiments excess CaSi0; was always present. (B} The volumetric
proportion of Ca5i0; perovskite that forms as a function of pressure at 1600°C
in rocks of peridotite and MORE compaositions, respectively.
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Na- and Al-nich phase |with the general formula
NalMg.FehAlsSiOga] refemed 10 as NAL has
breen observed that apparently serves this pur-
pose |e.g. (8] The appearance of this Al-rich
phase ina MORB composition is, therefore, di-
rectly coupled 1o the Ca perovskite-fomming
reaction and its influence on the Al content of
gamel.

In Eanth’s mantle, the exsolution of Ca peroy-
skite is inherently nonlincar because the activity
ol the garnet Ca component has an exponential
relationship to pressure (13, 16), Although Ca
perovskite forms over an extensive depth mnge
[about 660 km (fh], the transtormation will ap-
pear sharper o seismic waves (f9, 200 because a
substanuial portion of the exsolution occurs -
tially over a relatively narrow depth interval,
causing 4 moderately sharp change in density.
Combining the expenmental results with mineral
physics data (13, 21-23) we estimated the den-
sity and sound velocity changes that this exso-
lution reaction would produce (Fig. 31 For fertile
peridotite at 1400°C, the B-y transition produces
a relatively strong discontinuity at 300 to 520 km,
whereas the formation of Ca perovskite creates a
break in slope at about 540 km, followed by a
region with a higher velocity gradient. which
curves back toward the ambient 1rmnsition zone
ardient over a depth imerval of about 60 km. A
similar situmtion occurs at T600°C, but because
the Clapeyron slope of the -y transition is steeper
[~0.007 GPa K" (24)] than that of the Ca-
perovskite reaction (-~ 0.004 GPa K™), the wo
discontinuitics merge at 340 1 560 km. Both
discontinuities comribute 1o a generally sweep
wradient in seismic velocity in the lower part of
the transition zone, which is a feature observed in
most seismic reference models (25). For a

MORB composition, no -y transition occurs,
but because of the higher Ca content a strong
discontinuity 1s caused as Ca perovskite lonms,

Most obsenvations of the 520-km discontinu-
ity have been made with studies of bong-period
underside 85 meflections (f, 5, 246), where the
amplitude (i.c., the visibility of the reflectad waves)
depends on the S mpedance conmst | Aipl)).
The By transition occurs over a depth imerval of
about 25 km with an estimated A(p 1) of 3.6%.
Although the seismically observable effective depth
interval of the Ca-perovskite reaction is harder 1o
determine and the reflectivity will vary with the
frequency of the seismic waves (19, 200, we can
make a simple companison by calculaung Ap Py
over the same depth interval as the -y trnsition,
which gives an impedance contrast of about 1.5%.,
These impedance contrast estimates are in good
agreement with those that have been proposed for
the two discontinuities in regions where the 520
is split (7).

Many of the chamcteristics of splitting of the
320 could result from variations i mantle tem-
perture. Al -1600°C, both trans formations would
merge into a single discontinuity, as observed in
certain regions of Eanh, whereas at lower tem-
peratures {40070 wo discontinuities would be
observed. Although this may explain some of the
observations, it is not completely consistent with
the general behavior, which is that a discontinuity
at about 320 10 330 km splits in some regions into
a shallower (300 km) and a deeper (560 km) dis-
continuity (/) 11 this is a result of temperature
varation alone, it would imply that the Cla-
peyron slope of the Ca-perovskite reaction is
negative, whereas both the -y and Ca-perovskite
reactions have positive slopes. In addition, a
conditions where the two discontinuitics merge,

Fig. 3. (A) Density and

55
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the single discontinuity should be substantially
decper than s tvpical depth of about 320 km
(270 A more hikely explanation is that, i many
regions where only a single 520-km discontinuity
15 observed, the Ca-perovskile reaction is in-
visible because the Ca content of the mantle is
oo low, A low Ca content would result when a
region has undergone partial meling near Earth's
surface and thus became depleted in its fentile
component, A strong 360 rellection, on the other
hand, indicates the presence ol fenile mantle or
mantle that contains a substantial component of
reeveled MORB crust. The impedance contrast
lor the Ca-perovskite reaction in MORB is about
3%, Because the -y trnsition does not occur in
a MORB composition, mantle enriched in sub-
ducted MORB crust would have a weak 500-km
discontinuity but a much stronger reflection at
about 560 km, which is consistent with observa-
tons | £

One explanation for splitting of the 520 would
be that it occurs in regions containing substantial
amounts of subducted oceanic crust, which pos-
sesses higher Ca concentrations than nonmal
mantle. This would be consistenmt with evidence
for cooler-than-averge mantle in these regions
because the -y transition appears 1o be also slight-
Iy uplified (/. 2) as the 520 splits, although there
are substantial uncertainties in absolute disconti-
nuity depth estimates. [Fsubducting slabs descend
at o high angle direatly into the lower mantle,
such regions would not be expected to be globally
extensive. However, the widespread spliting of
520 would be casily explaimed if subducted ma-
tenal is accumulating a the base of the transition
zone (28, 29), ereating relatively low-temperature
Hat-lving regions nch in subducted crust. This
hypothesis is supported by the geographical dis-

(B} shear wave velocity -- Eﬁﬂmm&%% / - PREM o
estimated along iso- — Peridotite 1400" 454 == Peridotite 1600°C g 4
therms for fertilegperi:l- 4.05{|* —MORB 1400°C 7 1 e — Paridolite 1400°C

otite (18) and MORB 7 5 4 | ——MORB 1400°C i
compositions as a func- i

tion of depth, illustrat-  —~ [ ] T 535 ]
ing discontinuity structure E E s
in the region of 520 km. = 295 E 53 - il
The phase proportions 2 g

are calculated by using 5 € 55k A i
athermodynamicmodel © 39 . P " 1.0%

fitted to the experimen- 3 sal=7 = ‘ |
tal data in addition to A

auxiliary thermodynamic 3.85 s:4al |
data for the (Mg,Fe);5i0, '

Ei-*r pl";-feha r;[mﬁm 3.8 =5 : . , ; ; 5.1 ) , : . ; :

13, 14). For the perido- : "

the compasition, two dis- 480 500 520 540 560 580 600 620 480 500 520 540 560 580 600 620

continuities (shaded) can
be observed that result

from the shallower [i-to-y and the deeper garnet exsolution of Ca-perovskite
reactions. For the MORB composition, only the Ca-perovskite reaction occurs.
Because the Ca-perovskite reaction is nonlinear and its seismically observable
depth interval is difficult to assess, the shaded region is shown with the same
depth interval as the -y transition for comparison. The percent density
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Depth (km)

Depth (km)

and S-wave velocity jumps resulting from both the i-y and Ca-perovskite
reactions are shown calculated over the shaded regions. Experimental
uncertainties in discontinuity depths are about 10 km; density and velocity
uncertainties are discussed in (13). Preliminary Reference Earth Model
(PREM} S-wave velocity is shown for comparison.
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inibution of split 320 observations, which in many
instances occur beneath continental regions, such
as North Amenca and Eastem Asia (£-<), under
which extensive subduction has taken place. Split-
ting bencath the Indian Ocean and Africa, on the

other hand, may be caused by the presence of

particularly fertile mantle,
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The Chlorine Isotope Composition

of Earth’'s Mantle

M. Bonifacie,™® N. Jendrzejewski,* P. Agrinier,? E. Humler,** M. Coleman,®® M. Javoy*

Chlorine stable isotope compositions (6*’Cl) of 22 mid-ocean ridge basalts (MORBs) correlate with
Cl content. The high-6*"Cl, Cl-rich basalts are highly contaminated by Cl-rich materials (seawater,
brines, or altered rocks). The low-6"Cl, Cl-poor basalts approach the composition of uncontaminated,
mantle-derived magmas. Thus, most or all oceanic lavas are contaminated to some extent during their
emplacement. MORB-source mantle has &> Cl < —1.6 per mil Geo), which is significantly lower than
that of surface reservoirs (~ 0%.). This isotopic difference between the surface and deep Earth
results from net Cl isotopic fractionation (associated with removal of Cl from the mantle and its
return by subduction over Earth history) andfor the addition (to external reservoirs) of a late

volatile supply that is *’Cl-enriched.

hlonde s the magor anion i most gee-
‘ logical flurds, Chlonne is volanle, imcoms-

patible dunng silicate meling, and water
soluble. For these reasons, geological processes
including parial meliing, magma degassing, hy-
drothenmal activity, and weathering—have con-
centrated Cl at the surface, particularly in the
ocean, evaporites, and crustal brines, Considering
only the MORB-source mantle and surface
reservoins, we can estimate that the former, with
1 to 8 pans per million (ppm) of ClLi/-3), con-
tributes a maximum of =~ 20% 1w the C1 budga
and perhaps much less, given the difficulty in
obaining a complete mventory of crustal brines,
Eanth’s C1 budzet may thus differ from that of
most other abundant and geochemically impor-
tant volatles {e.g., HaO, CO5)
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There are several first-order questions about
Cl in Eanb: What cardy solar system processes
determined Earth's imitial C1 budget? How, and
when, was most of Eanh's Cl extracted {rom the
mantke? How much Cl s retwrned 1o the manile
by subduction? Is the extraction of €1 from, and
its retum to, the mantle in steady state? IF not,
what can we leam about the history of Earth's
volatile eveles by reconstructing secular changes
in the Cl budgets of the mantle and/or surface?
These questions can be addressed by determining
8Y7C1 (4) of the various reservoirs in that budget
and isotopic fractionations associited with ox-
changes between those reservoirs, Surface meser-
voirs (mostly occans, banes, and evapornites) are
known to have a collective mean & C1 of 0.0
0.5%0 (54 However, it is more difficult 10

SCIENCE

measure the §7C1 of pristine mantle rocks and
mantle-derived magmas because both are gencr-
ally poor in C1{/-3), which is usually present in
insoluble form. Here, we present measurements
ol 22 MORBs that define the mantle composition
to lower 8°°C1 values than previously assumed
(9 7l and vse these resulis to examine the ongin
and history of Earlh's volatiles.

The first atiempt o define the Cl isolope
compaosition of the mantle used themmal ioniza-
tion mass spectrometry (TIMS) to analvee three
MORB samples (%), vielding an avemge mantle
value of +4.7%a. Shamp e al. (10) recently used
BAS-50UNCC MAss Spaciiometry 1o determine a
mantle & 7C1 value of ~0.1 + 0.4%., which was
denved from the average of 11 MORB samples,
two kKimberlites, and three carbonatites. They
suggested &7C) homogencity near the sca-
water value (0%e) for mantle and surface res-
ervoirs over Earth's history (40), This implics
that neither removal of €1 from the mantle nor iis
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retum by subduction led to substantial net Cl
Isolopic fractionation (isolopic steady  state).
Such a conclusion 1s consistent with the apparent
(1) lack of secular change in &7C1 in sediments
(1t [although data include large, unexplained
varations about the long-term mean, from 3.2
to +2.5%0 (/] and (i1) lack of Cl isotope fmc-
tionation through the subduction-related pantial
loss of C1 () inherited from occanic alteration,
However, Cl isotope fractionation of up 10 8%
has been seen in surface reservoirs during alter-
ation of the oceanic lithosphere (1 -15) and/or
in sedimentary settings (/6-18),

We determined the C1 contents and isotopic
compositions of 22 MORB samples using a low-

blank method (13, 79) involving the extraction of

structurally bound C1 by pyrobydrolysis, ollowed
by pas-source, dual-inlet mass spectrometrie mea-
surcments, Analvtical vields averge 100 = 8%
blanks are typically 7% of the sample chlonde
analyeed, and the whole-procedure external pre-
cision for §7C1 measurements (la) is = 0.14%
(Hg. S1) Our samples are nominally zero-age
lavas collected from the Pacific, Atlantie, and

Indian oceans and cover large ranges in extent of

fractional erystallization | MgO, 5.9 10 9.2 weight
percent (wi "s)]. partial meling [NaxO corrected
for crvstal fractionation © 8% MzO (Naga), 1.9t
4.2 wi "], source enrichment (KT, 0.04 1w 0.41),
cruption depths [ 1800 1w 4905 meters below sca
level (mbsl)]. spreading rte ( 16 1 153 mm yr ",
and degree of Cl comamination (K/Cl, 1.0 o
I5.3) (table S1). There is substantial evidence
that some terrestnal lavas are contaminated with
surficial Clto some extent (1, 2, 20, 2f) because
ol the enormous contrast in Ol concentrations
between primary magimas (about <80 ppm) and
surficial waters and rocks (Lvpically 10005 ppm).
Our sample suite spans a relatively large range in
Cl concentration (42 to 701 ppm) s0 we can
examine how the samples vary with isolopic
composition,

Our 8*C1 values for MORB glasses mnge
from - 1.9 1o -0.1%0 and increase with C1 con-
centration (Fig. 1) The mosi Clrich samples
have 8¥C1 values close to seawater [6°7CT = 0%
(3, 6], whercas Cl-poor MORBs have substan-
tially lower & 7C1 values.

One hypothetical explanation of the lincar
5701 versus 1/C1 (37'CI1/CI) trend s that all
MORBs have 6 7C1 values near (%o, and our
analytical technique contributed a low-6""Cl
blank that decreased the measured values of Cl-
poor samples. Our analvtical blank has a *°C|
value of 0.3 = 2.2%0 (fig. 52), which is far above
the value of - 9.8 + 4.3%e needed to explain the
trend in Fig. 1. Thus, the 8*7Cl-1/C1 trend re-
Neets real, coupled variations in Cl concentration
and isotopic composition of MORBs, not labo-
ratory contamination. Because O s highly incom-
patible |partition coelTicient Myerolitesibcatemalt
0,002 (22} and does not undergo speciation
changes by partitioning between silicate min-
crals and melts during crystallizaton or melt-
ing, variable degrees of partial melting or extents
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of crvstallization should produce only negligible
Cl sotope fractionalion at magmalic tempen-
tures (23, 24). Because our MORBs were col-
lected from relatively great depths (= 1500 mbsl)
and have relatively low Cl contents (<701 ppm),
they remained undersaturated with O during crup-
tion (25, 26) and should not have lost Cl by
degassing, Thus, the §*7C1C rend reflects

REPORTS

mixing between two (or more) isotopically dis-
tinet components that are commonly sampled dur-
ing the generation, differentiation, and'or cruption
of MORBs.

The 67CI-1/CT trend might reflect mixing
between primary mantle Cl and Cl added pre- or
syn-cruptively 1o these magmes, such as what migla
result from contamination {assimilation) of mag-

Fig. 1. 6°Cl variation with the re-
ciprocal Cl content x 1000 (ppm™)
for MORE glasses determined by
gas-source mass spectrometry. Large
closed circles indicate nominally
submarine on-axis MORE from the
present study: N-MORB, black circles;
E-MORB, gray circles. Small open
symbols represent Sharp et al. data
(10); nominally submarine on-axis
MORB, circles; submarine off-axis
samples, triangles; aerial sample,
square, Seawater and ridge-axis hy-
drothermal brines are denoted by
the black star (5, 6, 27), and the
¥l range of altered oceanic rocks
is denoted by the vertical gray ar-

o This study
aan Sharp et af, 2007

o

row (11). For our study, the weighted ]
least-squares fit for all MORB (y =
-0.052x — 0.378; R? = 0.72) is

20
1000/Cl (ppm™Y)

shown (dashed line). Error bars on €| contents (1) are indicated when larger than the symbol. Error bars
on & Clvalues (1o} represent the whole-procedure external uncertainty + 0.14%. (determined on repeat
extractions and analyses of various amounts of our internal reference-rock standard 501000592) (29).
For the Sharp ef al. data (10): reported Cl contents are those acquired by independent measurements of
gtass fragments by jon or electron microprobe; no uncertalnhes on Cl content were reported; error bars on
5%l data (one analysis per sample) represent the &> Cl-measurement errors determined on replicate
analyses of seawater samples, either by continuous-flow or dual-inlet modes (+0.26 and +0.10%.,
respectively), not total analytical uncertainty for silicate samples with structurally bound CL

0.0

Fig. 2. 57Cl variation with K/Cl
ratios for MORB glasses analyzed in :
this study. N-MORB, black circles; ®
E-MORB, gray circles. The weighted
least-squares regression fits for N-
MORB [y = —0.097x — 0.354 (R =
0.58); black dashed line)] and E-
MORB [y = —0.024x — 0.430 (R% =
0.78); gray dashed line)] are shown.
Error bars on K/Cl (1c) are indicated
when larger than the symbol. K/Cl
average values (diamonds) and the
1o intervals (dashed arrows) cal-
culated from data on N-MORBs and
E-MORBs (black and gray, respec-
tively) documented in (2) and ex-
pected to not have experienced
contamination [because they were

337¢1 (% vs SMOC)

collected in areas with low magma
flux (i.e., slow spreading rate and
low extent of melting)]. The consist-
ency of the trends observed here
{as well as in Fig. 1) from the least

(lowest 5*’Cl) to the most contaminated samples for both suites—and even for samples showing K/Cl =
12.5, a value previously suggested to reflect the lower limit for uncontaminated MORB (2)}—suggests that
il |5 perhaps inevitable that the Cl budget of MORB is influenced by such contamination. Accordingly,
5%l values of MORB would be a mare sensitive index of the extent of contamination than K/Cl values.
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mas by a Cl-rich, scawater-denved material (e.g..
scawalter, brines, and altered rocks) (4, 2, 20, 21,
According to this hypothesis, the Cl-poor, low-5""Cl
end of the trend (Fig, 1)most closcly approaches
the composition of primary MORB, and increas-
ing degrees of mixing with scawater-derived Cl
increase their C1 contents and draw the 8V°C1
values of the most contaminated lavas toward the
value of scawater. Several independent lines of
evidence suppont such an interpretation: (i) the
high-6""C1 end-member of the mixing trend is
within the mnge of compositions of scawater or
on-axis high-temperature hydrothermal Nuids [both
~ e (5, 6, 271 and aliered oceanic mocks | about

0.7 = 04%a (1)]: (i) the C1 contents of our
lowest 3°7C samples imply a typical mantle Cl
concentration of less than 4+ 3 ppm [assuming
MORBs are typically produced by 10% mantle
melting and Cl is highly incompatible during
miantle melting (223], within the previously sug-
gested mange (1 o 8 ppmjd /-3 and (ni) MORB=
from relatively fast-spreading ridges, expected
to have expenenced lanzer extents of contamina-
tion (/. 2, 20, 21), show higher 87C1 values
{closer to 0%e) than MORBs from relatively
slow-spreading ridges (averages for Pacific and
Indian samples of (L8 and - 1. 4%, respectively).
Because K B an incompatible clemem and s
enriched in lvas due 1o assimilation o less than C1
15, KOl mtios have been used as an index of
assimilation (f, 2, 20) Ths, the fct that our
samples with the lowest K/Cl values also have the
highest §77C1 (and vice versa; samples SO22-17D
and MDSTD-7-2, respectively) supponts our inter-
pretations of the wend n Fig: 1 (e, high-Cl, high-
7C1 samples are more contaminated than those
with low C1 and low &7CI). It is noteworthy
that, whercas normal-MORBs (N-MORBs) and
cnriched-MORBs (E-MORBs) define a common
trend in Fig. 1. they appear o define iwo distinet
trends in a &°Clversus K/Cl plot (Fig. 2): Starting
at a common intercept at low K/Cland high 700,
K/CI increases gradually with decreasing 6*7C1 in
N-MORB and relatively strongly in E-MORB,
Among the least contaminated samples (ic.., those
with the lowest §*'Cl values), E-MORBs have K/Cl
ratios about twice those of N-MORBs ata given
&7C1 value. It is possible that the distinction
between the N-and E-MORB rends in Fig, 215
toruitous and would not be observed ina broader
and mone representative sampling, In particular,
N- and E-MORBs have been distinguished here
by itheir KT mtios, though Ti s heterogeneous in
the mantle (28, 29). Also, the distinct K/Cl mtios
among our E- and N-MORB samples result mainly
from higher K contents of E-MORBs, not fiom
distinet Cl coments. Nevenheless, this result, aken
al face value, could reflect dilferences in K/Cl ratio
andor 5C1 value between the mantle sources of
E- and N-MORBs. At one extreme. the mantle
sourees of M- and E-MORBs may be comparable
in 877C1, but E-MORBs are higher in K/Cl ratios
than N-MORBs [contrary w0 what has been pre-
viously suggested; c.g. (2], One possible explana-
tion for such a difference is that E-MORB sources
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contain larger fractions of subducted material that
are rich in K but relatively poor in CL, pethaps
because most of Clm subducted slabs 15 retumed
to the surface by arc volcanism rather than being
cfficiently recyeled. Altematively, these two types
of mantle sources might be similar in K/Cl mtio
(~34; see diamonds in Fig, 2), but N-MORB
sources are lower in8V7Clthan E-MORB sources.

