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GENETICS

Species-Specific Transcription in Mice Carrying Human Chromosome 21
M. D. Wilson et al.

An aneuploid mouse carrying a human chromasome shows that genetic sequence
can dominate tic, cellular, and effects in i
transcriptional regulation and gene expression.

10.1126/sdience. 1160930

CLIMATE CHANGE
Atmospheric CO; and Climate on Millennial Time Scales During the Last
Glacial Period
J. Ahn and E. ]. Brook
A detailed gas recard from the Byrd ice core from 90,000 to 20,000 years ago shows
that warming episodes tracked high CO, levels in Antarctica but lagged by several
thousands of years in Greenland.

10.1126/science. 1160832
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Cavity Optomechanics with a Bose-Einstein Condensate

F. Brennecke, S. Ritter, T. Donner, T. Esslinger

Coupling a Bose-Einstein condensate to an optical cavity holding a few trapped phatons

provides a sensitive probe of mechanical oscillations in the quantum regime.
10.1126/science. 1163218

APPLIED PHYSICS

CLIMATE CHANGE
Northern Hemisphere Controls on Tropical Southeast African Climate
During the Past 60,000 Years
J. E. Tierney et al.
Abrupt changes in precipitation and temperature resolved in a record spanning
the past 60,000 years from Lake Tanganyika, East Africa, are coeval with Northern
Hemisphere climate events.
10.1126/science. 1160485

TECHNICAL COMMENT ABSTRACTS

ECOLOGY

Comment on “A Global Map of Human Impact on
Marine Ecosystems”

M. R. Heath
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Response to Comment on “A Global Map of Human
Impact on Marine Ecosystems”
K A. Selkoe et al.
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APPLIED PHYSICS

Cooling, Heating, Generating Power, and
Recovering Waste Heat with Thermoelectric Systems
LE Bell
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GENETICS

A Mutation in Hairless Degs Implicates FOXi3 in
Ectodermal Development

C. Drogemiilier et al.

Mutations in a transcription lactor gene involved in ectodermal
development cause a lack of hair and abnormal teeth in Chinese
Crested, Mexican, and Peruvian hairless dogs.

REPORTS

PHYSICS
Enhanced Sensitivity of Photodetection via
Quantum Illumination

5. Lloyd

Quantum-mechanically entangled light, in which one photon is kept
as a reference, can exponentially improve the imaging of an object,
as compared with unentangled illumination.

COMPUTER SCIENCE

reCAPTCHA: Human-Based Character Recognition
via Web Security Measures

L von Ahn etal.

Asecurity system that relies on the superior performance of
humans in comparison to computers in reading distorted text
can be hamessed for digitized scanned documents.
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MATERIALS SCIENCE

A Rubberlike Stretchable Active Matrix Using
Elastic Conductors

L. Sexitani et al.

Acarbon nanotube—polymer film containing arganic transistors and
«coated with silicon rubber can maintain its electrical properties while
being stretched up to 70 percent.
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MATERIALS SCIENCE

Imaging of Transient Structures Using Nanosecond 1472
in Situ TEM

J. 5. Kim et al.

Rapidly pulsing electrons through a transmission electron microscope
allows imaging of localized caoling and phase separation alang a
propagating reaction front in a laminate.

PLANETA IENCE

The Magnetic Memory of Titan's lonized Atmosphere 1475
C Bertuccietal.

Cassini observations show that Saturn’s moon Titan retains an
imprinted memory of Saturn’s magnetic field above its ionosphere,
even after passing outside the field.

GEOPHYSICS

Postseismic Relaxation Along the San Andreas Fault 1478
at Parkfield from Continuous Seismological

Observations

F. Brenguier et al.

Correlating 5 years of seismic noise among nearby receivers reveals
subtle seismic velocity signals reflecting changes in the properties of
the San Andreas fault at Parkfield.

ATMOSPHERIC SCIENCE

Atmospheric Warming and the Amplification of 1481
Precipitation Extremes

R. P. Allan and B. J. Soden

Satellite data show that in the fropics, heavy rain events have
increased in warmer manths and decreased in colder months,

more than predicted by climate models.

PALEONTOLOGY

Superiority, Competition, and Opportunism inthe 1485
Evolutionary Radiation of Dinosaurs

S. L. Brusatte, M. ]. Benton, M. Ruta, G. T. Lioyd

Buring their early radiation, dinosaur morphology evolved at
comparable rates to that of competing archosaurs, implying that
opportunity, not superiority, influences their success.

ECOLOGY

Niche Partitioning Increases Resource Exploitation 1482
by Diverse Communities

D. L Finke and W. E. Snyder

In an ecosystem comprising a parasite, an aphid, and a radish,

the use of different resources by each species, not species diversity
per se, increases overall consumption.

MOLECULAR BIOLOGY

Degradation of microRNAs by a Family of 1490
Exoribonucleases in Arabidopsis

V. Ramachandran and X. Chen

Aclass of nucleases specific for short single-stranded RNAs is found
to degrade microRNAs in Arabidopsis; their mutation results in
numeraus developmental delects.

CONTENTS

1499

MEDICINE

Activation of Aldehyde Dehydrogenase-2 Reduces 1493
Ischemic Damage to the Heart

C.-H. Chen etal.

Acompound that activates the mitochondrial enzyme aldehyde
dehydrogenase-2 reduces the extent of heart damage in a radent
maodel of heart attack. Science Podcast

DEVELC TAL BIOLOGY

Dual Origin of Tissue-Specific Progenitor Cells in 1496
Drosophila Tracheal Remodeling

M. Weaver and M. A. Krasnow

When fruit llies metamorphose from larvae, a new trachea

forms both from undifferentiated cells of the imaginal disc

and differentiated cells that re-enter the cell cycle.

CELL BIOLOGY

FBXW7 Targets mTOR for Degradation and 1499
Cooperates with PTEN in Tumor Suppression

J-H. Mao et al,

Atumor suppressor is shown to control the degradation of a central
protein regulator of cell praliferation.

NEUROSCIENCE

Unsupervised Natural Experience Rapidly Alters 1502
Invariant Object Representation in Visual Cortex

N. Liand ]. ]. DiCarlo

Neurons in the most complex area of the brain’s visual cortex can
respond to a particular abject in any orientation by rapidly learning
to associate multiple views of that object.

CELL BIOLOGY

Conformational Switch of Syntaxin-1 Controls 1507
Synaptic Vesicle Fusion

5. H. Gerber et al.

The synagtic vesicle protein that mediates membrane fusion during
exocytosis also regulates the rate and extent of this process by
controlling vesicle tethering.
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“"Water Bears" Survive Earth Orbit

Hardy little creatures shrug off extremes of life outside a spacecraft,
Finding a Guy Who Looks Like Dear Old Dad

Men and women choose partners wha resemble their own parents.
A Knack for Numbers

Kids who are good at judging relative quantities are also good

at math,

Pancreatic islets in p110f} mutant mice.
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RESEARCH ARTICLE: Phosphoinositide 3-Kinase p110p
Activity—Key Role in Metabolism and Mammary Gland
Cancer but Not Development

E. Ciraolo, M. lezzi, R. Marone, S. Marengo, C. Curcia, C.
Costa, 0. Azzoline, C. Gonella, C. Rubinetto, H. Wu, W. Dastrt,
E. L. Martin, L. Silengo, . Altruda, E. Turce, L. Lanzetti, P.
Musiani, T. Riickfe, C. Rommel, J. M. Backer, G. Forni, M. P.
Wymann, E. Hirsch

The phospheinasitide 3-kinase p110f subunit has noncatalytic
functions; its catalytic activity is pertinent 1o both diabetes and
cancer,

PERSPECTIVE: Smad Signaling Dynamics—Insights from a
Parsimonious Model

H. Shankaran and H. S. Wiley

Computational modeling of protein localization dynamics yields new
information about Smad signaling.

GLOSSARY

Find out what Kir, Vg1, and YAP mean in the world of cell signaling.
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Your Research in the Headlines—Dealing With the Media
E. Pain

Being prepared can improve the edds that your scientific work

is portrayed accurately in the media.

Team Science and the Diversity Advantage

C. Rey

Do scientists with experiences in different cultures have an
advantage in an era of team science?

In Person——Peter Brown, Patent Attorney

P. Brown

An award-winning New Zealand scientist tells why he decided
1o move from the bench 1o the bar,
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GrantsNet Staff

Learn about the latest funding oppartunities fram Europe, Asia,
and the Americas.
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Recovering Wasted Heat

The recovery of waste heat, especially on the
industrial scale, normally relies on transferring
heat with a working fluid, such as converting
liquid water to steam. The efficiency of these
approaches is highest on a large scale and when
thermal gradients are very high. Far recavery of
heat on a smaller scale, such as from a car
engine, thermoelectric systems, which use elec-
trical current as the working fluid, are more
attractive. Although mast of the attention in
thermoelectric materials have focused on their
intrinsic efficiency (described by the parameter
1), Bell (p. 1457) reviews the engineering chal-
lenges and opportunities in using such materials
in cars, electronics, and other applications for
heating, cooling, and power generation.

Extreme Behavior

Global warming is expected to have a large
effect on the amount and distribution of precipi
tation, with wet areas projected to become wet-
ter and dry areas drier, and an overall increase
in total rainfall. Another important aspect of
these predicted changes is the frequency of
extreme rainfall events, because the impact of a
few heavy rain events is very different from that
of many mare moderate ones. Allan and Soden
(p. 1481, published online 7 August} use satel-
lite observations and model simulations to eval-
uate how climate warming is affecting the fre-
quency and strength of rain events. Heavy rains
are occurring with increasing frequency when it
is warm and less often when it is cold, and these
extremes are happening more frequently than
models have suggested they should. This implies

www.sciencemag.org SCIENCE VOL 321

that the impacts of precipitation changes due to
global warming could be greater than have
been assumed.

GOTCHA?

Thankfully, there are still tasks that humans can do
that computers cannot. One of the 21st-century
manifestations of this difference is the use of
CAPTCHAs (distarted alphanumeric strings that
must be read and typed) to safeguard entry into
Web sites against nonhuman entities. Von Ahn
et al (p. 1465, published anline
14 August; cover) describe a modi-
fication of this algorithm that
serves to capture the effort
expended by human users and to
direct it toward digitizing scanned
documents. Optical character
recagnition programs are unable to transcribe
scans of printed matter for a variety of reasons,
such as uneven shrinkage of the paper or fading
of the ink; using these unrecognized words as
queries for Web site visitors to decade exempli-
fies the approach known as crowd computing.

Bend Me, Stretch Me,
Flex Me, Connect Me

One restriction in the development of rubbery
electronics that can stretch as well as bend and
flex is the need far a conductive, elastic mate-
rial, especially for the interconnects between
circuits. Sekitani et al. (p. 1468, published
online 7 August) describe the development of a
stretchable, multilayer single-walled carbon
nanotube—polymer elastomer composite and

12 SEPTEMBER 2008
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<< Tissue Remodeling

When organs are damaged, dying cells must be replaced to
maintain organ function. Using insect metamorphosis as a
= model for tissue replacement, Weaver and Krasnow (p. 1496,
| published online 31 July; see the Perspective by Gonzalez-
Reyes) examine the progenitor cells that rebuild the fly respira-
tory system. For most fly organs, new lissue arises from undif-
ferentiated progenitor cells associated with the organ that
remain quiescent until metamorphosis when they proliferate,
migrate over, and replace dying cells. Individual cells were
labeled and their fates followed to identify a second population of
respiratery progenitors that arise from differentiated cells and
replace local regions of the airways. These differentiated cells have sub-
stantial proliferative potential and developmental plasticity, including the
ability to redifferentiate as a new cell type. Thus, even in a simple epithelial
organ, tissue replacement requires different pregenitors and cellular strategies.

incorporate it into an active matrix array of
organic transistors, The elastomer shows excel-
lent mechanical and electrical properties with
both low resistivity and reversible stretchability
to large levels of strain.

A Tale of Titan

Titan lacks its own internal magnetic field but is
greatly affected by Saturn's magnetic field.
Recently, Titan passed outside of the influence
of Saturn’s magnetic field, and was observed by
the Cassini
spacecraft,
providing
Bertucci et
al. (p. 1475)
a drastically
different
magnetic environment for comparison. Titan"s
ionosphere retained a “memory” of Saturn’s
field for some time, until it seems a magnetic
reconnection in its tail replaced this field with
the interplanetary one.

Dynamic Electron
Microscopy

Transmission electron microscopy (TEM) is an
excellent tool for studying structural changes in
materials. While the resalution of the instru-
ment has improved considerably, one challenge
is being able to track fast-occurring phenom-
ena with high resolution. Rapid snapshots can
be acquired by using a laser to pump the elec-
tron gun. Kim et al. (p. 1472} apply this
Continued on page 1415

1413



CREDIT. CHEN ETAL

This Week in Science

Continued from page 1413

dynamic TEM method, where a second laser is used to initiate a reaction in a thin multilayer foil.
Altering the time delay for the arrival of the electrans from the gun allowed for observation of
localized cooling and phase separation at the propagating reaction front as the two materials mix
and react with each other,

Rise of the Dinosaurs
Is the diversification of new groups of organism a matter of competitive superiority over other
groups occupying similar niches, ar does historical contingency play a part? Brusatte et al.
(p. 1485) document the evolutionary patterns of the initial radiation of dinosaurs and other
archosaur groups in the Triassic. For the first 30 million years of their history, dinasaurs lived
alongside another major clade, the crurotarsan archosaurs, which accupied similar niches, exhib-
ited a greater range of morphology, and evalved at indistinguishable rates, These findings cast
doubt on long-standing ideas of dinosaur “superiority” and notions that dinosaurs were preor-
dained for success from the start.
event during which the heart muscle receives an o
inadequate blood supply, resulting in the accumulation
of toxic metabolites that cause irreversible tissue damage.
Studying rodent models, Chen et al. (p. 1493) found that a
mitochondrial enzyme called aldehyde dehydrogenase 2

(ALDH2) was cansistently activated in hearts that were the most resistant to
. ischemia-induced damage. In a rat heart-attack model, administration of a

Damage Control for the Heart

Many farms of heart disease begin with an ischemic

small-molecule activator of ALDH2 (Alda-1} prior ta the ischemic insult led
to a reduction in the extent of heart damage, an effect most likely due to
decreased formation of cytatoxic aldehydes. Thus, Alda-1 or related com-
pounds p ially might be used th ically to minimize heart damage in controlled settings
such as coronary bypass surgery.

-

You Are What You Eat?

Ecological models suggest that biodiversity arises from the partitioning of resources among
species, allowing new species with unique resource-use pattems to invade communities, However,
these madels have not been tested empirically because real-world species differences in resource
use are often confounded with other species traits (size, rate of growth, metabolic rate, etc.).
Finke and Snyder (p. 1488) overcome these obstacles by exploiting host-fidelity behavior among
a group of parasitoid wasps that attack aphids. While each wasp species is a generalist consumer
that attacks many aphid species, individual wasps prefer to attack the same host species from
which they themselves emerged. By rearing wasps of different species on each of several aphid
species, consumer wasp communities were constructed that could be independently manipulated
far consumer species identity, species richness, and patterns of resource use. Exploitation of the
aphid resource clearly improved with greater consumer biodiversity, but only when constituent
consumers were specialists with distinct resource-niche partitioning. Thus differences in resource
use among species, rather than biodiversity per se, intensify resource exploitation at higher levels
of consumer biodiversity.

’
Now You See It, Now You Don't

Each object can cast many different images on the eye. How can the brain combine different views of
an object into a single object representation? Neurons at the inferior temporal cortex (brain area IT),
the top processing level of the visual system, signal the presence of individual objects even if those
abjects appear in different positions. Li and DiCarlo (p. 1502) recorded neuronal responses in area
IT of twa monkeys to different objects presented at the central position and 3 degrees above or below,
By systematically swapping object identity between two objects whenever the monkey made a fast eye
mavement (saccade) to ane particular position in the visual field, the respanse of the T neuron
became less selective to the abjects at the swap position or even inverted its selectivity. Thus, object
representations in area IT can change in a short period of time.

www.sciencemag.org SCIENCE VOL321 12 SEPTEMBER 2008

Facilitate
rare gene fishing

cDNA normalization
service and kits

cDNA normalization removes repeated clones
representing abundant transeripts from a
cDNA population. Use of equalized cDNA
libraries essentially increases the efficiency of
functional screenings and transcriptome
analysis,

Evrogen's proprietary technique is intended
for preparation of full-length-enriched nor-
malized cDNA and is already proven to be
compatible with high-throughput sequencing
approaches.

cDNA normalization kits and corresponding
custom service are available from Evrogen.
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Typical cDNA normalization result.
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(Bi Virtual Northern blot analysis of abundant
transcripts in these cONA samples;
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cDNA; 2 - normalized cDNA. M - 1 kb DNA size
markers.

Evrogen JSC. Moscow, Russia
Tel: +7(495) 336 6388

Fax: +7(495) 429 8520
E-mail: eviogen@evrogen.com
Web site: www.evrogen.com




CREDITS: (LEFT) THE AZ FOUNDATION; (RIGHT] ISTOCKPHOTO.COM

Anmed Zewail is the Linus
Pauling Chair Professor at
the California Institute of
Technology and the 1999
Nabel Prize winner in
Chemistry.

|m

Mediterranean Scientopolitics

ON THIS YEAR'S BASTILLE DAY IN JULY, THE PRESIDENT OF FRANCE, NICOLAS SARKOZY, INAU-
gurated a new initiative for uniting the Mediterranean South with Europe in general, and France
in particular. The aim of the Mediterranean Union (MU), an analogue of the post-Cold War
Ewopean Union (EU), is to “lay the foundations of a political, economic and cultural union
founded on the principles of strict equality.” Comprising 27 EU members and states from the
Middle East, North Africa, and the Balkans, the MU would in principle unite close to 800 mil-
lion people. In June, a meeting was held at the Institut de France with representation from many
academies, scientists, and politicians to discuss possible cooperative programs. The goals
expressed at the meeting are admirable; however, the MU’s motives need to be clearly defined,
as the issues for the MU are very different from those for the EU. Most important, thus far miss-
ing in the fabric of the former is an explicit role for education and science.

The Mediterranean people have a rich history encompassing cradles of civilization ranging
from Egypt and Greece to the Roman Empire. As the word implies in Latin, the Mediterranean
was considered the “Middle Earth,” but at present the disparity between
North and South is alarming. The difference in gross domestic product
between the two is staggering, and illiteracy, deterioration in education,
and the unfavorable state of governance in the South have put many there
at a disadvantage, Despite these challenges, the MU could redefine the
state of North-South cooperation by providing new opportunities for
progress—but only if differences and concerns are openly addressed.

The integration of Eastern and Western Europe is to some extent eas-
ier than that of the North and South Mediterranean because religions and
cultures are more diverse in the Mediterranean Basin. For the initiative to
succeed, the leaders in MU nations must promote economic and political 2
strategies that respect these differences. The benefits of free trade and
liberty, coupled with dialogues of cultures through scholarly discourse
that promote mutual acceptance, will undoubtedly lead to stronger bond-
ing among and security for the nations in the region. But if the MU is directed by political agen-
das, such as distancing Turkey from the EU or isolating particular countries in the EU or Arab
League, it will ultimately unravel and become a medium for slogans and the polarization of
nations. The main political objective of the MU should instead be the promotion of human rights
and liberty, and the solution of chronic problems such as the Israeli-Palestinian conflict.

The driving force essential to any progress is education and the ensuing scientific and techno-
logical development. General education will not only improve the well-being of society on all
levels, but will also create an atmosphere of enlightenment that resists dogmatic and radical prac-
tices. Modern education will provide new skills and economies and the means for positive partic-
ipation in the world market. And building a strong science base for research and development in
the Mediterranean Basin, especially in the South, will have real impact with mutual benefits,
allowing scientists and the rest of civil society to work together to alleviate many problems of sig-
nificance to the region such as illegal immigration, illiteracy, food shortages, energy demands,
water resources, climate change, infectious diseases, and the dearth of democratic governance.
Moreover, creating such a base through sustainable cooperative programs with the North will
limit brain drain and channel the energy of youth into a knowledge-based world economy.

The new MU initiative could turn into a historie milestone, building on the 1995 Euro-
Mediterranean Partnership (the Barcelona Process), provided that there is a genuine desire for
North-South support and partnership. Building education and the science base, bridging cul-
tures through strong collaborative programs, and boosting economic and political benefits are
the triad on which the MU should stand. These objectives will not see the light of day if the
purpose of the MU is mainly political—rather, the focus should be “scientopolitical,” a phrase
coined here to emphasize the importance of education and science to the advancement of
political and human affairs

— Ahmed Zewail

10.112é/science. 1164682
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BIOMEDICINE
Folding Proteins

In many patients who suffer from loss-of-func-
tion genetic diseases, the missing protein is
translated, but a paint mutation causes misfald-
ing and subsequent degradation of the protein.
Pharmacologic chaperones, which help to
restore function by binding to and stabilizing
successfully folded proteins, have shown some
therapeutic promise, but are inherently disease-
specific. A more general strategy to encourage
proper falding would be to enhance cellular
protein homeostasis mechanisms, including the
unfolded protein response (UPR) and the heat-
shack respanse (HSR). Mu ef al. have identified
two small molecules, celastrol and the protea-
some inhibitor MG-132, that each increase
mutant pratein folding and activity in patient-
derived cell lines from two different lysosomal
storage diseases, Gaucher and Tay-Sachs, These
compounds up-regulate multiple UPR and HSR
components, and two UPR proteins of the endo-
plasmic reticulum (IRE1 and PERK} are required
to mediate the beneficial effects in both cell
lines. Coapplication of these drugs with known
pharmacalogical chaperanes had a synergistic

*Nilah Monnier is a summer intemn in Science’s editorial
department.

www.sciencemag.org SCIENCE VOL 321
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CHEMISTRY
Redshift Resolution

Dyes operate by absorbing specific wavelengths of light, thereby changing the
overall color we perceive in looking ata dyed liquid or solid. In general, though,
the color a dye confers depends not only on its molecular structure but on the
medium in which it's been dissolved or suspended. Renger et al. derive a remark-
ably simple relation for predicting how the electronic absorption spectrum of an
isolated nonpolar dye molecule will shift upon dissolutien in a nonpolar selvent. In
contrast to polar media, the influence of the weaker and more rapidly varying charge
distributions in nonpolar media has remained puzzling. A prevailing model derived more than
50 years ago suggested that the absorption spectrum should shift to longer (redder) wavelengths
as the strength of the absorption increased. However, the authors show that instead, the shift
scales with the energy of the state accessed by the light absorption. They support their relation
by accurately predicting spectral shifts for the bacteriochlorophyll a and bacteriopheophytin

a chromophores. — ]5Y

effect and increased the activity of the mutant
proteins to at least 50% of wild-type activity,
These results provide a proof-of-principle mile-
stone in the therapeutic approach of developing
pratein homeostasis regulators to treat a range
of loss-of-function diseases. — NM*

(el 134, 10.1016.cel|.2008.06.037 {2008).

ECOLOGY

Have Your Plants
and Eat Them, Too

An experimental study of
Arctic vegetation shows
that herbivares can exert
astrong influence on the
ecological outcomes of m‘
climate warming in plant

communities. Numerous stud-

ies have shown that warming leads to changes in

the biomass, structure, and composition of plant
communities. In Arctic tundra in particular, warm-
ing leads to increases in abaveground plant bio-
mass and of shrubby vegetation at the expense of
grasses, Post and Pedersen canducted a 5-year
experiment in which arge vertebrate herbivores
(musk ox and caribou) were either excluded from

or allowed access to artificially warmed or ambient

temperature exclosures. The warmed plots from

Proc. Natl. Acad. Sci. U.S.A. 105, 13235 {2008).

which the herbivores had been excluded showed
the expected transition to higher biomass and
domination by woady plants (dwarf birch and

willow). However, the plant communities on the
grazed warmed plots were indistinguishable
from those on the ungrazed ambient plots
after 5 years. These results suggest that large
herbivores might be useful in miti-
gating the effects of climate change
in tundra—and perhaps in other
rangeland habitats. — AMS

Proc. Natl. Acad. Sci. U.5.4.

105, 12353 {2008).

APPLIED PHYSICS
An Umbrella or a Sieve?

fodern fabrication techniques can not
only produce materials that show strang
wetting or repulsion of water or organic lig-
uids, but also offer dynamic control of the wetting
behavior in certain cases. Lifton et af. fabricated a
silicon membrane with haneycomb-shaped pores,
avercoated with a nanonail architecture and an
organic self-assembled manolayer or fluoropoly-
mer. Under normal conditions, the membrane
repels droplets of water or organic liquids, but
after application of a voltage pulse, the droplets
undergo an electrowetting transition and the
Continued on page 1421
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fluid seeps into the pares. For a water droplet, to
ensure that the fluid passed through the mem-
brane, the authors placed a hydrophilic glass
fiber filter underneath the membrane. They fur-
ther fabricated a battery in which the tunable
membrane keeps the liquid electrolyte and solid
electrode separate until a voltage pulse is
applied. Because there is no liquid penetration
during storage, no electrochemical reactions
occur, and so this sort of battery should have an
extremely lang shelf life. — MSL

Appi. Phys. Lett. 93, 43112 (2008).

BIOCHEMISTRY
In Capsule Form

Intracellular membrane-bounded compart-
ments—the mitochondrion, chloroplast, and
nucleus—define the modern eukaryote. Bacteria
make do without internal membranes, yet it is
becoming evident that they do possess, never-
theless, intracellular nanosized environments.
Sutter et al. describe the structure of the latest
such oasis—an icosahedral shell 25 nm in diam-
eter, formed by 60 monomers of the protein
encapsulin. As one might intuit, encapsulin is
structurally similar to viral capsid proteins,
although any ancestral commonalities are no
longer visible in their amino acid sequences.
Compartments can
be useful for
sequestering
small molecules,
either because
they are valuable
or because they
might cause harm
if allowed to dif-
fuse. Encapsulin
appears to offer
both kinds of functions, because biochemical
experiments identified docking sites for a per-
oxidase and for a ferritin-like protein, with the
latter catalyzing the storage of iron as ferrihy-
drite and the former detoxifying potentially
toxic oxygen species. — GJC
Nat. Struct. Mol Biol. 10.1038/nsmb.1473 (2008).

Ericapsulin.

SIGNAL TRANSDUCTION
Life Beyond Kinase

Phosphainositide 3-kinase (PI3K) enzymes func-
tion by transducing the signals from receptor tyro-
sine kinases and heterotrimeric guanine
nucleotide=binding protein (G protein)~coupled
receptars, They catalyze the formation of lipid
second messengers, Ciraolo ef al. explored the
bialogical role of p110p, one of three types of
catalytic subunits that make up FI3Ks in mam-
malian cells. They created mice that express a

CREDIT. MARKUS SUTTER.
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mutant form of the enzyme that lacks kinase
activity. Although complete loss of individual
p110 subunits is deadly, the animals expressing
the mutant p110P survived, indicating that
p110P has functions that are independent of its
kinase activity. The mutant animals grew more
slowly than normal animals and, as they got
older, showed signs of insulin resistance. They
also showed impaired signaling from G pro-
tein—coupled receptors. In a breast cancer
model induced by the ERBB2 ancagene, which
signals through PI3K, the mutant animals
showed fewer tumars, which grew at a reduced
rate. In independent work, Jia ef al. explored
the effects of tissue-specific depletion of p110B
in the liver and provide evidence for kinase-
independent roles of p110P and for impaired
insulin action in animals lacking p110f. They
found that loss of p110p also decreased
tumorigenesis in a mouse cancer model caused
by loss of the lipid phosphatase PTEN. These
studies indicate that tissue-specific actions of
p110P may make it a potentially effective tar-
get for therapeutic regulation. — LBR

Sci. Signal. 1, ra3 {2008); Nature 454, 776 (2008).

PSYCHOLOGY
Socialized Learning

The ventral and dorsal neural streams that medi-
ate the visual processing of objects have been
described as specializing in what and where,
respectively; that is, information about object
identity flows through a different channel than
that about object location. A related distinction
applies to object perception for the purpose of
action (where my car is parked) as contrasted
with the purpase of recognitian (my car is
green}. Yoon ef al. demonstrate that pre-verbal
infants (9 months old) form object representa-
tions that exhibit a similar dissociation between
location and identity—and that the mode of
infarmation transmittal dictates the channel of
reception. Introducing an explicitly social teach-
ing cantext by having an actor paint to an object
while speaking to the infant biased the infant to
remember the object’s features such that a sub-
sequent presentation of the same object at a sec-
ond lacation did not evake surprise (as assessed
by looking time), whereas displaying a new
object at the original location did. Conversely,
reaching toward an object while verbalizing in an
impersonal fashion primed the retention of
where information rather than what. Adults, of
course, have no difficulty in retaining and
retrieving both types of representations, but the
nascent neural processing capacities of infants
appear to be influenced by sacial context as well
as visual fundamentals. — G]C

Proc. Naii. Acad. Sci. U.S.A. 105, 13690 (2008).
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Receding Alpine glaciers have uncovered a trove
of ancient artifacts in recent years. Last month,

Swiss archaeologists announced that they had
dated some of the items to as far back as 4500 B.C.E—1000 years before the famous Iceman.

The owner of the items—a piece of wooden bowl and leather from a shoe—remains miss-
ing. But he has been named “Schnidi” after the Schnidejoch pass, where the items were
found. “We now know that the findings at Schnidejoch are the oldest [yet discavered] in the
Alps,” said Albert Hafner, chief scientist at the Archaeolagical Survey of the Canton of Bern,
at a news conference.

Since 2003, when record-high summer temperatures caused extensive melting of the ice at
the 2756-meter-high pass, archaealogists have retrieved 300 items of hunting gear, fur,
leather and woolen clothing, and toals belonging to early travelers or hunters moving between
the Rhone Valley and parts north. Radiometric dating at the Swiss Federal Institute of
Technology indicates that a bow, a birch-bark quiver, and arrows were drapped in the pass in
the early Bronze Age, about 4000 years ago. Other finds include Roman coins and needles dat-
ing to about 200 C.E. and fragments of early and late Medieval apparel.

There is a wealth of data for climatologists as well, says University of Bern climatologist
Martin Grosjean. “The findings allow us to accurately reconstruct glacier fluctuations in the
Alpine area in prehistoric times,” says Grosjean, wha notes that periods of human passage at
Schnidejoch nicely fit with periods when glaciers were in retreat and would have allowed travel.

streams in parallel, unlike the single fast

CREDITS:

Play Me a Molecule

Need to pry your kids off the games console?
Tell them it has better things to do: molecular
simulations.

Researchers in Spain have taken distributed
computing to a new level. Instead of harnessing
idle PCs for rautine chares such as looking for sig-
nals from extraterrestrials, the new PS3Grid.net is
exploiting the much greater capacities of idle
Sony FlayStation3 (P$3) cansoles. It's effectively
"a new class of supercomputer,” says project coor-
dinator Gianni De Fabritiis of the University
Pompeu Fabra in Barcelona.

Last year, De Fabritiis and colleagues devel-
oped software to exploit a new graphics chip
that can process tens or hundreds of data

www.sciencemag.org  SCIENCE  VOL 321

stream in a normal PC. Not many such chips
were available—until the launch of the PS3 in
late 2006. The Barcelona team asked PS3 own-
ers to donate their downtime. In the past year,
about 400 machines have been signed up,
which the team is using to perfarm com-
plex biomolecular simulations. Plans are to
let other research groups use it just as they
would a conventional supercomputer.

Last manth, the researchers launched a
companion network for graphics process-
ing units in normal PCs to add even more
computing power. Once they reach their
target of a 1000-machine network, they'll
be able to do “accurate virtual screening of
hundreds of molecules,” De Fabritiis says.

AN P

EDITED BY CONSTANCE HOLDEN

Snuppy Dynasty Founded

Scientists reported this month that Snuppy, the
world's first dog clone barn in 2005, is now a
daddy. His sperm was used to inseminate two
cloned female fellow Afghan hounds. Of 10 pup-
pies born in May, nine are
still alive according to the
dog-cloning team headed by
Lee Byeong-chun at Seoul
National University (SNU).
Lee, ariginally on the dog-
cloning team headed by dis-
graced researcher Hwang
Woo-suk, was suspended by the university for
2 months in 2006 following the Hwang scandal.
Hwang and Lee are now on apposite sides
of a patent fight over whether SNU or a U.S.
company, BioArts International, has exclusive
right to clone dogs for commercial purposes.
Last week RNL Bio, the company Lee works
with, announced that it had filed a patent
infringement suit in Seoul against Suam
Biotech, where Hwang works.

In Vitro Veritas

Enalogists are going high-tech in their efforts
ta spot forged vintages. Besides using carbon-
14 dating (see p. 1437), wine merchants may
soon turn to particle accelerators to date old,
valuable bottles of wine. Physicist Hervé
Guégan, at the Centre d'Etudes Nucléaires de
Bordeaux Gradignan in France, developed the
technique of training low-energy protons on the
bottle, causing its atoms to emit x-rays. The x-
ray spectrum provides a kind of fingerprint that
can be compared with a database to determine
the age and provenance of the bottle. For
example, French bottles made before 1957 typ-
ically contain traces of magnesium, so a bottle
with a chromium signature dated before 1957
would be fake. The technique wouldn’t be able
to identify the exact year a wine was bottled,
Guégan says, "because the chateau could have
bought the bottle a year or two earlier.”
Stephen Williams, CEQ of the Antique
Wine Co. in London,
says his company is
partnering with
Guégan to develop
the technology for
commercial use. Every
day it sells bottles val-
ued between $1000
and $20,000. So
“being sure about
their age is ... quite
important to us.”

12 SEPTEMBER 2008

1425



L NEWSMAKERS

EDITED BY YUDHIJIT BHATTACHAR]EE

DRIVEN. As a Swiss teenager, Louis Palmer dreamed of
driving around the world in a solar-powered car. On 3 July
2007, the Lucerne native—a teacher by trade—set off in
one built for $10,000 with help from businesses and uni-
versities across Switzerland. Last week, he cruised
through Washington, D.C., and New York City having
completed 80% of his 53,000-km journey.

The 3.5-m car, which can go 88 km/h, pulls a 5-m-
long trailer covered in solar cells, and its passengers
have included Rajendra Pachauri, chair of the Inter-
governmental Panel on Climate Change, and New York
City Mayor Michael Bloomberg. “I want to raise
awareness that we can stop global warming and be
independent from fossil fuels with teday’s technology.”
says Palmer, 36, whose next goal is to drive around the
world in 80 days with a solar-powered car.

TWO CULTURES
SMASHING HIT. Not so sure what the Large
Hadron Collider (LHO) will do? Then go to
YouTube to view the Large Hadron Rap, a 4:49
music video in which science writer and jam
master Katherine McAlpine explains it all as
dancers gyrate gawkily in the tunnel that houses
the CERN accelerator. McAlpine, 23, was a press
contact for the U.S. contingent to the LHC. "I
thought maybe we'll get a couple of thousand
views,” she says about the video, which has
scored more than a
million hits since it
was posted 28 July.
Physicists are
thrilled about the
publicity. “[TThe text
is way more accurate
and to the point than
most ... articles about
the machine and the
experiments,” writes
blogger Reberto Corsini, an accelerator physi-
cist at CERN (gravitasfreezone wordpress.com).
Watch out for more from McAlpine; she says

KATHERINE MCALPINE; EDDIE STAKLEY

cal synthesis center in Santa Barbara,
California, Funded by a $16 million, 5-year

grant that includes s11 million from the U.S.

National Science Foundation and $5 million
from the Department of Homeland Security,
the institute will have a full-time staff of
nine, about a dozen postdocs, and five core
faculty members; it will also convene expert
panels. Gross hopes to focus on animal dis-
eases, such as the potential spread of
pseudorabies from feral pigs in national
parks to domestic swine, and explore other
biological problems as diverse as wildfire
control and cancer metastasis.

In the News >>

Gross, whose past
experience includes
developing a multi-
scale model to help
plan the restoration of
the Florida Everglades,
is “perfect” for the job,
says animal-disease
modeler Leslie Real of
Emory University in
Atlanta, Georgia. “He's very gilted at bringing
biclogists and mathematicians together.”
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BIRD VERSUS MALL. Mark Anderson, 44, has studied the threats facing lesser flamingos for
18 years. But last month, he was suspended from his job with the South African provincial
government apparently for trying to protect a new breeding site in a lake near Kimberley,

some 475 km southwest of Johanneshurg.

Two of his scientific colleagues at the Department

of Tourism, Environment and Conservation were also suspended.

The suspensions happened after a developer complained that Anderson and his col-
leagues—one of whom has also publicly supported a campaign to improve water quality in
the lake—would not be neutral in reviewing the environmental impact assessment of a pro-

the press office at the National Super- posal to build shopping malls and more than 6400

oF

conducting Cyclotron Laboratory at Michigan
State University in East Lansing has asked her
to rap about the lab's proposed accelerator.

ON CAMPUS

Z MARRYING MINDS. Mathematical ecologist

2 Louis Gross is already well-known as a scientist,
5 teacher, and organizer. Now he will put those
* talents to use as director of a new institute at

g the University of Tennessee, Knoxville, that will
E

i

g

tackle problems at the interface of mathematics
and biology.

The National Institute for Mathematical
and Biological Synthesis, launched last week,
is modeled in part on a 13-year-old ecologi-
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houses on 382 hectares near the lake. Anderson,
a staff ornitholegist, says the 17 charges are
trumped up. “It's remarkable that the
department would go to this length,” he
says. Les Abrahams, the chief of staff for
the department, which is also charged
with economic development, won't com-
ment on the charges but says it takes
flamingo conservation seriously.

Anderson, who faces a disciplinary
hearing starting on 15 September, already
has a new job. Next month, he'll become
executive director of the nonprofit advo-
cacy group BirdLife South Africa.
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SCIENCE EDUCATION

Broad Institute’s
future secured

U.K. Education Reform: Too Much

Of a Good Thing?

For more than a decade, the UK. government
has tweaked and revamped high school cur-
ricula and examination systems to stop a wor-
rying slide in the number of children who
study science and mathematics in their last
4 years atschool. “The biggest problem is the
high proportion of 15- and 16-year-olds who
are dropping maths and science as soon as
they possibly can,” says Michael Reiss, direc-
tor of education at the Royal Society.

Last week, the Royal Society issued a
report that says the government implementa-
tion of science education reform is, well,
unseientific. The changes have come so fast,
one after another, that it’s impossible to know
whether anything has worked or just added to
the problem, the report says. Moreover, new
measures on the horizon, such as a high school
science “diploma,” are being rushed in with-
out appropriate testing, the Royal Society
warns. Curriculum reform, it concludes,
should be managed by fully independent bod-
ies, not politicians with short-term interests.
“We strongly felt [reform] should be taken
away from immediate political gain so as to
get a more measured response,” says polymer
scientist Julia Higgins of Imperial College
London, chair of the working group that pro-
duced the report.

The malaise in UK. science education has
been well-documented. With fewer pupils

studying science at school, applications for
some university science courses are going
down. With fewer science graduates, the
demand for them in industry is highand fewer
go into teaching; schools then have trouble
finding specialist science teachers and teach-
ing standards drop; and, closing the circle,
even fewer pupils study science. “The best
learning experience comes from teachers
who really know their subject.” says Mari-
anne Cutler, head of curriculum development
with the Association for Science Education.
Just as in the United States, where each
state manages its own education system, each
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Eyes down. All U.K. students take national exams at
16. Few study science subjects after that.

of the four nations in the United Kingdom—
England, Northern Ireland, Scotland, and
Wales—has developed slightly different ways
of teaching its children. However, certain fea-
tures are common across the United King-
dom. At 14, pupils drop some subjects and
typically continue with eight or nine through
to age 16 when they take examinations in each
subject, called Standard Grades in Scotland
and GCSEs in the rest of the UK. Then com-
pulsory education ends but the majority con-
tinue their studies until 18, some taking voca-
tional courses while those aiming at university
take three or four courses leading to exams
called A-levels (“highers” in Scotland).

A major change in the teaching of the sci-
ences in most of the United Kingdom came
in the early 1990s, when combined science
GCSE courses were offered in place of sepa-
rate physics, chemistry, and biology courses
to students under 16. Separate discipline
courses were considered inflexible because
students who didn’t want to specialize in sci-
ence post-16 might drop one or two of them,
thereby getting a lopsided science education.
Instead, all pupils broadly studied science
but could choose between a more intensive
course, the equivalent of two GCSEs, or a
slimmed-down single science course.

The report says there is some evidence that
this reform has reduced the number of chil-
dren who pursue science after 16. In Scotland,
where courses in the three basic sciences were
retained, 12% of 17-year-olds studied for
highers in physics in 2007, compared with just
3.6% studying for A-level physics in England.
“The figures are strikingly awful if you look at
them. [t’s a disaster,” says Higgins.

In 2006, the English GCSE systern was
reorganized with the intensive double-science
GCSE scrapped in favor of a range of single-
award GCSEs, including separate physics,
chemistry, and biology exams. The range of
courses available is now “increasingly com-
plex and targeted,” the report says. Cutler
believes the new GCSEs are going “in the
right direction,” but “they should have been
piloted more widely and over a longer period.”

The next step in the English school sys-
tem, post-16 (the equivalent of junior and
senior years at U.S. high schools), begins a
makeover this year with the introduction of
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diplomas. These alternatives to A-levels com-
bine theoretical study with practical experi-
ence, including in the workplace. Diplomas
launched this year include engineering, IT,
and society, health, and development. The
government plans to launch a science
diploma in 2011. Meanwhile, Wales is testing
a European-style baccalaureate, and Scotland
is in the midst of a major review of all its cur-
ricula from ages 3 to 18.

The report does not say recent and
upcoming curriculum reforms are misguided
but rather that the UK. nations have adopted
a “nonscientific attitude to the introduction
of change,” Reiss says. He contrasts the edu-

PALEOANTHROPOLOGY

Bomb tests leave
their mark on cells

cation reforms to the care and meticulous-
ness with which drugs are tested in clinical
trials: “There s nothing remotely like that for
the introduction of major change in educa-
tion.” He’s particularly concerned about the
upcoming science diploma in England. This
“might fail precisely because it won't be
piloted.” he says.

The report concludes that the political
pressure to deliver results before a govern-
ment faces the next election is not compati-
ble with methodical educational reform.
That’s why it called for an independent body
to take charge of science education curricula.
Reiss says they were open-minded about

Brainy Babies and Risky Births for Neandertals

Any new mother can tell you that modern
human infants have exceptionally large
brains, which makes giving birth more diffi-
cult for us than for other primates. Now, a
new study of a rare Neandertal newborn and
two infants shows that our closest relatives
were born with brains as large as ours and
that those brains grew rapidly during the first
few years of life.

This suggests that the uniquely human
pattern of building big brains in utero and
also expanding them quickly in infancy
evolved long ago, before Neandertals and
modern humans split from a common
ancestor roughly half a million years ago,
according to a report this week in the
Proceedings of the National Academy of
Sciences. Another part of the study, an analy-
sis of a Neandertal woman’s pelvis, shows
that “Neandertal women had to face similar
obstetric problems as modern human women,”
says co-author Christoph Zollikofer, a
neurobiologist at the University of Zurich
(UZ) in Switzerland.

As adults, the extinct Neandertals had
} brains and bedies larger than these of living
people. But little has been known about their
early brain development because few fossils
have been found of Neandertal newborns or
female pelves, A 1990 study of 10 Neander-
tal fossils between the ages of 2 and 10 found
that their brain volumes were as large as
those of modern humans. But the new study
uses “amazing specimens” to provide the
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first data on infants, says Christopher Dean
of University College London, who worked
on the 1990 study.

Zollikofer and anthropologist Marcia
Ponce de Ledn of UZ took computed tomog-
raphy scans of the most complete Neandertal
neonate, which died 1 to 2 weeks after its
birth about 63,000 to 73,000 years ago in
Mezmaiskaya Cave in Crimea, Russia. They
created a virtual reconstruction of the infant
and calculated its brain size at birth to be
381 to 416 cubic centimeters (cm’), within
the range of modern humans. They also cal-
culated brain size for two infants aged
19 months and 24 months from Dederiyeh
Cave in Syria and found them to be at the
upper end of the size range for modern
human infants of those ages. That suggests
that Neandertals’ brains grew even faster dur-
ing infancy than do those of modern humans.
That conclusion “seems pretty robust,” says
paleoanthropologist Jay Kelley of the Univer-
sity of [linois, Chicago, although he notes it
is based on only one neonate.

The team also did a virtual reconstruction
of the pelvis of a Neandertal female from
Tabun Cave in Israel. Although the top of the
pelvis was slightly wider than that of modern
humans, they concluded that the anatomy of
both Neandertals and modern humans limited
fetal brain size to 400 cm®. And in Neander-
tals, like modern humans, the large-brained
fetuses must have rotated as they descended
the birth canal, making birth difficult.

Space andthe
U.S. election

how such a body should be organized and
constituted, but “we wanted it to be at arm’s
length from government.”

The dwindling science pipeline feeding
UK. universities has had a noticeable impact:
22 physics departments have closed since 1997
(Science, 4 February 2005, p. 668), leaving
fewer than half of UK. universities now offer-
ing undergraduate physics degrees. Chemistry
is in similar straits. Last December, the govern-
ment commissioned a report on the state of
physics in the UK. from Bill Wakeham, vice
chancellor of Southampton University. [t is due
to be completed this month.

—DANIEL CLERY

Bearing down. This computerized reconstruction of
a Neandertal birth shows thal Neandertal newborns
had brains as large as those of modern humans.

Neandertal mothers would have spent a
great deal of energy to fuel their offsprings’
large and rapidly growing brains, note the
authors. They propose that modern humans,
whose brains and bodies have shrunk over the
past 40,000 years, may thus have had an ener-
getic advantage. Although provocative, that
hypothesis is “the weakest part of the paper,”
says paleoanthropologist Jean-Jacques Hublin
of the Max Planck Institute for Evolutionary
Anthropology in Leipzig, Germany. He and
Zollikofer agree that more data are needed
to test whether it was smaller, more fuel-
efficient brains that gave modern human
mothers the evolutionary edge. ~ANN GIBBONS
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India Hopes New Fellowships Will
Attract Expat Scientists

Synthetic chemist Gopalan Sampathkumar
had always planned to return to his native
India after finishing his postdoc at Johns
Hopkins University. But a job offer last year
from Arizona State University’s Biodesign
Institute seemeda lot more appealing than the
prospect of earning $500 a month and bat-
tling a suffocating bureaucracy back home.

Last week, [ndia’s Department of Biotech-
nology (DBT) announced that it was teaming
up with the Wellcome Trust, the UK .-based
biomedical charity, to level the playing field in
a big way: a 5-year, $140 million program to
support up to 375 scientists in all stages of
their careers. “Our goal is to attract individu-
als who can go on to become leaders of Indias
growing biomedical research enterprise,” says
S. Natesh, a senior adviser to DBT.

The initiative has its roots in a DBT fellow-
ship program for young scientists that
helped persuade Sampathkumar to turn
down the Arizona offer and join the National
Institute of Immunology (NII) in New Delhi.
That program, which offered twice the nor-
mal starting salary, received 72 applications
for only 10 slots when it was launched in
2006 and convinced DBT officials that there
was pent-up demand. “I still couldn’t afford
a mortgage on that salary. But at least it
made family life in Delhi viable,” says
Sampathkumar, who returned last fall with
his wife and two children.

The new program will provide annual
salary packages ranging from $16,000 to
$30,000 for 3 to 5 years, depending on expe-
rience. The awardees may work at Indian
institutions of their choice. It does not
include lab start-up packages, although
recipients are free to negotiate one with their
employer. They may also request funding for
research materials in addition to the fellow-
ship. Sampathkumar received a 2-year,
$400,000 package from NII that has allowed
him “to recreate the lab I worked at as a post-
doc at Johns Hopkins University—we've
bought exactly the same brand of equip-
ment, from biosafety cabinets to fume hoods
to incubators,” he says. DBT also plans to
establish several research facilities in the
next 5 years, including one for stem cells
and regenerative medicine and another for
translational health research.

The new initiative builds on a smaller pro-
gram run by the Wellcome Trust that cur-

www.sciencemag.org SCIENCE VOL 312

Top of the line. Gopalan Sampathkumar says the
equipment in his Indian lab is on a par with what he
used in the United States,

rently provides fellowships to about 20 senior
Indian researchers. “For a country of 1.2 bil-
lion, that’s a grain of sand.” says Natesh, who
along with other Indian officials proposed
that DBT team up with Wellcome. The char-
ity’s director, Mark Walport, says Wellcome
sees the program as a way to help “establish a
critical mass of Indian researchers who will
jump-start the development of academic bio-
medicine” in the country.

The fellowships should attract talented sci-
entists, Sampathkumar agrees. But that’s not
the only ingredient for a productive lab, he says.
Unlike in the United States, “where [ could pick
up the phone and order supplies worth up to
$2500,” Sampathkumar says ordering anything
at NII requires going through a purchase
department that is often slow to respond. And a
scientist might have to wait days for a trained
technician to fix an important piece of equip-
ment. “Every day that we lose because of pur-
chasing or equipment hassles, we fall behind
our competitors.” he cautions.

Natesh says the DBT-Wellcome Alliance,
an independent public trust that will administer
the fellowships, will work with institutions to
ensure that awardees get appropriate support
and mentoring. The alliance plans to solicit
applications later this year and hopes to
announce the first round of awards—40 early-
career fellowships for new Ph.D.s and 20 inter-
mediate fellowships for those with postdoctoral
experience—by mid-2009. Awards for 15 sen-
ior scientists, an extension of the existing Well-
come program, will be announced next month.
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Stem Cell Article Retracted

Last week, The Lancet retracted a stem cell
therapy paper without the consent of lead
author Hannes Strasser, a urologist at the
Medical University of Innsbruck. The move
comes after an Austrian investigation uncov-
ered ethical concerns about the conduct of the
study. The paper, which reported results from
an experimental stem cell therapy for urinary
incontinence, was published in June 2007
along with an outside commentary hailing the
findings as ushering in “a new era in urogyne-
cology.” The results of the Austrian investiga-
tion are confidential, but according to a
Lancet comment last week, the report found
that the study "was conducted neither accord-
ing to Austrian law nor according to [inter-
national| standards. ... The report found that
there were critical deficiencies in the way
patients” consent was obtained.” In addition,
The Lancet said, "the inspectors raise doubts
as to whether a trial [conducted specifically] as
described in The Lancet ever existed.”

Strasser didn’t respond to messages from
Science seeking comment. In a June letter to
Nature, he asserted that Austria’s Ministry of
Health had approved the study prior to its start.
He also says that the medical school has offered
the treatment to consenting patients outside
the study after initial, positive results. After
concerns about the paper surfaced, co-author
Georg Bartsch of the Innsbruck urology depart-
ment asked The Lancef to remove his name.

~RACHEL ZELKOWITZ

Cuba Law Struck Down

A 2006 Flarida law banning state universities
from sponsaring travel to neighboring Cuba
and other countries under a U.S. trade embargo
has been declared unconstitutional by a federal
district court. The 28 August ruling allows
Florida scientists to resume research in embar-
goed countries as long as they don't use state
funds. The Flarida Travel Act (Science, 9 June
2006, p. 1450) restricted the use of any
funds—even from federal or private sources—
by state-funded institutions. The American Civil
Liberties Union challenged the law on behalf of
Florida International University (FIU), and U.5.
District Judge Patricia Seitz ruled that the law’s
restrictions infringed upon federal authority.
The verdict should "make collaboration with
Cuban colleagues much easier,” says FIU geo-
grapher Jennifer Gebelein, who studies the
impact of land-cover changes in Cuba on sur-
rounding coral reefs.
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Broad Gives $400 Million More to Cambridge Institute

The billionaire founder of a 10-year experi-
ment in team science begun at the Massachu-
setts Institute of Technology (MIT) and Har-
vard University has decided halfway through
that it’s working so well it should be made
permanent. Last week, Los Angeles busi-
nessman Eli Broad announced a $400 mil-
lion gift that will allow the Broad Institute,
already a genomics research
powerhouse, to become a
self-sustaining entity. “[ think
we've all agreed it's been a
resounding success,” Broad
told reporters.

Broad donated $100 million
in 2003 to create the institute
after visiting Eric Lander’s
huge lab at the MIT-affiliated
Whitehead Institute for Bio-
medical Research as it was
winding up its part in sequenc-
ing the human genome. The
new institute’s mission was to
move genomics into the clinic
(Science, 20 Iune 2003, p. 1856)
[t was set up administratively as
part of MIT, with Lander and
three other scientific stars from

U.S. ELECTION

MIT and Harvard as its founding faculty. It has
since attracted another $100 million from
Broadand $100 millien from the Stanley Med-
ical Research [nstitute for research on the
genetics of psychiatric diseases.

Broad Institute researchers have played
prominent roles in projects such as the
HapMap, which studied human genetic

Proof of concept. Billienaire Eli Broad discusses his latest gift te the Broad Institute,
directed by Eric Lander (feff).

McCain, Obama Present Their Wars on Cancer

With the U.S. presidential election less
than 2 months away, both candidates
explained last week how their Administra-
tions would combat cancer. Appearing on a
celebrity-studded television fundraiser,
Stand Up 2 Cancer, that aired on 5 Septem-
ber, Republican John MeCain
and Democrat Barack Obama
advocated somewhat different
strategies but agreed on the
need for better access to early
detection technologies and
more preventive care.
MecCain’s statement high-
lights legislation he supported
in 2001 to improve access to
clinical trials and, last year, to
fund research on the environ-
mental risk factors of breast
cancer, a bill Obama endorsed
as well. McCain also referred to his past
support for doubling the National Institutes
of Health (NIH) budget over 6 years,

Science
and the 2008
Campaign

adding that “as President, [I] will make
sure that our researchers have necessary
funding to defeat cancer once and for all”
Obama offered a denser, arguably more
detailed plan, which included doubling the
budget for cancer research in 5 years,
mainly through the National
Cancer Institute, and boosting
from about 4% to 10% the num-
ber of adults with cancer partic-
ipating in clinical trials. He also
said he would provide “addi-
tional funding for research on
rare cancers and those without
effective treatment options™ and
for the study of genetic factors
driving cancer and outcomes.
“He’s been hearing from sci-
entists ... who have told him
that were stagnating” because
of a flat NIH budget, says Neera Tanden,
an Obama domestic policy adviser.
Tanden adds that “there’s no reason to

diversity; a consortium to develop RNAi
research tools; and a search for mutations in
human cancers. The $150-million-a-year
institute now has about 1100 full- and part-
time permanent staff and 118 affiliated fac-
ulty members. Lander says its two strengths
are strong technology and a structure that
allows it to “self-assemble” teams from
MIT and Harvard, includ-
ing its 17 affiliated hospitals.
“It is a really good, innovative
model.” says Bruce Stillman,
president of Cold Spring Har-
bor Laboratory in New York.
Broad’s latest gift will allow
the institute to have something
it has never had—an endow-
ment. “[It] will secure the per-
manency of the institute,” says
Broad, who hopes other gifts
will raise the pot to $1 billion.
Although the institute will still
be governed by a board drawn
from MIT and Harvard, its
standalone status will give it
greater flexibility in paying its
scientists, staffers say.
~JOCELYN KAISER

assume” NIH, which enjoyed a rapid dou-
bling of its budget in the late 1990s, would
suffer a second crash landing of the kind
it’s experiencing today if its budget again
rose dramatically. Tyler Jacks, director of
the Koch Institute for Integrative Cancer
Research at the Massachusetts [nstitute of
Technology in Cambridge, says he
applauds McCain’s pledge to better coor-
dinate public and privately funded
research because foundations and individ-
unals have greatly increased their spending
on cancer. But he found it “a little odd”
that McCain emphasized past legislation
rather than looking ahead.

Richard Marchase, president of the
Federation of American Societies for
Experimental Biology in Bethesda, Mary-
land, welcomes the willingness of both
candidates to consider boosting the sci-
ence research budget. But he cautions that
“we're going to have much better results if
we have a broader base than just cancer
funding.” Focusing too heavily on one dis-
ease, he says, could blunt the impact of
“serendipity” in the lab.

~JENNIFER COUZIN
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Quantum Flashlight Pierces the Darkness
With a Few Percent as Many Photons

Anyone who has stubbed a toe while creep-
ing through a darkened bedroom probably
has wished to see better in the dark. Now, a
theoretical analysis on page 1463 shows
how to do that using strangely intercon-
nected particles of light, or photons. The
approach greatly reduces the number of
photons needed to detect an object. [t could
be used for imaging samples in the lab or for
spotting satellites in the skies, says Seth
Lloyd, the paper’s author and a self-
described quantum-mechanical engineer at
the Massachusetts Institute of Technology
in Cambridge.

“This is a new way of exploiting quantum
mechanics,” says Giacomo Mauro D’ Ariano,
a theorist at the University of Pavia, [taly. fuan
Perez Torres, an experimenter at the Institute
of Photonic Sciences and the Polytechnic Uni-
versity of Catalonia in Barcelona, Spain, says
putting the plan into practice should be “not
impossible to do.

To tell if there’s something out there, you
could shine a search beam to see if it reflects
back to you. However, an object may reflect
only a tiny fraction of light in the direction
from which it came, and the surrounding
environment can generate photons itself. So
you’l] have to send out enough photons to
determine if the number coming from a
particular direction exceeds the number
expected from the environment alone.

Quantum weirdness can whack down the
number needed, Lloyd says. Suppose the pho-
tons in the beam are emitted one by one, and
each can have any of 30 slightly different col-
ors or frequencies. Then, bizarrely, quantum
theory allows each photon to have all 30 dif-
ferent frequencies at once—although that
delicate “superposition” collapses randomly
to one frequency or another as soon as the
photon is measured.

Moreover, two photons can be “entan-
gled” so that each is in such an indefinite
split-personality state, yet their frequencies
are locked together. For example, the photons
can be entangled so that when they are meas-
ured, the sum of their frequencies will equal

4 twice the average of the 30 frequencies.
Lloyd envisions sending one photon from
each pair in the beam while keeping the other
“ancilla” in a delay loop (see figure, above).
A photen arriving from the chosen direc-
tion is then compared with the ancilla. If the
arriving photon started out in the beam, its

CREDIT, J. NEWFIELD/SCIEN
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Who's there?
Entangled photons
trapped in the lab

can help tell whether
other photons come
from a beam bouncing
off a foreign object.
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frequency and the ancilla’s will add to the
correct sum. A photon arriving from the
background has only a 1-in-30 chance of
making a correct tally, so it is harder for
background photons to masquerade as
returnees from the beam. That difference
makes it possible to detect an object with
only o as many photons, Lloyd calculates.
He says it should be possible to use 1 million
frequencies in the future.

Ironically, although the entanglement
helps reveal the object through the back-
ground noise, the noise obliterates the entan-
glement. Without noise, the frequencies of
every pair would add to the same sum. Mix
in enough noise, and the sum varies from
pair to pair essentially at random, signifying
a complete lack of entanglement. Yet merely
starting with entangled pairs is enough to
improve the efficiency for detecting an
object in the noisy case. “Any entanglement
you put into the system is completely gone
by the time you make the measurement,”
Lloyd says. “Nonetheless, it helps.”

That’s surprising, says experimentalist
Torres—so much so that he wonders if
entanglement is really necessary after all. “It
might be that the entanglement is destroyed
but that you still have certain [weaker] cor-
relations that give you an advantage,” he
says. “But then it’s not the entanglement
that’s preducing the effect.”

But the particular formula for the improve-
ment suggests that entanglement, although
destroyed, is key, says theorist D" Ariano.
“There are many things to check, but this idea
is very promising,” he says. Lloyd says he
hopes someone will do a proof-of-principle
experiment within a year. -ADRIAN CHO
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California to Overhaul
Chemical Regulations

California Governor Arnold Schwarzenegger is
expected to sign two bills passed last month
that inject more science into the regulation of
chemicals used in consumer praducts. But
same environmentalists fear that the addi-
tional analysis might slow the new procedures.
California has traditionally addressed new
threats on a chemical-by-chemical basis, most
recently by banning phthalates in children’s
toys. In contrast, AB 1879 would give the
Department of Toxic Substances Control
(DTSC) authority ta list and regulate chemicals
of concern based on the extent of exposure
and the risk pased ta children and infants,
with input from an advisory panel that
includes scientists. Before it could regulate a
chemical, however, DTSC would have to ana-
lyze the risk posed by the chemical through its
life cycle from production to disposal, the
safety of possible substitute chemicals, and
the cost of implementing any rules. “I worry
that this might be a bottleneck,” says Richard
Denisan of the Environmental Defense Fund.
The secand bill, SB 509, would create an
online clearinghouse on chemical hazards.
Both bills enjoy considerable support from
industry, and the Pew Environment Group
would like to see similar legislation adopted
by the U.S. Congress. —ERIK STOKSTAD

OPE

A Matter of Degrees

Preliminary results from a 7-year project ta
improve Ph.D. completion rates at U.S. and
Canadian universities indicate that whites,
men, and international students are more
likely ta complete their degrees than women,
other ethnic groups, and domestic students.
That's what experts have long suspected. But
there are also some surprising differences,
according to a report this manth from the
Council of Graduate Schoals. African-Americans
have the greatest variance in completion rates
by discipline, for example, although the num-
bers are too small to be statistically signifi-
cant. Although 60% complete life sciences
degreesin a 10-year period (the same as for
whites), only 37% do so in math and the
physical sciences. The project, funded by
Pfizer Inc. and the Ford Foundation, supports
additional data analysis as well as a range of
interventions by 29 institutions—from addi-
tional mentoring to increased research oppor-
tunities—aimed at helping more students
complete their degrees.  -JEFFREY MERVIS
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THE TWO MUMMIFIED BODIES IN THE
Vienna apartment told a sad tale. The reclu-
sive elderly sisters had clearly been dead for
several years, but no one had noticed;
neighbors in the upper-middle-class com-
plex believed they had merely moved away.
Stale bank accounts finally tipped off the
police, who discovered the remains in
December 1992,

Investigators found no evidence of foul
play, so they focused on the question of who
died first. Both sisters had large pensions and
separate life insurance policies, and the
insurance company of the woman who died
last would collect the bulk of the funds.
“There was a lot of money at stake,” says
Walter Kutschera, a physicist at the Vienna
Environmental Research Accelerator at the
University of Vienna in Austria. Not long
after the bodies were found, a scientist from
the university’s forensics department
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approached Kutschera and his colleague,
Eva Maria Wild, to ask if they could help
crack the case. The forensics expert knew the
pair had been using radiecarbon dating to
determine the age of archaeological samples,
and he wondered if the same technique could
shed light on the year each sister had died.