Assuming that our MORB samples with the
lowest Cl concentrations are the least contami-
nated by seawater-derived Cl we cstimate that
the MORB-source mantle Idu.?ll:h:d and enriched
pants) is characterized by a &' Cl value of - 1,6%
or less, which is lower than values previously pro-
posed (%, 11, The dilferent value of Magenheim
e af. (9) can be ascribed 1o analytical errors in
the TIMS-based measurements (£ 5), The cause
of the difference from the results of Sharp ef al.
(Ith—the methods of which are more similar
{though not identical) 1o ours—is unclear, As-
suming that both data sets are analviically ac-
curate, it 1s difficult to ascribe the discrepancy 1o
a difference m sample sclection, because their
suite includes some samples with relatively high
5*7C1 and low nominal Cl contents, which is in-
compatible with the §*'CI-1/Clirend for our data
(Fig. 1) It also seems unlikely that the diverse
suite of nominally MORBs we examined (rom
the three main occans and showing large varni-
ations in parameters such as Nag g, KTi, KCl,
and spreading rate) would vield the simple §'Cl-
1C) trend that we found if Tow-Cl, high-3*7C1
MORBs were common. Given that Sharp of af.
(1 report neither Cleontents of basals from the
actual extractions of Cl for isotopic analysis nor
analytical yvields, a elose comparison ol the two
data sets is not possible.,

The coherence of the observed rends sug-
gests that the mantle 5°7C1 value unmodified by
comamination is = — |.6%a, which is significantly
more negative than that of the surface reservoirs
(~U%a). This isotopic dilference might result
from (i) sysiematic *'C1 enrichment in surface
rescrvoirs and corresponding depletion in the
mantle via long-tenm Ol extraction from and
return to the mantle andior (i) a primary el
enrichmem of the surface Cl ofearly Earth due o
a Jate supply of volatile-nich matenal (30), which
was cnriched with YC1 as comparcd with the
matenial from which Earth was mainly accreted.
In the first case, because the mantle now contains
al beast one-fifih as much Clas surface reservoirs,
any #°7C1 variations resulting from these long-
term exchanges will be more imporant in the
mantle or mantle-derived magmas than in the
oceans or sedimentary rocks, The second hypoth-
esis linds support from our current knowledge
of the Cl cvele, because the subduction Mux
shows substantially higher 8*7CI (preliminarily
estimated from serpentinites, average &7

0.7 + 0.4%) (/1) than the mantle flux (5°7C1 <

1.6%a); such a combination of fluxes could
only have decreased the 3701 gap berween man-
tle and surface weservoirs over the long-term
exchanges.
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Caribbean Reef Development Was
Independent of Coral Diversity over

28 Million Years

Kenneth G. Johnson, Jeremy B. C. Jackson,®* Ann F. Budd®

The relationship between natural variations in coral species diversity, reef development, and
ecosystem function on coral reefs is poorly understood. Recent coral diversity varies 10-fold among
geographic regions, but rates of reef growth are broadly similar, suggesting that diversity is
unimportant for reef development. Differences in diversity may reflect regional differences in
long-term biotic history in addition to environmental conditions. Using a combination of new and
published fossil and stratigraphic data, we compared changes in coral diversity and reef
development within the tropical western Atlantic over the past 28 million years. Reef development
was unrelated to coral diversity, and the largest reef tracts formed after estinction had reduced
diversity by 50%. High diversity is thus not essential for the growth and persistence of coral reefs.

oral reels are among the most diverse and
‘ productive ccosystems in modern ocems

(1. 2} Scleractinian corals form the pri-
mary wave-resistant structural reel framework
that provides complex three-dimensional habitat
for diverse associated biota, and through their
skeletal growth, they are responsible for reel
development that typically results in the accu-
mulation of massive sequences of carbonate rock
over tens of thousands of years (1), The necent
decline of coral abundance because of human
mpacts (3, J) has focused attention on the
protential loss of biodiversity () and the sssumed
mportance of high coml diversity for coral reel
persistence and resilience (3, 61 However, neel
development 15 controlled globally primanly by
environmental conditions, with the most exten-
sive weels being resincied 1o ropical or sub-
tropical regions with clear, wanm surface water
that is supersaturated with respeet 1o amgonite
(7). In contrast, varistions in species diversity
reflect long-term regional differences in pattems
of specics origination and extinction as well as
environmental conditions (¥).

Coral diversity on Indo-Pacilfic reefs s 10
times higher than on Caribbean reets (¥), but the
rates of carbonate production and reel growth arce
similar (£, suggesting that coral diversity i1s
unimpoant to reel development. High-latitude
rects with low coral diversity, such as ot Lord
Howe Island in the Pacific (71}, Clipperton Atoll
in the castem Pacitic (/2), and Bermuda in the
Adlamic (/3), also exhibit strong reel” develop-
ment. Hence, we must ask whether diversity
aftects recl development within a single hio-
geographic region independent of confounding

'pepartment of Palaeontology, The Matural History Mu-
seum, Cromwell Road, London SW7 5BD, UK. *Center for
Marine Biodiversity and Conservation, Scripps |nstitution of
Oceanography, La Jolla, CA 92093, USA. “Smithsonian Trop-
ical Research Institute, Balboa, Republic of Panama. *Depart-
ment of Geosdence, University of lowa, lowa City, 1A 52242,
LISA,
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differences m regional biotic lnstory and lantude.
To this end, we examined the relaonship be-
tween reef coml diversity and coral neef devel-
opiment in the tropical westem Atlantic during the
past 28 million vears,

The historical waxing and waning of neel

development over tens of millions ol years
throughout the tropical westem Atlantic is well
established (14, £5), but the distribution of [ossil
reel coral specics was inadequately known until
recently (6, 7). We used published deseriptions
of the straigraphic distribution and relative
thickness of diverse facies ol carbonate units
associted with coral frameworks as a frst-order
proxy Torreel development { £8). Collections were

grouped into 46 faunules that compnse sets of

collections from the same swratgraphic horizon
and locality (table 53). The stratigraphic cover-
age of faunules is complete within intervals from
the Late Oligocene to Recent (fig. S1). Speci-

mens were identified as w species on the basis of

quantitative metrics of coral skeletal morphology
that are consistent with new molecular sysiemat-
ics. These data were supplemented by published
occumences from six widely distributed Late
Pleistocene deposits, The resulting compilation
includes 17,306 identified specimens from 3960
occurrences and 885 collections or published
lists (table 523, Unhke other ltermture-based coms-
palations (9, species occumences ane based mainly
on specimens systematically collected from old
and new exposures within a revised siratigraphic
and palcoenvironmental framework with a tem-
poral precision of just a few hundred thousand
vears in most cases (/&) This comprehensive
coverage within a 28-million-year window in a
single geographic region allows more precise
estimates of the species richness of reel corals
within each sample unit,

Fossil data on reel’ development and specics
occurmences were divided imo seven strtigraphic
intervals (Fig. 1) (/8), The seven geological iner-
vals generally comrespond 1o sub-epoch bounda-
rics, with the exception of the Late Plhiocene
through Early Pleistocene interval that extends
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Fig. 1. Distribution of Caribbean fossil coral reefs
through time from the Late Oligocene to Late
Pleistocene. Stratigraphic units including extensive
reef buildups are indicated by = symbols, and units
containing abundant zooxanthellate corals but
without extensive reef building are indicated by +
symbols. The lower boundaries for stratigraphic
bins are defined as Late Oligocene = 28.45 Ma,
Early Miocene = 23.03 Ma, Late Miccene = 11.61
Ma, Early Pliocene = 5.33 Ma, Late Pliocene—Early
Pleistocene = 1.6 Ma, and Late Pleistocene = 1 Ma
(18).
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froam 3.6 10 1O million vears ago (Ma) (£5). There
were two intenvals of extensive reel development
within the ropical western Atlantic over the past
28 million years (Fig. 1), The first, in the Late
Oligocene, 15 represented by thick carbonate plat-
forms in Antigua, Jamaica, Pucrto Rico, Chiapas,
Venezuela, and the Gull of Mexico, and the sce-
ond occurs in the Late Pliocene and Pleistocenc,
when extensive reel tracts developed throughowt
the antire region, especially over the past 2 mil-
lion wears. Durng the intervening 200 million
vears, carbonate accumulation was more highly
localized and corals occurred in small patches in
siliciclastic settings chamcteristic of the northem
Dominican Republic, the Anguilla Formation,
and the Bocas del Toro and Limon Basins of
lower Central Amenica, Morcover, thick Mocene
carbonates, such as the Tamara Formation in
Trnidad, have locally abundanm corals bul no
evidence of extensive coral ramework (1able S5),

The shapes ol the collecting curves for el
comal species within cach of the seven strati-
graphic intervals suggest that few new specics
rermain 1o be discovered i rocks from most ol the
intervals (Fig. 2A) Diversity was highest from
the Late Miocene 1o Late Plio-Pleistocene and
peaked in the Early Pliocene, Diversity was low-
est dureing the Late Oligocene o carly Miocene
and Late Pleistocene, and there was strong agree-
ment hetween observed and estimated diversity
except Tor the high value of the Chao 2 estimator
within the Early Miocene, Confidence intervals
on diversity (Fig. 2B) were estimated using the
O2W subsampling mcthod (20). There 5 no
correlation between coral diversity and the peo-
graphic extent of reel development over the seven
imervals (Fig. 3) (Pearsons & = -0.325,dl = 5,
£ = 0,641 ). Most strikingly, the Late Pleisiocene
interval that exhibits the most extensive Canbbe-
an coral reef development in the past 28 million
years is characterized by exceptionally low
species diversity of reef-building corals. The
numbers of coral specics plummeled sometime
toward the end of the Laie Pliocene o Early
Pleisiocene interval, when half’ of the Late Pli-

20T EP (27)
Em- P (20)
;- - LM (16)
oy MM (23)

"5 B0 LO (28)
E LP (20}
g% EM (22)
< 204

[V

0 200 400 600 800 1000 1200 1400

Mumber of Occurrences

ocene species became extinet (2£). Yet, in spite
of this massive extinction, recl development dra-
matically mercased.

Ordination of faunules with 10 or more
species was carfied out using both principal-
coondinates analysis {PCA) and nonmetric muli-
dimensional scaling for both presence-absence
and abundance data (/%) Resulls were wvery
similar and are presented only for PCA based on
presence-absence data (Fig, 4 The first two
PCA axes explain 38 and 102 of the variance, so
that the wo-dimensional represemation in Fig. 3
explains two-thirds of the toml variance in com-
munity composition. Unsumprisingly, the largest
breaks in comumunity composition are associted
with the periods of strongest Bunal turnover and
changes in reel’ development. There are distinet
saps in community composition between the
Late Oligocene and Eary Miocene and between
the Early and Middle Miocene, suggesting major
ceological shifts associntad with the Eardy Mio-
cene extinction that reduced coml species diver-
sity by about 40% and coincided with a drumatic
decrease in neef development (17, 22)(Figs. | and
2B). There is also strong separation between the
Middle Miocene through Eardy Pliocene inter-
vals, when diversity was rising but reefl develop-
ment was minimal, and the Late Pliocene through
Pleistocene, when reel development dramatically
increased despite mass extinetion of coral species.

The independence ol reel’ development from
coral species diversity (Fig. 3) and the stnking
increase in Pleistocene reel development (Fig. 1)
closcly following the massive extinction ol the
Late Plhiocene corl Buna (Fig. 2) strongly sug-
gest that actors other than coral diversity ane
more imporiant w reel building. Thus, our results
support the implication of Recent biogeographic
distributions ol cormls and coral reefs that high
coral diversity is unnecessary for vigorous reef
growth, Another likely example rom the [ossil
record includes the thick Miocene reel deposits in
the Mediterrancan that were buili by fewer than
10 species of corals (23, 24). In contrast, Kicssk-
ing ohserved strong positive corelations between

Mumber of Spec

® Observed
A C2W Estimated
aChao 2 Estimated
LO EM MM LM EP PP LP
Stratigraphic Interval

Fig. 2. Diversity of reef coral species for seven intervals from the Late Oligocene to Late
Pleistocene. (A} Cumulative collection curves for each interval (numbers of faunules per interval
are indicated in parentheses). (B} Observed, resampled (02W-estimated), and Chao 2—estimated
measures of species diversity per interval over geological time.
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reel diversity and the stability of reel structure,
architecture, and constructional styvle over the
cntire Phanerogoe (/%) However, the great dil-
ferences in scale, stmtigraphic and taxonomic
resolution, and parameters measured between our
studics complicate meaningful comparison,

Extensive reel development in the modem
occan is controlled mainly by temperature and
surface productivity (25). The physical environ-
ment sets the boundary conditions for the biota
and determines accumulation rates of calcium
carbonate and ccological zonation, because the
coralgal svmbiosis functions most effectively
within a limited range of nutrient and tempera-
ture conditions (26). Thus, under the appropriate
environmental conditions, the production and
accumulation of carbonate by both low- and
high-diversity coral communitics can result in
substantial reel” development. This conclusion is
further supported by the apposite consequences
for reel’ development afier the two episodes of
high corl extinction in the Early Miocene and
Pleistocene, both of which are associated with
stromg regional changes in surface ocean pro-
ductivity (27, 28). Paleoccanographic modeling
and the selectivity of changes in the reel coral
fauna imply that regional planktonic productivity
strongly increased from the Late Oligocene 1o
Middle Miocene, when extensive reel develop-
ment collapsed (29), In comrast, a variety of data,
including a 50" drop in the mean annual mnge
in temperature (30, increased percent of carbon-
ate in sediments (30), and changes in the txonom-
ic composition of common benthie foraninifera
(31 all point toward a strong regional decline in
surtace productivity associated with the increas-
ing isolation of the Canbbean Basin from castom
Pacific bottom waters during the gradual uplifi of
the Isthimus of Panama (3.2).

Low surface productivity allowed the devel-
opment of extensive Caribbean reef tracts in the
Late Oligocene and Quaternary, but the struc-
tural compaosition of reel communitics was very
difterent in these two intervals. Late Oligocene
coral framework is dominated by heavily cal-
cified and massive coral colonies (¥), whercas
Ouatemary communitics are dominated by more

W w
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@
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EM EP
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Regional Species Richness

Fig. 3. Resampled coral species diversity versus
the proportional regional distribution of exten-
sive coral reef development for the seven sample
intervals.
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Fig. 4. PCA of coral community compaosition for
the 46 faunules identified as to membership in
the different sample intervals.

porous, frond-shaped Aeropora specics that grow
an order ol magnitude faster than any other cor-
als (33). dcropora gradually increased in abun-
dance during the Pliocene as slower-growing
Stvlophora and Pocillopora species became ex-
tinet (22, 34, 35). The rise of Acropora is corre-
lated with, and perbaps caused by, great differences
in rates of sea-level Nuetuations between the Late
Oligocene and Quaternary (36). Exceptionally rap-
id growth and high rates of fragmentation by
Acropora species allowed them to keep up with
a sudden rise in sea level, as has occurred repeat-
edly during the paest 1 million vews (371 Acoponds
were present on Oligocene reels (8, 14, 17) but
lailed w achieve ccological dominance wmil the
Pleistocene (35).

Thus, the ceological characteristics of domi-

nant corml specics are more important o reef

growth and development than the simple number
of species. This is all wo apparent in the pre-
cipitous decline of Caribbean reel” communitics
and reel development in relmion to the extreme
Caribbean-wide decline in Acropora abundance
due to human disturbance (3.3, 39),
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Amyloid Fibrils of the HET-s(218-289)
Prion Form a p Solenoid with a

Triangular Hydrophobic Core

Christian Wasmer,* Adam Lange,* Hélene Van Melckebeke,*
Ansgar B. Siemer,t Roland Riek, Beat H. Meiert

Prion and nonprion forms of proteins are believed to differ solely in their three-dimensional
structure, which is therefore of paramount importance for the prion function. However, no atomic-
resolution structure of the fibrillar state that is likely infectious has been reported to date. We
present a structural model based on solid-state nuclear magnetic resonance restraints for amyloid
fibrils from the prion-forming domain (residues 218 to 269) of the HET-s protein from the
filamentous fungus Podospora anserina. On the basis of 134 intra- and intermolecular
experimental distance restraints, we find that HET-s{218—-289) forms a left-handed [3 solenoid, with
each molecule forming two helical windings, a compact hydrophobic core, at least 23 hydrogen
bonds, three salt bridges, and two asparagine ladders. The structure is likely to have broad
implications for understanding the infectious amyloid state.

rions are mivctious proteins capable of
sell-replicating their conformation and are

best known as the agent of discases such as
scrapie in sheep (), bovine spongilorm enceph-

alopathy in cattle (2), and a new varant of

Creutzfeldt-Jakob discase in humans (3). Prions
have also been desenbed in yeast and llamen-
tous fungi (), The infectious form of prions has
been charactenzed as a B sheet nch molecular
aggregate termed an amyloid {ibril (3, 6),

HET-5 is a protein of the Nilamentous fungus
Podospora ansering, In s prion form, HET-5
plays a role in heterokaryvon incompatibility, a
fungal sellnonself recognition phenomenon that
prevents different forms of parasitism, The pro-

tcinase K-resistant core of the prion librils
formed by the C-terminal residucs 218 w 289 15
unstructured in solution and forms  infectious
fibrils in vitro (7). Earlier work showed that HET-
s 2182890 in its Nbrillar state consists of four [
strands fomming two windings of a [ solenoid (5).
However, it gave no infonmation about the inter-
molecular frsheet propagation (parallel or anti-

Physical Chemistry, ETH Zurich, 8093 Zurich, Switzerland.
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parallel), and the model was not based on dis-
lance restraints,

We used sohd-state nuclear magnetic reso-
nance (NMR) 1o determine the structure of the
rigid core of HET-5(218%-289) fibrls. Previous
work on amyloid fibrils by NMR has shown that
structural imformation can be obamed from these
noncrystalling entitics (2 14), Besonance assign-
ment of HET-52 18-289) solid-state NMR spec-
tr have been described previously (13, 16). We
determine a large number ol distance restraints
from uniformly labeled samples and specitically
identily purely intra- and intenmolecular restrints
by using dilferently labeled samples, The '"H-"H
and “C-C internuclear distance restraints are
derived from "C-detected proton-spin diffu-
sion [carbon-proton-proton-carbon (CHHC)
and mitrogen-proton-proton-carbon (NHHC) ex-
perments (17, [8)] and from proton-driven B¢
spin dilfusion (PDSD) (79, respectively (for a
list of expermments, see table S1) Part of a
CHHC spectrum from a uniformly isotopically
labeled (U4"*C, "N|) sample is shown in Fig,
1A as a representative example. From this spec-
trum, 41 structurally meaninglul restraints were
obtained (1able S2b). These are translated 10 up-
per distance restraints of 3.5 and 4.3 A, for strong
and weak cross peaks, respectively. Sixty-two
distance restraints (table S2b) were identified
from a PDSD spectrum of uniformly 2-"*C
labeled fibnls and translated 1o upper distance
limits of 7.5 A [2-C glveerol was used as a
carbon source (20, 21y in this sample to reduce
spectral overlap, line width, and relaved spin-
dilfusion etlects).

In fibrils with uniform isotope labeling, dis-
tance restraints measured by NMER are difficult wo
assign 1o cither intrage or intermolecular contacts,
A comparison ol spectra from uniformly labeled
samples with those from “diluted samples,” in
which isotopically labeled monomers are mixed
with unlabeled material before hrlization (ratio
1:2.5), can in some cases resolve the ambiguitics.
Following this strategy, we identified a total of 30
intramolecular restmims from a CHHC spectrum
on a diluted U-4{"C, "NJ labeled HET-s(218
259 sample and PDSD spectra on diluted exien-
sively labeled HET-s(218-289) (Fig. 1, B and C)
(261, 20, Inmtermaolecular restraimts were obtained
from a sample fibrilized from a mixture of U-
[BC} labeled and U-"*N|-labeled HET-s(218
2891 molecules (22) Polanation ranster between
5= and "*C-bound protons, respectively (17)
(Fig. 1E), indicates short HY H® contacts (3.0 A)
between 3 sheets of ditferent monomers and thus
selectively characterizes the imemmolecular inter-
face, Comparing these spectra to similar spectra
on uniformly labeled compounds allowed us 1o
identily seven H bonds as intmmolecular and sev-
en H bonds as intermolecular, and nine 1 bonds
remained ambiguous (intra- or intermolecular),
Details are given in the supporting online material
{23}, These H bonds define a parallel in-register
armngement of the inta- and intermolecular B-
sheet interfaces, which is supponted by 69 of the
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experimental restraints that comelate residues @ and
it 36+ [pFig | and fig. S1). Foureen of these
can be wdenihicd unequivecally & mtmmolecular.

Al restramnts wsed for the structure calculation
are summarizcd in Table | (a comprehensive list
of cross peaks is given in table 52). In wal, 90
BC-BC and 44 'H-'H distance restraints (i.c.,
2.8 per assigned residue, all of them containing
nontnvial structural information ) wene identified,
together with the 23 f-sheet H bonds (fig. $2). In
addition, 74 angle restraints obtained by TALOS
(24) were used (g, S2). From NMR (8) and
mass-per-length measurements (25), it is known
that the thinnest HET-5(218-289) fibril consists
of astack of single molecules all having the same
structure, To implement the resulting quasi-one-
dimensional {1D) symmetry, we used 206 addi-
tional imermolecular distance restmints (g, 82).
The MMR-structure calculation was perfomed
with CYANA (26) using the resiraints of Table
1 on a s¢t of seven molecules, and vidded the
structure depicted in Fig. 2. The backbone heavy-
atom average rool mean square deviation to the
mean structure of the 20 lowest-cnerzy conform-
ers (200 caleulated structures) is 0.4 A for the
backbone and 1O A for all heavy atoms, con-
sidering only the rigid core of one HET-s(21%
289 molecule (residucs N226 o (G242, N262 10
G278) (Fig. 2 and hig. 53).

The overall organization of o HET=s(218
289) fibril is a lefi-handed B solenoid with two
windings per molecube (Fig. 2A). The core of the
fibril 1s defined by three f stmnds per winding
(six [ strands per molecule) that fonm continuous
in-register parallel B sheets. An additional B sheet
outside the cone 15 lonned by 32b and fdb (Fig,
2B). This organization is consistent with the (old
proposed carlier (&), but the details show that
cach previously proposed § strand is split imo
two shorter segments (e.g., 1 inio fla and [jl1b).
The segments fla and plb (f3a and B3b) are
cormected by a two-residue  arc, changing the
inside-outside pattern of side chains and leading
1o an approximately rectangular kink in the
strand a1 K229 and E263, for Bl and (3. rc-
spectively (Fig. 2B). The connection between [lb
and [12a (and similarly, between f3b and fa) is
provided by a three-residue (b arc, allowing for
the onentation change of the polypeptide back-

bone by ~130°F, A dismptuon of the [S-shect
patiemn s also observed between ($2a and [i2b
{a and b, leading 1o ~90° [ arcs. §1-p2 and
[3-f4 are pseudo-repeats and form both parallil
inrmmolecular and intermolecular H bonds, as
follows: Blapda, plb-pib, p2a-fda, P2b-f4b
(Fig. 2, A and D).

As seen in Fig, 2, D w F, the p-shect ar-
rangement s stabilized by favormble side-chain
comacts, The first three [ strands of each pseudo-
repeat enclose a wangular hydrophobic core that
is tightly packed and contains almost exclusively
hyvdrophobic residues (Ada, Lew, lle, and Val) with
numerous experimental restrints (indicated by
green labels in the spectra of Fig. 1) between
hydrophobic side chams. The packing s dense
and defines a dry iterface. The only polar res-
idues in the core are T233 and S273, which can
form side-chain H bonds, thereby stabilizing the
Formation of the tum between Bl and 2. In con-
trast, all charged residues face ouside and are
mostly located in f-are regions, where the solvent
accessibility is high. Three of them ane armanged
on top of each other such that chanzes are com-
pensated (Fig. 2, D to Fyand the fomation of salt-
bridges becomes possible. Several experimental
restrints support the existence of the salt-bridges
K220-E265, E234-K270, and R236-E272 (fig. 54).
Because the stacking is parmllel, we expect the
charge compensation to have both intra- ad inee-
molecular character. This may explain why fibnls
have high stability against denaturation by non-
tonic urea at neutral phl, but are destabilized by
urca at acidic or basic pH (27). The two
asparagines next o the hyvdrophobic core are
stacked and can form a ladder (N226-N262),
further comributing 1o the fibril stability through
side-chain H bonds. Another asparagine ladder
can be formed owside the hydrophobic core
(N243-N2T9) (28).