[t couldn’t. Radiocarbon dat-
ing is a blunt instrument that
relies on the slow decay of a form
of carbon known as carbon- 14
(**C), which is incorporated into
animals during their lifetime. The
method works well for samples
that are tens of thousands of years old, but it’s
only accurate to within a few hundred years.

Wild and Kutschera had another idea.
Aboveground testing of nuclear weapons
after World War IT had injected '“C into
Earth's atmosphere, creating an abnormally
high level of the isotope that has been taper-

this article.

Online
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Bomb beom. Hundreds of aboveground nuclear
tests, like this one carried out in the Pacific in 1958,
seeded the atmosphere with excess C.

ing off since then. If the researchers could
measure the amount of 1C in something car-
bon-based that the sisters had generated just
before death—fats in the bone, for exam-
ple—and compare it with historic levels of
C in the atmosphere, they should be able to
tell which year each sister expired.

[t worked. Wild and Kutschera found that
one sister had died in 1988 and the other in
1989. “One sister lived for some time next to
the dead one,” says Wild. Investigators
closed the case, and Wild and Kutschera
returned to dating ancient bones and seeds.
But it would soon become clear that the
“bomb pulse” technique had much more to
offer. [n the past decade, thanks largely to the
pioneering work of an Australian postdoc
with a taste for trying new things, groups
have begun using the strategy for diverse
causes such as identifying disaster victims,
authenticating wine vintages, and tackling
some of the most controversial questions in
biology, including whether the human brain
generates neurons throughout life.

From pet shop to slaughterhouse

2001 started well for Kirsty Spalding, but by
the end of the year she would be knee-deep in
a failing project. The 29-year-old had just fin-
ished her graduate work in neuroscience at
the University of Western Australia in Perth,
and she was planning on spending a year in
Europe as a postdoc before moving to the
United States. On her way to interview at a
couple of prospective labs at the Karolinska
Institute in Stockholm, Sweden, Spalding
caught a talk by Jonas Frisén, a prominent
stem cell researcher there. “It wasn’t what T
had planned on doing,” says Spalding, refer-
ring to Frisén’s work on the formation of new
neurons in the brain—a process called neuro-
genesis. “But [ found him very personable
and the work very interesting.”

A few months later, Spalding
was in Frisén’s lab, trying to map
neurogenesis in the zebrafish
brain. But neither she nor her lab-
mates had worked with the animal
before, and they weren’t aware that
technical suppliers provided fish
specially bred for laboratory study. Instead,
Spalding biked over to a local pet shop and
brought a few zebrafish back to the Jab. Need-
less to say, the experiments didn’t work.

Her mentor didn’t lose faith, however. “I
could tell that Kirsty liked challenges and that
she was extremely entrepreneurial,” says
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Frisén. Thatmade her perfect fora new project
he had in mind. Familiar with the bomb-pulse
work done by Wild and Kutschera, Frisén
wondered ifit could be applied to DNA. When
a cell divides, “C in the environment is incor-
porated in new chromosomes, and thus the
DNA effectively takes a snapshot of the
amount of atmospheric “C—and hence the
birth date—of the cell. If Frisén could exploit
this, he might be able to show whether humans
generate new brain cells throughout life—a
central question in neuroscience. But no one
would take on the project. Postdoc after post-
doc turned him down, calling the work too
risky and too difficult. When Frisén saw
Spalding with the zebrafish, he knew he had
found someone who wouldn't be daunted.

Spalding agreed. “I liked the problem-
solving aspect of it, and [ didn’t have the
burden of knowledge to know how difficult
it would be.” she laughs. Spalding’s planned
1-year sojourn in Europe suddenly became
an indefinite commitment.

To address neurogenesis in humans,
Spalding needed brains from an animal with a
similar life span, so she turned to horses,
which can live more than 25 years. That meant
trips to the local slaughterhouse. “I would
watch them walk the horse in, ... and then
they would chop off its head and hand it to
me,” recalls Spalding, who had to excavate the
skulls herself. “It’s not so easy to hack your
way into a horse’s head. ... It was not pretty”

Brains in hand, Spalding still had chal-
lenges to overcome, such as measuring a
searce isotope. !*C makes up only one part per
trillion of all of the carbon in the atmosphere.
Most comes from cosmic ray collisions with
nitrogen, but when the United States, the for-
mer Soviet Union, and other nations detonated
more than 500 nuclear warheads aboveground
in the 1950s and *60s, the atmospheric '*C
level doubled. It only began to dissipate when
the Limited Test Ban Treaty of 1963 moved

atomic tests underground (see illustration).

Despite these elevated atmospheric con-
centrations, only about oneatom of C incor-
porates into every 13 cells. So relatively huge
amounts of tissue—up to 5 grams, depending
on the part of the body it comes from—are
needed for even the world’s most powerful iso-
tope detectors to spot it. Horse brains were big
enough to provide that amount, but Spalding
also had to find a way to sift through a custard
of fat, glia, and fibroblasts for the neurons she
needed. After taking nearly a
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Gould bolstered the case for ongoing neuro-
genesis in the brain by giving adult macaques
BrdU and finding it in the neocortex, a region
responsible for language and consciousness
in humans. But 2 years after that, Rakic
injected a different DNA marker into mon-
keys and saw no new neurons in the adult

brain. The field has been divided ever since.
“It’s been extremely difficult to get
any information in humans,” says Gerd
Kempermann, a neurogenesis expert at the
Center for Regenerative

year to develop a technique,
she was ready to pin ages on
neurons and enter the ongoing
fray over neurogenesis.

The brain war

Pasko Rakic is a five-star gen-
eral in a conflict that’s been
raging for more than a decade
in the neuroscience field.
The Yale University neuro-
scientist, who did pioneering

"“The clinical impli-
cations are huge. ...
There are hundreds
of great biological
questions that can
be answered [with

this techniquel.”

—YUVAL DOR,
THE HEBREW UNIVERSITY

Therapies Dresden in Ger-
many. BrdU is toxic, so it
can’t be given to healthy peo-
ple, and Rakic has expressed
concern that the compound
confuses cells into dividing,
leading to false positives.

!4C doesn’t have that prob-
lem. It not toxic, and like it or
not, we've all absorbed it. “All
of humanity is labeled.” as
Kutschera puts it.

work in how the primate brain

forms, has famously established the beach-
head position that the human cerebral cor-
tex—a region key for memory, language, and
consciousness—does not make new neurons
after development. He's often made the point
that such adult neurogenesis would be coun-
terproductive, disrupting already formed
memories, for example.

But in 1998, a research team found evi-
dence to the contrary. [t gave people with ter-
minal cancer a synthetic compound called
bromodeoxyuridine (BrdU), which inserts
into newly synthesized DNA and thus serves
asamarker for new cells. The compound was
supposed to gauge tumor growth, but it also
showed up in the hippocampus, the brain’s
learning and memory center (Science,
6 November 1998, p. 1018). A year later,
Prineeton University neuroscientist Elizabeth

¥ CEL s

As the salvos continued in
the neurogenesis debate, Spalding had proved
that she could use the bomb-pulse technique
to date brain cells in horses. She shipped her
first human samples—from the brain’s visual
center, the oceipital cortex—to Bruce Buch-
holz, who runs an isotope detector the size of
a basketball court at Lawrence Livermore
National Laboratory in California. Although
nonhuman studies had suggested that the
occipital cortex was a hotbed of neurogenesis,
the C data collected by Buchholz indicated
that human neurons from this region had the
same birth date as the people they came from.
That meant no new visual neurons for adults.
A year later, Spalding and colleagues found
similar results in the human neocortex.

“It’s really extraordinary work, and it’s
extremely clever,” says Kempermann. “[
think many people will take it as the final
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word in the debate.” Still, Gould notes that
other regions of the human brain—such as
the hippocampus—have yet to be tested with
the technique. And she says that because the
bomb-pulse method doesn’t target individual
cells, it may not be sensitive enough to pick
up a small pepulation of neurons that does
divide and could contribute to repair and
learning. Spalding was in the midst of
addressing those questions when disaster
struck a continent away.

C5l1: Sweden

“Total chaos.” That’s how Stockholm’s for-
mer chief medical examiner, Henrik Druid,
describes the scene as bodies piled up at the
Karolinska Institute morgue in the wake of
the 2004 Indian Ocean tsunami that killed
more than 200,000 people, including more
than 300 Swedish tourists. “The bodies were
so badly decomposed, you couldn’t tell the
teenagers from the old people.” he says.

Hoping to help, Spalding approached
Druid with some intriguing findings from
her days at the slaughterhouse. In addition to
analyzing horses’ brains, she had looked at
their teeth, showing that because enamel is
permanent and forms early, its *C levels give
an accurate estimate of the animals age.
Spalding asked Druid if the technique might
be useful to him.

“At first [ was skeptical,” he recalls. But
Druid didn’t have many options. In the confu-
sion surrounding the disaster, identifying
materials such as x-rays and DNA samples
from relatives had not been shipped with the
badies. “If you have no clue to the identity of a
person, age and sex are the most important
way to limit the search,” he says. Anthropolo-
gists are only accurate to within about 10 years

Carben warrior. Kirsty Spalding &
has used the bomb-pulse technique
to reveal whether adults generate
new neurons and fat cells—and to
help identify disaster victims.
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when trying to determine age from a skeleton.
So, aided by Spalding, Druid applied the
bomb-pulse technique to the teeth of six
tsunami victims. After adding the time it takes
for human enamel to form (about 12 years for
wisdom teeth, for example), they were able to
predict the ages of every victim to within
1.6 years, as borne out by the identifying mate-
rials that eventually arrived at Karolinska.

With further refinement, Druid has shaved
the accuracy down to 1 year, and he’s now
using the approach to help

Swedish investigators crack  “In @ year or two,
you're going to
begin seeing [crimi-
nal] cases in the
newspaper that

two unsolved homicides.
“This is going to be very, very
valuable for criminal investi-
gation,” says Druid. “In a year
or two, you're going to begin
seeing cases in the newspaper

faced by the neurogenesis community.

This time the issue was fat. “If you go to
any textbook, it will tell you that once a fat
cell is born, you’ve got it forever,” explains
John Prins, an expert on fat-cell turnover at
the University of Queensland in Brisbane,
Australia. But there were some who
believed that the blubber on our bellies and
hips is constantly dying and being replen-
ished. It’s not just an academic debate: I
you can make the body destroy more fat
than it creates, you've got a
ticket to weight loss.

But no one could conclu-
sively address the question.
“The techniques we have for
measuring fat turnover are
insufficiently sensitive and
fairly inaccurate,” says Prins.

that were solve!:l with this  wore colved with The best researchers cou]d_ do
method.” Spalding too has 5 5 was have volunteers drink
begun working with Swedish  this method, heavy water, which contains
police—as well as with inves- —HENRIK DRUID, elevated levels of an isotope

tigators in Canada—and she
eventually hopes to set up a
company to perform the tooth analysis. In
preparation, she has taken business classes at
night, all while forging ahead with her brain
work—and a new project that would send her
spinning inan entirely different direction.

The fat offensive

In 2005, Spalding was presenting her brain
findings at Karolinska when a member of the
audience approached her. “A Ph.D. student
came up to me and said he thought the *C
work was something his dad would be inter-
ested in.” she says. The father—a prominent
researcher at Karolinska named Peter Arner—
was grappling with a debate not unlike the one

KAROLINSKA INSTITUTE

of hydrogen known as deu-
terium, and look for that iso-
tope in fat cells. “Not too many people want
to drink heavy water,” Prins says.

Spalding began working with Arner, and
by 2006 she had developed a regimen for iso-
lating fat cells from the vast array of other
cells found in human flab. Analyzing fat biop-
sies and liposuction leftovers from people of
various ages, Spalding showed that people
born a few years before atomic bomb testing
began had fat cells with high levels of “C.
whichonly made sense if these cells were gen-
erated after the fallout had spiked the isotope’s
levels. When Spalding looked at people bom
after the bomb tests, she saw fat cells with dif-
ferent amounts of "*C, levels corresponding to
various dates on the bomb-pulse curve. Inall,
the data indicate that people replace half of
their fat cells about every & years, Spalding
reported this summer in Nefure.

“It’s a Jandmark paper ... and a phenome-
nal advance on a number of fronts,” says
Prins. “You've got this technique out of Star
Trek, and now everybody thinks that fat is a
dynamic organ.” No drug company would
have looked into fat turnover before, he says,
“but now people will start to consider thera-
peutic perspectives.”

Loving the bomb
As the years go by, the '*C level in the atmos-
phere is slowly returning to its prewar levels.
Rising carbon dioxide emissions, chock-full
of 12C, have only hastened the isotope’s
demise. And yet the bomb-pulse technique is
Just taking off.

Both Spalding, who left Frisén’s lab in
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FORGERS FACE THE NUCLEAR OPTION

Graham Jones knows a good wine when he tastes one. For nearly 2 decades, the enologist has
been teaching students and winemakers at the University of Adelaide in Australia how to become
better connoisseurs of the beverage—and how to spot a fake. So when the Australian wine indus-
try became concerned about its vintage wines
being disputed in the wake of surging exports
to Europe in the late 1990s, it turned to Jones.

“We wanted to develop a technique that, if
our wines were challenged, we had the ability
to authenticate them ourselves,” says Jones. A
colleague suggested he take a look at the
bomb-pulse technique (see main text), Applied
to wines, the method should allow researchers
to verify the year a wine was made. That's
because, when grapes grow, vine leaves take
up “C-containing carbon dioxide from the
atmosphere and convert it to sugar, which
eventually becomes the alcahal in wine.
Jones's lab developed a procedure ta separate
the alcahol from other components of wine,
but he needed a way to measure its *C content.
So he turned to scientists at Australia’s only
nuclear research accelerator, based at the Australian Nuclear Science and Technology Organisa-
tion (ANSTO) in New South Wales.

The team was able to accurately calculate the vintage, within 1 year, of a variety of South Aus-
tralian Cabernet Sauvignons bottled between 1958 and 1997. Although the technique is too expen-
sive to be used regularly, Jones thinks the study warded off European regulators, “The fact that they
haven't challenged any of our wines yet is a definite plus for the work,” he says.

The ANSTO team has since moved from wine tollicit drugs. When sold illegally, narcotics like mor-
phine tend to be produced and shipped quickly, says Jones, whereas legal morphine can sit around for
a while after it's made. ANSTO researchers have shown that it's possible ta date these drugs—via the
14C content of the poppy plants they come from—as a way of gauging their legality.

Scientists elsewhere have targeted another type of illicit activity: poaching. Bruce Buchholz, who
runs an isotope detector at Lawrence Livermore National Laboratory in California, is collaborating with
researchers to date ivory tusks and lion teeth, Because tusks graw throughout an elephant’s life, sci-
entists can determine if one has the *'C signature of a time after an ivory ban went into effect. Simi-
larly, **C in teeth could ostensibly reveal whether hunters are killing off tao many young male lions.
Buchholz has also heard about groups using the technique to gauge whether a painting supposedly
made before the 19405 is a recent forgery, based on the **C content of the canvas. “If it's suppased to
be old and it has bomb carbon in it,” says Buchholz, “you know something's wrong.” -D.G.

A good year. Graham Jones has used the bomb-
pulse technique to authenticate wine vintages.

2006 to become an assistant professor at  can be answered. ...

Karolinska, and Frisén are expanding its

We’re all very much
looking forward to how this will turn out.”

applications. Entering debates similar to the
ones about neurogenesis and fat turnover,
they're looking at whether heart cells and
insulin-producing beta cells in the pancreas
renew throughout life or whether we’re
stuck with the ones we’re born with. In tis-
sues in which stem cells have been identi-
fied, they plan to examine how often these
cel]s divide and how they are made.

The ¢linical implications are huge,”
says Yuval Dor, a cell biologist at The
Hebrew University-Hadassah Medical
School in Jerusalem, [srael, and an observer
of the bomb-pulse technique. “There are
hundreds of great biological questions that
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The weight isn’t all on Spalding and
Frisén’s shoulders. Other groups have begun to
experiment with the technique as well. Like
Frisén, diabetologists David Harlan and Shira
Perl of the U.S. National Institute of Diabetes
and Digestive and Kidney Diseases in
Bethesda, Maryland, are using '*C to measure
turnover in beta cells. And Lawrence Liver-
more’s Buchholz says he’s been approached by
a number of labs interested in everything from
climate modeling (changing weather patterns
are reflected in '*C levels in coral) to dating
confiscated ivory tusks and authenticating
‘wine vintages (see sidebar, above).

Still, it’s nota technique that most labs have
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the resources to adopt. “There are no kits you
can buy to do this,” says Buchholz. And most
labs don’t have access to the powerful isotope
detectors needed to perform the '*C analysis.

Critics also point out that the bomb-pulse
technique has limitations. Although Spaldings
work supported Rakic’s stance on
neurogenesis, Rakic notes that
when damaged cells repair DNA,
that DNA could incorporate new
14C, suggesting new cell formation
when there is none. Conversely,
fat-turnover expert Prins says that
new cells sometimes recycle DNA
from dead cells, giving the impres-
sion—under '“C analysis—that no
new cells have been made.

And Spalding admits that the
forensics applications have a
shelf life: As C levels recede to
background in the atmosphere—
Buchholz estimates a return to
prebomb conditions by 2020—it will become
harder and harder to tell a corpse’s year of
death. But she’s optimistic that as isotope
detectors become more sensitive—she’s
working with Wild and Kutschera to help
make this happen—police will be solving
cases with the technique for years to come.
Brain, fat, and other clinical research won’t be
affected by the dissipation, as scientists can
turn to tissue samples banked over the decades
after the bomb tests.

Back at Karolinska, Spalding, Frisén, and
a few other collaborators have just formed a
Center of Excellence to map the regenerative
potential of the entire human body. Over the
next 10 years, they’ll try to gauge the
turnover of every cell type they can. “I love
this technique,” says Frisén. “We’re having a
lot of fun with it

Next year, for a sabbatical, Spalding will
head off to California, where she will look for
new challenges while continuing her brain
and fat research. Stay tuned for an upcoming
paper onn is in the hipp Ipu
and some more surprises with fat turnover.

Meanwhile, at the birthplace of the atomic
bomb in New Mexico, retired Los Alamos
National Laboratory scientist Donald Barr
reflects on what Spalding and the other
bomb-pulse researchers are doing. He's been
at the lab for more than 50 years, keeping tabs
on nuclear fallout in the atmosphere, and he
still comes in a couple of days a week to chat
isotopes with his former colleagues. The
mushroom clouds from nuclear detonations
do indeed have asilver lining, he says. “There
are questions we can now answer because of
that testing that scientists never thought
about at the time.” -DAVID GRIMM
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ELECTION 2008

Obama and McCain Are Swept Up
In a Surprising Space Race

Space policy may not be on the minds of most Americans, but it's become an important
issue in the race for the White House. How did that happen, and what does it mean for
President Bush's 2004 vision for exploration?

Stem cells, climate change,
energy research, the teaching of
evolution—these are today’s hot-
button science and technology
issues. But in the contentions U.S.
presidenlial race, the human
space exploration program stole
the limelight last month.

A savvy group of business
boosters in electoral-vote-rich
Florida and a small band of
determined space advocates
have convinced the Republican
contender, Arizona Senator John
McCain, and his Democratic rival, [llinois
Senator Barack Obama, that NASA’s for-
tunes are intertwined with their quest for the
Oval Office. Vying last month to prove their
space-friendly credentials, the two men vis-
ited the area around NASA’s Kennedy
Space Center in Florida, issued dueling pol-
icy statements, and insisted that they were
eager to boldly go where humans have not
been since geologist Harrison Schmitt
closed the hatch on the lunar module in

Science
and thezooe
Campaign

1972. Returning to the moon
even made it into the Republican
Party platform finalized last
week in St. Paul, Minnesota.

The impetus for the debate is
the job losses connected to a
2010 phaseout of the aging space
shuttle. Both candidates say they
will consider postponing that
retirement date while pushing for
anew launcher that could speed
humans to the moon by 2020.
Both also want to bolster scien-
tific research aboard the interna-
tional space station still under construc-
tion—and question the Bush Administra-
tion’s decision to mothball it in 2016.

The unusual bout of political one-
upmanship has broadened the debate over
the agency’s future beyond its traditional
audience of university researchers and aero-
space engineers who benefit from NASA’s
annual $17 billion largesse and their con-
gressional supporters. [t also promises to
brighten the agency’s current gloomy fiscal

picture. “Raising the profile of space as a
campaign issue in Florida is an excellent way
to increase the budget of NASA.” says Dale
Ketcham, director of the Spaceport Research
and Technology Institute, a consortium based
at Kennedy that backs research and commer-
cialization efforts. The debate provides a rare
glimpse into how politics, economics, and
science and technology interact to make a
campaign issue. “It’s lucky we're a swing
area in a swing state,” says Lynda Weather-
man, president and chief executive officer of
the Economic Development Commission of
Florida’s Space Coast, which played a star-
ring role in placing space on the presidential
candidates’ agenda.

Campaign sweet spot

The business group represents a region along
the state’s central Atlantic coast that depends
heavily on Kennedy, where the space shuttle
orbiters are refurbished, mated with solid
rockets and a large external tank, and
launched. Although the center employs fewer
than 2000 civil servants, tens of thousands of
locals work for NASA contractors and sub-
contractors. In addition, shuttle launches draw
large numbers of tourists, pumping more
money into the local economy.

That prosperity, however, is threatened by
the 2004 initiative put forward by President
George W. Bush. Under that plan, the shuttle
is slated to be retired in 2010 to free up funds
for a successor launcher that eventually would
take humans back to the moon. On 24 June,
NASA Administrator Michael Griffin told a

New Institute Shoots for the Moon

MOUNTAIN VIEW, CALIFORNIA—
The home of the new NASA Lunar
Science Institute, which opened its
doors here on 1 March, is a shadow
af its former glary. Once the center-
piece of the Navy's now-abandaned

Moffett Field, the stately stucco
building currently sits on the
periphery of NASA's Ames Research
Center. The two-story structure lacks
air conditioning, a conference
room, and a working water foun-
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tain. But lunar scientists hope to
refurbish the shabby surround-
ings—which now reflect the tat-
tered state of the discipline—as
part of a larger renovation that will
set the agenda for a new generation
of scientific exploration.

Whether that happens depends
in large part on the next U.S. presi-
dent (see main text). The 500 sci-
entists, engineers, and students
wha gathered here in July to lay
out an ambitious new agenda for
lunar science are hoping that he
retains President George W. Bush's
2004 initiative to return humans
to the moon. Lunar scientists hope
to ride the coattails of that explo-
ration effort, which will require
robats to scout out the lunar envi-
ronment befare astronauts land
and conduct extensive research on

SCIENCE www.sciencemag.org

the surface, beginning in 2020.
But U.S. scientists aren’t taking
any chances, Eurapean, Japanese,
and Canadian representatives
stayed after the meeting to ham-
mer out plans for an International
Lunar Network to coordinate the
plethora of lunar missions planned
by several nations in the next sev-
eral years (Sdence, 16 March
2007, p. 1482). So even if the
United States ultimately were to
bow out of human exploration, its
researchers could still have a hand
inthe field. "During the next 5
years, there will be an astounding
amount of data” coming back from
the moon, says Carlé Pieters, a
planetary scientist at Brown Uni-
versity who co-chaired a National
Research Council study last year on
lunar research. “There will be a
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Senate panel meeting in nearby OBAMA MCCAIN concerned only a handful of
Port Canaveral that Kennedy @ Add shuttle flight for AMS @ Fund Constellation politicians, notably U.S. Sen-
alone will lose between 4 ; ator Bill Nelson (D-FL),
@ Reestablish National © Prevent earmarks
6000 and 7000 shuttle- o o Space Council BOTH : who flew on the shuttle
related jobs. That loss, i h O Minimizethe  ©Space exploration while a congressman
he added, will be offset ©New generation of planetary  gap between shuttle  as atop priority and who is a long-
by 3000 new jobs ator  Probes, space-based observatories  and Constellation O Maintain space time NASA supporter.
near the center associ- @ Eventually send humans @O Completeand | infrastructure Although MeCain
ated with the space to Mars use space station chaired the Senate
station and the new OO Return to Commerce, Science,

launcher. An estimated
1000 people converged

the night before the
hearing for an emotional
rally decrying the impact of
the shuttle’s retirement on
local jobs and urging legislators
to extend the program.

“Families are anxious,” says Ketcham,
who began to woo the campaign staffs of pres-
idential candidates as early as March 2007.
“This is not recket science but simple political
arithmetic. This is a critical corridor, and this
is an issue which could decide who wins the
state.” Florida played the decisive role in the
tight 2000 race between Bush and Democrat
Al Gore and again in 2004 in the race between
Bushand John Kerry. [ts 27 electoral votes are
the fourth biggest prize in the country, a total
likely to rise in 2012 after reapportionment
following the 2010 census.

Although the demographic trends
brought erstwhile Republican candidates
Rudy Giuliani and Mitt Romney to the
Kennedy Space Center in January, Weather-
man knew that simply complaining about

the moon

job losses was not enough to make space
matter in the campaign. “A bigger issue was
needed for national leadership to take note,”
she says. By the time a delegation of Space
Coast businesspeople met with McCain
staffers in Washington, D.C., in April and 1
month later with Obama staffers in Chicago,
[1linois, the commission had found the
answer: the projected 53-year gap in access to
the international space station between the
time the shuttle fTies its last mission in 2010
and the new Constellation rocket begins
operations by 2015.

To bridge the gap, the White House initia-
tive assumes that U.S. astronauts will hitch
rides on the Russian Soyuz vehicles to service
the space station. That dependence initially

WHERE THEY STAND ON SPACE

and Transportation
Committee when it held
hearings on the proposal
in 2004 and 2005, he
declined to join the attack
on the president’s plan. And he
¥ remained quiet during the long,
season of presidential primaries.
But McCain broke his silence ina 29
July statement marking the 50th anniversary
of NASA. “My opponent seems content to
retreat from American exploration of space
for a decade,” he declared. “I am not.” His
reference was to an $18-billion-a-year edu-
cation plan from Obama that would be paid
for in part by delaying the new launcher by
an additional 5 years. Although Obama’s
staff beat a hasty retreat after harsh eriticism
from Senator Hillary Clinton’s (D-NY) staff’
and space advocates (Science, 1 February,
P- 565), the candidate himself had not pub-
licly revised his education plan.

To set himself apart, McCain promised to
give the Constellation program the finding it
needs to begin a new era of human explo-
ration. Although the statement does not

feast—and there are not enough
people to analyze it."

With a current budget of
$1.5 million, the institute will
design neither instruments nor
missions, says astronomer David
Morrison, its acting director pend-
In charge. "L‘ﬁ
David Morrison
is the institute’s Lg
acting director. & 9

ing the appointment of a perma-
nent head by the end of the year.
(NASA has a separate fund for
peer-reviewed lunar basic research
by individual investigators.)
Instead, Morrison says, the insti-
tute hopes to be a nexus for a
growing number of lunar research
teams, complementing other
organizations like the Lunar and
Planetary Institute in Houston.
The first visible signs of that
commitment will come later this
year with the signing of 4-year
cooperative agreements with sev-
eral universities and research insti-
tutes. Morrison hopes the insti-
tute's 2009 budget will grow to
$10 million, split between NASA's
science and exploration offices. In
addition to funding more data
analyses, says Morrison's deputy,
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Greg Schmidt, the additional
resources will help “create a com-
munity” of lunar scientists,

That community is eager to pro-
vide input for human missions that
would explore the moon in far more
detail and subtlety than is passible
with rabotic missions like the cur-
rent Mars rovers. Scientific ques-
tions include the extent and nature
of the massive bombardment that
taok place 3.9 billion years ago,
leaving the lunar surface pack-
marked; how the lunar crust sepa-
rated itself from the mantle; and the
impact of the ancient solar wind on
the lunar surface. Answering such
questions requires a human touch.
“You can't just send a robot out to
collect racks,” says G. Jeffrey Taylor,
a planetary scientist at the Univer-
sity of Hawaii, Manoa.

Rabotic probes will dominate
NASA lunar exploration during the
next decade, however. NASA plans
to launch the Lunar Reconnaissance
Orbiter early next year, a mission
that includes Ames's Lunar Crater
and Observation and Sensing Satel-
lite. The Gravity Recovery and Inte-
rior Laboratory, twin spacecraft
designed to map the lunar gravity
field in unprecedented detail, will
follow in 2011, along with the
Lunar Atmosphere and Dust Envi-
ronment Explorer. Last year, NASA
canceled a series of rovers designed
to conduct science and provide data
on potential human landing sites,
but scientists hope to persuade a
new Administration to revive them.
In the meantime, workers are get-
ting an old building ready for a
new mission. -A.L
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mention returning humans to the moon, Dou-
alas Holtz-Eakin, a former Congressional
Budget Office director and now a senior pol-
icy adviser to McCain, said that the Republi-
can “thinks that we need the capacity to put
men in space and get to the international
space station. He also believes we need to put
men back on the moon.”