For the structure calculation, only a limied
number of well-resolved NMR peaks was used.
To assess whether the structure is consisient with
all the peaks observed in the specira, we calou-
lated the expecied cross peaks from the inier-
nuclear distances in the structure, As an example,
all expected resonances i the NHHCO spectrum
are shown as symbols in Fig. 1D, Similar good
azpeement was found for the other spectra (figs.

Table 1. Number of structural restraints used for the structure calculation (per monomer).

Type of restraint Total TH-H B¢ Unambiguously
intramolecular
Distance Tatal 134 44 90 i0
restraints  Short-range (i — jl < 1) 12 12 - -
Medium-range (2 < li—=jl<4) 9 i 7 3
Register (35 < li = jl = 37) 68 13 535 14
Other long-range 45 17 28 13
Total Intramolecular Intermolecular Ambiguous
Hydrogen bond restraints 23 7 i 9
Periodicity restraints 206 - 206 -
Dihedral angle restraints (TALOS) 74

SCIENCE

WWW.SCiencemac.ong




55 and 56). In our structune, the cross-section of
the fibril 15 approximately circular (Fig. 2C) a
teature which miaght explain why no helical twist
of HET-s(215-289) fibrls has been detected in
electron microgrphs (23), The structune given in
Fig. 2 explains all the details ofthe chemical-shift
data, IVD exchange, water accessibility, and mu-
tant studics by Ritter er af, (8), even the ones that
could not be explained by the cadicr straight-
stranded fold (8) The non-f-sheet chemical shift
of K229 and E265 residues, 1ogether with their
fast /D exchange mtes, can now be explained
by the [ arc at this position. Residues D230 and
T266, which were found to be highly solvent-

accessible as probed by chemical cross-linking of

cysteine mutanis (8), are indead solvent-cxposed

in our structure (Fig. 2, D to F). whereas 1231,
T233, V239, L241, V267, and V275 arc buried
in the hydrophobic core of the fibnls, explaming
their very low water accessibility, (G242, N279
and E280, for which intermediate values were
found, are located in a region of f2b and b
where the NMR structure is less well detined and
where both sides of the B srand are somewhat
protected (Fig, 2C). The present model also ex-
plains the requirement for a minimal length of
the loop connecting B2b and B3a 1o maintain
infectivity (¥).

The struciure of HET-s{218-28%) shows an
overall Bhelical fold that is of higher structural
complexity than that of peptide fbnls (29, 30)—a
complexity that is reminiscent of soluble proiein

REPORT

folds. Pan of the complexity, e.g.. the fvorable
altemation of positive and negative charges in
ladders along the fibnl axis, can be realized only
because of the pscudo-repeat (B1/P3 and B2/34).
leading 1o a structure in which one mokecule
forms two tums of the solenoid, (34 ), This feature
distinguishes HET-5 from other amyloids and
prions that have also been modeled by B sole-
noids (32, 33). I leads to the formation of three
sali-bridges that stabilize the structure, in contrast
1o the finding in veast prion protein Sup3s where
the presence of pseudo-repeats is probably
relned 1o structurl varability and the existence
of priom strains (371 The three-stranded trian-
gular hydmophobic core indeed bears some re-
semblance o B-solenoid structures of soluble

1
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Fig. 1. Solid-state NMR spectra of HET-s{218-289) fibrils. Blue labels
identify signals that correspond to short-range restraints (i — jl = 1); red
labels, signals that correspond to register-restraints (35 < | i—f 1 < 37); and
green labels, restraints that define the hydrophobic core. (A} CHHE spectrum
of U-[**C, **N]-labeled HET-5(218-289) fibrils recorded at 19-kHz magic-
angle spinning (MAS) with 150-us *H-"H mixing with register and side-chain
contacts useful fur structure calculation. (B) PDSD spectrum of fibrils
containing 25% 2-**C-labeled monomers diluted in unl.abeled HET-5(218-
289), recorded at 10-kHz MAS with 250-ms -3¢ mixing giving
intramolecular contacts. (C) PDSD spectrum of fibrils containing 25% 1,3-
13¢_labeled molecules diluted in unlabeled HET-s(218-289), recorded at

www.sciencemag.org SCIENCE WOL 319

19-kHz MAS with 500-ms C—3C mixing giving further intramolecular contacts.
(D) NHHC spectrum of a U-[**C, *N|-labeled sample recorded at 19-kHz MAS
with 15015 "H—"H mixing. The expected peak positions calculated for proton
pairs separated by less than 3.5 A in the lowest-energy structure are indicated by
colored crosses. For a [i sheet, three types of B -H;" contacts are mainly expected:
intraresidue (j = i), sequential {j = i — 1), and interstrand register (Ij — il = 36,
intra- and intermolecular) peaks are indicated with blue, orange, and red symbols,
respectively. The green crosses indicate the positions of uther expected peaks. (E)
NHHC spectrum of fibrils containing a 1:1 mixture of U- B¢ and U-®N—abeled
monomers, recorded at 2.5-kHz MAS with 150-us H-"H mixing. Only
intermolecular proton contacts give rise to peaks in this spectrum.
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Fig. 2. Structure of the
HET-5{218-289) fibrils,
The fibril axis i indicated
by an arrow. (A) Side
view of the five central
maolecules of the lowest-
energy structure of the
HET-5(218-289) hep-
tamer calculated from
the NMR restraints. (B)
Top view of the central
molecule from (A). (3
and [ lie on top of
1 and [32, respective-
ly. A view orthogonal to
the fibril axis & given
fig. S7. (O NMR bundle:
superposition on resi-
dues N226 to G242,
N262 to G278 of the
20 lowest-energy struc-
tures of a total of 200
calculated HET-5(218—
289) structures, Only
the central molecule of
the heptamer is shown,
(D} Representation of
the well-defined central
care of the fibril (N226
to G242, N262 to G278),

Hydrophobic residues are colored white, acidic residues red, basic residues
blue, and others green (lowest-energy structure). (E and F) Schematic rep-
resentations of the two windings in (D): the first winding [N226 to G242,
displayed in (E)] of the (i solencid is located beneath the second one [N262

proteins like flamentous bermagglutinin (34 and
the P22 pailspike protein (35). In contrast o HET-
SI218-289), these struetunes are not periodie, but
the geometry of the tnangular core is quite
similar. Funhemnmore, a B-solenoid fold has also
been proposed for the prion state of the human
prion protein Pr? on the basis of modeling and
electron microscopy (36) and for the veast prion
Sup3s (37, 38)

The well-orgmnized stucture of the HET-s
prion fibrils can explain the extraordinanly high
onder in these fibrils, as seen by NMR, as well as
the ahsence of polymomphism caused by different
underlying molecular structures at physiological
pll condinions, because the specific nmure of the
imcractions in the fibril excludes polymormphic
molecular conformations with comparable siabil-
iy, The fibnl structure of HET-s(218-289) ¢x-
cmplifies the well-defined structure of'a functional
amyloid and lustrates the mierctions that can
stabilize their fold (39)
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A Retrotransposon-Mediated Gene
Duplication Underlies Morphological
Variation of Tomato Fruit

Han Xiao,* Ning Jiang,? Erin Schaffner, " Eric ). Stockinger, Esther van der Knaap't

Edible fruits, such as that of the tomato plant and other vegetable crops, are markedly diverse in
shape and size. SUN, one of the major genes controlling the elongated fruit shape of tomato, was
positionally cloned and found to encode a member of the 1067 domain—containing family. We
show that the locus arose as a result of an unusual 24.7-kilobase gene duplication event mediated
by the long terminal repeat retrotransposon Rider. This event resulted in a new genomic

context that increased SUN expression relative to that of the ancestral copy, culminating in

an elongated fruit shape. Our discovery demonstrates that retrotransposons may be a major driving
force in genome evolution and gene duplication, resulting in phenotypic change in plants.

ost crop species display distinetly dif-
ferent morphologies in companson with
those of the relatives from which they

were domestcatad (4. 2. For tomato (Sofaream

Iveapersicun), cultivated types bear fruit of

varving siecs with many diverse shapes (2). The
locus sun comprises a major quantitative trail lo-
cus explaining 58% ol the phenolypic variation in
a cross that was derived from the 8 hecapersicm
vancty “Sunl 642, which has clongated shapoed
fruit, and its wild relative S0 pimgpineflifodinm
(mecession LALSEY), which has round frui (3],
Fine mapping indicates that sun resides in a region
of the tomato genome on the short anm of chro-
mosome 7 that camics small-scale imsentions, dele-
tions, and tndem duplications (). One insertion,
estimated to be 30 kb, 15 present in Sunl642 (but
not in LATSRS) and is linked 1o frui shape (4.

We constructed a genetic and physical map of

the sun locus in both parenis [supporting onling
material (SOM) Materials and Methods and g,

51, A and B|. Compamtive sequence analysis of

the locus showed that the size difference was due
to the insertion of a 24.7-kb segment present in
Sunled2 but absent from LALSED (Fig, 1A)
This insertion completely coassorted with the
phenotvpe (fig, SIB), implving that it underdics
the molecular basis of clongated fruit shape. A
Southem blot showed that LAITSRY contained
only one copy of this sequence, whereas Sunléd2
coptmned two copics (fig. S10), Both accesions
shared a copy of this locus on chromosome 10,
suggesting that the msencd segment on chromo-
some 7 in Sunl642 originated from chromosome
10 {Fig. 1B and fig. S1C). Comparative scquence
analysis of the 24.7-kb duplicates showed that
012 was rearranged relative o the other se-

!pepartment of Horticulture and Crop Science, Ohio State
Universitg'Ohio Agricultural Research and Development Center,
Wooster, OH 44691, USA, “Department of Horticulture, Michi-
gan State University, East Lansing, MI 48824, USA. *College of
Wooster, Wooster, OH 44691, USA.

*Present address: College of Medicine, University of Toledo,
Toledo, OH 43606, USA.
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vanderknaap. l@osu.edu
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quences within the 24.7-kb segment (Fig. 1)
Moreover, the only nucleotde divergence be-
tween the two copies was a 3-base pair (bp)
mismatch present at the breakpoint of the re-

arrngement. which suggests a recent origin of

the duplication. Close inspection of the sequences
indicated that a Copia-file retrotmnsposon, which

we named Rider, was present at both loci. Rider

resembled a long terminal repeat (LTR) retro-
transposon because it was lanked by identical
308-bp LTRs (designated in red as *17 and *27)
and a 5-bp wrget site duplication (TSD) sequence
GACCT (Fig. 1By Similarly, the chromosome 7
region had the identical Ridder clement Nanked by
twio LTRs (LTR 1 and LTR2). One additional LTR

(LTR3) was wennhed further downstream of

Ricler on chromosome 7, which (together with
LTRI) Nanked the entire duplicated fragment (Fig.
1AL Ad the site of the presumed integration, imime-

diaiely anking LTR1 and LTR3, a 3-bp moul

ATATT was identified, resembling a TSD of a trans-

A ATATT

Sunig42
ATATT GACCT

REPORTS

position event (Fig. 1A) Sequencing of LA 1589
supported that the mtegration of the segment oc-
curred at this 5-bp motl, These data, along with
analyses of polypurine tracts (PPT) (SOM Text),
suggest that the entire 24.7-kb fragment trans-
posed via Rider from chromosome 10 1w chro-
mosome 7 as one large retroransposon,
Because the ruit-shape phenotype at sun was
entirely linked 1o the insented segment (g, S1B),
we considered that the elongated fruit shape may
be due o genes present on the transposed
fragment or the disruption of a gene as a result
of the insertion event. We identified five putative
genes at the sum locus in Sunl64? as well as
Rider (Fiz. LAY, Four of these genes were 10042
[which belonged w the 1067 domain-containing
plamt proteins (3)], an SOL/-fike gene with high
similarity 10 a wbacco and Arabidopsis gene
i(f, 71, and two hypothetical genes HYPT and
HYP2 encoding a protein with weak similarity
1o CUCT (&) and a 487 amino acid protein with
high similanty 10 a potato protein of unknown
function (AY 737314}, respectively. The fifth gene
was DEFLL, encoding a putative secreted defensin
protein (BTO12682). The insertion into the intron
of this gene strongly suggested that DEFL! in
Sunl6dl was disrupted (Fig, 1A The Rider
relrotransposon contained a single open reading
frame, which encoded a 1307 -amino acid polypro-
tein including integrase and reverse transcrplase.
To test the effect of the sun locus on Truit
shape in a homogencous background and 1o
aseentain whether a difference in expression of
one of the candidate genes might underdie the
phenotype, we generated a sel of near-isogenic
Iines (NILs) that differed at sun. The NIL in the
LAI589 background showed neghgible ovary-
shape differences in Noral buds 10 days belore
Hower openmng (Fig. 240 (n= 10 buds, /= (L64).
At anthesis, ovary shapes began 1o show sig-

Fig. 1. Structural organization of the sun locus in LA1589 and Sun1642 (A} and the ancestral locus on
chromosome 10 (B). Arrows show directionality of the predicted genes and pseudogenes. Dark green
arrows indicate ab initio predicted genes, purple arrows indicate the rearranged /QD12 gene, light
green arrows indicate the LTR retrotransposon Rider, and yellow arrows indicate pseudogenes. Red
numbered boxes identify Rider's LTRs and are numbered according to the predicted order of
transcription. The TSD sequences are indicated in green {chromosome 10) and blue {chromosome 7).
The position of the original PPT and predicted actual PPT* are indicated (see SOM Text for more details).
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nificant, albeit slight, differences (v = 40 ovaries,  anthesis (Fig, 2A) @ = 35 fruits, P = (LOOO1 ), A much higher transcript level of 10012

P =004y The most significant differences i indicating that shape change primarily ollowed  was observed in the NIL carmyving the Sun 1642
shape were lound i developing frunt 5 days atier  pollination and fertilization (3). allele i comparison with the NIL camying the
LAILSRY allele (Fig. 2B). The highest transcript

A ee PP B e PP levels of JOD 2 were tound i young develop-

pre ant post pre ant post ing fruit 3 days afler anthesis, Transenpt levels

- -: - 10 days pre-anthesis |

of the disrupted gene DEFLT showed an inverse
expression pattem relative w O 20 When
J000 2 was expressed, DEFL T was not (and viee
versa) (Fig. 2By Reverse tmnscription polymer-
ase chain reaction failed to detect any DEFL]
SDL1-like - ey transeript in NILs that carried the chromosomal
duplication, indicating that DEFLT expression
was abolished as a result of Rider”’s ransposition
HYP1 : into this gene (Fig, 1) Transenpt levels of SI. /-
like, HYPI, and HYP2 were not alicred in the
MILs, or were undetectable, and thus were deemed
less hikely candidates tor the SUN gene.

lap12

HYP2

5 days post- Fruit-shape phenotvpe was hypothesized o
anthesis ' be dosage-dependent, because heteroey gous
/ : i i st NIL plants exlubit an intermediste  frun
DEFL1 : i * Ho shape relatve to that of the parents in both the
; b ; LALISEY and Sunl642 backgrounds (hg. S52).

Northern blots demonstrated that /202 was
elFdab expressed about twolold higher in individuals
homoeyzous or the ransposed fragment than in
Fig. 2. sun affects fruit shape after anthesis. Data shown are from NILs in the LA1589 background.  heterozygous plants, Similarly, DEFLT was ex-
“ee” denotes homozygous Sunlé642, whereas “pp” denotes homozygous LA1589 “pre,” pre-anthesis;  pressed about twolold higher in homozygous in-
“ant,”-anthesis; “post,” post-anthesis, (A} Representative ovaries at three developmental stages, Scale  dividuals lacking the transposed fragment than in
bars for each stage (from top to bottom) are 100, 500, and 500 um, respectively. (B) Expression  hetemevgotes (g, 520 Thus, the transposition
analysis of five candidate genes at sun. Total RNA was isolated from tissues of each genotype at the  cvent most likely placed JODI2 under the cis-

same developmental stages shown in (A), blotted, and hybridized with the probes indicated. regulatory control of Bctors nomally con fering
Fig. 3. The regulation of tomato D .
fruit shape is controlled by in- 15 =3 Frl shape index i‘s
creased transcription of /QD1Z2. ! PHOCE (pom. 10628-37785) E ik == 10012 transcript lavals 2
Data shown are in the LA1589 PHXA (pos. 7305-21248) e B - ‘8
background. (A) Graphical depic- TR * §
tion of the two genomic constructs B3 3 E
used to complement sun. Features = t é
of the genomic region are de- M '3
scribed in Fig. 1. (B) Northern blot g 10 [
analysis of T1 plants transformed E Bl
with pHX2 and pHX4 constructs - 2
with /QDI2 as probe with RNA =

0B549T WEH0
ea PR Das40n DRGA0S DER501

LA1588 NiLs pHX4 transgenic T2 families

isolated from fruit 5 days after an-
thesis. (C) Fruit-shape index of T1
lines significantly correlates with
10D12 transcript levels. (D) Fruit- .

: ; ass:aD12
shape index and /QD12 transcript c E

levels of homozygous T2 plants x =

derived from five independent 2.,

pHX4 primary transformants. The s .
average fruit-shape index (col- B - . W _
umn) and 10D12 trans.cripl levels : y 108-16 10917 108-18 109-23 109-26 109-28
(line) were determined from the 21

Northern blot data shown in (fig. 2 3

S2B). Error bars denote SD. For & " —_—
comparison, fruit-shape index and = o ol il i = '
10012 transcript levels of the NIL 06 05 10 15 0 25 2@

were included. (E) Constitutive ex- 1QD12 relative transcrpt levels 97 97-7 10514 10517 105-20
pression of 0012 in the round-

fruited LA1589 background results in extremely elongated fruit. Each fruit  fruit (LA1589ee) results in a notable reduction in fruit elongation. Each
represents an independently transformed plant. Fruit from the non-  fruit represents an independently transformed plant. The fruit from the
transformed round-fruited NIL (LA1589pp) is shown for comparison. (F}  nontransformed NIL (LA1589ee) is shown for comparison. Scale bars in (E)
RN Ai-mediated reduced expression of /(D12 in the NIL carrying elongated  and (F) represent 1 cm.
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high levels of DEFL] expression in developing
trunt,

The insent from two overlapping Sunl 642 &
gencrmnie clones was tansformed o LATSRY
and the round-fruited NIL in the Sunl642 back-
ground, These clones— pHX2 and pHX4
harbored the full-length FOD 2 gene, including
the promoter shared with the ancestral gene
and the LTR, but contained different 3 as well
as 3" end points (Fig, 3A) In the LAISS9 back-
eround, most plants transtformed with the pHX4
construet expressed /O 2 at high levels, whereas
this gene was expressed at low levels in the
pHX2 tmnsformants (Fig. 3B and table S1).
Morcover, pHX4 T1 plants exhibited a greater
fruit-shape index (ratio of height to widih),
whereas those with the pHX2 construct did not,
Regression analysis confirmed that there was a
signilicant linear relationship between JQ012
transcript levels and fruil-shape index, which
was i urn correlated 1o tansfomation with the

pHX4 construct (Fig. 3C). Transformation of

the same constructs into the round-lruited NIL
in the Sunl642 background produced similar
results (table S2).

Increased expression of [0 2 and increased
fruit-shape index cosegregated with the presence
of the pHX4 construct in the next generation
(Fig. 3D and fig. S3A) Transenpt bevels of 10042
and fruit-shape index of homoeygous plX4
plants indicated that, for most transgenic plant

families, the fruit-shape index and the JOP12
transcript levels were nearly restored to the
endogenous levels displayed by the NIL car-
rying the transposed segment (Fig. 3D, fig. 83,
and t1able S1). Thus, control of fruit shape in
tomate is regulated at the level of transeription
of fOD12, In addition, imponant cis-clementis)
in the 3.2-kb region upstraam of DEFLY drive
1002 expression in the developing fruit, be-
cause this region was present in phIX- and absent
from pHX2 (Fig. 3, A 1o C). Addiionally, the
SOLI-like and HYPL genes probably do not af
fect fruit shape, because these genes were present
on the phIX2 construct, which did not com-
plement the phenotype (Fig. 3, A 1o C),
Although ransenpt levels and  fruit-shape
imdex were substantially mercased o the tmns-
genic hines camying pHX4, they were not entirely
restored to the levels of that in the NIL camying
the transposed segment (table S1). Thus, cither
additional cis-clements i the DEFL ! 5 region or
other genes contribule o fruit-shape phenotype
(Fig. 3D and fg. 53) To determine whether
10D 2 alone was suflicient o confer an clongated
shape o tomato, we overexpressed this gene in
LAISEY and used RNA interference (RNAI) o
reduce expression in plants camying the trns-

posed seement exhibiting dongated fruit, Six of

13 LALSEY lines transformed with JODJ 2 under
control of the constilutive cauliflower  mosaic
virus (CaMV) 355 RNA promoter bore extremely

P

d.----------------
A‘ 11.----

GCAGA GCAGA
‘ GACCT GACCT ‘
B3 s
GACCT GACCT
R U3 j-,,,,,.' E l l Us R
C cacct GACCT
S SOLT-ike>  Rider |
chromosome 7 ; o

Fig. 4. A model for the segmental duplication and rearrangement at the sun locus. The features of
the genomic region are described in Fig. 1. (A) Readthrough transcription of Rider on chromosome
10 to the signature sequence GCAGA in the first intron of S0L1-like. RNA polymerase switched the
template to continue mRMNA transcription from an identical signature sequence (GCAGA), located
downstream of SUN. (B} Formation of one large retrotransposon mRNA. (C) After reverse tran-
scription and second-strand cDNA synthesis, Rider integrated into chromosome 7 at the ATATT site

located in the intron of DEFLI.
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clongated fruit and expressed fOD2 v high
levels (Fig. 3E, fig. S4A, and table 83), which
coscgregated with the presence of the tansgenc in
the next generation (fig. S4B and table $3). An
TODE2 inverted repeat construct—trans formed
ino NILs carmying the transposed  scgment
resulted i rounder fruit similar 1o that found in
the wild type, which was associated with de-
crepsod JODI 2 expression (Fig, 3F, fig. 54, C
1o E, and table 83}, Thus, increased and reduced
expression of JODI2 conters changes 1o tomato
fruit shape, which implies that this gene is
necessary and sullicient in controlling shape m
the sun locus, Hence, JODY 2 was renamed SOV,
All members of the IQD family contain the
67 -amino acid Q67 doman, which has only
been found in plants (5). AUQD] binds calmod-
wlin and 15 localized in the nuclews, and s over-
expression increases  glucosinolate levels in
Arabidopsis (9. On the basis of the shared do-
main structure of the entire profein and phylo-
genetic analysis of the Q67 moull SUN 5 moest
closely related to ANQD12, although the eriterion
of conservation ol intron position suggests that it
is more closely related 1o AUQDIT (fig. 55A).
Both Arabidopsis genes are members ol the
subfamily 11 of the 10D family of proteins that
also include AUQD13 and ALQDI4 SH(hig. S5B).
Extensive database scarches identilied members
ol this family from other dieot species and sug-
gested that the 1QD cluster containing SUN ex-
panded o at least four members in tomato and
potato, after the sphit from Arabidopsis (g, S5B).
We propose that tmnseaption of Rider on
chromosome 10 began in LTRI. Instead of stop-
ping in LTR2, readibrough occwred in the lank-
ing genomic region (Fig. 4A, SOM Text, and fig.
570 In the first intron of the SDL7-fike pene, the
RNA polvmerase switched 1o a region 3' of SUN.

The 3-bp direct repeat GCAGA on each side off

the breakpoint suggesis that a template switch
occurned (Fig. 4A), resulting in an elongaied
transcript that werminated in LTR1 (Fig. 4B). The
inrons of the SUN and SDEHHike genes were
retained in the antisense orientation with regard 1o
filer and were not recognized and removed by
the splicing machinery afier RNA synihesis, This
largze clement inseried into chromosome 7 (Fig.
4071, resulumg in the gene amangement at the s
locus (Fig. 1A). Rider's 3' pene transduction and
template switch are essential lor o successiul
transposition, because two {lanking LTRs are
required for reverse transcrption and  double-
stranded DNA synthesis of LTR retrotransposons
(/0 In addition, this model demonstrates that
LTR retrotransposons can facilitate gene duplica-
tioms, resulting in phenotypic change,

With the exception of AUIQD1 and SUN, the
function of other 1067 domain-containing pro-
teins remains unknown. Unlike AUQDI, SUN
does notappear 10 be affecting glucosinolate lev-
cls in tomato, because these metabolites are not
produced n solanaceous plants, However, AUQDI
plays a role in the tanscript accumulation of a
small group of evtochrome P450 genes including
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CYP7983 and CYP7982 (¥, 11). The encoded
proteins Gitalyee the conversion of tnvptophian into
mdele-3-acctaldoxime in tryptophan-dependent
auxm bwosynthesis i Arvabidopsis (/2-14). In
tomato, overexpression of SUN resulied i ex-
tremely clongated and often seedless Truit, remi-
niscent of the parthenocampic, clongated, and
pointed tomato fruit resulting from expression of
the auxin biosynthesis gene foaM controlled by
the placenta and ovule-specific DeffY promoter
(13, 16). The extremely elongated fruit shape and
lack of proper sead development when SUN is
overexpressed, i additon o its potential bio-
chemical function, suggest thar SUN may affcct
auxin levels or distribution in the fruit(Fig. 3E). Tt
15 therefore plausible that mvolvement of SUN in
shape vanation 15 through regulation of plant hor-
mone and'or secondary metabolite levels, thereby
affecting the patterning of the fruit.
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Evidence for Karyogamy and Exchange
of Genetic Material in the Binucleate
Intestinal Parasite Giardia intestinalis

Marianne K. Poxleitner,’* Meredith L. Carpenter,’* Joel ]. Mancuso,! Chung-Ju R. Wang,!

Scott C. Dawson,” W, Zacheus Candet

The diplomonad parasite Giardia intestinalis contains two functionally equivalent nuclei that
are inherited independently during mitosis. Although presumed to be asexual, Giardia has low
levels of allelic heterozygosity, indicating that the two nuclear genomes may exchange genetic
material. Fluorescence in situ hybridization performed with probes to an episomal plasmid
suggests that plasmids are transferred between nuclei in the cyst, and transmission electron
micrographs demonstrate fusion between cyst nuclei. Green fluorescent protein fusions of
giardial homologs of meiosis-specific genes localized to the nuclei of cysts, but not the
vegetative trophozoite. These data suggest that the fusion of nuclei, or karyogamy, and
subsequently somatic homolegous recombination facilitated by the meiosis gene homolegs,

occur in the giardial cyst.

drdicn indesinalis (syn. fonblia, dhodenalis)

is a common intestinal protozoan pamsite

and a major cause of water-borne diar-
rheal discase worldwide (/) As a diplomonad,
it has two apparcntly genctically identical, func-
tionial Iy equivalent diploid nuclen (2-4), and the
sequenced genome shows little heterozygosity
(3. 6). Both nuclei are transeriptionally active and
contain two complete copies of the genome (2-4).
The parasiic has two developmenital stages: a bi-
nucleate, lagellated trophozoile that attaches o
the upper small intestine, and the quadrinucleate
infectious cvst, which is excreted from the body
and persists in the water supply (7). In the encyst-
ing trophozoite, the two nuclel are thought 1o
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undergo a nuclear division without a subsequent
cviokinesis, giving risc to a matire cvst with four
nuclel (). Upon excystation, the cell goes through
one cellular division and then one nuclear and
cellular division to form four binucleate troph-
ozoites (N

The two nuclen in the wophozoile eman
physically and genctically distinet during mitosis,
with two autonomous spindles segregating the
parental nuclei o the davgner cells (9). Neither
mating nor meiosis has been reported in Crigrior,
However, if Giandio is asexual, it should accu-
mulate substantial allelic heterozvgosity within
and between the two nuclei, and this has not been
observed (3, 6, [0).

To determine whether the cyst nuclel remain
physically autonomous, as they do in wropho-
zoies, or whether nuclal can exchange genetic
matenal, we performed uorescent in sie hy-
bridization (FISH) on trophoeoites and cysts (9).
In Giardia, stably transfected plasmids (epi-
somes) are found in only one of the two nucled

of trophoeoites (Fig. 1A). This patlern persists
throughout cell division and evtokinesis (9, 11).
When we use FISH to detect episomes in cysts,
we soe two distinet pattermns (i = 50) 72% of the
cysts have several episomes present in two ol the
four nuelei (Fig. 1B), whercas 28% of the cysis
have episomes in three of the four nuclei (Fig.
1C). This result suggests that in roughly one-third
ol enevsting cells, two nuelel come together and
their nuelear envelopes fuse, resulting in plasmid
transfer between the nuclei.

To ascertain whether nuclear fusion oceurs in
Ciharedio eysts, we performed transmission elec-
tron microscopy { TEM). Cysis were prepared for
TEM with high-pressure rapid freczing - frecee
substitution w0 achicve optimal eviological pres-
ervation and eliminate chemical fixation artifacts
due o the impermeability of the cyst wall. Using
this method, we observed nuclei joined by con-
tiguous membranes (Fig, 1. D and E)n These
nuclear envelope (NE) fusion momhologies ane
not derived from an incomplete mitosis because
there are no spindle microlubules associated with
the NE. and the multiple axonemes associated
with paired and fusing nuclei differ in location
from the axoncme pairs found at cach spindle
pole in matotic cells (99, OF the =100 ndividual
cysts examined, we observed 15 with contiguous
NEs. Becawse these cells were collected at a
single moment in time, the percentage of nuclear
Fusions is less than that seen by FISH, which rep-
resents the net outcome of puclear fusions over
time. Thus, the nuclei in the Giardia cyst fuse
(undergo karvogamy), and this fusion likely
facilitates the transter of episomes between nuclei.

We next sought o determine when Karyo-
gamy lakes place in the encyslation process. We
counted the number of nuclei in cysts and the
1ot number of cysts presemt it six different ume
points (Fig, 2A), Cysts appeared 12 hours after
induction of cneystation; subsequently, multiple
nuclear amangements wWere seen in cysis at every
time point, sugeesting that encystation is not well
synchrontzed and tha cells at varving stages of
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encystation are always present. Three nuclear
armangements could be distinguished at intenme-
diate time points: two pairs of nuclel at opposite
endds of the cell, two pairs ol nuclel elose wgether,
and three nucher (a par of nuclen and one Jange
chromatin mass) usually close together (Fig, 2A).

Cysts with four nuclel close wogether were always
the most abundant. These data ane consistent with
the hypothesis that at the four-nuclear stage, the
nuchear pairs migrate from opposite ends of the
cell 1o the same quadrnt, undergo luswon, and
then separate again,

C

Fig. 1. Plasmids detected by FISH in Giardia trophozoites and cysts, and TEM showing nuclear fusion
(karyogamy} in cysts. (A} When FISH is performed on trophozoites containing transformed plasmids,
plasmid probes (red spots) are detected in only one of the two 4', &'-diamidino-2-phenylindole (DAPI)—
stained (blue) nuclei. (B and €} In cysts, plasmid probes are seen in either two of the four nuclei {B) or
three of the four nuclei (C). (D) TEM image of a mature cyst. All four cyst nuclei are in the same plane; two
of the nuclei are fused with contiguous nuclear envelopes. (E) Two fused nuclei from a different cell.
Cytoplasmic axonemes are marked with an asterisk. Bar, 200 nm.

Fig. 2. Nuclear movements and plasmid dis- . 1
tribution in Giardia cysts. (A} Time course of nuclear B Dstchmteonitoe i

number and position during encystation. (B to G) ﬂw thess nucisl
Selected frames 8 s apart from a movie of a live, ?——‘__—__'___—___/—-‘\\—\4;:
B four nuclsl far

acridine orange-stained cyst. The black arrow 50 awant
follows the movement of the nuclear pair on the
right side of the cyst. The nuclei within each pair
also oscillate [asterisk in (B) to (G)]. The possible
fusion of the left pair of nuclei is indicated by a
white arrow 1n (D) to (G). Also see movies 51 to 53
(11). (H to L} Nuclear configuration and plasmid
distribution. (H) In trophozoites, the plasmids
(green spots) are detected by FISH in only one of
the two nuclei. (1) Plasmids are detected in two of
the four cyst nuclei when the two nuclear pairs are
far apart. (]) Plasmids are detected in two of the
four nudei and the two nuclear pairs are close
together. (K) Cyst nuclei have presumably under-
gone fusion, and plasmids are detected in two of
the three nuclei. (L) Plasmids are presentin three of
the four nuclei. Percentages of each class of cyst are indicated in (I} to (L). Bar, 5 upm.

L]
ag  Wiour nuchsl ciows
gt

Ll

Time-lapse images of live, acndine omnge
stamned cysts illustrte this dynamic nuclear be-
havior (Fig. 2, B 1o G and movies 51 10 31, Each
nuclear par exhibits two forms of movement
(Fig. 2, B 1o G). The par on the nght moves
relative o the pair on the e, and in 32 s rotates
from a horizontal (Fig. 2B) 1o a vertical (Fig. 2F)
orientation, The nueleir within cach pair also
fluctuate back and fonh (Fig. 2, B w G) The
nuclear movements in cysts are very different
from what is observed in trophozoites, in which
the two nuclel are wwthered o the evioskeleton and
exhibit no movement (movie S2) exeept during

IHiIH;-ih, | ||1.' |,|_'.|!:|I'|i||; MOy Gments ol cysl |!||,u,'|1,'i
ey |'|I:L|'.idn: the force IHCCRRArY for l.;l:}w:g.unj. 4]
oceur and promote mixing of nuclear contents,
To determine how plasmid distribution
changes relative o nuelear conhguration, FISH
wis performied on encvsting cullures 1o detect
transfected plasmids (Fig. 2, Hio L) AsinFig. 1.
trophozoites contamed plasmids m only one of
the two nuclen (Fig. 2H), In 32% ol eysts (o = 50),
twio nuclear pairs were present at opposite cnds ol
the cell, with plasmids in one nucleus ol cach pair
(Fig. 21). In 21% of cysts, two nuclear pairs were
present ogether at the same end of the cell, with
plasmids in one nucleus of cach pairi Fig. 203, In
both of these Calcgon ies (F |1_' 2 land D, |'I-t:|.~.|'|ti4.].-.
were detected in on |_~. one mucleus in cach i'r.Lil,
indicating that the pairs are nondaughters (de-
rived from different parental nuclei). In 19% of
cysts, three nuclel were present, presumably in
the process of fusion, with plasmids in two of the
three nuelel (Fig. 2K). Finally, in 27% ol cysts,
plasmids were seen in three of the four pained
nuclel (Fig. 2L ). Because all of these conligura-
tions appear at roughly the same ume, the pro-
cesses ol nuelear migration, fusion, plasmid
exchange, and fission may occur very quickly.
Cysits were immunolabeled with antibodies 1o
c=lubulin o wenuly major microtubule amays
associated with ovst nuelel. Apan, we saw three
major classes ol encysting cells: two pairs of
nuclei far apart, two pairs close wopether, and
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three nuclel (Fig. 3. A to C). Three-dimensional
projections of these images (movies 54 o 56)
demonstrate that the three nuclel seen in Fig, 3C
are mdeed three separate nucler and not two
nucler supenmposed on one another. The cyst
microtubule eyvtoskeleton diflers from the troph-
ozolle cytoskeleton, because many of the com-
plex structures scen m trophozoies ane absent in
the eyst (Fig. 3, A w C). Disassembled fragments
of the ventral disk and mtemal axonemes are
prominemt (Fiz. 38)
| Ey and immunolluorescence { Fig. 3. A o C), the

nuclear pairs are associed with microtubule

\s shown by TEM (Fig

hundles, capecilly mternal axonemes, thiroug h-
ot L.'_'L."| Iornat o, nll:.':z.'k'h“ll!." |.| M1 ':II..' ARNOTCITS
1Ly have a distimetive funchon i Ciardia

On the basis of these data, we propose a
mode]l for plasmud tmnsfer durng  eneystation
||'i3I 3. Fiest, at the mduction ol cncystation,
the nucler dwade with two scparate .~|'||Iu||..'.~ [Tis
division penerates a eyst with two pairs of non-
davghter nucler al opposite ends of the cell. Each
pair of nucler appears to be associated with a
bundle of internal axonemes and moves wogather
within the evst (Figs. 1E and 2, B 1o G). One pair
of nucle then migrates 1o the opposite end of the
cell 1o join the other nuclear pair. AL some point,
l\.ll:\\.il:.\,':.ll I!:"\. |1\'| WOCTY TW & Il."!l-.'.'.ill.l:._'!'”L'I ||!|l.|l.'] ekl
oceur, resulti 1 m the Appamnce of three nucled.
This three-nuclear stage 1s -.-|||1'.|u'-|1|_'- observed
with all three nuclel in close proximity o one
another, so the actual fusion probably occurs alter
the nuclei have migrted together at one end ol
the cell. Because we have never scen plasmids in
all four nuelel of evats, we conclude that fusion is
typically restricted 1o only one set of nuclel. Al
tematively, usion may oceur between both pairs
ol nondaughter nucled, but may only occasionally
result in genetic exchange. IF fusion were o-
cuming between daughter nucled. it would not be
detected as an mcrease in number of labeled
nuclei in our FISH experiments. Finally, because
ully mature cysis have four nucler before ex-
cystaton, we deduce that nuclear fission and the
re-tomation of four separate nucler must [ollow

karvogamy and nucleoplasm exchange

Fig. 3. The microtubule cytoskeleton in cysts and a model of
nuclear movement. (A to €) Encysting cells were immunolabeled
with antibodies to c-tubulin (green) and the DNA stained with
DAPI (false color, red). (A) Two pairs of nuclei are at opposite
ends of the cell. (B) Four nuclei clustered together at one end of
the cell. (C) Only three nuclei are distinguishable in the cluster.
Bar, 5 um. Also see movies 54 to 56. (D) A model for plasmid
exchange during encystation. A trophozoite has two indepen-
dently inherited nuclei, blue or red, and only one {red) contains

lasmids. Each nucleus divides during encystation, resulting in
two pairs of nondaughter nuclei at opposite ends of the cell.
After nuclear migration, fusion occurs between nondaughter
nuclei {i.e,, between a red and a blue nucleus), leading to
transfer of genetic material. Subsequently, fused nuclei undergo
fission and move apart, resulting in three (red) nuclei containing

plasmids.

i-l f-.-’;-“-Ffli_I | 2:]"}5 '.‘-,-DI- 3. g

For karvogamy to lead to genome homo-

geniaation, we assume that an event like homol-

opous recombmation occurs alter the nuelear

envelopes luse. Thus, we predict that the expres-
ston of penes myvolved m DNA repair and o
homologous recombination should increase dur-
ing encystaton. Although meiosis has not been
deseribed i Clarddi, analysis of 1s sequenced
eenome revealed homologs of mewsis-specitic
genes (HMGs), mcluding Hopl, Spol 1, Dmcla,
Dmelb, and Mndl (3. 12 Nonctheless, o is
possible that these genes had a nonmeiotic Tunc-
tion in the last common ancestor of Caardio and
other eukaryoles: indeed, many rescarchers -
lieve tha the -.'||k.||_~.n|iu' MCIos IS I'.I.l|.|1lIIL'I:\~
-.n'ij.'il'l.l]l_\ evolved fom ECICS 1y olved in DNA
damage repair (£ 30 The HMGs in Cerardia Iy

therefore  facilitate the exchanee of genomic

Fig. 4. The timing of GFP
HOP1:GFP expression
during encystation. After
3 hours (A} of exposure
to encystation conditions,
no HOP1:GFP (green) is
detected, but immunola-
beling with antibodies to
CWP (red) shows a small
amount of QWP present in
ESVe, After 12 hours of en-
cystation (B, the amount
of OVP detected in ESVs
has increased, but no
HOPL1:GFP is visible. By
15 hours (C}, HOP1:GFP
is detected and colocal-
izes to two DAPI (blue)
stained nuclel, while the
cell is filled with vesicles
containing CWP. When en-
cystation 15 complete at
24 hours (D), HOP1:GFP
is seen in the four-cyst
nuclei, and the cyst wall is
smooth and contiguous
around the periphery ol
the cell.
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matenial within and between the cell’s two nu-
clear genomes alter karvogamy

To assess the expression and localization of
the proteimn |"I'\."L!lh.|.\- of HMGs, we constructed
C-terminal green fuorcscem protein (GFP) fu-
sion constructs of these five genes under their
mitive promoters. We observed DMOCLACZGFP
localization to the four eyst nucle (g, 51, A o
C'1 However, no GFP was visible in the nucle of
the wophoeoites (g 51, D w FL This same
pattern was seen for SPO1GGEP (g, 82, A and
B) and HOPL:GFP (see below) In contrast.
DMCIB2GFP(fig. S1, Gio Ly and MNDL:GFP
ifie. 82, C and I localize w0 the nuclel of both
trophozoies and cvsts ||||-.'|c.-|u'.:.'|_~., .||I||||||:.':.'|
Crienelia contams two |'lu‘..|.'.i'-c |:|I:Ih-|n:_'.- of the
I CI0&15-5C ific RecA I.||1|.1|_\ member Dimcl, no

homoloes of Rad31. the somatic and meiotic

CWP DAPI

Merge
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RecA family member, have been identified (/2).
Because DMCIB 15 expressed in vegetatively
growing trophosoites and cysts whercas DMCTA
is cyst=specitic, we postulate that DMCIB may
have a Rad31-like [unction and be involved in
somatic DNA damage repair, Similarly, we sus-
peet that although Mndl s involved in meciosis-
specilic recombination in other organisms, itmay
have a more general role in Giandia,

To determine when HOP 1LGFP begins 1o be
localized 10 the cyst nucled, we monitored ency-
station over 24 hours with an antibody to cvst
wall protein (CWP), which is tmnsporied via
encystation-specific vesicles (ESVs) o the exte-
rior of the cell and deposited w form the cyst wall
(44}, Three hours alier inducton of encystation,
CWP wis detected in ESVs i the evioplasm
(Fig. 4A), and the number of ESVs continued 1o
increase through the first 12 hours (Fig. 4B).
Adter 15 hours, cells were filled with ESVs, and
HOP =GP was first deteeted i the two nuele
of the encysting trophozoite (Fig. 40) By 24
hours {Fig. 4D), mature cysts with four nuclei
and a defined wall were present, and HOP L2 GFP
was localized to all four nuclei, Thus, HOPL,
which is involved in binding double-strand breaks
during meiosis in yeast (13), is lirst detected in
the nuelei in Ciandia during encystation and per-
sists indefinitely in ovsts,

Karvogamy during encystation, 1l accompa-
nied by homologous recombination and'or gene
conversion driven by the HMGs, could provide a
mechanism by which Giardia maintains low lev-
cls of allchic heterozyeosity. This parasexual
process, which we call diplomixis, appears 10
be umique 1o Giardia, although we predict that it
oceurs i other members of the order Diplo-
monadida. Unlike awtomixis, diplomixis is not
accompanied by meiotic genome reduction and
the subsequent fusion of gametes Trom the same
parent, as is found in the sexual or parmsexoal lile
evele ol other onganisms (J6). It is also possible
that rare meiotic events occur in the wild, as
suggested by a recent Giandia population study
(7). Undestanding the lunctions of the HMGs
and the behavior of chromosomes as nuclen fuse

will be essential to test for the occurence of

homologous  recombination. A decper under-
standing of the roles of these genes, as well as
others invelved in karvogamy, may shed light on
the evolution of merosis and provide new targets
for drug treatments,
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Direct Visualization of Horizontal

Gene Transfer

Ana Babi¢,%?* Ariel B. Lindner,*® Marin Vulié,*t Eric ]. Stewart,*?t Miroslav Radman®®3

Conjugation allows bacteria to acquire genes for antibiotic resistance, novel virulence attributes,
and alternative metabolic pathways. Using a fluorescent protein fusion, SeqA-YFF, we have
visualized this process in real time and in single cells of Escherichia coli. We found that the F pilus
mediates DNA transfer at considerable cell-to-cell distances. Integration of transferred DNA by
recombination occurred in up to 96% of recipients; in the remaining cells, the transferred DNA was
fully degraded by the RecBCD helicase/nuclease. The acquired integrated DNA was tracked through
successive replication rounds and was found to occasionally split and segregate with different
chromosomes, leading to the inheritance of different gene clusters within the cell lineage. The
incidence of DNA splitting corresponds to about one crossover per cell generation.