Four days later, Obama came to the Space
Coast and picked up the gauntlet that McCain
had thrown down. Visiting the nearby town of
Titusville with Nelson and standing behind a
sign declaring “Economic Security for
American Families,” the Democratic candi-
date pledged to allow at least one additional
shuttle flight, speed up the shuttle’s succes-
sor, and make sure “that all those who work

Florida, where workel
p!yz the shuttle orbiter
Atlantis forits n
elped Lynda Weather
et) and other local

4

]
L

pace inta the presi-
dential campaign.

in the space industry in Florida do not lose
their jobs™ He also promised to reestablish a
presidential aeronautics and space council
“so that we can develop a plan to explore the
solar system—a plan that involves both
human and robotic missions, and enlists both
international partners and the private sector”
Standing beside a beaming Nelson, Obama
said that “under my watch, NASA will
inspire the world, make America stronger,
and help grow the economy here in Florida.”
Nelson and sources close to Obama’s cam-
paign say that the candidate wants to boost
NASA's budget by $2 billion, although they
aren’t clear whether that would be a one-time
oran annual increase.

MeCain didn’t wait long to reply. On
12 August, he released a two-page state-
ment in which he promised to finish the
space station, support Constellation, and
ensure that space exploration “is a top prior-
ity.” He also touted his history of pressing
NASA to control costs and promised to pre-
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vent pork-barrel spending from sapping the
agency’s research muscle. And on 18
August, McCain spent an hour in a closed-
door session with space industry represen-
tatives adjacent to Kennedy, where Weath-
erman says he questioned them on NASAs
future. At a press conference the same day,
he criticized Obama for having a “short,
thin record” on space.

By then, however, Obama had released a
seven-page paper laying out in surprising
detail his plan for space. Along with back-
ing a new generation of science probes and
observatories, the plan endorsed sending
humans to the moon by 2020—as Bush
proposed—and eventually on “to more dis-
tant destinations, including Mars.” To get

there, Obama backed a new
launcher, though he did not
endorse the specific Constellation effort,
which faces technical and budgetary
hurdles. Two weeks later, he repeated that
message in a reply to questions from a
grassroots science advocacy campaign,
calling it part of “a 21st century vision of
space” (Sciencedebate2008.com).

McCain has also continued to speak out.
Two days after his visit to the Space Coast, he
told a Florida television station that “T stand
for not cutting any of the NASA budget,
which Senator Obama proposed and then
reversed himself, as he has on a number of
things.” On the same day. Obama explained
that he changed his view after consultations.

Making the case

Obama’s attention to detail, say several
Democratic insiders, owes much to a small
group of space advocates led by Lori
Garver, a former NASA official under Pres-

ident Bill Clinton, director of the National
Space Society, and currently a consultant
with Washington’s Avascent Group, an
organization that works primarily for aero-
space companies. Garver, who advised Sen-
ator Clinton’s campaign until her defeat this
spring, declined to discuss how that policy
was formulated. Her counterpart on the
MeCain campaign, former Apollo astronaut
‘Walter Cunningham, isn’t so shy. He calls
Garver “the architect” of Obama’s space
policy, which he said shows “a good under-
standing of space science and exploration.”

Meanwhile, the conflict between Russia
and Georgia, which broke out in early
August, provided an unexpected boost to
those hoping to make the launch gap a cam-
paign issue. The resulting deterioration in
U.S -Russian relations led a growing num-
ber of politicians to question NASAs
dependence on the Soyuz. McCain and two
other senators sent Bush a 25 August letter
warning that retiring the shuttle promptly
could endanger U.S. access to the space sta-
tion even if it makes financial sense. Speed-
ing up the new launcher pro-
gram, which already faces tech-
nical hurdles, or encouraging
private launchers won’t be
enough to close the gap, they
warned. Instead, they recom-
mended that NASA “take no
action for at least one year from
now that would preclude the
extended use of the space shuttle
beyond 2010.” The message,
says Cunningham, is “we gotta
keep the shuttle flying”

Griffin complained bitterly in
a recent e-mail that White House
officials are conducting a “jihad” against the
shuttle and that the only “politically tenable
course” for the next president is to extend the
shuttle, according to a report in the 7 Septem-
ber Orlando Sentinel. Garver admits that she
is “thoronghly amazed” the gap has emerged
as a contentious national issue.

Unlike in past campaigns, space has
even become part of each party’s platform, a
nonbinding compilation of positions.
There’s a brief mention in the Democratic
version of a “strong and inspirational
vision” for space and a sentence in the
Republican document declaring that “we
look toward our country’s return to the
moon.” That's nice, say the Florida Space
Coasters, but it’s not enough. “[The candi-
dates] are competing with one another,
which is good for us,” says Ketcham. Adds
‘Weatherman, “Now we need specifics.”

—ANDREW LAWLER

SCIENCE www.sciencemag.org
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The Houbara: Headed for Oblivion?

The elusive Asian houbara bustard could fall victim to falconers and poaching

without strong international protection

URUMQI, CHINA—When Yang Weikang
stalks his quarry in the Junggar Basin of
western China, he needs all the patience he
can muster. “The creature is shy—and very
cunning,” says Yang, an ecologist at the Xin-
Jiang Institute of Ecology and Geography of
the Chinese Academy of Sciences in
Urumqi. The elusive animal is the Asian
houbara bustard (Chlamydotis undulata
macqueenii), a cranelike bird with sandy
buff plumage, mottled with dark-brown
spots, that nests in open desert and dry
steppe. Yang’s team uses telescopes for
observations; with its superb vision and a
clear line of sight, houbaras can spot threats
from hundreds of meters away.

But the houbara’s guile alone will not save
it from oblivion. The bird has the unhappy
fate of being the favorite prey of falconers.
Over the past few decades, hunting pressure
across a wide swath of Asia has risen in con-
cert with two other threats: poaching and
habitat loss as arid land is converted to farms
or urban sprawl.

To address these woes, bird experts are
negotiating with governments to establish
protected areas inkey countries where the bird
breeds or winters. “We're working on this very
seriously,” says behavioral ecologist Olivier
Combreau, director of the National Avian
Research Center (NARC) in Abu Dhabi,
United Arab Emirates (UAE). Creating new
reserves where taking houbaras is banned and
enacting stiffer penalties for poaching and
overhunting are components of an action plan
the signatories of the Convention on the Con-
servation of Migratory Species of Wild Ani-
mals are now reviewing. “If we do nothing,
there is no hope for the houbara,” says Yang.
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The houbara’s downward spiral began
with the economic rise of the Persian Gulf,
and it accelerated after the Cold War ended.
Adults, which are about 60 cm long, have a
wingspan of 140 em, and weigh in at around
2 kg, breed in early spring in China, Kaza-
khstan, and Mongolia. Around Jate Septem-
ber, houbaras head south on a journey of up
to 7000 km. Some migrate to [ran and the
Arabian Peninsula, while others flock to
Afghanistan and Pakistan.

Houbaras that winter in the Persian Gulf
often end up on dinner plates. Falcons are
trained to hunt the delicacy. Falconry, an Arab
tradition, soared in popularity as the oil-
producing nations grew rich; falconers, who
until the 1960s struck out on horse or camel,
now roll into the desert in four-wheel drive
convoys. “Before oil, hunting was a way to
make a living.” says Yang. “Now it’s mostly
for sport.” As houbaras became scarcer, fal-
coners descended on wintering grounds in
Pakistan. The Soviet disintegration in 1991
opened a new frontier; newly independent
central Asian countries were soon welcoming
hunting parties to bag houbaras during its
spring and fall migrations.

Researchers knew the embattled bird
was on the ropes. But when a team led by
Combreaun undertook surveys in China,
Kazakhstan, and Oman from 1998 to 2002,
they discovered that houbaras were vanish-
ing before their eyes. During the 4-year
study, houbara numbers declined by 63% in
China, 60% in Kazakhstan, and 50% in
Oman, the researchers reported in Biological
Conservation in 2005. Some experts have
pegged the Asian population at about 50,000,
but Combreau says no one really knows how

NEWSFOCUS I

Second nature. Reared at NARC and set free in the

- . UAE desert, this houbara bred 2 years later,

many are left. One thing is certain, he and his
colleagues warned in their 2005 paper: “The
Asian houbara may face extinction in the
wild in the foreseeable future.”

The houbara’ decline has continued over
the past few years, Combreau says. His team
keeps a close eye on Kazakhstan, where their
surveys show drops of between 5.5% and
8.3% a year. Because most houbaras breed in
Kazakhstan and the rest migrate through the
vast country, decreases there “give a fairly
good idea” of the overall population’s vulnera-
bility, Combreau says. As a last resort, he says,
NARC's successful captive-breeding program
could reintroduce houbaras into areas in the
wild where the bird goes locally extinet.

Averting that doom will mean reining in
falconers. In China and Mongolia, taking
houbaras is outlawed. In UAE, hunting is
limited to a couple of months a year in a few
spots. “They will not stop the hunt, of course.
It’s tradition,” Combreau says. “But there is a
genuine effort here to promote sustainable
hunting.” Many other countries regulate
hunting, he says, but lack the means for
enforcement.

One bright spot is Pakistan. Falconers are
arare sight there these days because of the
deteriorating security situation. “Last year,
hardly any hunting took place.” says Mukhtar
Ahmed, president of Houbara Foundation
International Pakistan in Lahore. And poach-
ing has declined, he says, because Gulf
nations have cracked down on the market for
houbaras used to train falcons. Still, NARC
estimates that up to 7000 houbaras each year
are spirited into UAE alone.

The houbara’s decline pains Yang, who
holds the bird in high esteem. To lure a fox or
other predator away from her nest, a female
will bravely hobble away from her eggs, pre-
tending to have a broken wing. Once the
predator is off the scent, she’ll drop the cha-
rade and run back to the nest. A female once
put similar moves on Yang’s jeep: “She ran
slowly in front of us, trying to guide our car
away from her nest,” he says.

Such rare encounters require spending
‘weeks in the field. In China and tan,
there’s roughly one bird per 10 square km. “Tts
very unlikely one would see a houbara in the
wild,” Combreau says, except when males are
putting on breeding displays for females. Oth-
erwise, “they’re almost impossible to detect.”
Unless countries act quickly and forcefully, it
soon may be impossible even for the falconsto
detect the furtive, and fading, houbaras.

—RICHARD STONE
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Working the Crowd

THE NEWS FOCUS STORY BY . TRAVIS (“SCIENCE BY THE MASSES” 28
March, p. 1750) describes the application of crowd-sourcing in
research and development. This approach consists of gathering a mass
of people to seek out new ideas or solutions, and paying profits to
seekers and solvers. A related idea is crowd-funding, a bottom-up
model of financing used for various purposes, from software de-
velopment to political campaigns.

We suggest crowd-funding as a possible strategy to cope with the
lack of investments in research, as well as to increase democratization
in the sciences. Projects seeking funding could be stored in an online
repository. Each project would include a description of its objectives,
duration, and requested contribution. Investors (either people or fund-
ing agencies) could decide which projects to fund

For such a service to be successful, several challenges would need
to be addressed: (i) Evaluating the quality of the proposals. To assist
(nonspecialist) investors in deciding the awarding of contributions
(and to audit thereafter), a peer-review procedure could be used. (ii)
Potential for fraud. Fraud could be prevented by implementing a repu-

tation system (J) and by indi-
cating the scientific track
record of the proponent. (iii)
Intellectual property manage-
ment. Intellectual property
issues could be managed by
allowing proponents to choose
the appropriate level of pro-
tection of their ideas—for
example, by using Creative
Commons licenses (2). (iv)
Investor rewards. Investors
could be motivated by the prospect of earning shares (for profit-
making research programs) or by the acknowledgment of their contri-
bution (for nonprofit research programs).

ANDREA GAGGIOLI AND GIUSEPPE RIVA

Department of Psychelagy, Catholic UniversTty of Milan, Milan 20123, italy, and Applied
Technology for Neura-Psychology, Istituto Auxolagico taliano, Milan 20145, taly.

Public investing. Allowing the public to
invest in research may help alleviate the
funding shortage.
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Southern Ocean Not
So Pristine

THE REPORT ‘A GLOBAL MAP OF HUMAN
impact on marine ecosystems” (B. S. Halpern
ef al., 15 February, p. 948) provides a timely
overview of anthropogenic effects on even the
farthest reaches of Earth’s oceans. However,
we contend that, for at least one region, using
data from only the past decade leads to mis-
leading results.

A widespread perception exists that waters
south of the Antarctic Polar Frontal Zone—
i.e., the Southern Ocean (SO)—are still nearly
pristine (7, 2). In fact, the northern portion of
the SO saw virtually all cetacean populations
removed long ago (3), and in subsequent years
(1960s to 1980s) the largest stocks of de-
mersal fish in the [ndian Ocean and Scotia
Sea/Atlantic Ocean sectors were also fished
to commercial extinction (4, 5). Historically
exploited fish species and cetaceans show
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little signs of recovery in the SO, and recent
legal commercial fishing activity has been
correspondingly low (6). It is thus no surprise
that the modeling used by Halpern et al.
shows little anthropogenic impact in these
sectors apart from that of climate change. The
authors acknowledge that accounting for cur-
rent illegal, unregulated, and wnreported fish-
ing in these waters might show increased
human impacts. The additional consideration
of historical data should cause Halpern ef al.
to temper their conclusion that for the worlds
oceans “large areas of relatively little human
impact rerain, particularly near the poles.”
LOUISE K. BLIGHT! AND DAVID G. AINLEY?
Centre for Applied Conservation Research, University of

8ritish Columbia, Vancouver, 8C V6T 124, Canada. H. T.
Harvey and Associates, Los Gatos, CA 95032, USA.
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Diminishing Sea Ice

IN THEIR USEFUL REPORT, A GLOBAL MAP OF
human impact on marine ecosystems” (15
February, p. 948), B. S. Halpern ef al. wrote that
“large areas of relatively little human impact
remain, particularly near the poles.” They failed
to take into account sea-ice diminishment,
which may already be responsible for substan-
tial local, regional, and global effects (/, 2).
Arctic and Antarctic sea-ice ecosystems,
together covering 7% of Earth, comprise “one
of the largest biomes on Earth™ (3), providing
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habitat for many species, from epontic algae
to ice-dependent pinnipeds. Recent sea-ice
diminishment has been a consequence, in
part, of human greenhouse-gas production,
indicating that sea ice may also be viewed as
an anthropogenic driver of change (4, 5),
which will predictably have cumulative and
synergistic effects on shelf seas, neighboring
ecosystems, and regional to global climate.
Over Beringia (the combined shelves of the
Bering and Chukchi seas), diminishment of sea
ice may have already reached a “tipping point™
(6). Multiple effects are apparent. Sea ice pro-
vides breeding, feeding, and molting habitat for
polar pinnipeds; ribbon seals and Pacific wal-
ruses are being considered for threatened
or endangered status under the Endangered
Species Act. Polar bears have already been
designated as “threatened.”” Ecosystem effects,
such as diminished productivity (7) and loss of
walrus mixing of benthic sediment important
to its structure and chemical exchanges (8), are
also probable. Socioeconomic effects include
the relocation of Alaskan coastal villages due to
shore erosion, and losses of eritical resources
on which indigenous subsistence hunters
depend, with cascading impacts on hnting

practices, knowledge systems, and cultures
{9, 16). Commercial species are also impacted
by a shift from an Arctic to a sub-Arctic
ecosystem (4).

Sea ice should not be emitted from con-
sideration in such efforts as this mapping
effort exemplifies.
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Response
A KEY MOTIVATION FOR OUR RESEARCH WAS
to counteract the tendency to focus on single
activities or single ecosystems when assessing
the state of the oceans. Because we mapped
cumulative impacts of 17 different stressors
on 20 ecosysterns, cumulative impacts di-
verge substantially from expectations for
single stressors or ecosystems in most loca-
tions. Our global map is particularly valuable
because it allows different areas of the planet
1o be compared using the same currency. The
poles, while not pristine, are areas of little
cumulative impact relative to the rest of the
world’ oceans according to our model.
Blight and Ainley suggest that our maps
for the Southern Ocean are misleading be-
cause they do not reflect current or historical
levels of fishing. Had data for historical fish-
ing been available globally and included,
many key areas of the world’s oceans (e.g..
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waters around Europe, Asia, and North
America) would likely have also looked much
worse on our map, keeping the patches of blue
near Antarctica in the lowest category of
human impact. Moreover, the nine stressors
not related to commercial fishing and climate
change are inarguably lower in the poles than
elsewhere. Consequently, our results are con-
servative, not misleading.

Ray et al. highlight a key challenge in map-
ping human impacts to marine ecosystems at
the global scale: capturing dynamic processes
on a static map. Sea ice is clearly an important
ecosystern, but its extent shows strong seasonal
and annual variation, far more than any other
ecosystem, precluding aclear solution for where
to place it on the map. Ray ef al. also point out
that the loss of sea ice is an important driver of
change, but habitat loss and resulting species
extirpations are problems shared by many
ecosystem types (e.g., mangroves). Future
efforts to refine our maps would benefit from
incorporation of dynamic processes and may be
able to better include historical data when con-
ducted at local or regional scales.
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Microscopy for Life
Scientists

IN THE REPORT "HIGH-RESOLUTION SCAN-
ning x-ray diffraction microscopy” (18 July,
P. 379), P. Thibault et al. described the tech-
nique of scanning x-ray diffraction micro-
scopy (SXDM) and their achievement of 70-
nm resolution. The implications of this work
for life scientists were underemphasized.

The development of SXDM comes from
the physics community, but it has the most to
offer to the life science community, where the
inability to image live cells and tissues beyond
the limitations of the light microscope is a con-
stant frustration. [f SXDM achieves its poten-
tia] resolution of below 10 nanometers on live
‘material, it will result in a revolution. In addi-
tion to refining their technique, [ hope Thibault
et al. will start to apply their existing technique
1o live biological tissues with inherent periadic-
ity (such as muscle or cornea), where it already
has the potential to provide unique information.

NIGEL]. FULLWOOD

Department of Biomedical Sciences, Lancaster University,
Lancaster LA 4YQ, UK. E-malk: n.fullwood @lancaster.ac.uk
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I LETTERS

Archaeology Without
Borders

| READ WITH INTEREST THE LATEST UPDATES,
problems, and progress in the archaeological
research in the neighboring countries of India
and Pakistan (Special News Focus section,
“Unmasking the [ndus,” 6 June, p. 1276).
However, [ wassaddened tonote th hers”
apathy about the international border that pre-
vents the free flow of information between
sides. Sites in this area are not just important
to India and Pakistan; these are precious
global heritage centers marking the triumph

Letters to the Edito

blished

of human civilization and evolution of human
ingenuity and progress.

The international community should come
together and work as a consortium to facilitate
easy access to information for all who research
these sites, regardless of nationality or loca-
tion. It is important for all of us to understand
our shared heritage and to preserve it for future
generations to learn and appreciate.

SAIKAT KUMAR BASU
Department of Biological Sciences, University of Lethbridge,

Lethbridge, AB T1K 34, Canada. E-mail: salkat.basu@
uleth.ca

TECHNICAL COMMENT ABSTRACTS

CommenT on “A Global Map of Human
Impact an Marine Ecosystems™
Michael R. Heath

Halpern et al. {Reports, 15 February 2008, p. 948) inte-
grated spatial data on 17 drivers of change in the oceans
to map the global distribution of human impact.
Although fishery catches are a dominant driver, the data
reflect activity while impacts occur at different space and
time scales. Failure to account for this spatial disconnec-
tion could lead fo potentially misleading conclusions.
Full text at www.sciencemag.org/cgifcontent/ful /3217
5895/1446b

REesPoNSE To CoMMENT oN “A Glabal
Map of Human Impact on Marine
Ecosystems”

Kimberly A. Selkoe, Carrie V. Kappel,
Benjamin S. Halpern, Fiorenza Micheli,
Caterina D'Agrosa, John Bruno, Kenneth S.
Casey, Colin Ebert, Helen E. Fox, Rod Fujita,
Dennis Heinemann, Hunter S. Lenihan,
Elizabeth M. P. Madin, Matt Perry, Elizabeth
R. Selig, Mark Spalding, Robert Steneck,
Shaun Walbridge, Reg Watson

Qur results provide an important first step toward a
full assessment of how human activities act cumula-
tively to affect the condition of the oceans. Fisheries
{and climate change) impacts are some of the hard-
@st to map and measure accurately. Consequently,
species-specific considerations and line-scale analyses
should be left to more nuanced regional-scale repli-
cates of our mapping framework.

Full text at wwwi.sciencemag.orgfegifcontent/ull/321/
5895/1446¢

CORRECTIONS AND CLARIFICATIONS
Brevia: "Auxin gradients are associated with polarity
changes in trees,” by E. M. Kramer ef al. (20 June, p.
1610). E. M. Kramer should have been affiliated with
both Bard College at Simon’s Rock, Massachusetts, and
the Centre for Plant Integrative Biology at the University
of Nottingham, UK.

The Dreyfus Prize in the Chemical Sciences

The Dreyfus Prize in the Chemical Sciences will recognize an
individual for exceptional and original research in a selected area of
chemistry that has advanced the field in a major way.

The first Dreyfus Prize will be awarded in the field of materials chemistry,
honaring the accomplishments of the Dreyfus brothers, Camille and Henry.

The Dreyfus Prize, fo be awarded biennially, will consist of a citation, a
medal, and a monetary award of $250,000.

The nomination deadline is February 13, 2009. For procedures and further
information, see www.dreyfus.org.

The Camille and Henry Dreyfus Foundation, Inc.
555 Madison Avenue, 2oth Floor  New York, New York 10022-3301
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HISTORY OF SCIENCE

llluminating the Details of Deep Time

Ralph J. 0'Connor

mong the tools required by the pale-
Aomologist, probably not many people

today would include pastry. In
January 1828, in the well-appointed home of
Roderick Murchison, the enterprising geolo-
gist William Buckland demonstrated to the
assembled savants that fossilized footprints

anatomist Georges Cuvier starring as chief
midwife. That book ended with Buckland’s
celebrated identification of a fossil hyenas den
in a Yorkshire bone cave: this
snapshot of a former world in all
its gory detail was widely felt to
realize Cuvier’s prophecy that

recently discovered in dstone near Dum-
fries belonged to ancient tortoises. To do this,
he rolled out a large sheet of “soft pye-crust,”
produced three tortoises and a reluctant croc-
odile, and invited them to walk across the
crust. After some prodding, the animals set
off, only to get stuck in the pastry. The cooks
got back to work, as one guest recalled:

Tt was really a glorious sight to behold all
the philosophers, flour-besmeared, working
away with tucked-up sleeves. Their exer-
tions, I am happy to say, were at length
crowned with success; a proper consistency
of paste was attained, and the animals
walked over the course in a very satisfactory
manner; insomuch that many who came
to scoff returned rather better disposed
towards believing.

This was no mere publicity stunt. Buck-
land’s experiment was an effective application
of the geological principle of actualism: using
evidence and analogies from the present to
unlock the past. In itself it is no sillier, and a
good deal less far-fetched, than more recent
attempts to replicate the origin of life by syn-
thesizing a “primeval atmosphere” and setting
off spark plugs in it.

Archibald Geikie’s time-honored mantra
“the present is the key to the past” could serve
as amotto for Martin Rudwick’s Worlds Before
Adam. In his previous book, the critically
acclaimed Bursting the Limits of Time (1),
Rudwick explained how European savants in
the Jate 1 8th and early 19th centuries (the “Age
of Revolution”) created geology as a historical
science, borrowing tools from disciplines such
as biblical chrenology and civil history to shed
new light on rocks and fossils. Thus was born
the concept of *“former worlds™ inhabited by
extinet creatures, with French comparative

The reviewer s at the Department of History, University of
Aberdeen, Crombie Annex, Meston Walk, King's College,
Old Aberdeen AB24 3FX, UK. E-mail: ralph.j.oconnor@
gmail.com
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geologists would one day rival
Newton’s achievement in space
and “burst the limits of time.”

Inthe sequel, Rudwick traces
the new science’s rise to matu-
rity. He shows how Cuvier’s suc-
cessors in the period 1820-1845
put their new tools into practice
with increasing sophistication,
illuminating the depths of a still more remote
antiquity. As the evidence piled up, it became
increasingly apparent that there was a progres-
sive trend in the history of life on Earth, with
more and more complex forms emerging over
time—although the most prominent figure in
Rudwick’s story, Charles Lyell, resisted these
conclusions for a surprisingly long time, in
part because he was so worried about their
possible evolutionary connotations.

Despite Lyell’s anxieties, the grand cre-
ation story thus revealed was perfectly com-
patible with Christian understandings of God
creating species over unfathomed aeons
rather than six literal days. Deep time had no
angst attached: the leading geologists, who
included several churchmen, unanimously
accepted the vast scale of gechistory. (Some
other churchmen were less enamoured of the

Worlds Before Adam
The Reconstruction of
Geohistory in the Age
of Reform

by Martin J. 5. Rudwick
ity of Chicago
cagoa, 2008,
9, £25.50

4
ISBN 8780226731285

new geology, but that is another story.) Most
of Rudwick’s key players were religious
believers, and many adhered to fairly conser-
vative varieties of Christianity. But far from
retarding or compromising their science,
their religious backgrounds had enabled
them to make the imaginative leap needed to
see their planet as an object in history, witha
past and a future.

Their search for traces of Noah’s Flood may
seem laughable to a present-
day geologist, but Rudwick
convincingly shows how the
physical evidence available in
the 1820s really did point
toward a massive, unprece-
dented cataclysm of some
Kind. The riddle was solved in
the 1840s, when the Swiss
(and Calvinist) savant Louis
Agassiz introduced the idea of
a global Ice Age into main-
stream geological debate. The
Flood froze over and “diluvial currents™ mor-
phed into glaciers, but the scientific methods
remained the same. The geohistory hammered
out by these savants has come down to us
unchanged in its essentials, although many
more details have since been filled in.

Like its predecessor, Worlds Before Adam
is the product of painstaking research. [t
appears dauntingly long but is a delight to
read. Rudwick’s style is lucid and engaging
throughout, and he is infailingly courteous to
his nonspecialist readers, ensuring that all
terms and concepts are fully explained and
avoiding unnecessary jargon. The book’s
strictly chronological arrangement gives ita
strong narrative thrust, and its many beauti-
fully printed illustrations and generous quota-
tions from original sources enhance the sense
of primary contact with the evidence.

Carried on a flood? In the early 19th century, the best explanation for the innumerable erratics found many
miles fram their sources appeared to be violent agueous evenls that carried masses of floating ice charged with
boulders. This huge block of granile above Lake Como, Italy, was skelched by Henry Thomas De la Beche (2).
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Rudwick tells us that his aim was not to
produce a definitive history of geology as a
whole, but rather to explain how geologists
pieced together a long history for the Earth we
inhabit. This is no mean feat in itself. He
makes a good case for seeing the “Cuviero-
Lyellian revolution” as a paradigm shift no
less important than those associated with
Copernicus, Darwin, and Freud, but one
which has attracted far less attention—per-
haps because it has so often been treated as a
mere backdrop for the rise of evolutionary
theory. In these two graceful and judicious
volumes, the culmination of a distinguished
career, Rudwick has restored geology to its
rightful historical place at the heart of modern
scientific culture. More than this, he enables
readers to experience geology as a new sci-
ence. By immersing us in the investigations,
reflections, and debates of the time, he lifts us
out of our present-day perspective so that we
see the objects of geology afresh, through the
astonished eyes of those who created it.
References
M. ). S. Rudwick, Bursting the timits of Time: The
Recanstruction of Geohistory in the Age of Revalution
{Univ. Chicago Press, Chicago, 2005); reviewed by N.
Oreskes, Stience 314, 556 (2006).

H.T. De la Beche, Sections and Views, Hlustrative of
Geolagical Phoenomena (London, 18300,
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SCIENCE COMMUNITY

Scientists Under
Siege
Deborah C. Runkle

uppose you are a scientist and a finalist
S for the position of vice president for

research at the University of South
Florida (USF). Before leaving for your inter-
view trip, you receive copies of letters sent to
the university’s administration informing
them of your “ignominy” and stating that you
are unwelcome in the university’s town.
Animal rights activists meet your plane and
(because ofan open meetings law) are present
at most of your interviews. Activists outside
the meeting room doors lobby attendees and
distribute fliers that make false and preposter-
ous claims about your research. Demon-
strators wear T-shirts demanding that you not
be hired. When you deny the accusations

The reviewer is with the Science and Policy Programs,
American Assaciation far the Advancement of Science,
1200 New York Avenue NW, Washington, DC 20005, USA.
E-mail: drunkle@aaas.org
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being hurled at you, a faculty member calls
youa “son of a bitch” and a liar. At your hotel
room, you receive threatening calls and
knocks on your door in the middle of the
night. Fortunately, the campus police provide
you with protection. Arriving at the airport
for your return trip, you are surrounded and
harassed by demonstrators until airport secu-
rity rescues you. At home, you find protesters
standing not far from your house, shouting at
you. And USF’s president now refuses to
speak to you. You don’t get the job.

All this and more happened to P. Michael
Conn, an author of The Animal Research
War. Conn (associate director of the Oregon
National Primate Research Center and a
professor at Oregon Health and Science
University) used to conduct research using
animals, but has been studying
cell lines for many years. His
co-author, James Parker, was
formerly the primate center’s
public affairs officer.

Their important book could P
not have appeared at a more
auspicious time. In the past,
animal rights extremists pri-
marily targeted industry and
academic research facilities. But as these
institutions have become better at protect-
ing themselves from physical attacks, the
extremists’ crosshairs are now squarely on
individual scientists.

Nowhere is this more true than in Cali-
fornia, where protesters have conducted
“home visits™: trespassing, parading in front
of houses while shouting that the scientists are
torturers and murderers, and distributing
leaflets to researchers’ neighbors that make
the same accusations. Scientists and their
families have received threatening e-mails
and phone calls. Cars and homes of re-
searchers at the University of California,
Santa Cruz, have recently been fire bombed,
forcing one neurobiologist and his family
to escape their smoke-filled house (7, 2).
Previously, one University of California, Los
Angeles, primate neurobiologist had announ-
ced that he would no longer conduct research
on animals, asking the extremists to stop mak-
ing threats against his children {3).

Conn and Parker chronicle the escalating
attacks on scientists and their families. The
book, however, is more than justa list of hor-
rors. The authors provide a coneise yet com-
prehensive review of issues relating to animal
research and the opposition to it. They spell
out the history and strategies of the animal
welfare and animal rights movements—and
the difference between these. They offer biog-
raphical sketches of their dramatis personae

SCIENCE

The Animal Research War

by P. Michael Conn and
James V. Parher

Magcmillan,
, 2008. 219 pp.
£22.99. ISBN 97802306001

and summarize the philosophical arguments
for and against animal rights and “person-
hood” for animals.

The authors explain what basic research is
and why it sometimes involves the use of liv-
ing animals. They describe important biomed-
ical advances that have relied on animals
along with the “startling audacity” by which
animal rightists “reinvent the great stories of
biomedical triumphs”” They discuss the laws,
regulations, and inspectionregimes governing
the use of animals in the United States, as well
as the voluntary policing mechanisms in
which nearly all industrial and academic
research institutions participate. (This section
would have benefited from the inclusion of
more details, boring as those sometimes are.)