wether with ranstonmation and phage-
I mediated  transduction, conjugation 15 a
key mochanism for horizontal gene trans-
ter in bactena (£). The first evidence for sex by
conjugation in £, coli was provided by Lederberg,
who obtained prototrophic progeny by mixing
two different auxotrophic parents (7). Since then,
the phenonenon of honzontal gene transter has
been shown 1o be responsible for widespread
tmnsler among bacterial populations of genes
conleming anubiotic resistance, metabolic fune-
tions, and vinulence deterninants,
Conjugational DNA wmansfer is drnven by the
F plasnud unidirectionally from an F™ donor cell
toan F recipient cell. The F plasmid contains all
the genes requined for conjugation (c.g., mediat-
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ing the contact between donor and recipient cells)
and for regulation of DNA mobilization and s
umdirectional transfer (3) At low frequencics,
the F plasmid can integrate into the chromosome
of the host cell, giving rse w an Hir (high
frequency of recombination) strain (). Chromo-
somal genes of the Hir bactenum can be mobi-
lized and transferred 1o a recipient. In some cases,
F can excise from the chromosome of Hir, creat-
ing an F° molecule that carnies chromosomal
penes as well as the conjugation genes (5). Both
Hir and F~ can serve as DNA vehicles in honi-
zontal gene transfer between bacteria,

The contact between mating cells s mediated
by a tube-like structure known as the F pilus (3).
DNA is ransfemed from the donor to the recip-

fent in smgle-strnded form and converted 1o
duplex DNA by the synthesis of the complemen-
tary strand i the recipient cell. Once the con-
Jugational transfer ceases, double-stranded donor
DNA 15 enher arculanzed (in the ease of F
transter) or, in the case ol Hir wanster, incor-
porated into the recipient chromosome by RecA-
dependent homologous recombination or degraded
by RecBCD exonuchease (3, 6)

Many aspecis of the mechanism and con-
sequences ol conjugation remain unresolved, in-
cluding the role of the F pilus in DNA wransfer
during conjugation, the fate of the transforred
DX A, the global frequency of the horizontal gene

trnsfer (versus the frequency of inheritance of
individual genetic markers), and the pattern of

inheritance of donor DNA present in the initial
transconmjugant cell. To address these questions,
we have developed an experimental system that
enables us o distinguish the ransfemwed donor
DNA from both donor and recipicmt DNA, and 1o
visualize DNA tmnsfer and recombination by
means of luorescence microscopy in real time,
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at the level of individual living cells. This tool

allowed us to guantily the ongoing transter of

DMNA dunng conugation and o acquire time-
lapse movies that follow the e of the newly
acquired DNA in individual cells through any
number of cell divisions,

SegA s a negative regulator of initiation of

E. eoli replication, with a high aflimity for DNA
that has been hemimethylated (e, only one
strind in the duplex DNA is methy lated ) by Dam
methylase at 5° GATC sequences (7-9). We
mated Dam methy lation-proficient donor (L
or F') cells with methylaion-deficient recipient
cells, producing the SeqA-YFP (vellow Nuones-
cent protein) fusion protein, which enabled us w
spectfically and permanently label only the trans-
femred DNAL Once methylated donor DNA s
tmnsfemed W the Dam recipient as a single
strnd and converted o a DNA duplex by the
synthesis of the complementary nonmethylated
strnd, the acquired DNA 15 expected 1o remain
permanently hemimethylated and therefone bound
by SegA-YEP. Indeed, we have previously shown
the binding of SegA to conjugally tmnsfened DNA
by immunofluorescence on lixed cells (10).

The SeqA-YFP manslational [usion was con-
structed and placed in the chromosome under the
control of the native seg promoter, replacing the
resident segd gene (1), As expected, in Dame
cells SegA-YFP localizes o DNA replication
forks to form compact foci (Fig. 1A). As DNA
mcthylation lags considerably behind DNA svn-
thesis, the newly replicated DNA s transicntly
hemimethylmed DNA and therefore transicntly
bound by SegA-YFP (Fig. 1A) (J2-/4) In con-
trast, m Dam™ cells SegA-YFP uorescence 1s
dilTfuse (Fig. 1B). The number of SegA-YFP foc
in Dam’ cells varied from one 1o two in minimal
medium, and up 1o cight in LB (Luna Benani)

medium, as expected from the occurence of

multiple replication forks in rich medivm ( /3, 15).
Foci were positioned at the hall- or quaner-length
positions in the cell. Both the number and po-
sition of SeqA-YFP foci corresponded o those
previously reported for SeqA (43, [4), which sug-

gests that SegA-YFP is functional in terms of

DNA binding specificity.

To investigate the localization ol SeqA-YFP
protein during conjugation, we placed a muxture
of dam” donors and dam”™ segA=vfp recipients on
a nutrient=comaining agarose slab in a sealed-
cavity microscope shide and observed ot with
time-lapse Muorescence microscopy. About 5 min
alter mixing the parental cells, distinct SeqA-
YFP foci started to appear in recipient cells
(Fig. 1, Dand E). During the next 30 to 40 min,
almost all recipients in the vicinity ol donors
acquired mtense NMuorescent foci of the SegA-
YFP due to the sequestration of previously
diffuscd ScgA-YFP by the wransferred DNA
{Fig. |E and movie 511 A single recipient cell
could reecive DNA mone than once, as shown by
the presence of independent, well-separmed foe
arising at different time points at different
positions in the cell (g, 51 and movie S1)

14 MARCH 2008 WVOL 319 SCIENCE

As expected. when dam donors were used in
conjugation, no SegA-YFP foct were observed in
the dam recipients. Also. no SegA-YFP oo
were seen when donors lacking the structurl
pilus protein (TraA) were used and were there-
tore trusfer-deficient (/). These results conlimm
that SeqA-YFP foct formation reflects the entry
of a methyluted donor DNA stand into the dam
recipient dunng comjugation. Although the con-
jugal transfer of the extrachromosomal R plasmid
was previously observed by Nuorescence of a
specilic locus on the plasmid (1 7), our svstem
allows visualizanion of transfer of any extrachro-
mosomal or chromosomal DNA in a sequence-
independem Fashion,

To visualize the expression of comugally
transfoemed DNA i the recipient eells, we con-
structed the ANB3S donor stram ol £, cofi, which
carries the weircyveline (Tet) promoter-driven
monomeric red fluorescent protein (mefprd) geng
(I8 and feell (repressor) gene (7). In the absence
of mduction, donor cells exhibit weak red
Nuoreseence because of the leakmess of the Tet
promoter (movie S2). When ANB35 donors
were mated with danr segAd-ylp recipients, we
first observed the appearance of the SegA-YFP

Fig. 1. Llocalization of SeqgA-
YFP in DNA replication and in
conjugation. (A} Dam-proficient
cells. (B) Dam-deficient cells.
(C) Recipient with SeqA-YFP
focus after conjugation with F do-
nor. Left, phase contrast image;
center, fluorescence image; right,
overlay between the phase con-
trast image and the flucrescence
image represented in green. (D
and E) Real-time conjugation
[(D), phase contrast; (E), fluores-
cence overlay] of donors (red
cells) with recipient (green cells)
as followed by ime-lapse micros-
copy at 0, 10, and 30 min after
plating on nutrient-agarose cay-
ity slide.

focus, denoting DNA tansfer, tollowed by the
red fuorescence in the recipient cell, showing
mrfpd gene expression, about 2 hours afier the
transfer of the s gene. This expression ol the
mrfpd pene was detected i 235 of 307 mated
recipicnts (8.1%0) Not all successiul mmnsfors
would have included the mefpd gene, because
conjugational transfer ceases al mndom points,
and the probability of tmnsfering a specilic
marker decreases exponentially with its distance
from orgin of wansfer o U The recipient cell
eventually became intensely red relative 10 the
Nuorescence of the donor (movie 523, Upon entry
of the donor DNA into the recipient cell lacking
the TetR repressor, the tmnscrption of megpf

occurred  before sullicient TR repressor was
expressed and funcuonal, The recipient ecll there-
fore became mmtensely red belore mepression
stared. This phenomenon is known as induction
of gene expression by conjugation, or zyvgolic
mnduction (20).

The F pilus 15 a wbular organelle, extruding
fromm the surface of the donor cell, that is requined
lor conjugation (2/). Some authors have argued
that the F pilus serves only to bring the mating
cells in direct contact, and that DNA &5 trans-
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lerred subsequently through a pore in the
membrane (22, 23). Others have shown that
DNA can be transterned from the donor to the
reciprent even when mating cells were apparently
physically scparmmted (24). In three experiments,
we observed SegA-YFP foci appearing in 43 of
753 recipients that were not in direet cell wall
contact; the maximal observed distance 1o the
closest donor was 12 um (Fig. 2 and movie 83),
No distant transfer of DNA was observed in the
presence of 0L01% SDS (which depolvmerizes
F pili) or when using the wansfer-deficient
traAd” domors (which lack the pili). Clearly, the
appearance of distant SeqA-YFP foci depends
on conjugation and on the presence of F pili.
Thus, our results offer evidence supporting the
idea that the F pilus, m addition 1o establishing
the contact between mating cells, serves as a
chamnel for singlestranded DNA transter during
conjugalion.

In conjugations with recombination-delicient
recipients (recAd” ), transferned DNA s known 1o
be degraded by the RecBCD exonuclease (6, 25).
RecBCD is a highly processive enzyine de-
grading single- and double-stranded lingar DNA
(26, 27). The kinctics ol degradation of conju-
gally transterred DNA have so [ar only been mea-
sured in large cell populations (6, 25) and not a
the level of single cells,

In our experiments we found that the SegA-
YFP focus Quorescence intensity in the recipient
is proporiional W the time of active conjugation,
that is, to the length ol ransferred DNA (Fig. 52).
The gradual disappearance of the Muorescence of

Fig. 2. Representa-
tive example of conju-
gational DNA transfer
without visible cell con-
tact between donors and
recipients. Recipients and
donors were plated on
the nutrient-aganose slab
without previously be-
ing in contact and were
observed by time-lapse
fluorescence microsco-
py. (A) Phase contrast

SegA-YFP foci that we observed in recombination-
deficient cells (movie S4) probably reflected
DNA degradation mediated by the ReeBCD
helcase/nuclease complex. Indeed, Hir DNA
transfemed mto recd recd? recipients was largely
left unchanged. and no degradation was scen in
459 of 471 recipients [ie., 97 = 0.24% (SEM) in
three expenments| 4 hours after imermption of
mating, By contrast, in recAd recipients, trans-
fermred DNA was rapidly broken down in 313 of
343 recipients (e, 913 = 4.1% in three exper-
iments), DNA degradation over time in most
cases was lincar, ver individual cells exhibited
variahle degrdation raes (N, S3A) Ocea-
stonally (for 9 of 135 foci in two expeniments)
we saw a delay m o the onset of degrmdation (fig.
S3B) Imerestingly, a subpopulation of SegA-
YFP foci (8.7 + 4.1% for 343 tmcked foci)
exhibited an initial decnease in luorescence dueto
degradation of DNA but eventually reached a
stable fluorescence level, even 4 hours affer the
interruption of mating (fig. S3C). This contrasts
with the findings that no genuine genetic recom-
binants can be obminad in crosses with recd
recipicnts (28). In these cases, the nonreplicative
Hir DNA somchow must be end-protected— for
example, by circularization via microhomologies,
palindromic end structures, or protein binding,
The fate of transtared DNA in recombination-
proficient {recd’ ) recipients was followed after
imterruption of mating (/). In E. coli, all free
lincar DNA s rapidly degraded by the ReeBCD
exonuclease (27 therelore, SeqA-YFP foci that
remain stable i reed” recipients for at least 4

images. (B) Overlay of fluorescence images of recipients (green cells) and donors (red cells) at 0, 5, and
10 min after plating on LB-agarose in a cavity slide.

Fig. 3. Two representative cases of the
SeqA-YFP focus splitting, differentiated by
color. SeqA-YFP foci were acquired during
30 min of mating on a nitrocellulose filter
with a recombination-proficient recipient.
Time 0 represents the interruption of
mating by nalidixic acid and transfer under
the microscope for observation. Times of
splitting are indicated by arrows; a.u.,
arbitrary units. Fluorescence 0 is the
average background SeqA-YFP fluores-
cence level of nonconjugating recipients.
Each point represents an integral (total)
fluorescence of SeqA-YFP focus.
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hours were considered as recombined [INAL
Transterred DNA followed two fates in the
recd” recipients: In 11 of 336 mated recipients
(3.3 = 0.83% in three expenments), SegA-YFP
toen disappeared, mdicating that the donor DNA
was degraded (g, 540, However, in the majority
(96.7 + (.83%), the fluorescence Mensity ne-
mained constant or slowly increased for the
highcr-intensity foci. This is coberent with the
binding of newly synthesized SeqA-YFP to avail-
able GATC sequences of large conjugated lrag-
ments, whercas small ragments are readily
saturated by available SeqA-YFP (g, 54).

This direct, physical, measure of recombina-
tion shows substamially higher recombination
frequencics than those measured genctically as
the acquisition of specific genctic markers (rang-
ing from 10w 30% depending on spectlic genet-
ic marker, donor strain, and mating conditions )
(29, 30}, Our results show that conjugational
recombination s an extremely efficient process
when donors and recipients are essentially genet-
ically identical strains.

Remarkably, SegA-YFP loci frequently split
within single cell lineages (Fig. 3 and movie S5).
The sum of HNuorescence intensities of newly
lormed foci was not statistically different from
the intensity ol the ancestral focus (¢ west, P
0.62, i = 200 that is, the splitting events were
conservative, showing no evidence ol signilicam
DN A degradation (Fig. 3). Most likely, the splitting
of SeqA-YFP Toci reflects the physical breakage
of the mitial ransferred DNA strand into two
DNA fragmems (/7). This 15 reminiscent of re-
ciprocal crossovers (sister chromatd exchange)
because the splitting frequency is proportional 1o
the DNA size and occurs only in recombination-
proficient cells ( 11}, Extrapolation of the splitting
frequency of the acquired DNA 1o the entire pe-
nome suggests that there are about 1.4 crossovers
isister or cousin molecule exchange) per cell
generation,

This work allowed us 10 visualize and quan-
tify the DNA of any sequence as it is being
transferred from one individual cell o another.
and to watch its stable genomic acquisition via
genetic recombination (horizomal gene tmnsfer)
in real tme. The observations also implicated F
pilus-mediated conjugation at cell-to-cell dis-

tances ofup 1o 12 pmoand permitted estimation of’

the freguency of Intrmgenomic crossover events,
or sister-chromatid exchanges. This cxpen-
mental system can now be applicd 0 monitor
horizontal gene transter by indefinitely ollowing
the fate of DNA acquired in inta- and inter-
species crosses.,
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Neurokinin 1 Receptor Antagonism
as a Possible Therapy for Alcoholism

David T. George,™ Jodi Gilman,™ Jacqueline Hersh,™ Annika Thorsell,**
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Daniel Hommer,* Markus Heiligt

Alcohol dependence is a major public health challenge in need of new treatments. As alcoholism
evolves, stress systems in the brain play an increasing role in motivating continued alcahol use
and relapse. We investigated the role of the neurokinin 1 receptor (NK1R), a mediator

of behavioral stress responses, in alcohol dependence and treatment. In preclinical studies, mice
genetically deficient in NK1R showed a marked decrease in voluntary alcohol consumption and
had an increased sensitivity to the sedative effects of alcohol. In a randomized controlled
experimental study, we trealed recently detoxified alcoholic inpatients with an NK1R antagonist
(LY6B86017; n = 25) or placebo {n = 25). LY686017 suppressed spontaneous alcohol cravings,
improved overall well-being, blunted cravings induced by a challenge procedure, and attenuated
concomitant cortisol responses. Brain functional magnetic resonance imaging responses to
affective stimuli likewise suggested beneficial LY686017 effects. Thus, as assessed by these
surrogate markers of efficacy, NK1R antagonism warrants further investigation as a treatment

in alcoholism.

lcohol use accounts for 4% of global
A-.I'Liumc burden (/). Aleohol depandence,

or alcoholsm, s chametenzed by a chron-
i relapsing course, in which aleohol-associated
cues and stress are known relapse tnggers (2-6),
Recenmt rescarch suggests that neural sysiems
mediating behavioral stress responses may ol ler
usetul targets for pharmacotherapy ol alcohol-
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ism. In animal models, excessive alcohol con-
sumption that results from a history of alcohol
dependence s accompanied by mcreased be-
havioral sensitivity o stress (7). Up=regulated
corticotropin=releasing  hormone (CRH) signal-
ing in extrahypothalamic brain sites contributes
1o these dependence-mduced changes, but other
stress-related neurotransmatters may also play
a role,

One such neurotransmitter is substance P
(SP), which together with its preferred neuro-
kinin 1 receptor (NKIR) is highly expressed in
brain arcas involved in stress responses and
drug reward, including the hypothalamus, amyg-
dala, and nucleus accumbens. In rodents, psy-
chological stressors induce release of SPin the
amygdala, whereas genetic deletion or pharma-
cological blockade of NK IR inhibits the asso-
ciated behavioral responses (8), Furthermore,

genetic deletion of MK 1Rs causes a loss of con-
ditioned place preference for opiates and opiate
self-=admmistration (%, 0. In humans, the NK1
antagonist GR205171 reduces symptoms of so-
cial anxiety and suppresses brain responses 1o the
Trier Social Stress Test (TSST) (). Together,
these lindings suggest that blockade of NKIRs
might modulate stress- and reward-related pro-
cesses of importance for excessive aleohol use
and relapse. To our knowledge, no data are pres-
cilly available to address this hypothesis,

We first explored preclinically whether in-
activation of NKIR might modulate stress- and
reward-relmed  processes that impact  aleohol
use. We chose a genclic mactivation strategy,
because available NKIR antagonisis have lim-
ited activity in rats and mice, because of insul-
ficient NEIR amino acid homology between
humans and these rodent species (8). We
evaluaied NK1R null-mutant mice or voluniary
alcohol consumption, alcohol sensitivity, and
alcohol metabolism (/2). NKIR null mice (/)
were back-crossed into a CSTBL/G backeround
for 10 generations o ensure that there was ade-
quate voluntary alcohol consumption in control
animals {(/4). We used a two-botle free-choice
mioddel with increasing  alecohol  concentration,
and alcohol was continuously available, Wild-
type lttenmates (+04) ulimately consumed n
excess of 10 g alcoholke of body weight per
day at the end of an escalation procedure in which
alcohol concentration was gradually  increased
from 3 1o 13% over 6l days.

Alcohol consumption by NKIR™™ mice wis
markedly lower than that by wild-type controls
(Fig. 1A). The difference was most prominent
higher alcohol concemrations, a1 which con-
sumplion motivated by pharmacological alcohol
effects dominates over intake for taste, calorics,
or other nonphamacological effects (4. Alco-
hol consumption by heterozygous (+) mice
wis similar to wild-type controls, highlighting
the necessity for near-complete inactivation of
NKIRs w0 suppress aleohol consumption. Sev-
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eral observations indicated that the reduction in
alcohol mtake was specific. Thus, relative prel-
erence for aleohol was also markedly reduced
[(F2as = 13.6, P < 0L0001), whercas water -
take was unaffected by genotype (Fags = 054,
P =071} Additonal control experiments indi-
cated that the reduction i aleohol mtake was not
caused by aliered thirst or taste preference (12),
Alcohol sensitivity, measured as the time
required o regain the righting reflex after a high
dose of alcohol (3.5 gkg), was markedly in-
creased in NK17 mice (Fig. 1B). This profile is
consisien with an abundanee of animal daia show-
ing an mverse relation between aleohol sensitivity
and motivation 1o consume alcohol, as well as
human findings of an mverse relation between
aleoho] sensiivity and alcoholism nsk (/35),

To assess the potential chmcal relevanee of

these results, we conducted an expenimental study
in human alcohal-dependent patients (lig, S|
and table 511 in which we evaluated the effects
of NKIR mmagomsm on processes related 1w

A

Itake (gkg)

relapse, We studied LYGRA0LT (69, a high-alliniy,
sclective NKIR antagonist that s omlly available
and bran penctrant (Fig, 2A). Preclinical phar-
macology, safety, and human pharmacokinctics
of LY 686017 will be reported separately. Activ-
ity of LY 6REOG17T o reduce drinking was not as-
sessed in prechinical experiments because, similar
to other human NKIR amagonists, LY 686017
has insufficient aflinity for the mouse or nt
NKIR. LY 686017 brain penctrance and NKIR
occupancy were established in a human positron
emizsion womography (PET) study of cight healihy
volunteers (/2), On the basis of these results,
we used a dose of 30 mg daily, which yields a
9% blockade of centml NKIR. LY6R6U17T at
this dose was well tolerated (table 823 (/2),
agreement with prnior reports indicating  that
NEl antagomists as a class are sale and well
tolerated (8).

Civen the wle of SP and NKI receplors in
stress and anxiely responscs, we targeted subjects
with high trul anxaety. Participants (25 per anng;

B
£ 2004 -
{
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]
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Fig. 1. Voluntary alcohol intake and alcohol sensitivity in NK1 null (=/=), heterozygous (+/~) and wild-
type (+/+) mice. (A} Voluntary consumption in a two-bottle free-choice paradigm with continuous
alcohol access. Alcohol was introduced as a 3% solution in water, and concentration was escalated over
time, as indicated above the graph, to avoid taste aversion and to achieve pharmacologically active
levels of alcohol consumption. The other bottle contained water, Data are means + SEM; nm = 16 per
group. The +/— group is omitted for clarity; its alcohol consumption was virtually identical to that of +/+
mice. There was a main genotype effect (F 40 = 929.6, P < 0.00001). On Tukey's post hoc test, —/—
mice differed from both +/+ and +/~ mice (both: P < 0.001); the latter two genotypes were virtually
identical (P = 0.92). (B) Alcohal sensitivity in mice, measured as the time to regain the righting reflex
after a 3.5-g/kg dose of alcohol. Data are means £ SEM; n = 12 to 17/group). Time to regain the
righting reflex was significantly longer for the NK1™ mice as compared with their wild-type controls
(Fass = 7.8, P = 0.0014; Tukey's post hoc P = 0.001 —— vs. +/+).

Fig. 2. Effect of the NKIR antagonist g
LY686017 on spontaneous cravings and glob-
al well-being in hospitalized alcoholics. (A)
LY686017 (2-chloro-phenyl)-{2-[5-pyridin-
4-yl-1-(3,5-bistrifluoromethyl-benzyl)-1H-
[1,2,3]triazol-4-yl]-pyridin-3-yl}-methanone)
(16), the selective, brain-penetrant NK1R
antagenist used in this study. (B) Change
from baseline for spontaneous alcohol crav-
ings, as measured by twice-weekly ratings
using the AUQ. The first value reflects the

baseline rating obtained during the placebo lead-in week; the following ratings
are from the active treatment phase. Data are means = SEM. Baseline values
for placebo and LY&86017 groups were 19.1 + 2.4 and 19.7 £ 2.3, respectively.
Controlling for pretreatment baseline and sex, there was a highly significant
decline of cravings over time (Fs 0 = 37.05, P < 0.0001), and a significant main
effect of treatment (Fy 100 = 4.4, P = 0.039) on this outcome. (€ Change from
baseline on weekly observer-based ratings using the Severity scale of the CGI
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age: 21 1o 65 vears) had a diagnosis of alcohol
dependence, alcohol problems as the primary
complaint, alcohol use within the last month,
and =39 on the Sprelberger Trat Anxicty In-
ventory (STAID) (/7). They were hospitalized
throughout the study and had completed with-

drawal treatment before entering the study if

necded. For details, sec (/2),

We found that LY 6R60O1T suppressed spon-
tancous alcohol cravings, as measured by the
Alcohol Urge Questionnaire (AUQ) (Fig. 2B).
As expected, these cravings declined over time
in the protected inpatient environment and were

minimal in the majority of paticns by the end of

the 4-weoek study period. However, overall, the
cravings were sullicientlly intense 1o allow de-
tection of the medication effect, Weekly ratings
by a blinded observer likewise suggested that
LY 686017 had a beneficial effect on global im-
provement and seventy measured by the Clini-
cian’s Global Impression (CG1) scale (Fig. 2B).
In comtrast, twice-weckly mtings collected 1o ob-
tain measures of general psychopathology showed
no treatment effects on anxious or depressive
psyvchopathology (F) o = 0.7, P = 0.40). This
suggests that the improvements observed might be
specilic for brmin processes related 10 alcoholism,

We further measured crving responses 1o a
combined stress (TSST) and aleohol-cue challenge
(12 and found Gt treatment with LYGRGOLT
reduced the resulting AUQ craving response (Fig.
3A) Treatment with LY6S6017 also suppressed
the concomitant cortisol responsc 1o the challenge
(Fig. 3B). A study using PET has previously
shown that GR205171, ancther NK 1 antagonist,
suppresses amygdala activation - response o
the TSST in social phobics, but in thar study,
NKIR magonism failed 1o produce effects on
subjective, seli-reponed measures in response 1o
the challenge (/7). This shows that subjective ne-
sponses 10 a challenge are transient. and their
detection is critically dependent on the time point
and the assessment instrument chosen. The fact
that we detected consistent effects of LY 686017
on both subjective and neuroendocring responses
to the craving challenge, therefore, supports the
robustness of the LY 686017 cffcct.

Cl
? Fatng Mumber c Feabig Hurmbwes
- Prm 1 2 3 4 5 B8 - Pra i 2 a
i 0 1 H 00
M & E
; i
F 28 ,35-05
5 8%
. g 1.0
E £ g 104 -==Flacebo o
F ——LY&B&01T p=0.039

rating questionnaire, The first value reflects the baseline rating obtained during
the placebo lead-in week; the following ratings are from the active phase.
Average baseline ratings for the placebo and LY&86017 groups were 3.80 + 0.15
and 3.88 = 013, respectively. Data are means + SEM. Conftrolling for
pretreatment baseline, sex, and body mass index, there was a sigmficant effect
of treatment (Fy 53 = 11.9, P = 0.001). Very similar results were obtained on the
improvement scale of the CGI (main treatment effect: Fyes = 8.4, P = 0.006).
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Finally, we investigated whether LY 686017
allected brain responses o standardized allec-
tive stimli, with a pattern suggestive of bene-
ficial ellects on relapse-related  mechamisms.
We measured blood oxyeen-level-dependent
(BOLD)y activity using functional magnetic
resonance imaging (IMRI), following presenta-
tion of negative and positive emotional stmuli
rom the Inemational Affective Picture System
(IAPS) (45) and prctures of aleoholic or neutral
beverages (12). Alcoholics exhibit exaggerated
behavioral and brain responses 0 images asso-
cited with negative alleat, and conversely, exhib-
it reduced brain responses to standard positive
images (/9). In agreement with these carlier
observations, we found that placebo-tremed al-

negative alfective images. Alcoholics who re-
celved LYGOROOIT had less activation to the
negative  mmages than the placebo group in
several bram regons associted with emiotional
response o visual sumuah [Fiz. 4 and table 53
(). In panicular, the LY 686017 group had
less activation in the insula, a brain region
whose activation correlnes with subjective mea-
sures of craving (209, and which has recently
been implicated i the maintenance of addictve
behavior (21). In addition, the LY 68601 T-ireated
proup showed greawer bmin activation 1o the
positive TAPS images than the placcho-treated
group (Fig. 4). This may reflect an overall shili
in the balance between positive and negative
cmotionality as mdicated by the improvement

coholics showed robust brain responses 1w detected on the CGL A recent repornt suggests
Fig. 3. Effect of the NK1IR A B

antagonist LY6B6017 o0 » 28] o piacoso = l p=0,010
subjective craving and 8 24l ——(ve85017 £

neuroendocrine response ‘i 20 E

to a challenge session in E 1 S s

hm?lta!ned akphnhfs.tm} O 42 = s Placebo

Subjective craving ratings S pNE S ——LYB8B017
DHmEAUQ.D-ETEﬂI'E‘E'F. ) 2 T ﬁg
means + SEM. Possible # & & S PRI PPHPPPPPRP
score range is 8-56. Con- o & W QL&P Time (min}

trolling for sex and age,

there was a robust craving response to the challenge on the AUQ, as shown by an effect of the repeated
measures (time) factor (F5 120 = 4.8; P = 0.003), and a highly significant post hoc difference of both the
poststress and the post—alcohol cue value versus baseline (Dunnett's test, P < 0,001 for each
comparison); the recovery rating was back to baseline level. A modulation of the challenge response by
treatment was shown as a time x treatment interaction (F312¢ = 5.22; P = 0.002). Responses were also
obtained on a simple visual analog scale (WAS), Although this was less sensitive, a similar effect was
suggested at a trend level (time x treatment: Fy 7, = 2.10; P = 0.08). There was also a robust anxiety
response (F333; = 4.1, P = 0,008), but no treatment or interaction effect on this variable. (B)
Neurcendocrine response. Data are means £ SEM; arrow points to start of challenge. Controlling for
sex, there was a robust cortisol response to the combined stress and cue exposure, as shown by a highly
significant effect of the repeated measures (time} factor (Fg3ss = 12.9, P << 0.0001). A significant
differential response to the combined stress and cue exposure as a function of treatment was
demonstrated by the interaction of time = treatment (Fg 3:2 = 2.6, P = 0.010).

Fig. 4. Effects of LY&86017
on fMRI BOLD responses to
visual affective stimuli in
hospitalized alcoholics. In
the placebo group, there
were robust activations to
the negative stimuli in the
inferior frontal gyrus, insula,
and middle temporal gyrus;
the LY686017-treated group
had significantly less activa-
tion in these areas. The pla-
cebo group had very little
activation in response to the
positive emotional stimuli; the
LY686017-treated group had
greater activation in the tha-
lamus, caudate (including
ventral putamen), lingual
gyrus, and several temporal
areas. Group statistical maps
are superimposed upon a T1
structural image in Talairach
space. See table 52 (12) for details,

Placebo group

LYE86017-treated group
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Response to Negative Images Response to Positive Images

lamporal gyrus

fle

that greater activation to positive images in the
stnatum and thalamus of teated aleoholics pre-
dicts less aleohol consumption over the next 6
months (22).

Basic neuroscience research has identified
numerous candidate targes for phanmacological
treatment of alcoholism (4}, but trnslation o
clinical development has been limited. Sumogate
markers of efficacy that can be evaluated in al-
coholics under safe, closely monitored condi-
tions can lacilitate wanslation. In this context,
sellreported cravings are of interest, because
they are riggered in humans by the same types
of stimuli that, in animal models, induce relapse
o alcohol-secking (3, 5, 6). Human daa also
show that crvings comrelate with climical out-
comes (23] and are sensitive o a climeally ef-
[ective alcoholsm medication, naltrexone (24).
For these reasons, we chose spontancous as well
as challenge-induced cravings as pnmary oul-
comes in our study. Both these outcomes were
benelicially affected by the NKIR antagomst,

The concept of craving and its ability to pre-
dict clinical outcomes has also invited some
debate (25). Although effects on cravings and
clinical outcomes do comelate in the case of
naltrexone, it is unknown whether this relation
will hold up for other pharmacodynamic mech-
anisms, This will only be possible to establish
once additional compounds with clinical eflicacy
are identified. Until then, a ranslational approach
that is guided by animal data and combines
craving measures with a profile across a broader
rnge ol experimental outcomes appears o offer
an attractive approach to drug development for
aleoholism. Using this approach, we provide
here consistent data across a range ol measures
sugpesting that NK IR amagonism might be of
therapewtic value in alcoholism A possible mech-
anism for this is suppression of pathological ly
clevated amyedala activity thought to develop
following a histwory of alcohol dependence (7).
Our results were obtained in anxious alco-
holics. Larzer trials, stratified for anxiety mea-
sures, will be required to address whether the
clfect of NK IR antagonism is specific for this
population.

Other NKIR antagonists have  previously
been tested clinically as a therapy For major de-
pression (8, 267, but the results were imconsistent,
and development of these drugs was stopped.
Additional studies will be reguired o determine
whether development of NKIR antagonists for
alcoholism will be more successlul, but recent
findings with another stress-related neuropeptide
system, CREL suggest that this may be the case.
Thus, analysis in animal models of alcoholism
shows that the CRH system is quiescent under
physiological or near-physiological conditions,
and under these conditions, no activity of CRH
antagonists is found. The CRH system is, how-
ever, pathologically activated ollowing a history
of alecohol dependence, revealing activity of CRH
antagonists (73, These lindings are in agreement
with a general pnnciple proposed for neuropep-
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tide svstems (27) Along these lines, activation
of the SP-NK IR system may not be a consistent
feature of depressive illness. 1f, however, a path-
ological activanon of the SP-NK 1R system (ol
lows a history of alcohol dependence, similar 1o
CRH, NKI1 antagonism may have a considera-
ble potential as a treatment for alcoholism.

References and Notes
1. M. Ezzati, A. D. Lopez, A. Rodgers, 5. van den Horn,
C. J. Murray, Loncer 360, 1347 (2002).
2. K. D. Brownell, 6. A Marlait, E. Lichienstein, G. T, Wilson,
Am. Peychol. 41, 765 (1986).
3. A D, LE et al., Psychopharmacology (Berlin} 135, 169
(1998).
. M. Heilig, 8. Egli, Pharmacol. Ther. 111, 855 (2006).
. K Lbu, F. Weiss, | Newroscl, 22, TB56 (2002).
. R. Sinha, C. 5. Li, Drug Alcohol Rev. 26, 25 (2007).
. M. Heilig, G. F. Koob, frends Newresci, 30, 399
(2007).
, A Holmes, M. Heilig, N. M. . Rupniak, T. Steckler,
G, Grebel, Trends Pharmacel, Sci. 24, 580 (2003).
9. T. L Ripley, C. A. Gadd, C. De Felipe, 5 P. Hunt,
D, M. Stephens, Newropharmacology 43, 1258 (2002).
100 P. Murtra, A. M. Sheashy, S P. Hent, F. C De, Noture
405, 180 (2000).
1L T. Furmark et al., Biol Psychiatry 58, 132 (2005).

- TS

=

12. Materials and methods are available as supporting
material on Science Online,

13. C. D Felipe ef of., Notwre 392, 374 (1998).

14. | €. Crabbe, 1. }. Phillips, Poychopharmacology Berlin)
174, 539 (2004),

15. M. A. Schuckit, T. L Smith, }. Kalmijn, Alcobol Clin. Exp.
Res. 28, 1449 (2004).

16. A K Amegadzie et ol,, “Preparation of triazole
derivatives as tachykinin receptor antagomists.”

W0 2003091226 AL, World Intelleciual Property
Organization); published online 6 Movemnber 2003,
wwwwipa.intipetdbienino. jspTwo=2003091226.

17. €. D, Spielberger, R, L Gorsuch, R. E Lushene, Manwal
for the State-Tratt Anaety Inventory (Consulting
Psychologist Press, Palo Alto, CA, 1970).

18. P ]. lang, M. M. Bradley, B. N. Cuthbert, International
Affective Picture System (IAPS): Technical Manual ond
Affective Ratings (The Center for Research in
Psychophysiology, Univ. of Rorida, Gainesvlle, FL 1995).

19. ). M. Gilman, D, Hommer, Addiction Biol., in press,

20, A, L Brody ef al., Arch, Gen. Pspchiatry 59, 1162 (2002},

21 N. H. Nagyi, D, Rudraul, H. Damasio, A. Bechara, Sdence
315, 531 (2007).

22. A Heinz ef ol Alcohol. (Iin, Exp. Res. 31, 1138 (2007).

23. B. A Flanmery, 5. A Poole, R. ). Gallop, ). R. Velpicelli
1 Stud, Alcohol 64, 120 (2003).

24. 5. S O'Malley, 5. Krishnan-Sann, (. Farren, R Sinha,
M. | Kreek, Psychopharmacology (Berin) 160, 19
{2002).

REPORTS

25, 5 1. Tilfany, Psychal. Rew. 97, 147 (19900,

26. ML 5. Kramer ot al., Scence 281, 1640 (1998).

27. |. M. lundberg, T. Hokfell, Trends Neuroscr. 6, 325
(1983).

28, We thank nurse manager ]. Johnson and her reatment
staff a1 the 1SE Unit of the NIH Clinical Center, as well
a D. Hill, L. Daty, and C, Jones for their invaluable
contributions to this study. B. Anton, 5. Thomas,
R. Miranda, and P. Monti are gratelully acknowledged for
input in the design Aages of the clinical Audy. Suppored
by the intramural research budget of the National
Institute on Alcohol Abuse and Alcohalism, NIH. This
work was carried out under a Collaborative Research and
Development Agreement (CRADA) between the LS.
Government and El Lilly and Co. All coauthors 5o
indicated are employees of Eli Lilly and Co.; the
remaining authors have na conflict of interest to disclose.

Supporting Online Material
waw.sCiencemag. ang/cgifoontentfull/1153813MCL
Materials and Methods

Fig. 51

Tables 51 10 53

Relerences

5 December 2007; accepted & February 2008
Published onlwne 14 February 2008;
10.1126/5cience. 1153613

Include this information when citing this paper.

Using Engineered Scaffold
Interactions to Reshape MAP Kinase
Pathway Signaling Dynamics

Caleb J. Bashor,™® Noah €. Helman,* Shude Yan,* Wendell A. Lim**

Scaffold proteins link signaling molecules into linear pathways by physically assembling them into
complexes, Scaffolds may also have a higher-order role as signal-processing hubs, serving as the
target of feedback loops that optimize signaling amplitude and timing. We demonstrate that the
Ste5 scaffold protein can be used as a platform to systematically reshape output of the yeast
mating MAP kinase pathway. We constructed synthetic positive- and negative-feedback loops by
dynamically regulating recruitment of pathway modulators to an artificial binding site on Ste5.
These engineered circuits yielded diverse behaviors: ultrasensitive dose response, accelerated or
delayed response times, and tunable adaptation. Protein scaffolds provide a flexible platform for
reprogramming cellular responses and could be exploited to engineer cells with novel therapeutic

and biotechnological functions.

pathway are ofien physically organized mto

complexes by scatfold proteins (f-3), Scal-
tolds dircet information low; they promote sig-
naling between proper protein pariners and
prevent improper cross lalk. Scaflolds may also
play a ole in shaping the quantitative response
behavior of a pathway., The scaffold complex
could serve as a central hub for feedback loops

IH cells, signaling proteins that make up a

that modulate the ecruitment or activity of
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pathway members on the scaflold. Such fecdback
loops could wne pathway dose response and
dynamics—the change in output over ime. Quan-
titative response behavior is critical for signaling;
the behavior of a pathway must match s specilic
physiological function (). Scaffolds may there-
fore provide a plform for evolutionarily uning
response behaviors for optimal fitness (5, 6),

We used a synthetic biology approach o
explore this hypothesis; we tested whether a
scaffold protein can be used as a plaform for
engineering svnthetic feedback loops and wheth-
er these loops can be used 1o systematically
reshape pathway response behavior (73, We used
the yeast mating mitogen-activated protein
(MAP) kinase pathway as a model system, be-
cause it is highly tactable for pathway engincer-

ing. First, proper connectivity ol this pathway is
dependent on the scaflfold protein Sted, which
binds the three core Kinases—Stell (a MAP ki-
nase kinase kinase or MAPKKK), ST (a MAP
kinuse kinase, or MAPKK), and Fus? (a MAP
kinase, or MAPK ) that suceessively phospho-
rvlate and activate one another (Fig. TA) (8, ¥).
The ermtical mle in determining pathway con-
nectivity 5 lighlighted by the observation that
chimeric scaffolds can be used 1o redirect path-
way input and output linkages (10, £1). Second,
MAP Kinase pathways appear 1o be functionally
plastic; they are found in all cukarvotic species,
but in individual cases display widely variced be-
haviors. For example, the veast mating pathway
shows a largely lincar transcriptional response
(12 14), whereas the Nenopns oocyie maturation
pathway displays a switchlike dose response (/5).
MAPK pathways also show diverse dynamic
bchavior: some vield a sustained response (o
stimulation, whereas others show a pulsclike
trmnsient response. These distingt pathway dy-
namics are cntcal for determining physiological
output (1621

Ow zoal was to overlay the endogenous
mating pathway with synthetic fecdback loops in
order to systematically alier its response o mat-
ing pheromone (o-facior) stimulation. A simple
way o construct a synihetic feedback loop would
be 1o dynamically reeruit pathway moduliators 1o
the scalfold in a manner that i dependent on
pathway output. We first tested whether con-
stietive recruitment of modulior proweins could
alter pathway ux, We created a new recruitmen
site on Sted by fusing a leucine zipper hetero-
dimerantion module (22010 s C terminus, Mod-
ulator proteins fuscd w0 complementary zippers
wiere expressed and recruied 1o the scaflold (Fig.
|B). Two pathway modulstors were recruited;

14 MARCH 2008

1539



I REFORTS

1540

S1e30 and Msgs (Fig. IA) Stes0 is a positive
modulator, an adaptor that promotes interaction
of the MAPKKK Stell with its upstrcam acti-
vator, the p2 l-activated protem Kinase (PAK)

like Kinase, Ste20 (23, 24). MsgS is a negative
modulator, a MAPK phosphatase that inactivates
phosphorylated Fus3 MAPK (25, 26). When
artificially recruited to the Ste3 scalTold through a

Fig. 1. Tuning output from A
yeast mating MAPK pathway
by artificially recruiting pos-
itive or negative modulators
to Ste5 scaffold protein. (A)
Yeast mating pathway: o-
factor activates receptor,
Ste2, and Gy subunit, Sted;
activated Sted recruits Ste5

wu-factor

leucine zipper interaction, Msg3 and Ste30
showed strong but opposite effects on pathway
output, measured usmg a fluorescent transcnp-
tonal reporter [see supporung online text and
(27)]. Recruitment of the positive modulator
(51300 inercased the steady-stae output of the
activated pathway, whercas recruitment of the
negative modulator (Msg3) decrcased output,

nearly eliminating any input-stimulated response,
Unrecruited S50 and Msg5 had much smaller
cliects when expressed at the same level. Thus,
the impact of modulators on pathway Hux was
enhanced by recrunment o the scallold.

To build synthetic feedback loops, we then
placed the modulators under the comml of a
mating-dependent promoter { pFIGTH (Fig, 2A),

complex to membrane, allow-
ing PAK-like kinase Ste20
imembrane-localized) to ac-
tivate MAPKKK Stell; Stell
and downstream kinases,
Ste? (MAPKK) and Fus3

(MAPK), are colocalized on
the scaffold; activation of
cascade leads to tramscrip-
tional program [reporter:
Fusl promoter-GFP {green
fluorescent protein)]. We
have used pathway modula-
tors outside of core cascade:
SteS0 (positive, blue) pro-
motes activation of Stell by
5te20; Msg5 (negative,

nucleus

red) is MAPK phosphatase that deactivates Fus3. (B} Synthetic recruitment
of pathway modulators to Ste5 scaffold via leucine zipper interaction. A basic
zipper was fused to Ste5, and the complementary adidic zipper was fused to

modulators (zipper Kg =

6.1 nM; see supporting online text). Control

{"unrecruited”) modulators were fused to noncomplementary zipper. Pathway
output was assessed via pFUSI-GFP expression. Basal output is before

Fig. 2. Building synthetic feedback loops by dynamically
regulating recruitment of modulators to the Ste5 scaffold. (A)
Negative- and positive-feedback loop design. Modulator-zipper
fusions (negative, Msg5; positive, 5te50) are expressed from a
mating-responsive promoter (pFiG1). Stimulation induces
expression of the modulator, which is then recruited to the
SteS-complex (boxed), where it can modulate pathway flux. (B)
Behavior of synthetic feedback loops. All circuits were in farlA
strain (designated “WT"), which does not undergo mating-
induced cell cyde arrest. Thus, cells are uniform in size,
facilitating fluorescence-activated cell sorting analysis. Negative-
feedback drcuit {red) shows an initial rate of activation similar to
the wild-type, but peaks at ~35 min, and adapts to steady-state
output about one-third that of wild-type. Positive-feedback circuit
{blue) shows dynamics similar to wild type’s, but with steady-state
output ~1.5 times as great as wild type's. The dose-response
curves (bottom)} show that the positive-feedback dircuit displays
more switchlike activation {apparent Hill coefficient ny = 2.42 =
0.19 versus wild-type, my = 1.12 £ 0.08). Points represent mean
values for three experiments + standard deviation. Pathway is
activated with 2 uM c-factor. Best-fit lines generated as described
in supporting online text.
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(saturating). Error bars represent standard deviation of three experiments.
Strains were ste5.4 with integrated SteS-zipper fusion expressed from pSTES
promoter. Modulator-zipper fusions were integrated and expressed from
pCYC1 promoter. Reversed orientation of zippers (fig. S2E) gave similar
results.
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so that they were only expressed upon pathway
activation. The positive-feedback circuit {using
Sted0) increased steady-state pathway output and
led to a more switchlike dose response (apparent
Hill coeMicient sy mereased from 1,12 10 2.42),
Similar behavior was generated using positive-
feedback loops in which constiutive pathway
alleles were expressed from a mating-responsive
prometer ( 8.