[mportantly, Conn and Parker take univer-
sities and professional soci-
eties to task for not playing
an active and positive role in
informing the public about
animal research. That said,
they have an overly opti-
mistic view of how more
information about such re-
search will change the “cli-
mate of fear” The public no
more wants to know the details about how
their medicines made it to the pharmacy than
they want to know how their roasting chicken
made it to the grocery store. Missing from
this otherwise excellent account is an admis-
sion that some researchers and their institu-
tions have fallen short of the high standards
set by their professional responsibilities
and by the government. These situations do
occur, albeit ina minority of cases, and a dis-
cussion of the issue would have increased the
authors” credibility.

The book is well researched and docu-
mented. One appendix answers 20 frequently
asked questions about animal research—e.g.,
“How can research results derived from ani-
mal research be applied to humans?” “Aren’t
lost and stolen pets used in research?”—and a
second provides Web addresses of relevant
groups (on both sides of the argument) for
those wanting to know more. The authors
prose is sometimes dramatic, sometimes caus-
tic, sometimes humorous, only occasionally
treacly, and always sharp and snappy. The
Animal Research War offers an invaluable
resource that will not be soon replaced.
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Do We Need “Synthetic Bioethics™?

Erik Parens,” Josephine Johnston, Jacob Moses

ith the explosion of publicinterest in

‘ N 2 human genetics that surrounded

the launch of the Human Genome

Project, a new field of bioethics was born, and

named “gen-ethics” Shortly after theend of the

Decade of the Brain in the early 2000s, neuro-

ethics was born. Soon after came nano-ethics.

Now, synthetic biology is the hot new star, and

calls for examination of its ethical implications
are growing louder.

Inthe wake of the announcement earlier this
year of synthesis of a bacterial genome, two
German scholars suggested that synthetic biol-
ogy has ethical implications distinct from those
raised by genetic engineering (/). A British
group has just published a White Paper on syn-
thetic biology’s social and ethical challenges
(2). Researchers funded by the European
Commission recently hosted an electronic con-
ference devoted to safety, security, and ethical
concerns associated with synthetic biology (3).
The 2006 and 2007 International Meetings
on Synthetic Biology featured presentations
on ethical issues, and the 2008 conference is
scheduled to include sessions on security, soci-
etal issues, and policy. The Hastings Center
has recently received two grants to map the eth-
ical issues in synthetic biology (4). mcluding
one from the Alfred P Sloan Foundation, which
is considering a larger initiative in this area.

[s it time for the birth of yet another bioeth-
ical subfield, perhaps “synthetic bio-ethics™?
Although creating such a subfield might be in
the short-term self-interest of bioethicists, in
the long run, further balkanization of bioethics
would be a mistake.

Asking bioethical questions in the context
of emerging science and technology is hugely
important for our health, environment, and,
ultimately, our democracy. But anyone who
engages with those questions must acknowl-
edge the extent to which they are similar from
one scientific arena to another. After all, if syn-
thetic biologists are able to create biofactories
that make gene products, they are engaging ina
form of genetic engineering that, presumably,
could be considered in gen-ethics. [nsofar as
synthetic biologists work at the nanoscale, their
work seems to fall within the purview of nano-
ethics, and so on. Given the convergence of sci-

The Hastings Center, Garrisan, NY 10524, USA.

*Auther for
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entific investigations, it is not logical to sepa-
rate the associated ethical inquiries.

Particular ethical questions are certainly
more pressing in some arenas than in others.
For example, concerns about privacy might be
more pressing in genetics than in synthetic biel-
ogy and concerns about civil liberties might be
more pressing in neuroscience than in genetics.
Butthe questions themselves are virtually iden-
tical to the ethical questions that have arisen in
the past. Failing to recognize that fact can lead
to reinventing the bioethical wheel for each
new technology and, thus, squandering scarce
resources. Instead of lovingly listing the ethical
questions that arise over and over, we need
to dig deeper. We need to test intuitions, argu-
ments, and responses developed in previous
contexts against new fact patterns.

‘When bioethicists think they have found a
new set of ethical questions, they are prone to
think they can provide a new set of answers.
‘We are not here wagging our fingers at others;
one of the authors of this piece has himself, in
once promising new guidelines for prenatal
genetic testing, fallen prey to such irrational
exuberance (5). If we better recognized that the
questions are, at core, familiar, we might make
more realistic promises, better appreciating
salient differences among the kinds of re-
sponses we can offer.

Some of the ethical questions raised by
synthetic biology are of a kind that we have
addressed with some success. Whether safety
should be left to self-regulation (6-9) or con-
ducted by a public body is a familiar ethical
question. And the good news is that we have
experience to draw on. For example, we have
learned from tobacco, asbestos, and pharma-
ceutical products that information about risk is
not always shared voluntarily. Our concern
to protect people from harm and preserve
informed consumer choice can legitimately
outweigh our commitment to minimal regula-
tion and free markets, which is why we some-
times compel sharing of risk information. In
genetics, we have learned that individuals can
react to the same risk information in fundamen-
tally different ways. With nanotechnology, we
are learning that there is a public expectation
and a private-sector desire for international
standards and rigorous risk assessment. Focus
groups have shown public demand for inde-
pendent, third-party risk assessment of emerg-
ing technologies, which calls into question

As we address ethical issues in emerging fields,
ethicists, funders, and policy-makers should
resist balkanization.

claims that self-regulation will suffice to reas-
sure consumers {/0). Some familiar questions
raised by synthetic biology are not about safety,
such as concerns about fair distribution of eco-
nomic benefits and menepoly centrols on
inventions. The context is new, but we can build
on earlier conceptual and practical work.

Other questions are thornier. Some schol-
ars, journalists, and public interest groups are
asking whether synthetic biology amounts to
an overweening ambition to shape ourselves
and other life forms (J, 11). We continue to see
this question in the debates over assisted repro-
duction, genetic engineering, and surgical and
pharmacological enhancement. It is at core a
question about what it means to be human. It
reemerges, it does not admit of crisp yes/no or
good/bad answers, and we have not yet figured
out how to best bring the concerns underlying
this question into discussions of policy or the
concuct of research—though we believe it is
too soon to stop trying.

Bioethics does not need a new subfield to
Justify support for research on synthetic biol-
ogy. Instead, we need to get better at appreciat-
ing and explaining that digging into familiar
questions in new scientific contexts is the
smartest way to inch forward.
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DEVELOPMENTAL BIOLOGY

Return to the Proliferative Pool

! and Jordi C: ¢

Acaimo Gonzalez-Rey

ow do organs replace their differenti-
Hated and often highly specialized

cells? Understanding the logic behind
tissue hom is is ial for designi
cell-regeneration-based therapies. On page
1496 in this issue, Weaver and Krasnow (/)
report that certain structures of the adult tra-
cheal system of the fruit fly Drosophila
melanogaster originate from populations of
larval progenitor cells, some of which were
originally differentiated tracheal cells that
regained the ability to proliferate.

form tubular branches, they lack an obvious
Iumen and do not form air transport tubes.
Surprisingly, the other group of tracheoblasts
(class II) originates from cells with a complex
morphology that have undergone some differ-
entiation, in that they have developed fune-
tional tubules in the larva.

Apart from these differences, both class [
and class II cells share a number of features,
such as reentry into cell division (mitosis) dur-
ing the larval-adult transition and possession of
small nuclei that, unlike other differentiated lar-

Differentiated tracheal cells in the fruit fly
larva paradoxically revert to a progenitor form
as development advances to the adult stage.

dedifferentiation process. If so, class II cells
resemble the “facultative” stem cells de-
seribed in vertebrate adult organs such as liver
and pancreas, in which this particular type of
stem cell, usually quiescent, can replenish and
repair damaged tissue under certain physio-
logical or pathological conditions (4, 5). To
better understand the biology of class II cells,
a more detailed analysis of their behavior is
needed. Does the acquisition of adult tracheal
cell fates involve the asymmetric division of
progenitor tracheoblasts, or do they divide

Tracheoblasts. The adult Drosophila tracheal system develops from committed cells in the larva that become

progenitor cells during the larva-adult transition,

e

(FGF receptor)

{Polyploid)

Embryonic

ectodermal cells —> Embryoixtanl

fracheal cells

The Drosophila tracheal system is com-
posed of tubular structures that transport oxy-
gen to the different regions of the insect’s
body. Rernarkably, the cellular mechanisms
and genetic factors that underlie tracheal
development are closely related to those oper-
ating in vertebrate vasculogenesis. During the
generation of the adult tracheal system,
almost all of the cells contributing to larval
structures are eliminated and replaced by new
ones. Where do these new adult tracheal cells
come from? Weaver and Krasnow extend pre-
vious work (2, 3) and show that some of them
originate from the proliferation of two differ-
ent, distant populations of larval tracheoblast
(tracheal progenitors) (see the figure). One
tracheoblast population (class I) arises from
cells in which the embryonic-larval genetic
program of tracheal development appears to
arrest atan early step. Although these cells can

ICentro Andaluz de Biologfa del Desarrallo {CSIC-UPG),
Sevilla, Spain. ?Institut de Biolegia Molecular de Barcelona
(CSIC) and Institut de Recerca Biemédica, Barcelona,
Spain. E-mall: jorbme@cid.sic.es
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Larval di

{Diplaoid)

Class |1 tracheal cells
{branches with lumen)

{Diploid) Class | tracheal cells

{branches, no lumen)

val cells, remain diploid and do not endorepli-
cate (multiplication of the genome without cell
division). Whether these properties reflect a
block in their tracheal differentiation remains to
be determined, but other cells, which are mor-
phologically and functionally related to class IT
cells, do endoreplicate and do not produce tra-
cheobl: In addition, tracheobl derived
from either class I or class [1 cells can give rise
to different tracheal cell types. Although this
may suggest that the larval tracheoblasts are
multipotent progenitor cells, embryonic tra-
cheal cells acquire their specific fate by virtue
of their position within the tracheal branches
and the intensity of a fibroblast growth factor
(FGF) secreted from surrounding cells. Thus,
the progeny of larval tracheoblasts may adopt
diverse fates depending on their interaction
with other tissues rather than on their history.
The ability of class IT cells to generate tra-
cheoblasts is particularly intrigning. These
cells have advanced some steps into tracheal
differentiation, and even though other inter-
pretations are possible (3), their transforma-
tion into progenitors could be considered a

tracheal cells

(Reenter mitosis)

Adult dilferentiated tracheal cells

Tracheoblasts
("progenitor” cells)

symmetrically to produce the cells that will
make up adult structures? [s there a popula-
tion of transit-amplifying cells {intermediate
cells, between long-lived stem cells and their
differentiated progeny, which can undergo
limited rounds of division) that mediates the
proliferation process?

In some vertebrate organs such as the liver
and pancreas, facultative stem cells seem to be
used only when other routes of tissue regenera-
tion are not available (6, 7). In the Drosophila
adult tracheal system, the activity of tra-
cheoblasts is a programmed response in devel-
opment. Unless we consider tracheal metamor-
phosis as a form of stress response, the findings
by Weaver and Krasnow reveal a new scenario
inwhich cells initially enter differentiation with
the certainty that they will return to a prolifera-
tive state later in development. This ability of
differentiated cells to reenter proliferation may
reflect an ancestral mode of metamorphosis
used frequently in insects (2, 3). It would be
very interesting to determine whether the
action of vertebrate facultative stem cells is
limited to stress conditions and if they recapitu-
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late an earlier event in organ morphogenesis.
Interestingly, the replacerment in mammals of
insulin-producing pancreatic cells in the adult
requires preexisting cells (7), but it could also
involve the reappearance of embryonic-like
endocrine progenitor cells (4).

To become progenitor cells, class [and class
[T cells appear to escape the differentiation pro-
grams characteristic of more prosaic tracheal
cells. This behavior could be determined by
innate genetic instructions, by their cellular
environment (much like the activity of a stem
cell niche), or both. Mechanisms that maintain
certain stem cell characteristics could be acting
on specific cells to make them refractory to dif-
ferentiation, as is the case in the murine embry-

onic stem cells (8). Regardless of the mecha-
nism, “arrest” in the larval dif iation pro-

PERSPECTIVES I

simpler, genetically tractable models such as
the Drosophila tracheal system can aid in the

gram to keep a cell as a potential progenitor cell
appears to be a stepwise process. Thus, class I
cells, capable of forming branches that trans-
port air, can still behave as progenitor cells.

It is still unclear what establishes the
“point of no return” after which a committed
cell cannot revert into a progenitor cell. [n the
case of the Drosophila tracheal system, evi-
dence points toward the triggering of endo-
replication as a determining event (/-3), but
many features of progenitor cell specification
and activation in other systems remain to be
elucidated. The study by Weaver and Krasnow
is another excellent example of how the use of

interpretation of the genetic factors underly-
ing progenitor cell biology in normal develop-
ment or in stress conditions, an essential step
for regenerative therapies.
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EVOLUTION

Dynamics of Body Size Evolution

Kaustuy Roy

ody size is one of the simplest organis-

mic traits one can measure, yet it corre-

lates with almost every aspect of the
biology of a species, from physiology and life
history to ecology. So, not surprisingly, biclo-
gists have long been interested in understand-
ing how body size evolves. Two things are obvi-
ous when one looks at the distribution of body
sizes of species within large groups: The sizes
span multiple orders of magnitude. and species
are not distributed uniformly within this range.
Instead, most species tend to be small to inter-
mediate in size, with few in the smallest and
largest size classes. Thus, in most groups, size
frequency distributions are skewed, even on a
logarithmic scale, with the mode shifted toward
smaller sizes. For example, living mammalian
species range from about 2 g to 10% g with a
maodal size of about 100 g (7). Surprisingly, this
bias toward smaller sizes persists despite a ten-
dency for average size to increase over evolu-
tionary time, a trend generally known as Cope’s
rule (2, 3).

Models of bady size evolution need to rec-
oncile these two seemingly contradictory
observations—a general tendency of size to
increase over evolutionary time, yet the over-
all size frequency distribution staying biased
toward small-bodied species. Two different
types of evolutionary dynamics can lead to an
increase in the average size of species over
time. The first, Cope’s rule ina strict sense, is

Section of Ecology, Behavior and Evolution, University of
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a channeled increase in size where large
species get larger and small ones go extinct
(3). Alternatively, if groups arise near the
small end of their size range—and paleonto-
logical data suggest that many do—then even
random diffusion with a lower size limit
increases the variance in size over time, lead-
ing to an increase in mean size (2). Recon-
ciling such models with the shapes of empiri-
cal size frequency distributions is more diffi-
cult. Channeled increases in size obviously
cannot produce a distribution that is biased
toward smaller sizes. Similarly, even though
stochastic models with a lower size bornd can
produce an increase in mean size over time,
the resulting size distributions tend to be log-
normal rather than the log-skewed distribu-
tions common in nature (2, 4).

A recent model (5) provides one solution
to this by making simple but elegant modifi-

~41 Million years ago

Is bigger better? Does climate affect size? The
processes controlling body size evolution
remain unclear.

cations to the multiplicative diffusion process.
By incorporating a size-biased extinction rate
and a strengthening of Cope’s rule for the
smallest species into a stochastic model, it
successfully reproduced the size frequency
distributions of mammal species. The model
does make some key assumptions about size
dependence of extinetion and size change, but
those seem well supported in mammals. More
important, this model provides a general
framework for modeling body size evolution
that preserves insights from previous work
(2. 4) but also incorporates group-specific
dynamics. [t is too early to know whether the
model is generally applicable; that would
depend on whether it can predict size fre-
quency distributions of groups such as marine
mollusks, where neither extinction {6, 7) nor
Cope’s rule (3) relate to size in the same way
as in mammals.

Body size evolution in deep-sea ostracodes in response to temperature. Poseidonamicus rudis, at left,
lived earlier and under much warmer conditions than did Poseidonamicus major at right (12).

12 SEPTEMBER 2008

1451



I PERSPECTIVES

Although phenomenological models are
important for identifying key elements of
body size evolution, they provide limited
insights regarding the underlying processes.
For example, if Cope’s rule is indeed stronger
for small mammals, then one has to ask why.
Unfortunately, we are still far from such a
process-based understanding of body size
evolution, largely because of the complexity
of the problem. Consider two generalizations
about the connections among size, environ-
ment, and fitess that were suggested recently:
“bigger is better” and “hotter is smaller” (8).
The first is based on data from natural popula-
tions showing that larger individuals tend to
have higher fitness. The second stems from
observations that in laboratory-rearing exper-
iments, higher temperatures generally result
in smaller body sizes and also that species and
individuals in cold climates are often larger
than those in hotter areas, a trend known as
Bergmann’s rule.

Translating these “rules” into predictions
about trajectories of size evolution is not
straightforward. If bigger really is better, then
we should have a world full of giants, yet most
species are small. Clearly there are costs to get-
ting bigger, which prevent a runaway Cope’s
rule. Such costs involve complex interactions
among a multitude of factors including devel-
opment time, population size, and patterns of
resource use (8, 9). In addition, the tempera-
ture-size rule suggests that the external envi-
ronment, which changes in a complex and
nenlinear manner over geologic time, is also
important in driving size evolution. So, not

surprisingly, simple process-based models of
size evolution (such as one based on energet-
ics) have not been widely accepted (10).

There is also the problem of scaling up
from observations at the population level to
macroevolutionary trends in size. The “bigger
is better” rule is based on data from a few gen-
erations, and it is unclear whether it holds
across geographically separated populations
and macroevolutionary time. On the other hand,
the temperature-size rule may indeed be rele-
vant for macroevolution. Past climatic changes
led to body size evolution consistent with the
temperature-size rule in groups as disparate
as woodrats (//) and deep-sea crustaceans
(42) (see the figure). Furthermore, in some
groups the temperature-size rule may have a
relatively simple genetic basis; in the nematode
Caenorhabditis elegans, it can be disrupted by
a single nucleotide polymorphism (/3).

Even though the processes governing body
size evolution remain obscure, our collective
actions are negatively affecting body sizes of
many living species. Human exploitation of
biological resources, from fisheries to
forestry, is inherently size-selective where
larger species and individuals are preferen-
tially taken. As a result, body sizes of many
species are much smaller now than, say, a cen-
tury ago (/4). Furthermore, abundances of
large terrestrial and marine species are declin-
ing because of anthropogenic impacts, and
many are threatened with extinction (15, 16).
Global warming may reinforce this trend
toward smaller sizes through the temperature-
size rule. In effect, then, our actions have set

up a grand selection experiment where bigger
is no longer better. Rapid microevolutionary
responses to such selection have already been
documented in laboratory experiments and in
‘wild populations (/4). Cope’s rule is unlikely
to be common in the future.

Ina world where temperatures are rising
and human exploitation of species is rampant,
better understanding of ecological and evolu-
tionary processes affecting body size is not
simply an academic exercise; it is essential for
effective management and conservation of
species and ecosystems (/4). The question
now is not just why the world has so few
giants, but how to keep the existing ones
around for future generations.

References

. M. Blackburn, K. ). Gaston, Trends Fcol. Eval 9, 471

1594}

S. M. Stanley, Evolution 27, 1 (1573},

D. Jablonski, Neture 385, 250 {1997).

B. A, Maurer et ol., Evolution 46, 939 (1992).

A. Clauset, D. H. Erwin, Science 321, 399 (2008).

D. Jablonski, D. M. Raup, Science 268, 389 (1995},

).T. Smith, K. Ray, Paleobiology 32, 408 (2006},

). G. Kingsolver, R. 8. Huey, Evol £col. Res. 10, 251

(2008),

). H. Brown, B. A Maurer, Nature 324, 248 (1986).

10. C. R. Allen et al,, Feol. Leit. 9, 630 (2006).

11 F.A. Smith ef al,, Science 270, 2012 (1995},

12. G. Hunt, K. Ray, Proc. Nati. Acad. Sci. th5.A. 103, 1347
2006),

13. ). £ Kammenga ef of., PLoS Genet. 3, 358 (2007).

14. B B. Fenberg, K. Roy, Mo, Feol. 17, 209 2008),

15. K ). Gaston, T. M. Blackburn, Philas. Trans. R Soc.
Londan Ser. 8 347, 205 (1995).

16. R A Myers, B. Worm, Philos, Trans. R. Soc. Londan Ser. 8
360, 13 (2005).

EHAM AWM

°

10.1126/science. 1163097

CHEMISTRY

Bringing Stability to Highly
Reduced Iron-Sulfur Clusters

Eckard Miinck and Emile L. Bominaar

any biochemical reactions are

driven by electrons that are trans-

ferred to the reaction site from afar.
Iron—sulfur clusters in proteins (/), including
those with cuboidal Fe, S, cores, can access
different oxidation states and act as way sta-
tions for electrons; the oxidation state is desig-
nated by [Fe,S,]", wherez = 0, 1+, 2+, 3+ is
the formal core charge. In general, proteins
use the (3+, 2+) or, most frequently, the (2+,
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1+) redox couple. Evidence for the participa-
tion of the fully reduced [Fe,S,]" cluster in
protein electron transfer has been scant, and a
synthetic model in support of this oxidation
state, as available for the higher oxidation
states (2-4), has been lacking. Deng and
Holm (5) have now provided such support in
an innovative approach that replaces thiolates,
used to simulate cysteinate binding in pro-
teins, by electron-donating carbene ligands.
Some evidence supporting a role for the
neutral (referred to as all-ferrous) cluster has
come from one of the most intensely studied
systems, namely nitrogenase from the bac-

Asynthetic mimic of the most reduced iron-sulfur
cluster in electron-transfer proteins shows a
remarkable resemblance to protein-bound clusters.

terium Azotobacter vinelandii. Nitrogenase
consists of two proteins: the molybdenum-iron
protein (Av1), the locus of nitrogen reduction,
and the Fe-protein (Av2), an electron transfer
and effector protein. Av2 is a dimer of identical
subunits that symmetrically coordinate a sin-
gle Fe, S, cluster through cysteine sulfurs (see
the figure, left panel) (6). The Av2 dimer binds
two molecules of MgATP (adenosine triphos-
phate), which are hydrolyzed in a coupled
reaction that transfers electrons to Avl.

The accepted model for this electron trans-
fer has been that Av2 uses the [Fe,S,]*"!*
redox couple. The electron transfer to Avl

SCIENCE www.sciencemag.org



requires a conformational
change in both proteins,
made possible by hydrolysis
of two ATP molecules per
electron transferred (7). In
1995, it was discovered that
the Av2 cluster could be
reduced to the all-ferrous
form (8). This discovery
suggested that the Fe,S,
cluster of Av2 might func-
tion as a two-electron trans-
fer agent, thereby decreas-
ing the ATP requirement for
nitrogen fixation by a factor
of 2. However, subsequent
studies of the 1+/0 redox
couple suggested that its
midpoint potential, —790
mV versus the normal hydro-
gen electrode, might be 0o low o be accessed
invivo (9).

Our understanding of iron-sulfur pro-
teins has benefited from model clusters,
which were synthesized by self-assembly
using thiol ligands, in 1972 for [Fe,8,J*"*
(2) and in 1985 for [Fe‘,SJ]3+ (3). However,
thiolate-ligated [Fe,S,]” clusters are highly
sensitive to oxidizing impurities and unsuit-
able for making the all-ferrous cluster, In
2005, Holm and co-workers reported a
major advance with the isolation of an
all-ferrous [}‘eds‘,(CNj‘,]‘ cluster (10).
Unfortunately, this complex could not be
characterized in solution because it readily
oxidized under these conditions.

Deng and Holm have now addressed the
stability problem by replacing the cyanide lig-
and with an N-heterocyclic carbene ligand
(1,3-diisopropyl-4,5-dimethy limidazole-2-
xylidine, abbreviated as Pr', NHCMe,). In the
all-ferrous cluster [Fe,S,(Pr',NHCMe,),].
neutral carbene ligands occupy the terminal
positions at the tetrahedral iron sites. The x-
ray structure of the complex (see the figure,
right panel) shows that the carbene-ligated
core has a cuboidal structure in which each
bridging sulfide is bonded to three Fe?* atoms.

Although the carbene-ligated cluster is
sensitive to oxidation, it can be manipulated in
both the solid and solution states under ordi-
nary anaerobic conditions. The utility of the
carbene-substituted cluster as a model for the
nitrogenase cluster depends on whether the
properties of the [Fe,S,] core are similar to
cores in proteins stabilized by native thiolates.
In this respect, data on the cluster’s spin state,
which is highly sensitive to its symmetry, are
both encouraging and revealing.

The tetrahedral iron sites of the all-ferrous
Fe,S, cluster have four unpaired electrons

www.sciencemag.org  SCIENCE  VOL 321

Natural and biomimetic core convergence. (Left) Close-up of the all-ferrous IF%SAJD
cluster in the protein Av2, based on the 2.25 A x-ray structure {(£). The cluster is tethered
to identical subunits (blue and green) by four cysteinate residues. {Right) All-ferrous
cluster of [Fe,5,(Pr',NHCMe ), I° featuring carbenes as terminal ligands (5). The two clus-
ter cores are essentially congruent. Color code: red (iran), yellow (sulfur), blue (nitrogen),
and gray (carbon).

yielding local spins §= 2 which, in turn, are
coupled by exchange interactions via the
bridging sulfides to give a ground state with
cluster spin § =4 (11). For a fairly symmetric
model cluster with essentially equal exchange
coupling constants, a simple analysis predicts
a diamagnetic, S = 0, ground state. Thus, the
observed § = 4 would represent a highly
excited state, suggesting that the all-ferrous
cluster must have lower symmetry.

Evidence for lower symmetry in the
protein’s all-ferrous cluster came from
Massbauer studies by Yoo ef al. (11). Studies
in applied magnetic fields revealed a pro-
nounced 3:1 symmetry in the magnetic hyper-
fine parameters that was best explained by a
spin structure with three iron spins aligned
parallel to the cluster spin and one antiparallel,
combining to total spin § =4 for the cluster. [n
the absence of an applied field, the spectra
revealed two quadrupole doublets with sub-
stantially different splittings in the same 3:1
ratio. This 3:1 core distortion was not recog-
nized (6) from inspection of the 2.25 A x-ray
structure of all-ferrous Av2. The 5 =4 state is
observed when different reductants are used
or when the [Fe,S,]'* cluster is radiolytically
reduced at 77 K (J1), which shows that the 3:1
distortion is not the result of cluster perturba-
tions induced by the presence of reducing
agents. Hans ef al. recently reported a similar
§ = 4 state for the all-ferrous cluster of an
activator protein from the bacterium Acid-
aminococcus fermentans (12).

Interestingly, Deng and Holm report a
Massbauer spectrum for the carbene cluster
with a quadrupole pattern similar to that of
Av2. Ongoing studies in our laboratory show
that the carbene-substituted cluster also has

PERSPECTIVES I

protein-bound clusters are
very similar [see supporting
online material (/3)]. The
observation of the same (dis-
torted) electronic ground
state in the cysteinate-bound
protein cluster and the car-
bene-bound synthetic cluster
suggests that the 3:1 pattern
is an intrinsic and persistent
property of the all-ferrous
core, most likely rooted in the
dependence of the exchange
interactions on the structure
of the core. In 2006, Lowery
et al. reported (/4) that the
Av2 cluster can also attain a
diamagnetic, § = 0 all-fer-
rous state at a surprisingly
high potential (near 500
mV). This claim, however, has not yet been
substantiated with a technique sensitive to the
oxidation state of the cluster and, given the
core’s propensity toward symmetry breaking,
should be viewed with caution.

There is still much to be learned about
the all-ferrous Av2 cluster. The Deng-Holm
model provides an x-ray structure with
higher resolution than available for the pro-
tein-bound [Fe,S,]° cluster and thus offers a
splendid opportunity to gain a deeper insight
into the intrinsic relations between the
molecular geometry and electronic structure
of all-ferrous iron-sulfur clusters.
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GEOLOGY

Understanding Soil Time

Susan L. Brantley

regolith, the blanket of loose rock mate-

rial that covers Earth’s surface. An open
system such as soil or regolith is sustainable,
or in steady state, only when components such
as rock particles are removed at the same rate
they are replenished. However, soils are
defined not only by rock particles but also by
minerals, nutrients, organic matter, biota, and
water. These entities—each characterized by
lifetimes in regolith that vary from hundreds
of millions of years to minutes—are often
studied by scientists from different disci-
plines. If soils are to be maintained in a sus-
tainable manner (/, 2), scientists must develop
models that cross these time scales to predict
the effects of human impact.

‘With respect to the longest time scales,
geologists studying Earth’s landscapes argue
that continents have experienced balanced
rates of tectonic uplift and erosion. Thus, the
mass of rock particles produced by regolith-
forming processes during uplift is balanced by
the mass of particles eroded over geological
time scales. At steady state, the mass of parti-
cles in the regolith “box.” divided by the rate
of removal of particles from that box, defines
the particle residence time. If regolith is per-
turbed. the system moves toward a new steady
state within a characteristic response time
that—for linear systems—equals about
4 times the residence time.

These concepts are exemplified by obser-
vations of an undisturbed ridgetop in the
Puerto Rican rainforest. At this site, the rate of
particle mass loss due to dissolution and ero-
sion (termed total denudation), cast as the rate
of lowering of Earth’s surface, is 0.04 mm/year
(3). This rate is calculated by assuming that the
rate of production of cosmogenic nuclides pro-
duced by penetration of cosmic rays into the
upper 0.6 m of regolith is balanced by loss of
these nuclides through denudation. The resi-
dence time for particles in this 0.6-m-thick
“cosmogenic box” equals 15,000 years [= 0.6
m/(0.04 mm/year)]. If the thickness of this
upper soil were perturbed, it would slowly
return to its initial state over ~60,000 years.

As measured from cosmogenic isotopes,
residence times in the upper 0.6 m of

S oils constitute the topmost layer of the
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regolith range from
100 to 100,000 years
for soils worldwide,
depending on the inten-
sity of tectonic activ-
ity (4). However, in the
most tectonically qui-
escent areas of Africa,
the cosmogenic tech-
nique no longer works,
because the residence
time of particles may
reach hundreds of mil-
lions of years

[n contrast to geo-
logists studying land-
scapes, geochemists in-
terested in the chenvical
composition of the re-
golith focus on the re-
sponse times of miner-
als. [fane could stand on
the 10-m-thick regolith
at the ridgetop in Puerto
Rico for a sufficiently
long time, one would
observe bedrock frag-
menting into particles at
10 m depth that then
diminish in size as they
move upward and out of
the regolith (see the fig-
ure). Quartz particles
would ascend without
disappearing, defining
residence times similar
to that of the rock parti-
cles. In contrast, feldspar dissolves from
regolith particles during their trajectory across
the lowest 30-cm layer of regolith, defining a
residence time of 7500 years (5). More soluble
minerals such as calcite can disappear even
faster. Residence and response times of miner-
als, determined on the basis of chemical soil
profiles, thus vary from hundreds of millions to
hundreds of years.

If, instead of the minerals, the objects of
study in the soil are the nutrients fixed from the
atmosphere by organisms (6), the time scales of
interest are generally shorter. Residence times
of 100 to 1000 years are commonly estimated
for soil erganic matter, but some of this material
turns over within 1 to 10 years (7, §). Residence
times can be even shorter for nitrogen (7).

Inside the regolith. Weathering con-
tinuously replenishes the regolith while
erosion removes soil at the surface.
Minerals, organic matter, and water
mave thraugh the regelith on different
time scales, complicating efforts to
define what sustainable soils are and
how they could be maintained,

Efforts to maintain soils in a sustainable
manner are complicated by interactions among
soil components that respond to perturbation
at vastly different rates,

Scientists studying biota
are often interested in the
time scales that define how
fast one ecosystem succeeds
another after a disturbance.
Generally, this response time
is tens to hundreds of years.
In fact, whether an ecosys-
tem can ever reach steady
state is a matter of debate. If
it is possible, steady state is
a complex function of the
extent and frequency of dis-
turbances such as fires and
insect infestations (10).

The final component of
soil considered here, water,
responds at the shortest time
scales. Water moves both
downward (because of mete-
oric inputs) and upward (be-
caunse of evapotranspiration
mediated by roots that often
extend to depths of tens of
meters). Water residence times
in regolith are measured with
stable isotopes to decipher
the interplay of “old” and
“new” water. These water
types are characterized by
long or short residence times
varying from tens of years
to minutes.

When scientists within a
discipline study soils, they
generally focus on one of
these time scales while ignor-
ing faster and slower processes. Learning how
soils will change in the future will require
observations and models that cross time
scales (/7). For example, present-day and
long-term denudation rates for catchments or
soils have been shown to be equal across time
scales in some cases, as required for sustain-
able soils. [n other cases, the long-term and
present-day denudation rates do not agree,
perhaps because of variations in ecosystems,
climate, glacial effects, extreme events, or
human impact (4, /2).

Another way to bridge time scales is to
study chronosequences—soils formed on the
same rock type in the same climate but for
varying duration of weathering. For slow-
weathering, undisturbed chronosequences,

Erosion

Wineral movement through the regolith

Weathering advance
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neither ecosystems nor regolith attain steady
state; rather, they vary together as a result of
the 30 or so bioessential elements mined by
biota from rocks. Most important, phospho-
rus is extracted at depth by organisms,
pumped upward, stored in biota and miner-
als, and recycled. Because phosphorus is
lost to groundwater, however, depletion of
regolith causes ecosystem degradation over
1000 to 10,000 years (/3). Such coupled
processes may be manifested in transfor-
mation of both above- and below-ground
ecosystems as soils cross thresholds related
to changes in pH, redox, and nutrient con-
centration (/4, 15). For example, subsurface
ecosystemns may become increasingly fungi-
dominated as soils become phosphorus-
limited (13).

The likelihood of crossing important
thresholds is high today given the intensity
of anthropogenic impact. Human activities
have increased the long-term soil erosion
rate by about a factor of 30 globally (/).
Global agriculture has also caused nutrient
depletion, especially in slow-weathering
regions such as Africa. Largely to replenish
nutrients, humans have doubled the input of

fixed nitrogen into terrestrial ecosystems
above prehuman values globally (16). The
use of fertilizers replenishes soils but, given
the time scale of soil water flow, also causes
escape of nutrients and eutrophication in
other ecosystems. For example, the trans-
port of dissolved phosphorus from land to
oceans has doubled, largely as a result of fer-
tilizer use (/7).

The need to maintain soils sustainably is
now driving scientists to formulate models
that describe not only how soil components
react alone, but how they interact with each
other in response to tectonic, climate, and
anthropogenic forcing within the so-called
Critical Zone—the zone extending from the
depth of groundwater up to the outer limits of
vegetation. Such models will provide the Jan-
guage that can allow scientists to communi-
cate across disciplinary boundaries, but they
must be tested across time scales with use of
the sediment record, chronosequences, and
observations of modern-day fluxes. Just as
‘we use global climate models today to project
future climate change, we will eventually be
able touse global soil models to project future
soil change.
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An Uncertain Future for Soil Carbon

Susan E. Trumbore and Claudia |. Czimczik

redictions of how rapidly the large
amounts of carbon stored as soil
organic matter will respond to warming
are highly uncertain (/). Organic matter plays
a key role in determining the physical and
chemical properties of soils and is a major
reservoir for plant nutrients. Understanding
how fast organic matter in soils can be built up
and lost is thus critical not just for its net effect
on the atmospheric CO, concentration but for
sustaining other soil functions, such as soil
fertility, on which societies and ecosystems
rely. Recent analytic advances are rapidly
improving our understanding of the complex
and interacting factors that control the age
and form of organic matter in soils, but the
processes that destabilize organic matter in
response to disturbances (such as warming or
land use change) are poorly understood.
There is broad agreement on the major
pathways of the soil carbon cycle (see the fig-
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ure). Plants are the main source of carbon to
soils through tissue residues or via root exu-
dates and symbiotic fungi. These inputs are
broken down, transformed, and respired by
soil fauna and microorganisms. Some of the
carbon converted into microbial biomass and
by-products is in turn converted into new
microbial biomass (“recycled”) (2). Some
organic molecules, such as pyrogenic com-
pounds, may accumulate because of recalci-
trance. However, most soil organic matter
consists of relatively simple molecules that
organize through interactions with surfaces
and with each other (3). Organic matter per-
sists in soil mainly because it is physically iso-
lated from decomposition by microbes—for
example, by incorporation into aggregates (4)
or sorption into mineral (or other organic) sur-
faces (5, 6). On balance, nearly all the carbon
that enters soil as plant residues each year
either decomposes and returns to the atmo-
sphere or is leached from soils within a few
decades to centuries.

The rates of accumulation and loss of soil
carbon are estimated from two kinds of infor-

Adetailed knowledge of how carbon cycles
through seils is crucial for predicting future
atmospheric carbon dioxide concentrations.

mation: direct observations of changes in the
amount of organic matter, and inferences
based on the age of organic matter as mea-
sured by radiocarbon. These rates vary dra-
matically depending on the time scale of
observation, and they reflect differences in the
dominant processes contributing to the stabi-
lization of organic matter.

On time scales of months to years, ob-
served rates of mass loss during decomposi-
tion of fresh plant litter nearly balance rates of
plant litter addition to soils (~2 to 10 Mg Cha *
year '), Litter decomposition is thus the major
pathway for loss of carbon from soils (see the
figure), and rates are controlled by factors such
as litter quality, soil faunal and microbial com-
munity composition, and climate (7).

On millennial time scales, changes in car-
bon stocks cannot be observed directly. They
are estimated by comparing carbon storage at
carefully selected sites that differ in the time
since bedrock weathering started (soil age) but
are similar in other soil-forming factors such
as bedrock material, climate, and vegetation.
Such comparisons yield rates of change in soil
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carbon stores of ~0.02 Mg C ha!
year !, much slower (by a factor of 100
to 500) than fresh litter decomposition
(8); on these time scales, the amount
and age of soil carbon are controlled by
changes in mineral surfaces related to
weathering (9).

Most of the concern associated
with soil carbon response to global
change involves organic carbon stocks
that can change over decades to cen-
turies. Changes in these kinds of
organic matter are too small to be
observed over a few years, and on mil-
lennial time scales they are obscured
by other factors—such as vegetation
preductivity and nutrient supply
{1 (h—that vary with soil mineralogy.
Our understanding of carbon dynam-
ics on these intermediate time scales
relies either on quantifying changes in
carbon stocks and stable carbon iso-
topes after disturbances such as fire or
land use change, or on following the
incorporation of radiocarbon produced
in the 1960s by nuclear weapons tests

Plant litter
+Exudates «Leaves «Roots «Stems

Microbial
by-products
»Exudates
«Cell walls

; Physitally stabilized or isolated "g

| +Weak (aggregation, sorption) i—-«
i‘j «Strong (mineral surface [

. interactions)
11 J
] WA |
gﬁ,. e ‘1;&

Carbon transfurmat:cn pithways in soil. The scale at the
bottom indicates the mean age of organic carbon typically
found in each pool. Blue arrows indicate CO, production dur-
ing transformation from ane pool to another.

into soil carbon pools.

Such measurements identify sub-
stantial stores of soil carbon that can accumu-
late and be lost at intermediate rates (~0.1 to
10Mg Cha ! year '). Processes that can stabi-
lize or destabilize organic carbon on these
time scales include alterations to the quantity,
age, and quality of plant litter inputs; shifts in
the makeup, spatial distribution, and function
of soil fauna and microbial communities;
alteration of weak stabilization processes such
as aggregate formation; and changes in min-
eral surfaces under altered redox or pH condi-
tions. Such processes will respond on decadal
time scales to changes not only in climate, but
also in nutrient deposition or vegetation. To
predict future concentrations of atmospheric
CO,, it is eritical to better understand how
much carbon is vulnerable to destabilization
on decadal to centennial time scales, and
which processes provide the most important
controls fora given ecosystern.

The shortcomings of the current under-
standing are apparent when trying to predict
the response of mineral soil carbon stores to
global warming. A good example is the debate
over the temperature dependence of decompo-
sition rates for different carbon pools (/7). In
general, fresh plant material decomposes
faster at higher temperatures (7). However, it is
less clear whether or how carbon stabilized on
mineral surfaces responds to temperature
changes. Conceptual models like that depicted
in the figure are too simplistic in treating pro-
duction and decomposition as separate rather
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than linked processes (/2). Changes in temper-
ature will influence all parts of the soil-plant
system; simple temperature functions may
provide a means to average across this com-
plexity, but are not likely to be useful for pre-
dicting responses outside observed conditions.
Progress will require temperature manipula-
tions of whole ecosystems, coupled with
observations of soil carbon and isotope fluxes
in concert with modeling (/3).

The most robust predictions of future soil
carbon change involve accelerated decompo-
sition of relatively fresh plant material that
persists because of flooding or freezing condi-
tions, rather than by interactions with miner-
als. For example, high-northern-latitude
regions that store vast amounts of carbon in
relatively undecomposed forms, and where
temperatures are rising faster than the global
mean, are predicted to become net carbon
sources to the atmosphere over the next cen-
tury, because decomposition rates increase
more than plant productivity does (/4).

Outside of these special cases, a number of
outstanding issues still limit our ability to pre-
dict soil carbon response. For example, plant
residues arrive in the soil with different ages
(years for leaves, centuries for tree stems).
Hence, the radiocarbon age of soil organic
matter is not merely a measure of the time
period organic matter spends in soils, which
may bias interpretations of its stability. Soils
are not well-mixed media, and the timing of

degradation and stabilization processes is also
regulated by the complex spatial distribution
of organic matter, microorganisms, and min-
erals (5). Sampling that integrates over that
spatial domain may mix very young and old
components to arrive at an average that is not
adequate for describing rates of response to
short-term change.

Most detailed studies of soil carbon age
and chemistry are conducted on small plots
for a few years, yet processes operating at
larger spatial scales over decades to centuries
(such as erosion, fire, nutrient deposition, or
vegetation change) may ultimately determine
the impact of soils on atmospheric CO,. For
example, fire-dominated Mediterranean and
boreal ecosystems accumulate surface litter
between burning events. Increasing burned
area in a given year can return carbon faster
to the atmosphere than it accumulates in
unburned areas, making the region a net car-
bon source (/5). Rapidly changing land-use
patterns, as observed in the tropics, can be
meore important for evaluating soil carbon bal-
ance than are the factors causing variable rates
of carbon loss or gain in an individual field
{16). Such landscape-scale processes are cru-
cial for the global carbon budget but are only
beginning to be addressed in field studies or
ecosystem carbon models.

Future progress will come from studies
that combine measures of microbial commu-
nity and activity, soil physics and chemistry,
and the structure, age, and chemical nature of
organic matter stored in and exiting soils.
These studies should not focus only on
improving models of the upper 10 to 20 co of
mineral soil at one location, but must recog-
nize that soil processes extend in three dimen-
sions, as deep as roots and across landscapes.
Continued changes in climate will ultimately
show how soil carbon will respond, but pre-
dicting changes would be the safer route given
the importance of soil organic matter in sus-
taining society.
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Cooling, Heating, Generating Power,
and Recovering Waste Heat with
Thermoelectric Systems

Lon E. Bell

Thermoelectric materials are solid-state energy converters whose combination of thermal,
electrical, and semiconducting properties allows them to be used to convert waste heat into
electricity or electrical power directly into cooling and heating. These materials can be competitive
with fluid-based systems, such as two-phase air-conditioning compressors or heat pumps, or

used in smaller-scale applications such as in automobile seats, night-vision systems, and
electrical-enclosure cooling. More widespread use of thermoelectrics requires not only improving
the intrinsic energy-conversion efficiency of the materials but alse implementing recent
advancements in system architecture. These principles are illustrated with several proven and

potential applications of thermoelectrics.

on technologies that can reduce ozone

depletion, greenhouse gas emissions, and
fossil fuel usage. Thermoelectric (TE) devices,
which are semiconductor systems that can directly
convert electricity into thermal energy for cooling
or heating or recover waste heat and convert it into
electrical power, are increasingly being seen as
having the potential to make important contribu-
tions to reducing CO; and greenhouse gas emis-
sions and providing cleaner forms of energy.

In this Review, I compare solid-state TE sys-
temns with more familiar mechanical providers of
heating, cooling, and electrical power generation,
such as air conditioners, refrigerators, heat pumps,
heat exchangers, and turbine engines. Both classes
of devices are similar in that they employ a work-
ing fluid—in TEs, this is electrical current, where-
as in conventional closed-system heat engines
steam or freon substitutes are the common work-
ing fluids. These classes have complementa-
ry regimes in which they can provide good
performance.

Solid-state energy conversion has great ap-
peal in terms of its simplicity as compared with
systems that must compress and expand a two-
phase (gas/liquid) working fluid. However, ex-
cept in a limited number of cases, the operational
efficiencies of TE systems have fallen short of the
targets needed for them to be used broadly.
Nevertheless, several commercial uses have been
realized, including thermal cycles for DNA syn-
thesizers, car seat coolerheaters, laser diode cool-
ers, and certain low-watlage power generators.
Successful applications have capitalized on the
small size of these devices, their robustness in
demanding environments, or their rapid response
time.

Two important pathways will lead to addition-
al applications for TEs. One will be improving the

B rtoad societal needs have focused attention

BSST, Irwindale, CA 91706, USA.
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intrinsic efficiencies of TE materials, and many
efforis are underway to accomplish this. Another
is to improve the way in which existing TEs are
currently used, which will be the main focus of
this overview.

Thermoelectrics As Heat Engines

TE devices are solid-state heat engines. Unlike
today’s air conditioners, which use two-phase
fluids such as the standard refrigerant R-134A,
TE devices use electrons as their working fluid.
Figure | demonsirates the principal effects that
govern their performance.

In 1834, Peltier observed that if a current is
applied across a junction of dissimilar electrically
conductive materials, either heating or cooling can
occur at the junction. When the current is re-
wversed, the opposite effect is observed. Figure 1A
illustrates why this occurs. Electric cumrent is
propagated by electrons in n-type materials and
by holes (traveling in the opposite direction) in
p-type materials, be they semiconductors, metals,
or semimetals. If voltage is applied in the right
direction across a p-n junction, electronhole
pairs are created in the vicinity of the junction.
Electrons will flow away from the junction in the
n-type material, and holes will flow away in the
p-type material. The energy to form them comes
from the junction region, cooling it. On the
opposite end, electrons and holes stream toward
junctions where pairs recombine. This process
releases energy and heats the junctions. At the
bottom of Fig. 1 is a typical TE module, con-
figured so that all junctions on one side heat and
those on the other side cool.

In 1821, Seebeck noticed that the needle of a
magnet is deflected in the presence of dissimilar
metals that are connected (electrically in series
and thermally in parallel) and exposed to a tem-
perature gradient. The effect he observed is the
basts for TE power generation. As shown in Fig.
1B, if the junctions at the top are heated and those
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at the bottom are cooled (producing a temper-
ature differential), electron/hole pairs will be
created at the hot end and absorb heat in the
process. The pairs recombine and reject heat at
the cold ends. A voltage potential, the Seebeck
voltage, which drives the hole/electron flow, is
created by the temperature difference between
the hot and cold ends of the TE elements. The net
voltage appears across the bottom of the TE
element legs. The Seebeck effect forms the basis
of the operation of TE couples (thermocouples)
used ively in ter

systems. Electrical connections can be made from
the TEs to an extemal load to extract power.

In order for this process to be efficient, it is
necessary to find materials that are good electric
conductors, otherwise electron scattering gener-
ates heat on both sides of the barrier and through-
out the materials. Also, the materials must be
poor thermal conductors, otherwise the temper-
ature difference that must be maintained between
the hot and cold sides will produce large heat
backflow. Similarly, the Seebeck effect should be
‘maximized. Optimization of these three parame-
ters is compromised because all three are affected
by the electronic properties of the materials. Be-
cause the working fluid (electrons) conducts un-
wanted heat as well as electric current, and the
Seeheck effect decreases as the electrical con-
ductivity increases, it is necessary to optimize
these properties simultaneously (/). The highest
performance is achieved with heavily doped semi-
conductors, such as bismuth telluride or silicon
germanium. Finally, for semiconductors, it is de-
sirable to have a base material that can be both
p- and n-type-doped, so that the same material
system can be used an both sides of the junctions.

It is usefu! to compare the electrical current as
a working fluid with the gasliquid two-phase
fluids in conventional air conditioners. The key
difference that allows a refrigeration system in a
building to achieve up to 60% of the maximum
thearetical effictency (as compared with 12% for
TEs to date) is that cooling and heat-rejection
componenis can be physically well separated,
and large temperature differences do not lead to
the high heat backflow that penalizes efficiency
in TE systems.

Practical Thermoelectric Devices
In a working TE device, segments of p-type- and
n-type-doped semiconductor materials, such as
suitably doped bismuth telluride, are connected
by shunis to form an electric circuit. The shunis
are made of an excellent electrical conductor, such
as copper. A voltage drives a current through the
circuit, passing from one segment to another
through the connecting shunts. For determining
flici this ion is equivalent to the
electrons passing directly from one TE material
to the other. Conventional TE cooling/heating
modules are constructed of pairs of TE segments,
rtepeated about 100 times, and organized into ar-
rays like the one shown in Fig. 1. When current
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flows within the module, one side is cooled and
the other heated. If the current is reversed, the hot
and cold sides reverse also. The geometry for
power generators (Fig. 1B) is conceptually the
same. In this case, the top side is connected to a
heat source and the bottom to a heat sink. TE
power generators often are similar in physical form
to cooling modules except that fewer taller and
thicker elements are used.

A figure of merit, Z7, expresses the efficiency
of the p-type and n-type materials that make up a
TE couple. The parameter Z is the square of the
Seebeck valtage per unit of temperature, multi-
plied by the electrical conductivity and divided
by the thermal conductivity, and T is the abso-
lute temperature. In today’s best commercial TE
cooling/heating medules, Z7'is about 1.0, and in
air-conditioning applications is about one-quarter
as efficient as a typical conventional system, such
as one that uses R-134A. Ideal TE system ef-
ficiency increases nonlinearly with Z7, so that to
double efficiency, ZT has to increase to about 2.2,
To achieve a fourfold increase (to equal the effi-
ciency exhibited by today’s two-phase refriger-
ants), ZT'would need to increase more substantially
to about 9.2.

A Cooling/heating
(Peltier effect)

Heat absorption (cooling)

.
N P
A —

Heat rejection (heating)

To maximize power-generation efficiency, ZT'
should be as high as possible, and the temper-
ature differential between the hot and cold sides
should be as large as possible. The material prop-
erties that make up Z vary with temperature, so
that materials exhibit optimum performance over
arelatively narrow temperaure range. As a result,
in order to maximize the efficiency of power-
generation modules, individual TE elements are
usually formed from two and sometimes three
different TE materials laminated together in the
direction of current flow to form segmented ele-
ments. Each TE material in the laminate structure
is chosen to have superior performance over the
range of its temperature exposure (2). For effec-
tive waste heat recovery from vehicle exhaust (an
operating condition with about a 350°C temper-
ature differential), the efficiency needs to be about
10% and the corresponding average ZT should be
about 1.25 to increase mileage up to 10%. For
primary power generation, the net efficiency needs
10 be about 20% and have an avcmge Z’I’ot I 5 or
greater (at an 800°C tex

principal reason is that efficiency has been too
low to be economically competitive. Use in large-
scale air conditioners for homes and commercial
buildings falls into this category. Besides low
efficiency, a second reason is that the cost of
traditional TE modules per watt of cooling, heat-
ing, or power generation has been too high to
allow the displacement of existing tmhmlogm,
with the of those few appli

which the heneficial characteristic of being sulld
state outweighs cost and performance limitations,

A lack of design knowledge and design tools has
created yet another barrier to broader usage. In
part, this is to be expecied because the technology
has a legacy of low efficiency and high cost, and
the small number of applications has limited the
development of commercially designed software.

Improving Performance

In 1993, the U.S. govemnment’s Office of Naval
Research and Defense Advanced Research Proj-
ects Agency asked interested researchers to pro-
pose p to improve Z7T for cooling and

Given that the merits of solid-state energy
conversion are easily understood and accepted,
why are TE devices not more broadly used? The

B Power generation
(Seebeck effect)

Heat input

N P
M

Heat removal

N-type semiconductor pellets

/ P-type

semiconducior
pellets

Pesitive (+)

Negative {-)

Fig. 1. TE heat engines. (A} When current is run across a TE junction, it heats or cools through the Peltier
effect, depending on the direction of the current flow. (B) When heat flows across the junction, electrical
current is generated through the Seebeck effect. (C) Practical TE generators connect large numbers of
junctions in series to increase operating voltage and spread heat flow.
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heating applications (3). A specific interest was to
determine whether the then-emerging nanotech-
nelogy and its potential quantwn-scale synthesis
could lead 10 new superior TE materials. In 1993,
Hicks and Dresselhouse published a theoretical
mode! predicting the effect on ZT of confining
electrons to two-dimensional quantum wells (4)
They calculated that the Secbeck coefficient could
be increased and the thermal conductivity could
be suppressed. The promise of this concept and
other ideas from within the TE community led the
US. government to fund several innovative ap-
proaches in the mid-1990s. This initiative set in
motion a substantial increase in both theoretical
and TE material developmental research. By 2001,
‘Venkatasubramanian of Research Triangle Institute
amnounced achievement of a room-temperature ZT'
of about 24 for a nanoscale structure made by al-
temating layers of two TE materials that both en-
hanced the Seebeck coefficient and suppressed
thermal conductivity (5). The next year, Harman of
Lincoln Laboratory published results claiming a
ZTofup to 3.2 at about 300°C for a material with
nanoscale inclusions that dramatically reduced
thenmal conductivity (6). In 2003, Kanatzidis at
Michigan State University led a team in the devel-
opment of a complex bulk tertiary material with
aZTof at least 1 4 at 500°C (7). Recently, Heremans
at Ohio State University and an intemational team
claimed reaching a ZT of 1.5 at S00°C (8). Despite
these promising results, efficiency gains at the de-
vice level have yet to be demonstrated. The scaling
of the nanomaterials has proven to be quite difficult
and is still in the development stage. The bulk ma-
terial has yet to be made commercially available.
The theoretical and nanoscale experimental
resulis led to increased interest in pursuing appli-
cations enabled by the promised material advance-
‘ments. At the same time as the material gains were
forthcoming, attempts were made 1o identify other
oppartunities to achieve system-level performance
gains. In total, four sources for these opportunities
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can be identificd. The first is an ohvious one: In-
crease the material Z7. The second is to look to con-
timuous improvement in design optimization and to
reduce parasitic losscsbyumngnammdmamlma—
ferials in device fabrication. These lead
1o efficiency gains of up to 25%; the potential for large
pgains is limited because most early uses of TE de-
vices were for actospace applications and great ef
forts had already been devoted to design optimization.

A

Conditioned
air

ﬂﬂﬂm@"

The system is suited for use with a working
fluid, such as air and water. Flow patiems are
similar to those of counterflow heat exch

REVI

parasitic losses from the electrical connections
(shunts) between TE elements than does the tra-
ditional shown in Fig. 3A. Maxi-

However, in this case, the heat transported from
one fluid to the other is modified by tll:TE mgms

‘mum benefit occurs if the stack design is used in
cmnhmauon with a reduction in 'he electrical

at the TE- ialish

as it passes through the system. In cooling/h

mode, the TE elements boost the heat quality so
that one of the opposing fluid streams is heated
and the other is cooled. For the conditions il-

Waste heat

Ambient air
input

E
engines

sngm s

Fig. 2. Thermodynamic cycles. By optimizing each element along the thermal gradient, the engine
resembles a gas turbine engine (the high-efficiency Brayton cycle) rather than the less efficient diesel cycle,
in which the temperature and pressure canditions of every element (TE junction or combustion cylinder) are
the same. This approach is shown for heating and cooling in (A) and for power generation in (B).

The third is 1o determine whether alternative
thermodynamic cycles could be used to improve
efficiency. In thermodynamic terms, each p and n
TE couple (Fig. 1) isa separate heat engine and, in
principle, could operate independently of the other
engines that make up a TE device. If each engine
could operate optimally (that 1s, at the ideal temper-
ature and current), system-leve] efficiency could
increase. The analog is to compare the efficiency
of two common heat engines that bum oil. In a
diese! engine, each cylinder is an independent heat
engine, but all cylinders operate at the same tem-
perature and pressure conditions, the diesel cycle.
The engine delivers about 30 to 45% efficiency. In
contrast, in a rbine engine, such as is used in mu-
nicipal electric power—generation syslems, every
stage of the compressor and expansion sections
operates optimally for the working-fluid conditions
at each point. This s a regenerative Brayton cycle,
and efficiency in modem systems is about 60 to
65%, nearly double that of the diesel cycle. We
developed a cycle analogous to the Brayton cycle,
in which the TE engines are arranged as shown in
Fig 2A (9).
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lustrated, the efficiency can be about double that
of a single module operating with all elements at
the same temperature (/0). Figure 2B shows a
similar geometry operating in power-generation
maode. In this case, system efficiency gains are
about 30% greater than those of TE heat engines
in which the incoming working fluid is com-
busted without being preheated by the waste side
of the TE array (/). The cycles can be combined
with higher-ZT materials to compound the per-
formance gains.

The fourth opportunity comes from the real-
ization that there is no length scale in the equa-
tions that determines the efficiency of a TE engine.
Thus, the amount of TE material used in the con-
struction of a perfect, theoretically lossless TE
engine is arbitrary. In real devices, system per-
formance does degrade as the device is made
smaller, because the relative impact of parasitic
clectrical and thenmal-loss mechanisms increases
as size decreases. Also, manufacturing tolerances
and electrical isolation requirements place prac-
tical limitations on device size. An altemative
stack TE configuration in Fig. 3B has lower
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Other parasitic losses tend to increase when less
TE material is used, so TE material volume can be
lowered to the point where the benefits of the re-
duced resistance inherent in the stack geometry
exqual the increased losses from other sources. Under
many practical operating conditions, the weight of
TE material used can be reduced by a factorof 6to a
factor of 25 (/2). By employing the design tech-
nology behind this configuration, TE materia! costs
for high-capacity systems are generally much lower.
For example, TE ceoling and heating systems with
the traditional configuration are cost-competitive up
1o about 400 thermal watls of output, but increases
o about 4000 W with the stack design. Power gen-
erators have been restricted to uses in harsh, remote
environments where reliability justifies higher
costs. With substantial reductions in TE material
usage, a broader spectrum of commercial applica-

tions becomes economically viable.

Present Applications
TE-powered devices have been in production since
the bismuth telluride-based room-temperature
materials were developed in the late 1950s. As
‘with many innovative technologies that offer new
functionality (in this case, refrigerators and heat
engines the size of matchboxes), military applica-
tions developed first. TEs are used to produce —80°C
ftemperatures to operate the sensors in infrared
imaging systems for heat-seeking missiles and
night-vision systems. The development of silicon
germanium  high-temperature power-generation
materials led directly to the production of heat
engines for space applications with no moving
parts that could operate in the absence of sunlight.
Solar cells, another type of heat engine, are effective
and can be used as far as the orbit of Mars, but
beyond that distance the solar radiant flux is not
adequate to power spacecraft. All power sources
for U.S. and former-USSR deep-space probes have
used TE heat engines o convert heat generated by
nuclear fissile material to electricity (/3).
More-recent applications take advantage of
lowered costs and greater yields made possible
by adopting semiconductor manufacturing pro-
cesses for fabricating TE materials and devices.
TE-powered devices are now in mass production
for cooling, heating, and temperature-control appli-
cations in several important markets. Miniature
TE modules keep laser diodes at constant temper-
ature 1o stabilize operating wavelengths (14). Bio-
logical assaying has been revolutionized by the
develapment of polymerase chain reaction (PCR)
systems, and PCR systems use TE devices to
thermally cycle microliter quantities of enzymatic
reactions through exact series of temperature cycles
(15). The process is used to muliply specific
sequences of DNA material for analytical testing
purposes.
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Climate-control seat (CCS) systems have been
developed to provide rapid seat cooling in the
summer and equally fast heating in the winter
(16). The CCS is being installed in more than
500,000 vehicles a year. Tt increases passenger
comfort and is beginning to be used to provide a
degree of comfort when the vehicle engine is off.
Fuel consumption is reduced in hybrid vehicles
in hot driving conditions because the engine can
be tumned off when the vehicle is coasting, braking,
or stopped.

Portable beverage and picnic coolers were an
early commercial application that combined the
small size, light weight, and electric operation that
characterize TEs to open a new market for ice-free
portable cooling systems (/7). Product offerings
have since expanded to include coolers that are
quiet and vibration-free. ley have proven pop-

circuits allow and hence create a hazard, which
now can be averied while giving the user added
heating power and the benefits of cooling.
Microprocessor electronic TE-based cooling
systems have seen limited application as add-ons
10 boost personal-computer clock speeds. Present
TE systems do not demonstrate sufficient per-
formance gains for acceptance by the general
personal-computer market. However, TE cooling
of small electronic enclosures, such as those used
10 cool the various low-power computer boards
that contro! industrial equipment, is efficient and

cost-effective. The systems have a long history of

successful (if limited) application where reliabil-
ity is eritical and cooling capacity can be limited
10 less than 1000 W (19).