The engincered negative-feedback circuil
(using Msg3) displays adapution. The cells ini-
tially responded like wild-type, but afier 35 min,
showed a decrease in output, even with continued
stimulation, Adaptation is eritical for homeostatic
and sensing systems, [t can be impoanant o limit
the magniude and duration of an output that 1s
harmmiul or has a high metabolic cost. Adapation
is also wsed in sensing systems (e.g., vision or
chemotaxis) that awtomatically desensiliee 1o a
continuous stimulus, allowing for detection of in-
pul changes over a large dynamic range (29, 310).

One advantage of engineered feedback loops
is the ability to svstematically explore how the
aleration of speeific circuit parmmeters alfects
pathway behavior Simulations indicate that
adaptation in the simple negative-feedback cir-
cuit can be wned by adjusting feedback sirength
(Fig. 3A). We explored two methods or adjust-
ing feedback strength. First, we changed the
strength of the leucine zipper intemetion used w
recruit MsgS (Fig. 3B), using a set of three
leucine zipper pairs that bind with the following
alfinities: Kg = 6, 40, and 10 nM {22). Second,
we changed the strength of the promoter con-

trefling expression of recruited Msg3 (Fig. 3C),
using a pair of mating promoters: pfFiGT (strong)
and pPRM2 (weak) (see fig. S4) As predicted,
cither method results in a decrease in the steady-
state pathway outpul.

Because these synthetic feedback circuits rely
on modulator ecruitment, they could be regu-
lated by competitive interactions that block
recruitment. We tested whether competititors
could be used 1o build more complex negative-
feedback circuits that displayed a pulselike acti-
vation response (high maximal output followed
by low steady-state output) (Fig. 4A) We con-
stitutively expressed a decoy leucine zipper that
competes with the scallold protein (Ste5-zipper)
for binding 1o the negative modulator (Msg3-
zipper). Because the decoy has a higher atlinity, it
initially acts as a sink: alter pathway activation,
newly expressed negative modulator bound 10
the decoy zipper. preventing recruitment to the
scallold. Only afier the decoy @ipper 1s satumted
is additionally expressed negative modulator
recruited o the scaffold, which results in path-
way repression. Indeed, this delayed negative-
feadback loop led o a pulselike response (higher
maximal output, followed by decrease in output).
Maorcover, the sharpness of the response could be
modulated by adjusting the level at which the
decoy zipper was expressed: higher decoy ex-
pression led o a more pulselike response,

The interplay of competing scalfold interac-
tions and variable expression can be used w
generate additional dvnamic behaviors, including
systems with Faster or slower response time. The

Fig. 3. Strength of synthetic negative-feedback circuit can be A IN

tuned by either altering recruitment affinity or inducible
expression level of negative modulator. (A) Computational
model (see supporting online text) predicts that adjustments
in negative-feedback gain should tune adaptation behavior.
(B} Adjusting feedback gain by varying modulater recruitment
strength. Three affinity variants of the leucine zipper (strong,
Ks = 6.1 nM; medium, Ky = 41 nm; and weak, K5 = 810 nM}
were fused to Msg5 (negative modulator). Promoter control-

ling modulator expression was constant (pPRMZ). (C) Adjust- B

ing feedback gain by varying modulator promoter strength.

Vary recruitment strength

Msg5-zipper is expressed from two mating-induced promoters:

strong, pFiG1, and weak, pPRMZ (fig. 54). Zipper fused to
Msg5 was constant (weak). Orange plots in (B} and (C} show
same strain (circuit with weak zipper and weak promoter). Points
represent mean values for three experiments = standard

deviation.
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¢ Vary promoter strength
N

- o

Simulated
transcriptional output

REPORTS

nise tme of a pathway—how fast a response oc-
curs alier mput-—can be entical for function. A
pathway that detects a Loxic stress may reguire a
fast response. A delayed response may be ne-
quired iFthe response is encrgetically very costly
or if there 15 a high level of input noise (a delay
circuit could prevent misactivation by wransient
input Nuctuations, while sull allowing activation
by a sustained input).

We were able o alter the mating pathway 1o
show aceclerated response time, while maintain-
ing a wild-type level of maximal pathway ouput
{Fig. 4B). In this accelermor circuit, the positive
modulator (SteS0-zpper) was constitulively ex-
pressed, but the negative modulstor | Msg3-zipper,
high affinity) was inducibly expressed. This result
supponts the idea that negative feedback can spead
the time it takes to reach steady-state (31), albei
at a reduced sicady-state output. But here, the
wild-type magnitude of output 15 achieved by the
added presence of the positive modulator.

We also generated a delay circwt by consti-
tutively expressing a negative modulator (Msgs-
aApper) and inducibly expressing a high-aftinity
decoy zipper (Fig. 4C) The pathway initially
showed a weak response to stimulation because
the recruited negative modulator kept the path-
way ofl, Aller a delay of ~ 50 min. however, a
small but suflicient level of pathway activation
was reached, and expression of the high-affinity
decoy zipper displaced the negative modulator,
which allowed pathway activation,

Competition between positive and  negative
modulators can also be used o alter dose-response

S
[=]

o
=)

5

Weak zippaee

-
o

Medium zipper

Strong zipper

Transcriptional activity
{Fhomgnt é min}

S I —
Time (min)
£_ a0
2T o e T
ZEx| .
= 5 | . [ Weak promoler
§ 5 20
%3 o * & & ¥5trong promoter
-
§E- o5 50 100 180
L Time (min)
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Fig. 4. Recruitment-based tool kit can be used o A

engineer diverse response behaviors. (A) Pulse behav-
ior is built from simple negative-feedback loop (Fig. 2}
by adding constitutively expressed decoy zipper (GST-
Zipper) that competes with the SteS-zipper. Negative
modulator (MsgS-zipper) is complementary to both
Ste5 and decoy zippers, but decoy zipper binds with
higher affinity (K4 = 6.1 versus 41 nM). When pathway
is induced and negative modulator is expressed, decoy
initially acts as binding sink. Only after decoy is
saturated will modulator bind to scaffold and repress
pathway flux. Circuit behavior monitored by pFUSI-
GFP reporter (top) and antibody against phospho-Fus3
Western blot (bottom). (B) Accelerator circuit is
generated by constitutively expressing positive modu-
lator (promoter, pSTES; gene, Ste50-zipper) combined
with the simple negative-feedback loop (Fig. 2). Gircuit
reaches the maximal output observed for the wild-type
circuit in <20 min {versus WT: ~75 min). (C) Delay
responise s generated by constitutively expressing
negative modulator (promoter, pSTES; gene, Msg5-
zipper) and inducibly expressing decoy zipper that
binds the negative effector-zipper (promoter, pFIGI;
gene, G5T-zipper) with higher affinity than the Ste5-
Zipper Ky = 6.1 versus 41 nM). Negative modulator
represses pathway until sufficent decoy zipper is
expressed to relieve repression. (D) Enhanced ultra-
sensitive switch is built by constitutively expressing
negative modulator (promoter, pSTES; gene, Msg5-
fipper) combined with the simple positive-feedback
loop (Fig. 2). Negative modulator is displaced by
inducibly expressed positive modulator (both have
same zipper; Kq = 41 nM). Dose-response analysis
shows increased ulirasensitivity (apparent Hill co-
efficient ny = 2.84 = 0.19 versus WT, ny = 1.21 &
0.06; simple positive-feedback loop, my = 2.42). See
supporting online text for details on construction and
analysis of these and related circuits.

behavior, We built o cirewnt with enhanced ultra-
sensitive switch behavior by constutively ex-
pressing o negative modulator (MsgS-zipper)
and inducibly expressing a positive modulator
(Stest-zipper) (Fig. 40). This circuit is a double-
positive-feedback loop— induced expression of
SteS0-gipper directly increased pathway output,
but also relieved the inhibitory effect of Mag3-
gipper by displacing it from the scalfold, The
dose-response profile for e resulting circun
showed an Increase in cooperativity,

We have used a simple principle, recruitment
of pathway modulators w0 a scaflold (32), w
systematically alier a single MAPK pathway so
that it displays a wide range of quantitative re-
sponse behaviors, The evolutionary diversifi-

14 MARCH 2008 WVOL 319 SCIENCE

cation aflorded by scaflolds may explan their
commaon use i signaling pathways (33-37). The
success of this simple recruitment-based engi-
neenng strategy suggests that 1t may be possible
to reprogram cellular responses with high preci-
sion. In mammalian and plant cells, MAPK
cascades play a central role in regulating dilfer-
entiation, prolifemtion, apoplosis, immune re-
sponse, and stress responses, Thus, the ability 1©
wne MAPK signaling may fcilitae the engi-
neenng of cells with novel therapeutic or bio-
technological functions,
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Synaptic Theory of Working Memory

Gianluigi Mongillo,**+ Omri Barak,>* Misha Tsodyks®t§

It is usually assumed that enhanced spiking activity in the form of persistent reverberation for
several seconds is the neural correlate of working memory. Here, we propose that working memory
is sustained by calcum-mediated synaptic facilitation in the recurrent connections of neocortical
networks. In this account, the presynaptic residual calcium is used as a buffer that is loaded,
refreshed, and read out by spiking activity. Because of the long time constants of calcium kinetics,
the refresh rate can be low, resulting in a mechanism that is metabolically efficient and robust. The
duration and stability of working memory can be requlated by modulating the spontaneous activity

in the network.

srking memory (WM) enables the
temporary holding of indomation for
processing purposes, playing a crucial

role in the exceution ol a wide range ol cognitive
tasks (/) In the delaved-response paradigm, a
stimulus that is briefly presenied w an animal has
t0 be kept for several seconds until the execution
ol a task. Enhanced, stimulus-specilic spiking
activity has been observed dunng this delay peri-

od and is considered to be a neuronal comelate of

WM (2-5). The current theoretical framework
holds that delay activity emerges ecither from
intrinsic cell propertics (6, 7) or as persisiceni
reverberations in selective neural populations
coding for different memones (8-12), These popu-
lations are fommed dunng leaming via long-tenm
synaptic modifications (/3). However, clectro-
physiological studics have shown that the delay
aclivity increase can be very modest (M4, 13),
sometimes disappearing completely during pan
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of the delay penod (1 6). These observations sug-
gest that WM might not reside entirely in the
spiking acuvity. Funhemmore, holding informa-
tion in a spiking form is energetically expensive
because of the high mewabolic cost of action
potentials (/7). Here, we present an aliemative
account based on propertics of excilmony svnap-
tic transmission in the prefrontal conex (PFC)
(/&) The PFC is a cortical area imphicated in
WM (), and excitatory synaplic tananission in
this area can be markedly [acilitawory, unlike sen-
sory arcas where it is mostly depressing (79, 20),
We therefore propose that an iiem is maintained
in the WM state by short-tenm svnaptic facilitation
mediated by increased residual calcium levels at
the presynaptic terminals of the neurons that code
lor this 1tem (27). Because removal of residual
calcium from presynaptic ierminals is a relatively
slow process (22, 23), the memory can be tran-
siently held for about 1 s without enhanced spik-
ing activity.

We implemented this mechanism with a
recurrent network of integrate-and-fire nourons
(24). The network encodes a set of memones
(items) by randomly composed selective popu-
lations of excitatory neurons (Fig, 1B). Connec-
tions between the neurons coding lor the same
memory are stronger than connections between

different populations, nmimicking the result of

prior long-term Hebbian leaming (25) or intrin-
sic clustenng of recurrent connections (26), In-
hibitory neurons are connected o the excitatony

ones ina nonstructured way, resulting in compe-
tition between dillerent memories [soe supporting
online materal (SOM])]. All excratory-lo-exeitatory
connections display facilitating transmission, de-
scribed by o phenomenological model of shon-
tenm plasticity (20, 27) Svoaptic ellicacy is
modulated by the amount of available resources
r, normalized so that 0 < v < 1) and the wili-

ztion parameter (i) that defines the fraction of

resources used by each spike, reflecting the resid-

Lipon a spike, an amount ey of the available re-
sourees is used w produce the postsynaptic curnent,
thus reducing x. This process mimics neuro-
transmitter depletion. The spike also increases u,
mimicking caleium nflux imo the presynaptic
terminal and its elfects on release probability.
Between spikes, v and i recover 1o their baseline
levels (v =1 and 1 = L) with time constanis 15
(depressing) and e (facilitating). respectively.
The phenomenological model reproduces the
behavior of cortical svnapses, both depressing
ttp = tp) and fciliating (1p = 1p) (27). For PFC
facilitating excitatory  commections, the experi-
mental fit repons e == 1 (S8 with 1 on the
order of | s,

The simulations begin with loading one item
into WM by providing fransient exicmal excita-
tion to the comesponding neural population (Fig.
2A) The population activity increases for the
duration of the nput, changing the intemal state
of the synaptic connections, The conneetions are
both depressed (reduced xp and facilited (in-
creased o), with depression dominant on the tme
scile of 1 and facilitation dominant on the time
scale of tp (where tp =02 s and = 1.5 5 sce
SOM for all parameter values) As long as the
synapses remain [acilitated, the memory can be
reactivated by presenting a weak nonspecific
excilatory input 1o the whole network (gray
shading), even though the neural activity is o
the spontancous level, Reactivation is expressed
as i short epoch of synchronieed activity [“popu-
lation spike™ (PS)], where almost every neuron in

the population fires a spike within an interval of

about 20 ms (28, 29), Even though the reactivat-
ing signal is nonspecific (that is, it uniformly
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Fig. 1. Physiology and anatomy of the network, (A
Short-term synaptic plasticity model. (Left) Kinetic Excitatory neurons
scheme with the corresponding equations for synaptic )
variables. &, Dirac delta function; f,,, time of presynaptic selective L‘ :

spike. (Right) Example of the postsynaptic response to a
train of presynaptic action potentials in the case of a
facilitating connection. During the train, u increases (fa-
cilitation) and x decreases (depression). Synaptic efficacy
is modulated by the product ux. v, membrane potential.
(B) Network architecture. Colored triangles are excitatory
neurans that code for different memories. Black open
triangles are nonselective exctatory newrons. Black
circles are inhibitory neurons with nonstructured connections to the entire network.

Fig. 2. Memory maintenance with A
synaptic fadilitation. (A) The item is .
loaded into the memory by activating 80,160
the corresponding population at time
t = 0 (dark shading). A nonspecific
read-out signal is applied to the
entire excitatory network as explained
in the text (gray shading), leading to
the selective reactivation of the target
population via the PS5, Black and
green dots, spike rasters from a 0,80
subset (10%) of neurons from the

targeted and one of the nontargeted g
populations, respectively; red curve,

average value of x in the synaptic 80,160
connections of the target population;
blue curve, average value of v for the
same synapses, (B) Same as (A}, with
an increased background input. The
target population reactivates sponta-
neously with a set of PSs. Red arrow
indicates termination of excitation.
(C) A further increase in background 0.80 4
input leads to WM with asynchronous
elevated firing in the target popula-
tion. (Right) Corresponding histo- C
grams for (A) to (C) of the difference
in firing rate between the delay
peried and the spontaneous state for
different neurons in the target popu-
lation [note the different x axis in (A)].
The delay period is defined in (&) as
the interval after the termination of
the selective input until the onset of
the read-out signal and in (B) and (C)
as the period until the decrease of
external excitation,

# cell

# cell

time from stimulus onset [s]
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targets all the neurons), the network response s
memory=specitic:. The neurons coding for the
loaded tem produce a PS; the others stay at bisc-
line activity level. The PS also refreshes the mem-
ory by producing additional facilitation, thus
cnabling subsequent memory  reactivations, In
the absence of reactivating signals, the memory
fades away over a time scale on the onder of
In the above scenario, the network has a
single stable activity state comesponding 1o the
spontancous activity, thus approprately timed
extemal signals are requined 1o extract the memo-
ry [roam synaptic w spiking fonm., A more persist-
ent form of WM requires the sclective population
to exhibit a bistable activity regime, where the

spontancous ste coexists with another stable
state (#), Our network can be forced o ths
regume by increasing  spontancous activity by
mcans of a global nonspecific background input
{sce SOM for the mathematical analvsis). Accord-
mgly, we simulated the network for mercasing
levels of background mput. In the bistable regime,
PSs become persistent without reactivating inputs
(Fig. 2B). Each reactivation increases n and

A

1604

# cell

B 150

# cell

80 4

decreases v, the latter terminating the PS. The
time between subsequent PSs is controlled by the
recovery trom synaplic depression so that the PSs
tend o occur with a period on the order ol .
With a 1p compatble with (£8). thes would cor-
respond 1o cortical oscillations in the theta-
range, as observed during WM experiments
(3, 31, Because == 1, the decay of the
utilization factor is balanced by the increase
produced by the PSs, so that v renains at suf-
liciently high levels for subsequent PSs 1o
emerge. Persistent PSs can be tenminated by
reducing background input, thus restoning the
network 1o the ransient regime, A different mod-
¢l of persistent PSs is based on the increase in
asynchronous transminer release (32), In the sim-
ulation presented n Fig. 2B, neurons coding fora
given memory  exhibit lughly coberent firmyg
dunng the PSs, In more realistic networks, PSs
could be broader and consisl of random  sub-
populations of neurons, resulting i less pro-
nounced svnchrony (g, S2) I nonspecilic
background inpul mercases funther, the network
exhibits bistability between a spontancous stale

time [s]

Fig. 3. Robustness to noise and two-item memory. The first item is loaded into memory att = 0
tdark shading). The second item is loaded into memory at t = 2.7 s. Teal shading indicates a
random nonspecific input to 15% of the excitatory neurons. (A) Periodic sequence of nonspecific
external inputs is used to refresh the memory (gray shading). (B) Persistent P5s. Dots, rasters of
10% of the first (0 to 79) and second (80 to 159) populations’ neurons; red and blue curves, same

as in Fig. 2.
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and an asynchronous state of enhanced firing rate
{Fig. 2C), Intormation about the memorny is main-
tained i both synaptic and spiking form. This
regime exists lor sulliciently strong recurmen
connections, which could possibly result Inoan
exlensive leaming,

The wse of residual calcium at synaptic
tenminals as a4 memory “bufler” requires low
emission rates (Fig. 2, histograms), Morcover,
the bufler content is not substantially altected by
the neural activity in the rest of the cortex. When
wae presented the network with a noisy input tha
targeted a mndom subset of exciatory neurons
for a bricl duration, the mereased firing of neu-
rons receiving the imput suppressed the memory-
relmed spiking activity (Fig, 3, teal shading), The
information, however, remamed m the mereased
utilzation factor m the memory population;
hence, the spiking activity resumed after the
tenmination of the suppressing inpul. The same
feature enables the network w0 keep muluple
tems simullaneously with interleaved PSs (33).
We illustrated this possibility in two differem
conditions: (i) when the network has a single
activity state and PSs result from a sequence of
reactivating signals (Fig. 3A) or () when the
network exhibits persistent PSs (Fig. 3B). When
a new jlem is presented, the previous memory is
temporanily suppressed (dark shading), afier
which the network maintains both memories by
subsequent reactivations of the two populations.
When the network is in the regime of extemally
generted PSs, two-item WM results in the same
oscillation frequency i the global activity as that
ol the one-item memory (300, whereas in the
regime of persistent PSs, two-ilem memory  ne-
sults in lugher global frequeney. In more realistie
implementations of the model, an increase in
frequency may be less pronounced also in the
persistent regime (g $2).

Consequently, we propose that WM can be
maintined by shon-lerm synaptic lacilitation.
Accumulation of residual calcium in the pre-
synaptic terminals could camy the infonmation
about the recalled memory in a working form,
reducing the need for metabolically costly action
potentials, The memories are transformed inio
spiking activity, cither as a result of global re-
activating imput to the network or by vifdue of the
intrinsic network dynamics, Not all encountered
stimuli enter WM, and we thus expect the basal
modality of the network 10 be the ransicm one.
The decision 1o allow items into WM is mediated
by attention, which we suggest 1s represented by
the global excimtory mput, either m tonie or
oscillting mode. The performance of human
observers on memory lasks is positively corre-
lated with the level of neural activity during the
presentation of the items (34).

The model predicts that residual calcium m
the presynaptic terminals should be wnically en-
hanced dunng WM, even when there s no
noticcable incrcase m the fmng mte. This pre-
cdiction 15 in contrast 10 the model of (7) where
WM is mediated by propagating caleium wave-
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ARAS/ Science Business Office

Biological Sample Concentration

The miVac Quattro is a versatile, high capacity biological sample concentrator that rapidly
removes a wide range of solvenlts, from volalile organic solvents to water. Il is suitable for
use in applications including oligonucleotide synthesis, RNA and DNA preparation, peplide
preparation, sequencing, molecular biology, and absorption, distribution, metabalism,
excretion, toxicity (ADMET) research. A high displacement pump removes water quickly and
quietly. Solvent removal can be enhanced by the addition of a miVac SpeedTrap refrigerated
condenser. The four-swing position rotor can simultaneously accommodate up to 20
shallow-well microplates or eight deep-well plates. A wide variety of rotors is available to
accommodate formats including tubes, microplates, and vials. The instrument offers digital
cantrol of concentrator temperature and short concentration times, reducing the risk of heat

damage to samples.

Instrument-Free DNA Detection

The BioHelix Express Strip Cassetle is a novel, disposable DNA
detection device. It is designed for instrument-free, cross-
contamination-proofdetection of amplicons derived from polymerase
chain reaction, helicase-dependent amplification, and other nucleic
amplification reactions. The amplicons are dual-labeled by biotin
and fluorescein isothiocyanate during amplification and detected on
a test strip embedded in the device. The method is 10 times more
sensitive than gel-based detection methods, with results viewable as
colored lines in 10 minutes.

BioHelix

For information 866-800-5458

www.biohelix.com

Protein-DNA Binding Assay

The Protein-DMA Binding Assay provides a safe, fast, and sensitive
alternative to traditional electromobility shift assays for detection and
guantitative characterization of protein-DNA interactions. This assay
eliminates the need for radioactive labeling and gel electrophoresis
because it features chemiluminescent ProLabel detection and can
be performed in a 96-well plate. A small (about & kDa) ProlLabel
tag is fused to the protein of interest to generate a fusion protein
that is capable of producing a strong chemiluminescent signal via
an enzyme complementation assay. The Prolabel tag allows direct
detection of specific binding between the protein of interest and a
biotinylated double-stranded-DNA oligonucleotide, The biotin moiety
on the oligonucleotide permits the resulting protein-DNA complex to
be captured on the 96-well plate, which is coated with streptavidin,
Clontech Laboratories

For information 800-662-2566

www.clontech.com

Bioinformatics Software

ProteinScape 2 software is a next-generation bioinformatics platform
designed for addressing needs in biomarker profiling, quantification,
and validation. A comprehensive solution for qualitative and
guantitative liquid chromatography/mass spectrometry (LC/
MS) protein analysis, ProteinScape 2 supports all current label
chemistries, including multiplexed labels, as well as label-free
guantification. Interactive validation of protein quantification based
on raw LC/MS data is simple and straightforward. It streamlines
the discovery process through decoy autovalidation algorithms
and the ProteinExtractor algorithm, which produces nonredundant
protein result lists across entire proteomics projects. The software
has a number of dedicated data viewers that permit the evaluation
and validation on each level of proteomics experiments, such
as the LC/MS survey viewer, the gel viewer, and sequence MS/MS

www.sciencemag.org/products
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LIFE SCIENCE TECHNOLOGIES

New Products

Genevac
For information +44 1473 240000
WWW.EEenevac.com

spectra. All these views are linked and permit simple browsing
through scientists' proteomics data, supported by extensive queries.
Bruker Daltonics

For infarmation 978-667-9580

www. bdal.com

Orange Fluorescent Label

The Qdot 625 nanocrystal fluorescent label can be seen as orange
and fills an important spectral gap for dense multicolor experiments.
In addition, the Qdot 625 glows more brightly than longer wavelength
Qdots. Current products using it include the Qdot 625 streptavidin
conjugate, the Qdot 625 goat Flab’)2 antimouse 1gG conjugate, and
the Qdot 625 Flab’)2 antirabbit 1gG conjugate. When excited by a
single light source, Qdot nanocrystals emit in a range of brilliant,
articulate colors with long-term photostability.

Invitrogen

For information 800-955-6288

www.invitrogen.com/qdots

Biodiesel Gas Chromatography

TheThermoScientific BiodieselGasChromatography (GC) Productivity
Solutions provide a high level of integration and productivity for
the three most common GC-based methods: EN 14103 for Fatty
Acid Methyl Ester characterization and linolenic acid methyl ester
determination, EN 14105/ASTM D&584 for free and total glycerine
content, and EN 14110 for methanol content. Delivering complete
automatic characterization of pure biodiesel, the systems offer full
compliance with these official standards, which aim to certify the
quality of pure biodiesel for any commercial trading. The interest in
bicdieselas a clean-burning alternative fuel produced from renewable
sources has increased tremendously over the past few years because
of its environmental advantages over conventional petrodiesel.
Thermo Fisher

For information 408-965-6022

www.thermofisher.com

Electronically submit your new product description or product literature
information! Go to www.sciencemag.org/products/newproducts.dtl for
more infarmation.

Mewly offered instrumentation, apparatus, and laboratory materials of
interest to researchers in all disciplines in academic, industrial, and gov-
ernmental organizations are featured in this space. Emphasis is given to
purpose, chief characteristics, and availabilty of products and materials.
Endorsement by Science or AAAS of any products or materials mentioned
isnot implied. Additional information may be ebtained from the manufac-
turer or supplier.
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Playing Well With Industry

It’s noon, and strains of Pachelbel’s Canon
are floating down the staircase of a
Pompeu Fabra University building in
Barcelona, Spain, Most visitors heading
up to Xavier Serras Music Technology
Ciroup would be surprised to {ind that the
music comes not from a violin but from a
computer. Serra feeds the computer a
musical score, and the machine generates
the appropriate sounds: the goal is for the
music to sound like a human-operated
violin. It's one of several research projects
in Serra’s lab that are funded by musical-
instrument manufacturer Yamaha.

Serra’s collaboration with Yamaha 1s a
conseguence of a natural alignment of inter-
ests; developments in music technology, he
says, require this approach. He admits, how-
ever, that the money comes with some
strings. Industry’s primary goals—to make
new products and generate money—ofien
align well with the interests of academic
researchers. But they rarely align
perfectly. So. although industry is
an important source of funding for
geademic research, industry-
funded scientists have to be care-
ful to “manage this balance
between academic and industrial
needs.” as Serra puts it.

The lure of industry money

In a U.S. survey conducted in
1995 by Eric Campbell, a health
policy researcher at Massachu-
setts General Hospital and Har-
vard Medical School in Boston,
and his colleagues, more than a
quarter of life-science faculty

14 MARCH 2008 WVOL 319 SCIENCE

members reported receiving support from
industry through grant agreements and
research contracts. Ata ime of tight govern-
ment budges, the private sector’s deep
pockets are a provocative lure. “We are now
being encouraged to do this because govern-
ment funding is slowing down and the uni-
versity is realizing that there must be other
sources of funding to keep the research
enterprise alive,” says Arijit Bose, a chemi-
cal engineer and department chair at the
University of Rhode Island in Kingston,
who has funding from Honda.

Industry funding fills niches that the gov-
ernment can’t or won't fill. “Very few of the
major drugs that exist today would exist if it
wasn't for relationships between companies

and researchers. It helps bring the results of

science into the market,” says Camphbell.
Ethics experts. scientists, advocacy organ-

izations, and the public often worry about the

influence of the profit motive on research. For

Other people’s money. Xavier Serra {left) gets research funding from Yamaha;
Magdalena Balazinska has received fellowships and grants from Microsoft and
Cisco Systems.

decades. the tobacco industry has been criti-
cized for funding biased research and using
the credentials of high-profile scientists to
boost the companies’ public image (Scicnce,
7 January 2003, p. 36). And in January. the
Center for Science in the Public Interest, a
nonprofit advocacy organization in Wash-
ington, D.C., charged that U.S. universities are
giving oil and gas companies too much con-
trol over the choice of on-campus research
projects, first rights o intellectual property
(IP), and the power to review and delay publi-
cation. The risk is especially acute in biomed-
ical research. “People worry that relationships
with industry may induce investigators into
doing things such as inappropriately recruit-
ing people in [elincal] trials and in the same
wary manipulating data and results,” Campbell
savs. Industry-funded researchers “are less
likely to have results disFavoring a company.”

Industry links can also foster secrecy.,
“Those who are involved in academy-industry
relationships are more likely to withhold data
and not share data,” says Melissa Anderson,
an ethics researcher at the University of Min-
nesota, Minneapolis, Academic scienusts
ity agree to restnctive conditions when initi-
ating industry relationships. and they may feel
pressure kater to sweep negative results under
the rug. *1f drugs are proved not to be effective
or to have some bad effects, [there may be]
pressure not to publish these findings at all,”
Anderson says,

But “some of these negative effects™
bias. secrecy, and other competing interests
“are no worse than what scientists could have
without industry” Anderson says, “Every sci-
entist must abide by the rules and policies of
his or her own institution,” whether or not
there 15 a company mvolved.

Industry gifts: A free lunch?

When Magdalena Balazinska, a database and
information-management researcher at the
University of Washington, Seattle,
received a 2-year graduate fellow-
ship, and then a New Faculty Fel-
lowship worth $200,000, from
Microsoft Research, the money
came with no P agreements, no
restrictions on her right to pub-
lish, and no research mandates.
Microsoft never tried to “control
what we do nor [did they] expect
us to do something specific,”
Balazinska says. Her experience
1sn’t unusual: Industry gifis of
reagents and equipment, fellow-
ships. and grants that come with
tew strings attached are relatively
common in the research world.

www.sciencemag.org
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SOURCE: NSF, 2005

For many researchers, however. industry
money comes with certain obligations,
regardless of whether they are writien into
formal contracts. In other 1995 resulis,
Campbell and his colleagues found that
almost half of life-sciences faculty members
in the United States received gifts from indus-
try, including biomaterials, equipment, dis-
cretionary funds, and student support, More
than 40% of those receiving discretionary
funds felt that they should use them only for
purposes agreed to by the company, and a
quarter felt an obligation to test company
products. A filth expected the company to
review articles before publication, and
another 14% expected the company to claim
ownership of patentable results.

Whether or not there 1s pressure. it is in
researchers’ interests to please the company.
Even though “there is no contract, no agree-
ment,” says Frank Dellaert, a robotics and
computer-vision researcher at the Georgia
Institute of Technology in Atlanta. who has
received two grants of about 540,000 from
Microsoft, “it 1s in my own self-interest to
use the money [as proposed] to build that
relationship up.”

Even when there are no formal contracts,
most companies check on progress regularly,
and some also get involved in the research.
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But I feel the same pressure with NSF™—the
LLS. Mational Science Foundation—"because
they also expect progress and [us] to work
on what they fund us for” says Balazinska,
who now also has corporate grants worth
570,000 from Microsoft and Cisco Systems,

Strings

A potentially more hazardous way For aca-
demics to get corporate money is to work
together with companies on projects of
mutual interest, like Serra’s violin synihesizer,
In such collaborative agreements, academics
almost always have to trade away some free-
dom. “Contract work 1s usually more specific
than grant-supported research in terms of
deliverables.” Anderson says, “There is no
question that being involved in these [collab-
orative ] relationships is going to affect the
autonomy of setting up the direction of the
research. Industry can’t fund people 1o do
something that's [just] fun and interesting to
them. That's one of the tradeoffs”

It’s not just deciding what research o do,
however. In these collaborative projects, both
academia and industry contribute knowledge,
effort, and resources. Both have much to gain,
and w lose, so the tenns and conditions of the
relationship must be negotiated with care,
This may mean signing away some freedom

SCIENCECAREERS

in using the data and reporting results.
Universities, companics, governments,
and professional associations all have
been seratching their heads to figure out what
compromises are okay. Most experts and
researchers agree that accepting industry
money is fine as long as academics don’t com-
promise the academic missions of their uni-
versities. “The tipping point is when scientists’
commitments 1o industry-funded research
compromise their ability to do what their uni-
versily appointments require: promote the
public good through training students and pur-
suing research on important issues.” says
Anderson. “Such compromises happen when
proprietary concerns get in the way of either of
these responsibilities, as in delaving a student’™s
progress toward a degree or deflecting a
research program from important, broad ques-
tions to questions of little concern outside a
company s specific development program.”
One of the most contentious issues is
ownership of IP. According to the U.S.
Business—Higher Education Forum, an
organization of Fortune 300 CEOs, college
and university presidents, and foundation
leaders. an appropriate arrangement is for
universities to keep [P ownership while
allowing companies to commercialize inno-
vations. A common solution is to grant the
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Business Financing for Your Research

Scientists at academic institutions usually turn to government and
foundations for money to do their research, and for good reason:
These sources provide the bulk of the funding for academic research.
But the fluctuating federal research budgets of recent years, in Europe
and Japan as well as the United States, have given researchers reasons
to go looking for alternative funding sources.

Business spends more money on research and development than
the public and academic sectors combined (bar chart, above left). But
only a small proportion of that investmenl reaches academic
researchers. In 2006, according to figures compiled by the U.5. National
Science Foundation, industry spent $2.4 billion at U.5. academic insti-

www.sciencemag.org SCIENCE

tutions. That's just 5% of total funding for academic research (pie
chart, above), but it’s still a nice chunk of change.

Speaking of change: That number hasn’t changed much over time,
in either direction. Businesses have roughly maintained their levels of
academic research support (in current dollars) since 1999, declining
only slightly in the years of slow economic growth that followed the
2001 recession (bar charl, above right}. Level funding (or a small
decline) doesn't sound impressive in an era when researchers aspire to
doubling research budgets, bul steady private-sector funding can pro-
vide a small cushion given the ups and downs in government support
for science.

—ALAN KOTOK
Alan Kotok is managing editor of Science Careers.
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company exclusive or nonexclusive licensing
rights or the right of first refusal,

Another thorny issue is data ownership
and disclosure. As the Federation of Amen-
can Societies for Experimental Biology
(FASEB) has stated, any terms preventing
publication of research results or asking for
chost authorship are unacceptable.

Companies are routinely given the option
to review publications for confidential infor-
mation and patentable data. In the United
Kingdom, the government has provided a set
of legal contracts—the Lambert Agree-
ments— for researchers to draw on as models
for reasonable compromises with industry.
Under the terms of these agreements, come-
panies are given up to 30 days to review
manuscripts. Companies may also ask aca-
demics to keep new data secret until a patent
application is filed. The Lambert Agree-
ments give companies up 1o 12 months for
this, but the LLS, Business—Higher Educa-
tion Forum recommends hmating this delay
to 90 days,

Model agreements and guidelines can be
very helpful, but things can gowrong, That's

one reason most universities now have
business-development and technology-
transier offices; i’s a good 1dea 1o get them
involved in any deal as early as possible.
Indeed, many institutions require professors
to disclose links with industry so that they
can oversee those relationships and help
researchers avoid sticky situations. " You
have to go through university lawyers who
see that all the university s and investigators’
interests are protected,” as well as the
integniy of science, says Elizabeth Heitman,
a biomedical ethicist at Vanderbilt University
in Nashville, Tennessee. According 1o a
white paper from the National Academies’
Government-University-Industry
Research Rounduable, in the United States,
such negotiations on average take 70 days
and may last as long as several years.

If vou do manage to navigate vour way to
a deal and produce publishable results, you
have one more important obligation: Most
Journals require authors to disclose contlicts
ol interest. Campbell also recommends that
researchers disclose ties with industry
whenever they present their results,

Recognition and career prospects

According to the US. Business—Higher Edu-
cation Forum, industry-funded students may
take an extra 6 months to earn their Ph.D.s
compared with publicly funded peers. Yet
industry involvement can be an excellent door
opener. Industry grants and fellowships “are
probably fine as long as the student has the
opportunity to choose his or her dissertation
[topic] and conduct the research independ-
ently of the company and publish their
resulis,” Campbell says. Academic supervi-
sors must assure that the projects are Ph.D.-
worthy, that graduation and publications
aren’t delayed unreasonably, and that students
are aware of the potential pitfalls,

Experience working with industry may be
especially beneficial for trainees who expect
to work in industry. Postdocs seeking jobs in
academia have less space to maneuver. They
cannol afford w have their publication record
put on hold and should make sure any delays
are oftset by a constant stream of papers from
other, publicly funded projects. “If you are an
early-career researcher and too much into
patenting rather than publishing, vour

Finding Industry Funding

Most collaborations between companies and academic researchers are
initiated by industry scientists looking for specific lechnologies or expert-
ise, notes Anthony Boccanfuso, executive director of the Washington,
D.C.-based University-Industry Demonstration Partnership (UIDP), a
consortium aimed at improving collaboration between universities and
industry. But that doesn't mean university researchers have to sit and
wait for the phone to ring. If you are looking for industry funding, it helps
to be proactive.

Exploit ready-made opportunities

In many cases, researchers interested in private-sector funding need look
no further than their own campuses. Many research institutions already
host industry-funded programs. Al their most ambitious, these programs
are massive, multicenter research consortia that recruil dozens or even
hundreds of industry partners. Albany NanoTech, a multibillion-dollar
research complex affiliated with the College of Nanoscale Science and
Engineering at the University at Albany in New York state, involves more
than 250 corporations, many of which provide major funding for university
faculty members.

Many universities also administer industry-funded grant
programs on 3 smaller scale. ConocoPhillips, for example, recently
announced that it will give $22.5 million over 8 years to the multidiscipli-
nary biorenewable fuels research program at lowa State University in
Ames. The grant will fund about 10 faculty members in its first year.

Tune in to industry needs

Establishing mew university-industry alliances requires some legwork. If
you have a good sense of which companies might profit from your work,
search those companies’ Web sites for facully fellowships. Also look for
competitive requests for proposals (RFPs), a mechanism a small but grow-

Take the lead. Anthony Boccanfuso (left) urges academic scientists to
make their case Lo industry, as Karen Wooley of Washington University in
5t. Louis has done.

ing number of companies use to provide grants to academic researchers,

For the past 2 years, a response 1o an RFP has netted two unrestricted
grants of about 540,000 for computer scientist Frank Dellaert, who studies
robotics and computer vision at the Georgia Institute of Technology in
Atlanta, to develop new online three-dimensional mapping technologies
for Microsoft's irtual Earth. Dellaert says the RFP application process is far
less cumbersome than some federal grant applications, which require
technical proposals 15 to 60 pages long. "With Microsofl, you write one
page of text; there is no budget, just a back-of-the-envelope calculation.
It's extremely painless.”

In addition to developing formal RFP procedures, many large corpo-
rations—DuPont and Pfizer, for example—have adopted an R&D model
known as open innovation, forming corporate “technology connectors”
to fund external scientists and entrepreneurs to work on tightly defined
problems, A consumer-products company, for example, might use this
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progress toward an academic career can be
compromised” Anderson says,

Industry collaborations may look like gold
stars on the C'Vs of voung professors. “Usu-
ally it’s only the scientists who are doing
really well in academic circles™ that industry
seeks out for collaborations, Anderson says,
Yet, industry grants are perceived as “not
peer-reviewed and not as prestigious™ as pub-
lic funding, Campbell says, so they may not
be given as much weight in the tenure process,
Furthermore. the stnngs attached—obstacles
to publishing and presenung vour work and
limitations on vour ability to interact with
other researchers—can hold back vour
progress toward tenure and promotion,

This isa price Serra is willing to pay—and
has. *1 am not a full professor.” he says, [The
had worked less with industry and more with
traditional funding sources, *1 would have
been a long tume ago” But the opportunity to
work with a company like Yamaha at the inter-
tace of science. engmeering. and music just-
fies the sacrifice. 1 lose certain things:; 1 gain
others,” he says. —ELISABETH PAIN
Elisabeth Pain is a contributing editor for Scignce Careers.

SCIENCECAREERS

Additional Resources

A roundup of the issues in the Business—Higher Education Forum's Waorking Together,
Creating Knowledge report
www.acenet.edu/bookstore/pdiiworking-together. pdf

Practical guidance from the U.5. University-Industry Demonstration Partnership
www. uidp.org/

The European Commission’s IPR Helpdesk

v ipr-helpdesk.org/controlador/principal?seccion=principal&len=en

Responsible Partnering in Europe

www. responsible-partnering.org/

The U.K. Lambert Agreements

wwi.innovation.gov.uklambertagreements/

The FASEB tool kit for managing financial relationships with industry
opa.faseb.org/pages/advocacy/coi/About.html

The Committee on Publication Ethics guidelines on good publication and the code of conduct
waw. publicationethics.org.uk/guidelines

mechanism to request proposals for a polymer that adheres to polyester
surfaces. Open innovation is largely focused on technology transfer or
intellectual-property licensing, bul opportunities for funding academic
research also exisl,

Some companies also work through intermediaries, such as the com-
panies NineSigma and InnoCentive, which broadcast their clients’ R&D
requests to scientists, engineers, and entrepreneurs around the world who
have opted into the companies’ proprietary "solution provider” networks.

Build relationships

Too often, academic researchers seeking corporate support for their work
lry to convince industry scientists that what they do is great science, notes
Michael Amiridis, a chemical engineer and dean of the college of engi-
neering and computing at the University of South Carolina, Columbia.
Instead, he says, "try to understand what the problem is that industry is
trying to solve and show what you can bring to the table. It takes cultiva-
tion, and it takes time."

“A lot of people think, "Oh, companies have lots of money; let's get
some of that money,” " says chemist Karen Wooley of Washington Univer-
sity in 5t. Louis, Missouri, who studies nanometer-scale polymer particles
and has received funding from a number of industry sources. “That's a
naive point of view. We can't expect handouts or open-ended gifts. It has
to be a friendship based on mutual respect, and there has to be an indica-
tion that the company is going to get something out of it.”

Making personal connections is “far and away the best way to get a
deal done,” says David Rosen, executive director in worldwide business
development at Pfizer. “Getting a champion inside the company to want
your technology breaks through a lot of barriers. If somebody inside the
company is pulling while you're pushing, stuff tends to get done a lot
faster and a lot more effectively.”

The trick is knowing where to start. Many academic researchers feel dis-
connected from the private sector, and targeting companies “cold” is “a
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tortured path because companies’ internal structures aren’t usually trans-
parent to the public,” notes Boccanfuso.

But finding industry scientists with compatible interests isn't as hard or
as mysterious as it might seem. Industry researchers graduate from the
same doctoral programs that generale academic researchers, belong lo
the same scientific societies, attend the same conferences, publish in the
same journals, and register with the same patent office. That means that
with some detective work, you can figure oul who they are.

At professional conferences, take advantage of opportunities to meet
industry scientists. "l see the tendency of academics to cluster among
themselves at these meetings, ” says Amiridis. "I don't do this. | go out and
look at the nametags. Talk to people. You need to sell yoursell.” While
you're chatting, nurture these fledgling relationships by inviting your new
industry friend to give a seminar in your department. Return the honor by
offering to give a seminar to the company’s scientists.

Make yourself as visible as possible. Set up a profile on the professional
networking site Linkedin and indicate in your contact settings that you're
interested in consulting offers, job inguiries, and expertise requests. Make
full use of university databases that detail researchers’ interests, suggests
cognitive psychologist Dennis Proffitt of the University of Virginia, Char-
lottesville, who has received funding from several industry sources.

University research administrators can also be rainmakers, says Don
Gerhart, associate vice president for research and innovation at the Uni-
versity of Oregon, Eugene. Many research administrators, he notes, moni-
tor opportunities for research partnerships with the private sector and are
happy to help guide faculty members toward industry collaborations.

When all else fails, pick up the phone and make cold calls. "Be bold
and invite yourself in, even if it's going to cost you some money,” says
Amiridis. “Maybe three out of four times it won't lead to anything, but the
one lime that it does, it can easily pay for the other times,”

—5IRI CARPENTER
Sirl Carpenter isa freelance science writer in Madison, Wisconsin.
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1000-Series Thermal Cyclers

YIELD SPEED

WE THINK YOU
SHOULD BE ABLE

TO OPTIMIZE
ON THE FLY

Convenience Is What Happens
When You Rethink PCR

Change the way you think about PCR with Bio-Rad's new family of thenmal cyclers.

Wouldn't you rather optimize your reactions in minutes and not days?
With Bio-Rad's new 1000-series thermal cyclers, optimizing on the fly
is just the beginning.

= Easily interchangeable reaction modules meet any
experimental or throughput need

= Reduced-mass sample blocks increase ramp rates and
reduce run times

= Thermal gradient lets you incubate each row at a different
temperature for fast protocol optimization

When you rethink PCR, you realize how easy it should be.

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