Present TE power-generation systems have
been limited to uses for which their durability and

ular for replaci ditional

Vapor-comp
refrigeration in wine-storage cabinets, hotel room
mini-refrigerators, and office water coolers

Traditional

N P

Current and heat flow
in the same general
vertical direction

Long current path
through shunts

Tall, narrow TE elements

e-free operation dominate other per-
formance criteria. Examples of important uses are
power for remoate data communication systerns for

Current flows vertically
and heat in a general
herizontal direction

Very short current path
through shunts

Short, wide TE elements

Fig. 3. Alternative TE junction geometries. (A) A traditional junction. Current and heat flow in the same

general direction, and there is a long current path through shunts and tall narrow TE el

As higher-ZT" materials become available, they
should be able to be incorporated into existing TE
designs with relatively litlle modification. Per-
formance will be enhanced for all of these uses to
the extent that conventional devices can be re-
placed with no operating-cost increase, However,
the most exciting prospects for TE technology are
that new uses will be enabled that have beneficial
impacts on the environment.

If the average ZT reaches 2, room, home, and
commercial solid-state heating, ventilating, and
air-cooling systems become practical. The sys-
tems would replace R-134A, which has a green-
house gas equivalence of 1430 times that of CO,
(21, with electric current as the working fluid.
Not only would the systems have zero CO, equiv-
alency from leakage and refrigerant disposal, but
they would have exceptional heat-pumping per
formance, so that if the source of electrical power
were green, fossil fuel usage would be eliminated
in the winter as well.

Recently published review articles give a com-
prehensive overview of trends and accomplish-
ments in TE matedal developments (22-25).
Other recent publications claim gains in bulk
material ZT'of up to 40% (26) and advancements
in nanostructured silicon (a poor TE materal in
bulk form) to performance levels at the nanoscale
on par with those of today’s best commercial ma-
terials {27, 28). Several of the new TE materials
are grown as 5- 1o 30-um-thick films (5, 6, 29, 30).
Standard semiconductor fabrication methods are
used to form these materials into arrays of sub-
‘millimeter couples. The resulting devices exhibit
thermal response times as short as 20 ps and can
cool, heat, or generate electric power. In addition
1o integrated circuit hot-spot cooling, these prop-
erties suggest possible new applications requiring
temperature change for function, such as fast DNA
analysis on a nanoliter scale, continuous envi-
tonmental or hazard assaying, real-time monitor-
ing of complex biological processes, and control
and power supplies for remote-sensing systems.

Because of their ruggedness, portability, and
ready ability to be electrically powered, TE sys-
tems shnuld provide more-efficient and better-

ts. (B) Astack

junction. The current flow is perpendicular to the heat flow, the current path is minimized through shunts,

and the TE elements are short and wide.

Personal temperature-control systems that pro-
vide cooling as well as heating for the office envi-
ronment have also come onto the market. A desktop
unit uses the high-efficiency thermodynamic
cycle to condition a person’s immediate environ-
ment while keeping input electrical power to that
ofa personal computer and within industry limits
for power consumption by office furnishings and
electrical outlets (/). For this and many other
applications, the TE systems, when used in the
heating mode, operate as heat pumps and not sim-
ply as resistive heaters. Efficiency is about two
and a half times that of the traditional office re-
sistance heaters. Usually, traditional heaters draw
more electrical power than the ratings for cubicle
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oil and gas pipelines, polar weather station power
generators, and cathodic protection for oil drilling
platforms (20). TE generators are chosen for these
applications because of their proven reliability
({often maintenance-free operation for 20 vears),
durability under extreme conditions, and very lit-
tle if any performance degradation over their
operating life.

Future Applications

The separate technological advances in materials,
cycles, and power density can be combined read-
ily 1o compm.md benefits. More-efficient cych:e

nperature control in vdmlcsofmmy
typcs mncluding cars, trucks, trains, and aircraft.
The advantages, in addition to eliminating un-
friendly refrigerants, would again be that the very
efficient cooling and heating would be contained
in the same package and operate with the same
controls. At a ZT of 2, cooling and temperature
control of microprocessors, communications cir-
cuitry, electro-aptical systems, and other electronic
components become atiractive. The clock speed
and operating life of many chip circuits decreases
rapidly with increased temperature, so that ef-
fective thermal management becomes beneficial
on several counts (3/)
Average ZT in the range from 1.5 0 2 would
enable substantial waste-heat harvesting and
pmnary power gmeraunn applications. Various

are coming into use in automotive, el en-
closure, and personal climate-control applications.

are underway
m lhc United Slalcs and Japan 1o increase vehicle
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mileage by converting a fraction of the heat in the
exhaust systems of trucks and cars to electric
power (32, 33). The power would be available to
drive power steering, brakes, water pumps, turbo-
chargers, and other vehicle subsystems electri-
cally. Less electrical power would need to be
produced by the alternator, which has efficiency
losses caused by the load these subsystems put
on engines today. On average, the electrical sub-
systems weigh less and can be positioned more
favorably in the vehicle away from the engine, so
that secondary but still important system-level
gains occur. All of these factors combine to im-
prove mileage and reduce costs. Estimates vary
depending on the degree of system integration
and on driving conditions, but the U.S. Depart-
ment of Energy target of 10% fuel reduction
appears to be within reach at these higher ZT°
levels (34).

Gains of about 5 to 10% would be possible in
diesel-powered cogenerators that are becoming
widely used for onsite power generation in de-
veloped countries and for 5000- to 20,000-W
primary generators in developing countries. In
another proposed cogenerator concept, the solar

is split into shorter wavelengths that
yield high photovoltaic-conversion efficiency
and longer wavelengths that heat a TE generator
(35). Recent studies by Pacific Northwest National
Laboratory suggest that industrial waste-heat
recovery in aluminum smelting, glass manufac-
ture, and cement production is practical at a ZT°
of 2 (36). At the same ZT, it appears possible to
replace small intenal combustion engines such
as those used in lawn mowers, blowers, and
small outboard motorboats with external com-
bustion TE engines.These engines would be very
quiet and nearly vibration-free. They could bum
a wide spectrum of fuels, such as propane, bu-
tane, liquified natural gas, and alcohols, and
‘would not necessarily depend on fossil oil as a
fuel source.

Qutlook

Until recently, TE technology has languished de-
spite the astonishing gains made in electronics,
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photonics, and other solid-state fields. Now, 15
years afler U.S. government initiatives spurred
resurgence in TE research, substantial progress is
evident. More-efficient thermodynamic cycles
and designs that reduce material costs are coming
into commercial production. If the final enabling
advancement, higher ZT'in TE materials, is real-
ized, gas-emission-free solid-state home, indus-
trial, and automotive air conditioning and heating
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providing
electrical power without buming additional fossil
fuel. The question is, Is TE technology on a path
1o overcome the historic limitations of low ef-
ficiency and high cost per watt of power con-
version that have limited its applications in the
past? If so, TE solid-state heat engines could well
play a crucial role in addressing some of the
sustainability issues we face today.
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A Mutation in Hairless Dogs Implicates
FOXI3 in Ectodermal Development

Cord Dragemiiller,” Elinor K. Karlsson,? Marjo K. Hytdnen, > Michele Perloski,? Gaudenz Dolf,*
Kirsi Sainio,” Hannes Lohi," Kerstin Lindblad-Toh,* Tosso Leeb*

exican hairless dogs (xoloitzcuintles)

were considered sacred by the Aztecs,

and statues of the dogs date back 3700
years, Hairless dogs were described as Canis
aegypiius by Linné (/). The phenotype of hair-
less dogs is now classified as canine ectoder-
mal dysplasia (CED) because these dogs have
missing or abnormally shaped tecth in addition
to a hair coat that is sparse or absent (Fig. 1).
CED is inherited as a monogenic autosomal
semidominant trait (2) linked to chromosome 17
(CFA 17) (3) in Mexican and Peruvian hairless
dogs and in Chinese crested dogs. Heterozygous
dogs are hairless, and homozygous mutanis die
during embryogenesis.

The spontaneous CED mutation offers an op-
portunity to gain further insights into the devel-
opment of ectodermal appendages such as hair
and tecth. Mulations in the EDA, EDAR, and
EDARADD genes of the ectodysplasin signaling
pathway produce a closely related phenotype
called anhidrotic ectodermal dysplasia. Anhidrot-
ic ectodermal dysplasia is characterized by the
absence of hair, dentition abnormalities, and al-
ferations in certain exocrine glands, the latter fea-
ture seen not at all or less severe in CED (4).

We used genomewide association mapping
(%) to identify the causative genetic mutation {6).
One single-nucleotide polymorphism (SNP) on
CFA 17 showed strong association with the

hairless phenotype. Haplotype association testing
revealed an 8-SNP, 160-kb haplotype with per-
fect phenotypic concordance. We fine-mapped the
associated haplotype in a larger set of Chinese
crested dogs along with Mexican and Peruvian
hairless dogs. The mutant chromosomes of all
hairless dogs from the three breeds shared iden-
tical marker alleles in a 102-kb interval between
positions 41,045,331 and 41,147,100 on CFA 17
©®.

In this region of the dog genome (CanFam2.0},
only two genes were predicted, including a dog-
specific p d pseud with a d
open reading frame. The other predicted gene,
LOC483075, showed homology to the forkhead
box (FOX) transcription factor gene family. In
‘mammalian genomes, this family consists of about
50 members encoding several important regula-
tors of development.

The dog genome assembly contains a gap in
the region of the first exon of LOCA483075, and
we determined the complete sequence of this re-
gion (6). The resultant previously uncharacterized
gene showed highest similarity o the mouse Foxi3
gene (LOC232077), and we propose the symbol
FOAXT3 for the dog gene (7). A human FOXT3 gene
with conserved open reading frame can be found in
Celera’s human genome assembly, whereas a pu-
tative sequencing error is present in the extremely
GC-rich paris of the human reference assembly

ey "Bpro ¥pro Dpro “Ala ZAla Pala PAla Baa

st

CTGCCCCCGCCCGCCGCCGOCGCCBCC

[l . I
ALUALNA

CTGCCCCCGCCCGCC

GCCGCCGCCGCC wt
GCCGC mut

Fig. 1. Phenotype and FOX/3 sequences of a (A) coated (wild-type, wt} or (B) hairless Chinese crested
(mut) dog. Hairless dogs have a 7-bp duplication (underlined) in exon 1 of FOXIZ (<57 63dup7).
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(build 36.3). To examine whether FOXI3 might be
a reasonable functional candidate gene for CED,
we analyzed its expression in mouse embryos.
‘Whole-mount in situ hybridization experiments
revealed highly specific expression of Foxi3 tran-
scripts in the epithelium of the hair and whisker
placodes and developing teeth, consistent with a
functicnal role for the gene in the development of
these organs (6).

Sequence analysis of the FOXT3 gene in hair-
less and coated Chinese crested dogs revealed a
7-bp duplication within exon 1 (Fig. 1) that pro-
duces a frameshifi and a premature stop codon.
‘We found perfect concordance of the duplication
with the CED phenotype in 140 hairless dogs
from the three studied breeds. The duplication
was absent from 55 coated animals from the
studied breeds and 32 coated dogs from 19 other
breeds (6). Although it is unclear whether the
‘mutant protein is actually expressed, with more
than 95% of the normal FOXI3 protein missing,
it is unlikely that the mutant protein is functional
Any mutant protein produced will contain 218
altered amino acids and could potentially inter-
fere with normal cellular function in a dominant-
negative mechanism. However, we think the most
likely explanation for the CED phenotype in hair-
less dogs is haploinsuffiency of FOXI3 caused
by the 7-bp duplication. According to this hypoth-
esis, a complete lack of FOXI3 in homozygous
mutants causes the embryonic lethality.

‘We speculate that FOXI3 is a do tar-
get of the ectodysplasin signaling pathway. This
study illustrates how the extreme morphological
diversity of dogs can be hamessed to gain new
insights into developmental biology.
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Enhanced Sensitivity of Photodetection
via Quantum lllumination

Seth Lloyd

The use of quantum-mechanically entangled light to illuminate objects can provide substantial
enhancements over unentangled light for detecting and imaging those objects in the presence of
high levels of noise and loss. Each s1gnal sent out is entangled with an ancilla, which is retained.

Detection takes place via an

1ent on the

g signal together with the
wrch m bits of

ancilla. This paper shows that for f

ction, quantum i

an in principle increase the effectwe ﬂgnal to-noise ratio by a factor of 2", an exponential

over

he conventional way to detect the pres-

ence of an object is to shine light in its

direction and to see whether any is re-
flected back. If the object is far away, only a small
percentage of the light will be reflected o0 a
detector. If the object is immersed in noise and
thermal radiation, then whatever light is reflected
must be distinguished from the noisy background.
In the case of quantum bits, it is known that the
sensitivity of estimation processes can be en-
hanced by entangling a signal qubit with an an-
cilla and by making an entangling measurement
on the returning qubit together with that ancilla
(1-3). Entanglement and squeezing are known to
enhance various aspects of amplification and im-
aging (4-6). This paper shows that entanglement
can in principle give an enhancement of sensitiv-
ity for photon counting. For example, the photons
can be entangled via frequency, as in the output
from a spontaneous parametric downconverter.
The intuition is that, if the signal is entangled
with an ancilla, then it is harder for noise to
masquerade as the returning signal. This intuition
tums out 1o be comrect, even though noise and loss
completely destroy the entanglement between
sngna} and ancxlla at the detector. In fact, the

i d enl nent holds only
in the presence of noise and loss. This resistance
to noise and loss stands in stark contrast with ex-
isting methods that use entanglement to enhance
the precision of measurement, where noise and
loss rapidly destroy any enhancement [for a re-
view uf such mﬂhuds see (7)]. Moreover, the
of sensitivi-
ty is substantial: [l grows exponentially with the
number of bits of entanglement between signal
and ancilla.

This paper presents the simplest possible
mathematical treatment of quantum il lumination,
where signal and ancilla consist of individual
photons. The entangled states used correspond to
the single-photon sector of the output of a para-

V. ML Keck Center far Extreme Quantum information Process-
ing (xQIT}, Department of Mechanical Engineering, MIT3-160,
Cambridge, MA 62139, USA. E-mail: slloyd @mit edu
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p ion. The
and loss are so great that no entanglement survives at the detector.

persists even when noise

metric downconverter, and the measurements
required can be performed by upconversion.
Two models are analyzed, one a low-noise
‘mode! and the other with high levels of noise:
Both exhibit exponential enhancement of
sensitivity. Multiphoton signals and ancillae that
exhibit coherence between states with different
photon number are likely to surpass the bounds
derived here.

Suppose that a single photon is sent at the
object to be detected. If the object is not there, the
signal received at the detector consists only of
thermal and background noise. Even if the object
is there, the majority of time the photon is lost,
and again only noise is received. Once in a while,
however, the photon is reflected back in a per-
turbed form. The dynamics corresponding to this
situation can be modeled as beam splitter with
reflectivity, ), that mixes in the vacuum with the
signal state, followed by thermalization, which
injects noise with average photon number, b, into
each optical mode (e.g., frequency or polariza-
tion). No object comresponds to a beam splitter
with 1 = 0. The presence of an object corme-
sponds to a beam splitter with a very small non-
zero reflectivity,

To make the analysis tractable, the following
simplifying assumptions are made. In the first
‘model analyzed here, the number of noise pho-
tons per mode is taken to be small: b << 1. This
scenario corresponds, for example, to single pho-
tons in the optical regime directed at a distant
target that is bathed in thermal radiation at tem-
perature significantly below optical energies. The
detector can distinguish between d modes per
detection event: d = WT, where W is the band-
width of the detector and T'is the temporal length
of the detection window. The time window for
detection is sufficiently small that at most one
noise photon is detected at a time, e, db << 1.
Additional, nonthermal noise can be tolerated as
well, as long as fewer than one photon arrives per
detection event. These assumptions, small reflec-
tivity and small munbers of noise photons, are
made for ease of analysis only. Quantum illu-
mination can also work in the presence of high
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numbers of noise photons and high detection
rates. In the second noise model analyzed be-
low, arbitrarily high amounts of noise can be
tolerated.

First, consider the case of unentangled light.
Send a single photon in the state p toward the
region where the object might be. The two dif-
ferent dynamics corresponding to object there
and object not there are as follows (§):

Case (0), object not there: p— pp@...@py,
where p;, is the thermal state of a mode with &
photons on average, and & is the tensor product
Because the average number of photons bd
received per detection event is much less than
1, the thermal state can be approximated as

d

po = (1= db)|vac)(vac| + bt):x |k)k|  (1a)
Here, |vac) is the vacuum state of the modes, and
|k} is the state where there is a single photon in
mode & and no photons in the other modes. Be-
cause | Py~ ps@...p5 1 = (@)’ + O(dh)’], the
exact thermal state can be safely replaced by ppas
long as we are evaluating the expression to lowest
order in db

Case (1), object there: p— (1= n)py +npy,
where py, is the thermalized version of p. It is
straightforward to verify that ||p— pg|; = db +
O[(db)*]. Accordingly, if we are not interested
in terms of O(ndb), then we can safely approx-
imate (1=n)pg + NPy, as

p—py =(1- (Ib)

Now repeatedly send single photons in the
state [y) to detect presence or absence of the
object. The single-shot minimurn probability of
error is obtained by projecting onto the positive
part of p; —pg [see (/-3) for a treatment of dis-
crimination between different dynamics in the
case of qubits]. This measurement consists sim-
ply of verifying whether a retuming photon is in
the state Jy) or not. If the measurement vields a
positive result, then we guess that the object is
there. If the result is negative, then we guess that
the object is not there. The conditional probabili-
ties of the outcomes “yes™ and “no™ given the
presence or absence of the object are

p(no|not there} = 1 - b
plnolthere) = (1 B)(1 -

Py +Mp

plyes|not there) = b

plyes|there) = b(1 -} +n @
If we iterate the optimal single-shot measure-
ments, Eq. 2 determines the number of trials re-
quired to reveal presence or absence of the object.
The number of trials required depends on the ra-
tion/b. If /b > 1, then a received photon is more
likely to be a signal photon than a noise photon:
the signal-to-noise ratio is preater than 1. We'll
call this the geod regime. In the good regime, the
number of trials required to detect the object, if
there, goes as ((1/m): one simply sends photons
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until one receives one back. If the object is there,
then one receives a photon back considerably be-
fore one would expect a photon given thermal
photons alone.

Similarly, if /b < 1, then a received photon is
more likely to be a noise photon than a signal
photon: The signal-to-noise ratio is less than 1.
We'll call this the bad regime. In the bad regime,
most of the photons received are noise photons.
Here, one must count photons until one can sep-
arate the thermal distribution with & photons on
average from the distribution when the object is
there, which has b + v photons on average. By
using the usual formulac for sampling the out-
comes of Bemoulli trials, one finds that it takes
O(8m7%) photons on average to distinguish be-
tween presence or absence of the object in the
bad regime.

These estimates of the number of trials re-
quired to distinguish between the presence and
the absence of the object are just lower bounds
because they come from iterating the optimum
single-shot measurement. The true asymptotic
limit on the number of trals is given by the
quantum Chemoff bound (9, 16). The quantum
Chemoff bound for photocounting is calculated
in (/1) and confinns that the iteration of the
single-shot measurement is indeed optimal.

The error probabilities for detecting presence
or absence of the object do not depend on the
number of signal and detector modes, d. The num-
ber of modes doesn't matter because all modes
other than the one in which the photon is sent are
in a thermal state. These other modes give us no
information about the presence or absence of the
object. To detect the object, we need only mon-
itor the mode in which we sent the photon to see
whether more than the expected number of pho-
tons come back.

Now lock at the effect of entanglement on our
ability to detect the object. Construct the entangled
state [ydsa = (1/v/d)Txlk)s|k)a for signal pho-
ton and ancilla photon and send the signal photon
to toward where the object is likely to be. This
state can be created, for example, by taking the
output of a spontaneous parametric downconvert-
er in the low-photon number regime, matching its
time-bandwidth product to the time-bandwidth
product of the detector, and selecting out the one
signal photon/one idler photon sector [photo-
detection at the receiver automatically post-
selects this state (11)]. The signal photon is sent
off, and the idler photon is retained as the
ancilla.

The two different dynamics comresponding to
object or no ohject now take a different form be-
cause the state of the ancilla must be included. If
the signal photon is lost, the ancilla photon goes
to the completely mixed state:

Case (0), object not there:

I
[Wsalyl = Psao = P @ 7 =

[(1—db)|vac)s (vac| + bls| ®%+ o) (3a)
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Case (1), object there:

Psao + MWhsalyl +
{3b)

[Whsa (wf = psar = (1-
O(5,mb)

Here Is and I, are the identity operators on the
single photon Hilbert spaces for the system and
ancilla, respectively. As before, the single-shot
‘minimum error probability is obtained by project-
ing onto the positive part of {pgq1 — psao), which
in tum simply corresponds to determining wheth-
er any returning photon is in the state y)g,.
Ma]n.ug the opumal sm.glcihut masurement

and g the ional error probabili
for the entangled case yields
pe(no|not there) = 1 - g,
b,
punofibere) = (1= (1 -1)
b
Pe(yes|not there) = —
b
Polyesfthere) = (1-m =5 +n (4

Comparison with the unentangled case, Eq. 2,
umnnd.m:ly reveals that the effect of u:manglc-
ment is to reduce the effective noise from b to
b/d. This reduction reflects the fact that in the
entangled case a noise photon together with the
fully mixed ancilla is @ times less likely 1o be
confused for a signal photon entangled with the
ancilla than a noise photon is likely to be con-
fused with a signal photon in the unentangled case.
Entanglement reduces the effective signal to noise
by a factor of &. Again, the single-shot minimum
emor probability for the entangled case can be
shown fo coincide with the asymptotic mini-
‘mum error probability by evaluating the quantum
Chemoff bound (11).

Comparing the error probabilities for entan-
gled states, as given by Eq. 4, with those for
unentangled states, Eq. 2, we see that there are
once more two regimes. The good regime now
occurs when nd/b > 1. In the good regime, it once
again takes €X1/m) trials to determine whether the
object is there. Comparing the entangled case to
the unentangled case above, we see that the
number of trials is the same in the good regime in
both cases, but the good regime extends d times
further in the entangled case than in the un-
entangled case, where the good regime occurred
ford/b > 1

The extension of the good regime via the use
of entangled photons can be understood as fol-
lows. As before, the quantum Chemoff bound
analysis given in (11) shows that the optimal
detection strategy is o measure any incoming
photon together with the ancilla to see whether
the two photons are in the state |y)sa. If the
photon that returns is the signal photon, then it
will pass the test. If the photon that returns is a
noise photon, then the ancilla is in the state J,/d,
and the noise photon together with fully mixed
ancilla are d times less likely to be found in the

state [y)sa. A noise photon in the entangled case
is d times less likely to pass the test and be con-
fused as a signal photon than a noise photon in
the unentangled case. In other words, the presence
of entanglement makes it  times harder for a noise
photon to masquerade as a signal photon. Entan-
glement effectively enhances the signal-to-noise
ratio by a factor of d.

The bad regime for the entangled case occurs
fornd/b < 1. In this case, the number of iterations
required to determine whether the object is there
or not is O8bAd) Comparing with the unen-
tangled bad regime, we see that the entangled
bound is d times better than the unentangled
‘bound: Quantum illumination reduces the num-
ber of trials needed to detect the object by a factor
d E 4 effectively the signal-
to-noise ratio by the degree of entanglement,
even in the bad regime.

The fact that entanglement yields an enhance-
ment in the bad regime is particularly interesting
because in the bad regime the combination of
noise and loss ensures that no entanglement be-
tween signal and ancilla survives, an effect that
also appears in the qubit case (/-3). Nonetheless,
even though signal and ancilla are unentangled at
the detector, a noise photon still finds it & times
harder to masquerade as a signal photon entan-
gled with an ancilla photon. Entanglement ef-
fectively enhances the signal-to-noise ratio of
detection by a factor of d, where d is the number
of entangled modes. Measured in terms of m, the
number of e-bits of entanglement, the enhance-
ment is d = 2", The enhancement is exponential
in the number of e-bits.

The noise mode! above assumed small num-
bers of noise photons per mode and a sufficiently
short detection window thatat most one photon is
detected during that window. These assumptions
can be relaxed. Consider, for example, a noise
mode! in which if the object is not there, then the
state received at the detector is pg = I5/D, where
D is the total number of possible noise states that
possess the same energy as the signal. In other
words, the noise is described by the microca-
nonical ensemble, and D = 2™, where m is the
entropy of the noise measured in bits. If the ob-
ject is there, then with a small probability v the
signal is reflected back unchanged, whereas with
probability 1 — 1 the signal is replaced by noise.
This model corresponds, for example, to the de-
tection of a reflective, multifaceted object mumbling
through space. Most of the time, one receives only
‘background noise, but every once in a while a facet
reflects the signal back to the detector.

This “microcanonical” noise model can be
analyzed by using the same to0ls used above,
including the quantum Chemoff bound. As shown
in (£1), the model yields similar conclusions to
the low-temperature model analyzed above. When
an unentangled state |y) is sent, then there are two
regimes fordetection. When D> 1, weare in the
good regime, with signal-to-noise ratio greater than
one, and O(1/n) signals must be sent to detect the
presence of the object. When 1D < 1, we are in
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the bad regime, with signal to noise less than one,
and (X&/Dn’) signals must be sent. By contrast,
when half of a fully entangled state is sent out, the
good regime is extended to the case nD” > 1: Just
as in the low-noise case above, entanglement
extends the good regime by a factor 2. In the bad
regime, where 0/ < 1, the number of signals that
must be sent to detect the object is Q&P
Just as in the low-noise case, initial entanglement
reduces the number of signals that needs to be
sent by a factor of = 2", where m is the number
of bits of entanglement. As before, in the bad
regime, no entanglement survives at the receiver.
This example elucidates nature of the en-
hancement afforded by entanglement. For the
microcanonical noise maodel, the sensitivity of the
led ion goes as the di ion of
the signal space, whereas the sensitivity of the
entangled detection goes as the dimension of the
signal space squared. This enhancement is simi-
lar to that obtained in superdense coding (12), in
which entanglement allows one to use a single
qudit (signal space with dimension D) to send
two classical dits (dimension D). In the low-
noise model, by contrast, the linear nature of the
noise mode! rendered the sensitivity of detection
independent of the number of signal modes. For
both noise models, adding entanglement enhances
the sensitivity by the dimension of the signal space.
Quantum illumination is a potentially power-
ful technique for performing detection, in which
signal is led with an ancilla and h

ratio because a noise photon has a harder time
‘masquerading as an entangled signal photon com-
pared with a noise photon masquerading as an
unentangled signal photon. The enhancement of
sensitivity and effective signal-to-noise ratio that
quantum illumination provides is exponential in
the number of bits of initial entanglement and
persists even in the presence of large amounts of
noise and loss, when no entanglement survives at
the receiver. This entanglement-induced enhance-
‘ment for detection is reminiscent of entanglerment-
assisted communication capacity (/2, 13), where
large enhancements in the presence of noise also
oceur.

Quanturn illumination can be used for ranging
and imaging: The effective signal-o-noise en-
hancement persists as we sweep the detection
window in time to determine the distance to the
object and as we sweep the signal beam in space
10 image features of the object. Many practical
«questions remain; notably, can the requisite en-
tangled measurements be performed efficiently?
Detection of entangled photons is a well-studied
topic [see, e.g. (14)), and the requisite upconver-
sion of entangled photons has been performed
experimentally (15) [for a more detailed discus-
sion of detection issues see (11)]. Does the en-
hancement persist at higher noise temperatures
and for larger mumbers of photons in the signal?
‘What are the maximum enhancements obtainable
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reCAPTCHA: Human-Based Character
Recognition via Web Security Measures

Luis von Ahn,* Benjamin Maurer, Colin McMillen, David Abraham, Manuel Blum

CAPTCHAs (Completely Automated Public Turing test to tell Computers and Humans Apart) are
widespread security measures on the World Wide Web that prevent automated programs from
abusing online services. They do so by asking humans to perform a task that computers cannot yet
perform, such as deciphering distorted characters. Our research explored whether such human
effort can be channeled into a useful purpose: helping to digitize old printed material by asking
users to decipher scanned words from books that computerized optical character recognition failed
to recognize. We showed that this method can transcribe text with a word accuracy exceeding 99%,
matching the guarantee of professional human transcribers. Qur apparatus is deployed in more
than 40,000 Web sites and has transcribed over 440 million words.

CAPTCHA (1, 2) is a challenge response
test used on the World Wide Web to de-
termine whether a user is a human or a
computer. The acronym stands for Completely
Automated Public Turing test to tell Computers
and Humans Apart. A typical CAPTCHA is an
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5000 Forbes Avenue, Pitisburgh, PA 15213, USA.
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image containing several distorted characters that
appears at the bottom of Web registration forms.
Users are asked to type the wavy characters o
“prove” they are human. Current computer pro-
grams cannot read distorted text as well as hu-
mans can (3), so CAPTCHAs act as sentries
against automated programs thal attempt to abuse
online services. Owing to their effectiveness as a
security measure, CAPTCHAs are used to pro-
tect many types of Web sites, including free—e-mail
providers, ticket sellers, social networks, wikis,

VOL 321

and blogs. For example, CAPTCHAs prevent
ticket scalpers from using computer programs o
buy large numbers of concert tickets, only to re-
sell them at an inflated price. Sites such as Gmail
and Yahoo Mail use CAPTCHAs to stop spam-
mers from obtaining millions of free e-mail
accounts, which they would use to send spam
e-mail

According to our estimates, humans around
the world type more than 100 million CAPTCHAs
every day (see supporting online text), in each case
spending a few seconds typing the distorted char-
acters. In aggregate, this amounts to hundreds of
thousands of human hours per day. We report on
an experiment that attempts to make positive use
of the time spent by humans solving CAPTCHAs,
Although CAPTCHASs are effective at preventing
large-scale abuse of online services, the mental
effort each person spends solving them is other
wise wasted. This mental effort is invaluable, be-
cause deciphering CAPTCHAS requires people to
perform a task that computers cannot.

‘We show how it is possible to use CAPTCHAs
10 help digitize typeset texts in nondigital form by
enlisting humans to decipher the words that com-
puters cannot recognize. Physical books and
other texts written before the computer age are
currently being digitized en masse {(e.g., by the
Google Books Project and the nonprofit Internet
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Archive) to preserve human knowledge and to
make information more accessible to the world.
The pages are photographically scanned and the
resulting bitmap images are transformed into text
files by optical characier recognition (OCR) soft-
ware. This transformation into text is useful be-
cause the books can then be indexed, searched,
and stored in a format that can be easily analyzed
and manipulated. One of the stumbling blocks in
the digitization process is that OCR is far from
perfect at deciphering the words in bitmap images
of scanned texts. As we show below, for older
prints with faded ink and yellowed pages, OCR
cannot recognize about 20% of the words. By
contrast, humans are more accurae at transcribing
such print. For example, two humans using the
“key and verify” technique, where each types the
text independently and then any discrepancies are
identified, can achieve more than 99% accuracy at
the word level (4, 5). Unfortunately, human tran-
scribers are expensive, so only documents of ex-
treme importance are manually transcribed.

Our apparatus, called “reCAPTCHA,” is used
by more than 40,000 Web sites (6) and dem-
onstrates that old print materal can be tran-
scribed, word by word, by having people solve
CAPTCHAs throughout the World Wide Web.
Whereas standard CAPTCHAs display images
of random characters rendered by a computer,
reCAPTCHA displays words taken from scanned
texts. The solutions entered by humans are used to
improve the digitization process. To increase effi-
ciency and security, only the words that automated
OCR programs cannot recognize are sent to hu-
mans, However, to meet the goal of a CAPTCHA
(differentiating between hurnans and computers),
the system needs to be able to verify the user’s
answer To do this, reCAPTCHA gives the user
two words, the one for which the answer is not
known and a second “control” word for which
the answer is known. If users comrectly type the
control word, the system assumes they are human
and gains confidence that they also typed the other
word comrectly (Fig. 1). We describe the exact
process below.

We start with an image of a scanned page.
Two different OCR programs analyze the image;
their respective outputs are then aligned with
each other by standard string matching algo-
rithms (7) and compared to each other and to an
English dictionary. Any word that is deciphered
differently by both OCR programs or that is not
inthe English dictionary is marked as “suspicious.”
These are typically the words that the OCR pro-
grams failed to decipher correctly. According to
our analysis, about 96% of these suspicious words
are recognized incorrectly by at least one of the
OCR programs; conversely, 99.74% of the words
not marked as suspicious are deciphered correctly
by both programs. Fach suspicious word is then
placed in an image along with another word for
which the answer is already known, the two words
are distorted further to ensure that automated pro-
grams camnot decipher them, and the resulting
image is used as a CAPTCHA. Users are asked to
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type both words comrectly before being allowed
through. We refer to the word whose answer
is already known as the “control word” and to
the new word as the “unknown word.” Each
reCAPTCHA challenge, then, has an unknown
word and a control word, presented in random
order. To lower the probability of automated pro-
grams randomly guessing the correct answer, the
control words are normalized in frequency; for
example, the more common word “today” and
the less commeon word “abridged” have the same
probability of being served. The vocabulary of
contro! words contains more than 100,000 items,
soa program that randomly guesses a word would
only succeed 1/100,000 of the time (8). Addi-
tionally, only words that both OCR programs
failed to recognize are used as control words.
Thus, any program that can recognize these words
with nonnegligible probability would represent an
improvement over state-of-the-art OCR programs.

To account for human error in the digitiza-
tion process, reCAPTCHA sends every suspi-
clous word to multiple users, each time with a
different random distortion. At first, it is displayed
as an unknown word. If a user enters the correct
answer 10 the associated control word, the user’s
other answer is recorded as a plausible guess for
the unknown word. If the first three human
guesses match each other, but differ from both
of the OCRs” guesses, then (and only then) the
word becomes a control word in other chal-
lenges. In case of discrepancies among human
answers, reCAPTCHA sends the word to more
humans as an “unknown word” and picks the
answer with the highest number of “votes,”
where each human answer counts as one vote
and each OCR guess counts as one half of a
vote (recall that these words all have been pre-
viously processed by OCR). In practice, these
weights seem to yield the best results, though
our accuracy is not very sensitive to them (as
long as more weight is given to human guesses

Fig. 1. The reCAPTCHA
system displays words
from scanned texts to
humans on the World
Wide Web. In this exam-
ple, the word “morning”
was unrecognizable by
OCR. reCAPTCHA isolated
the word, distorted it
using random transfor-
mations including add-

The Norwich line stean
London for Boston, this
scven miles north of New-.

than OCR guesses). A guess must obtain at least
2.5 votes before it is chosen as the correct
spelling of the word for the digitization process.
Hence, if the first two human guesses match
each other and one of the OCRs, they are con-
sidered a comrect answer; if the first three guesses
match each other but do not match either of the
‘OCRs, they are considered a correct answer, and
the word becomes a control word. To account
for words that are unreadable, reCAPTCHA has
a button that allows users to request a new pair
of words. When six users reject a word before
any correct spelling is chosen, the word is dis-
carded as unreadable. Afier all suspicious words
in a text have been deciphered, we apply a post-
processing step because human users make a
variety of predictable mistakes (see supporting
online text). From analysis of our data, 67.87%
of the words required only two human responses
to be considered correct, 17.86% required three,
7.10% required four, 3.11% required five, and
only 4.06% required six or more (this includes
words discarded as unreadable).

A large-scale deployment of the system has
enabled us to collect a number of findings (see
supporting online text for more details about the
deployment). The first finding is that the process
of deciphering words with CAPTCHAs can
match the highest-quality guarantee given by
dedicated human transcription services. A ran-
dom sample of 50 scanned articles from five
different years (1860, 1865, 1908, 1935, and
1970) of the New York Times archive (http:/
nytimes.com) was chosen and manually tran-
seribed by two professionals to estimate the per-
word accuracy of reCAPTCHA, including the
postprocessing corrections mentioned above.
The total number of words was 24,080. Each
word counted as a “hit” if the algorithm de-
ciphered the entire word correctly or a “miss” if’
any of the letters were wrong. The emror rate was
defined as the number of misses divided by the

boat i

in, from New-
ran off the track

morning

—

ing a line through it
and then presented it
as a challenge to a user.
Because the original
word ("morning”) was
not recognized by OCR,
another word for which
the answer was known ! |
(“overlooks") was also e

I
morping OverjglRes

Type the two words:

=}
L ‘ me CAPTCHA
7

presented to determine
if the user entered the
correct answer.
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total mumber of words. To account for potential
errors in the ground truth transcriptions, every
miss was manually inspected in the ground truth
and fixed in case it was an emor. The results of
one OCR program were run through the same
process for comparison.

The reCAPTCHA system achieved an accu-
racy of 99.1% at the word level (216 errors out
of 24,080 words), whereas the accuracy of stan-
dard OCR was only 83.5% (3976 ermors). The
percentage of words on which both OCR sys-
tems made a mistake was 7.3%. An accuracy of
99.1% is within the acceptable “over 99%" in-
dustry standard guarantee for “key and verify”
transcription techniques in which two profes-
sional human transcribers independently type
the data and discrepancies are cormrected [e.g.,
see (4, 5)]. As an anecdote, the professional man-
val transcriptions of the articles that were col-
lected as “ground truth” to measure the accuracy
of reCAPTCHA originally contained 189 errors,
almost as many as those made by reCAPTCHA.
There were many reasons for the mistakes made
by reCAPTCHA, but the most common were
issues of alignment and segmentation of the
words by the OCR systems; for example, in
some cases both OCR programs entirely missed
a word or a set of words. The exact reason for
errors in the professional human transcription is
unknown to us, but the errors probably oceur
when the transcribers type a word differently
from each other, and then a mistake is made in
the correction of the discrepancy. The fact that
reCAPTCHA can achieve an accuracy com-
parable to the “gold standard” accuracy of two
independent humans can be counterintuitive be-
cause human transcribers make use of context
(words immediately before and afier), whereas
words presented by reCAPTCHA are shown
individually, in isolation from the original con-
text. On the other hand, reCAPTCHA uses a
combination of OCR and multiple humans,
which in some cases turns out to be more re-
silient to accidental typographical mistakes.

Another finding is that CAPTCHAs con-
stitute a viable mechanism to hamess large
amounts of human mental effort. After exactly
1 vear of running the system, humans had solved
more than 1.2 billion CAPTCHAs, amounting
to over 440 million suspicious words correctly
deciphered. Assuming 100,000 words per hook
(400 pages, 250 words per page), this is equiv-
alent to over 17,600 books manually transcribed
(about 25% of the words in each book are
marked as suspicious by our algorithm). The
system continues to grow in popularity: The
rate of transcription currently exceeds 4 million
suspicious words per day, which is equivalent to
about 160 books per day. Achieving this rate via
conventional “key and verify” means (without
aid from OCR, so every word in a text would be
typed) would require a workforce of more than
1500 people deciphering words 40 hours per
week (assuming an average rate of 60 words
per minute),

www.sciencemag.org  SCIENCE

There are many reasons why Web sites choose
1o use reCAPTCHA. First, because we use only
words from scanned books upon which OCR
failed, reCAPTCHA is currently more secure than
the conventional CAPTCHAS that generate their
own randomly distorted characters. As shown by
{9-11), it is possible to build algorithms that can
read the distorted text generated by many widely
used conventional CAPTCHAs with a success
rale of more than 90% in some cases. As imple-
mented by us, the same algorithms fail to recog-
nize reCAPTCHA challenges 100% of the time.
One reason for this is that the artificial distor-
tions of characters in conventional CAPTCHAs
come from a limited (and usually simple) dis-
tribution of possible transformations that remain
readable to humans. Therefore, it is feasible to
‘build machine leaming algorithms that, after some
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language is not English have success rates that
vary from 92.6 to 96.9%, depending on the
country, whereas [P addresses from English-
speaking countries range from 97.1 to0 97.4%
(because we have millions of data points, all of
these differences are statistically significant
with P < 0.01). Furthermore, even including
English-speaking countries, conditioned on
failing the first challenge, IP addresses that at-
tempted a second challenge within 30 s have a
success rate of only 89.9%. Another observation
is that the success rate is proportional to the
length of the control word: Four-character words
have a success rate of 93.7%; five-character
‘words, 95.7%; six-character words, 96.4%; seven-
character words, 96.7%:; etc. This can be explained
by longer words providing more context for the
users. The same relation holds when restricting

training, can gnize the distoried ch
The words displayed by reCAPTCHA, however,
have three types of distortions. First, and most
importantly, there are natural distortions that result
from the underlying texts having faded through
time. Second, the scanning process introduces
noise. Third, we introduce artificial transforma-
‘tions similar to those used by standard CAPTCHAs
50 the challenges remain difficult for computer
programs even if there is an OCR slightly better
than ours. Although there has been work in the
image-processing community on modeling the
natural degradation process of scanned books
(12), such models are imperfect, so the dis-
tribution of distortions in reCAPTCHA is less
limited. Additionally, reCAPTCHA displays only
words on which two OCR programs failed.
Because the words used as control words for
1eCAPTCHA constitute ~4% of the words from
our distribution of scanned books, any program
that can recognize a fraction p of the reCAPTCHA
challenges without having compromised our data-
base can be directly used to improve the accu-
racy of these OCR programs by a fraction of
0.04p on this same distribution (/3). This would
represent an advance in state-of-the-art OCR
technology.

In essence, the words used by reCAPTCHA
are the “hardest” words from scanned texts for
computers to decipher. Humans, by contrast,
can decipher the reCAPTCHA challenges with
ease: Users of the Web sites that switch to using
reCAPTCHA typically complain less often than
‘when the sites used a different type of CAPTCHA.
This is partly due to some users being more willing
to accept CAPTCHA because their work is con-
tributing to the digitization of human knowledge [as
can be seen by the vast number of blog entries
praising reCAPTCHA (14)]. Additionally, based
on more than 1 billion responses, the overall suc-
cess rate for reCAPTCHA is 96.1%, a healthy
number considering that a simple typing mistake
would imply a failure. We do note that the success
rale is not the same across all users. For example,
non-English speakers seem to perform slightly
worse than English speakers: Intemet Protocol
({IP) addresses from countries where the native
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atiention to where the native language
is not English, but to a lesser extent {consistent
with our explanation that knowledge of the
English language helps with longer words).

A second reason why Web sites adopt
1eCAPTCHA is that, although reCAPTCHA
presents two words instead of just one, it typ-
ically takes no more time for users 1o solve a
1eCAPTCHA than to solve a standard CAPTCHA.
Standard CAPTCHAs present six to eight ran-
domly chosen characters (not an English word),
‘which take about the same time to decipher as two
English words. User testing on our site (htip/
capicha.net) showed that it took 13.51 s on aver-
age (SD= 6.37) for 1000 randomly chosen users
to solve a seven-letter conventional CAPTCHA
(25th percentile was 8.28 s, median was 12.62 s,
and 75th percentile was 17.12 s), whereas it took
13.06 s on average (SD = 7.67) for a different set
of 1000 randomly chosen users (also from http:/
capicha net) to solve a reCAPTCHA (25th per-
centile was 5.79 s, median was 12.64 s, and 75th
percentile was 1891 s). The difference is not
statistically significant, and indeed, the average
time spent on reCAPTCHA was lower (although
the median was 0.02 s higher). The fact that both
standard CAPTCHAs and reCAPTCHAs take
roughly the same amount of time to solve should
not be surprising, because English words have
patterns to which human users are accustomed. In
addition, the time taken to solve reCAPTCHAs
wvaries more widely because English words vary
in length (15).

‘We believe the results presented here are part
of a proof of concept of a more general idea:
“Wasted” human processing power can be har-
nessed to solve problems that computers cannot
yet solve. Some have referred to this idea as
“human computation.” In previous work (16-18),
‘we have shown that such processing power can be
hamessed through computer games: People play
these games and, as a result, collectively perform
tasks that computers cannot yet perform. Inspired
by this work, biologists have recently built Fold It
(hup:/fold.iv) (19), a game in which people com-
pete to determine the ideal structure of a given
protein. Here, we have shown that CAPTCHAs
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constitute another avenue for “reusing” wasted
computational power, while serving the useful
purpose of preventing automated abuse over the
Internet. A related, but different, line of work is
ASIRRA (20), which has shown that CAPTCHAs
can be used for humanitarian purposes. In this sys-
tem, pictures of cats and dogs are presented to the
user, who has 1o determine which ones are cats and
which anes are dogs. The humanitarian twist is that
the pictures come from animal shelters: If users like
one of the cats or dogs, they can adopt it. More
generally, computers do not perform as well as hu-
'mans in visual recognition tasks. Perhaps a method
similar to reCAPTCHA can be used to annotate or
tag large quantities of images.

We hope that reCAPTCHA continues to
have a positive impact on modern society by
helping to digitize human knowledge.
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A Rubberlike Stretchable Active
Matrix Using Elastic Conductors

Tsuyashi Sekitani,” Yoshiaki Noguchi,* Kenji Hata,” Takanori Fukushima,®"*

Takuzo Aida,** Takao Sumeya’ T

By using an ionic liquid of 1-butyl-3-methylimidazolium bis(triflucromethanesulfonyllimide, we

uniformly dispersed single-walled carbon nanotubes (SWNTs} as chemically stable dopants in a
inylidene fluoride-hexaflucropropy Cof matrix to form a composite film. We found that

the SWNT content can be increased up to 20 weight percent without reducing the mechanical

flexibility or softness of the copolymer. The SWNT composite film was coated with dimethyl-

siloxane—based rubber, which exhibited a conductivity of 57 siemens per centimeter and a
stretchability of 134%. Further, the elastic conductor was integrated with printed organic
transistors to fabricate a rubberlike active matrix with an effective area of 20 by 20 square
centimeters. The active matrix sheet can be uniaxially and biaxially stretched by 70%
without mechanical or electrical damage. The elastic conductor allows for the construction of
electronic integrated circuits, which can be mounted anywhere, including arbitrary curved
surfaces and movable parts, such as the joints of a robot’s arm.

he creation of is
one of the most interesting challenges in
materials science and engineering. Stretch-
ability is an entirely different concept from the
miniaturization trend pursued by conventional
electronics, and thus has the potential to open
exciting opportunities, particularly in the area
of large-area electronics (/-6). In the past dec-
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ade, large 1 devices have become
thin and light encugh to allow the fabrication of
large-area solar cells (7) and displays easily hung
onroofs and walls. It is expected that large-area
electronic devices will now be developed fur-
ther, making the realization of bendable and roll-
able displays possible (&). At the same time,
large-area flexible sensors (9, 10) and actuators

(11, 12) are another emerging frontier. Although
these achievements represent valuable advances,
the utility of flexible electronics is limited to
nearly flat substrates such as walls or paper. In
contrast, stretchable electronics can cover ar-
bitrary curved surfaces and movable parts such
as the joints of a robot’s arm, and thus would
substantially expand where electronics can be
used

Efforts toward stretchable electronics have
originated from electronics using metal elec-
trodes on rubber substrates (/3-16). Khang e al.,
Sun et al, and Kim ef al. have embedded active
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components, such as transistors and diodes, in
rubber sheets and integrated them with wavy
metal wires by carefully controlling the strains
in thin films (/4-/6). Their electrical circuits
l’lavc lngh mechanical durability and slluw good

| per under because
all the circuit components are stretchable. In an
alternative cost-effective approach, integrated
circuits have also been directly fabricated on
plastic films and mechanically processed to form
perforated films with net-shaped structures,
which serve as stretchable artificial skins (/0).
Net-shaped integrated circuits are flexible but
have inelastic wirings; their mechanical robust-
ness can be substantially improved by using
elastic wirings.

Single-walled carbon nanotube
(SWNT)

Step 1 Grinding

The simultaneous incorporation of excellent
mechanical robustess and electronic perform-
ance is the key to realizing rubberlike stretchable
electronics. Rigid materials usually exhibit good
electronic performance and controllability or sta-
bility, but they exhibit poor mechanical robust-
ness. On the other hand, soft materials show good
mechanical properties while exhibiting poor elec-

tronic properties. For example, a conductivity of

0.1 S/cm for the best elastomers (rubbers filled
with carbon particles) is insufficient to operate
integrated circuits.

Besides metals and carbon-particle compos-
ites, carbon-nanotube-based conducting mate-
rials have also been produced (/7-20). Their

conductivities are typically 107 to 10" S/em
= 2f
% O
CH N7 TCHy
lonic liquid -
(BMITFSI) (CF;80;,N"
BMITFSI

¥ &y

SWNT dispersed gel g8
Bucky ey Fluorinated copolymer Dlet S
Stepz | Stiming / Sonication
Perexane-258

Elastic conductor

Fig. 1. Manufacturing process of SWNT film, SWNT elastic conductor, and SWNT paste.
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(I7-19). Furthermore, carbon-nanotube and/or
conducting-polymer (polyaniline) composites
have been reported (20); however, these materials
cannot be stretched.

We developed rubberlike transistor-active
‘matrices that can be stretched biaxially by 70%.
The key was the fabrication of a highly elastic
conductor and gel with high conductivity com-
posed from millimeter-long single-walled carbon
nanotubes (SWNTs) (21, 22), an ionic liquid, and
a compatible fluorinated copolymer (23), We used
SWNTs as a conducting dopant because they are
chemically inert and can improve the mechanical
properties of polymer matrices. It has been
reported that fine bundles of SWNTs can be
produced by grinding with imidazolium ion-
based lonic liquids (24, 25).

SWNT composite films (referred to as SWNT
films henceforth) were fabricated using millimeter-
long SWNTSs, an ionic liquid, and a fluorinated
copolymer. A schematic representation of the
fabrication process of the elastic conductors is
shown in Fig. 1. We used super-growth SWNTs
{>99.98% in purity, >1 mm in length, and 3 nm
in diameter} (22) unless otherwise specified. Typ-
ically, we mixed the SWNTs (50 mg) with 50 mg
of an fonic liquid [1-butyl-3-methylimidazolium
bis(trifluoromethanesul fonyl)imide (BMITFSI)]
and subjected the resulting suspension to an au-
tomatic grinding system for 1 hour, giving rise to
a black pastelike substance we refer to as “bucky
gel” To the gel (100 mg) we successively added
4-methly-2-pentancone (8 ml) and a fluorinated co-
polymer, vinylidene fluoride-hexafluoropropylene
copolymer [100 mg; DaielG801 (Daikin, Osaka,
Japan), weigh average molecular weight (Afw) of
150,000; referred to as G801 henceforth]. The
mixture was stimed at 25°C (1 hour) and sonicated
[UH-50 (SMT, Tokyo, Japan)] at 30°C (1 how), After
stiring again at 80°C (1 hour), the resulting
swollen gel was poured onto a glass plate by
drop casting and then air-dried for 24 hours to
obtain a composite film (SWNT film), as shown
m Fig. 2, A and B. With this method, we
dispersed SWNTs uniformly into a fluorinated
copolymer mairix to fabricate a SWNT film.

The advantage of fabrication using fonic lig-
uids is that after the dispersion of SWNTs, ionic
liquids can be recovered quantitatively (99%) by
Soxhlet extraction and recycled for the next batch
process. After the extraction of ionic liquids, con-
ductivity decreases; however, it is as highas 10 Sfem,
as shown later. In the following experiments, we
used clastic conductors with ionic liquids.

The SWNT film is flexible and tensile, but it
has low elasticity. In order to improve its tensi-
‘bility and elasticity, it was mechanically processed
with a numerically controlied punching system
and transformed into a perforated film with a net-
shaped structure (fig. S1). Subsequently, it was
coated with dimethyl-siloxane-based silicone rub-
‘bers [polydimethylsiloxane (PDMS), Sylgard 184
or SH9355 (Dow Coming, Midland, MI)]. The
resulting composite material is referred to as an
“elastic conductor.” Iis elasticity is determined by
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the elasticity of PDMS, which is 6 N/mm’, PDMS
is nonadherent to almost all materials; however,
our SWNT film has an excellent capillary surface
(meaning a significantly large surface area), the
same as SWNTs inherently possess. Therefore, by
dip-coating diluted PDMS around SWNT films,
PDMS was attached firmly to SWNT material.
We i igated the electrical and mechanical
properties of the SWNT film and elastic conduc-
tor under tensile stress. The streich test was per-
formed with a high-precision mechanical system
[Autograph/AG-X (Shimadzu, Kyoto, Japan)],
and conductivity was measured by means of the
four-probe method with a high-precision mul-
timeter [34401A (Agilent, Santa Clara, CA)].
Figure 2C shows conductivity as a function of
uniaxial tensile strain. For comparison, the
stretchability and conductivity of a commercial

A

20 mm
—

Fig. 2. SWNT films and elastic conductor. (A} Photograph and (B) scanning elec-
tron micrescope images of an optimized SWNT film composed of SWNTs, polymer
matrix G801, and ienic liquid BMITFSI. SWNTs were uniformly dispersed into the E
fluorinated copolymer as the base matrix. (C) Conductivity as a function of uniaxial
tensile strain. Measurements were performed on three samples in ambient air:
SWNT film (1), SWNT elastic conductor (2), and commerdially available carbon- & 50 P~
particle-based conducting rubber (3). (D) Change in conductance of SWNT elastic .

conducting rubber containing carbon particles
(Kinugawa Rubber Industrial, Chiba, Japan) are
also shown in Fig. 2C. Although the stretchability
of the ial conducting rubber ded
150%, its conductivity was approximately 0.1 S/em
for all straing, which is insufficient for electronic
circuit applications. In contrast, the SWNT film
exhibited an extraordinarily high conductivity of
57 S/cm, and it did not show significant changes
in conductivity or mechanical damage when uni-
axially stretched by 38% or less. Furthermore, the
SWNT elastic conductor exhibited a high con-
ductivity of 57 S/eny, and it could be uniaxially
stretched up to 134%:; however, the conduc-
tivity decreased moderately with the application
of tensile strain. Even under such a large strain,
the material showed good conductivity (6 S/cm).
‘We observed that the shapes of holes of elastic

conductors changed during stretching. The en-
‘hancement in the stretchability of the net-shaped
structure was realized because the interconnect-
ing struts buckled and twisted out of plane upon
tension (fig. S1).

To investigate the reversibility of the elastic
conductor, several stretching cycles were applied.
Measurements were performed at each stretching
cycle by using the four-probe method. Figure 2D
shows the normalized conductance as a function
ofthe number of uniaxial stretching cycles. There
was no significant change in conductance even
after 4000 25%stretching cycles, 500 50%-
stretching cycles, 20 to 50 70%-stretching cycles,
or | to 2 110%-stretching cycles. Further increase
in strain beyond 110% caused an irreversible
change in conductance, although it was greater
than 1 $/cm. Similar to other streichable materials,

Conductivity (S/cm) O
o W
I

e
o
=

conductors under uniaxial stretching cycles. Stretchability is 25, 50, 70, 110, and 3 i

130%. (E) Conductivity of SWNT films as a function of the cantent of BMITFSI, in
which the amount of G801 was 100 mg and that of the SWNTs was 50 mg. (F} 3 20
Conductivity of SWNT films as a function of the content of SWNTs, in which the 510
BMITFS! content was the same as the SWNTs, and the amount of G801 was 100 mg. ©

2,54 mm

Fig. 3. Images of large-area stretchable active matrix comprising 19-by-37
printed organic transistors and wiring using the SWNT elastic conductor. The
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printed organic transistors function as active components, and the SWNT

elastic conductor functions as word lines and bit lines for interconnection e

among the transistors. {A) Image of the curved surface covered with the  SEE R TERE T
stretchable active matrix. (B} Magnified image of one cell A SWNT elastic

conductor having a net-shaped structure was formed with a mechanical

punching system and then coated with silicone rubbers. (C) Schematic illustrations of the stretchable active matrix.
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mhcr conducting or nanacndummg, our c]asuc
exhibits ir | and
electrical changes after many stmchmg cycles
(Fig. 2D). However, our conductor with a
conductivity of 50 Sfem can be stretched
approximately 500 times at a high level of strain
(50%) without notable degradation. The feasi-
bility of such a robust conductor has been dem-
onstrated unambiguously by using the net-shaped
structure with a PDMS coating, In our study, the
electrical and mechanical characteristics of the con-
ductor did not deteriorate over time—not over at
least 1 year—because its components were chem-
ically stable.
The fabrication process is fully optimized to
achieve the best mechanical and conductive prop-
erties of the SWNT oompoen: ﬂlm To mhhsh

SWNT film obtained with this combination was
readily crumpled or deformed.

Besides the compatibility of the materials,
the correct mixing ratios of SWNT, BMITFSI,
and G801 are needed to fabricate mechanically
robust and highly conductive SWNT films. First,
the BMITFSI content was changed from 12 to
47 weight percent (wt %), and the amounts of
SWNT and G801 were 50 and 100 mg,
respectively (Fig. 2E and fig. S4). When the
BMITFSI content was greater than 40 wi %, the
SWNT film became discontinuous; when it was
less than 10 wt %, the film was thick and porous,

REPORTS I

canse the conductivity of the super-growth SWNTs
does not change with strain (fig. S8). In sharp
contrast, the electrical properties of films fabri-
cated with high-pressure carbon monoxide pro-
cess (HiPco) SWNTs showed a strong dependence
on stretchability; their conductivity rapidly de-
creased with an increase in the applied tensile
stress (fig. S8).

A previous study on circuits containing stretch-
able interconnects (1 3) revealed that the contact
points between stretchable and rigid materials are
locations where mechanical failures can oceur.
‘We fabricated a SWNT based paste by using the

and thus was fragile and had low conductivity. We
found that the highest conductivity can be
obtained when the contents of SWNT and
BMITFSl are both 20 wt %, without sacrificing

this, we med variou: i
process parameters and materials. For instance,
as a polymer matrix, we examined vinylidene
fluoride-hexaflucropropylene copolymer with com-
position ratios of 0.78:0.22 (G801) and 0.88:0.12
[KYNAR-FLEX2801 (Arkema, Paris, France),
molecular weight of 30,000, referred to as
KYNAR henceforth]. For ionic liquids, we used,
in addition to BMITFSI, 1-butyl-3-methylimida-
zolium h:xaﬂuumphnsphate (BMIPFg) and 1-
butyl-3-methyli
(BMIBF,) (fig. S2).
One of the most important in this

tetrafl ate

the ical flexibility of the (Fig.
2F and figs. S5 and S6). Next, the bucky gel with
optimized SWNT and BMITFSI contents was
mixed with GBO1 by varying the mixture ratios
between the bucky gel and G801 (fig. 86). Figure
2F displays the plots of the conductivity of the
film as a function of the SWNT content. When
the SWNT content was less than 10 wt %, the
SWNT film was discontinuous (fig. S5). In
conformance with the results shown in Fig. 2E,
when the SWNT content was 16%, the conduc-
tivity was as high as 53 S/cm, indicating excellent

study was to determine a combination of elastic
polymers and ionic liquids that are compatible
with each other. When G801 and BMITFSI were
used, the resulting SWNT films exhibited a very
smooth, flat, and uniform surface (Fig. 2, A and
B). In contrast, all other combinations tested in
this study (fig. $2) did not exhibit good compat-
ibility. For example, KYNAR, which is a hard
resin, was not compatible with BMITFSL, and the

Uniaxial stretching

Fig. 4. Stretching tests of the active matrix. (A} Images captured in the initial
state before stretching and under uniaxial and biaxial stretching. (B) Transistor

ducibility and controllability of our fabrica-
tion method for highly elastic conductors.
Meanwhile, when the SWNT content was greater
than 30 wt %, the resultant film was thick and
porous, thereby giving rise to brittleness and low
conductivity.

The extremely high aspect ratio of the super-
growth SWNTs (22) is important not only for
acquiring higher conduetivity but also for the
stability of conductivity under tensile strain, be-

GRO1 2 bucky el via cross-linking the
polymer matrix (Fig. 1). A peroxide cross-linking
mitiator [Perhexane-25B (NOF, Tokyo, Japan)]
(1.3 mg) and a cross-linker Triallylisocyanu-
rate (TAIC) [(Nippon Kasei Chemical, Tokyo,
Japan)] (4 mg) were added to the SWNT-
dispersed solution. The mixture was stirred at
80°C for 1 hour and air dried, producing a paste
with a partially cross-linked fluorinated copoly-
mer. The paste exhibited a high conductivity of
5 1o 10 S/cm and high adhesion capability. The
adhesive strength increased up to 1.5 N/mm®
(fig. 89). Therefore, the SWNT paste can be used
to form interconnections between the contact pads
of organic transistors (§-12, 26-31) and SWNT-
based elastic conductors that require considerably
more mechanical robusiness than other compo-
nents, such as wires (Fig. 3).

Taking full advantage of the SWNT elastic
conductor and paste, we manufactured a 19-by-
37-cell organic transistor-based stretchable ac-
tive matrix (Fig. 3) by mmbmmg pnnlmg, vacuum

jon, and mechanical processes [
online material (SOM) and figs. $1010 $12] (23).
‘We fabricated an array of organic transistors that
were connected with each other by elastic con-

c 18

Uniaxfal stretching
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-
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characteristics and (C) channel currents measured under uniaxial stretching. v,

d before

The channel currents {Jys) were

stretching is shown in fig. $13.
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the experiments as the initial state. (D) Transistor characteristics and (E} chan-
nel currents measured under biaxial stretching. Recovery performance after
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ductors (bit lines for source electrodes or word
lines for gate electrodes). The transistor charac-
teristics did not change after the formation of the
jons with the fabricated elastic con-
ductors (fig. S11). The SWNT elastic conductors
were connected to the contact pads for gate, source,
and drain electrodes by the SWNT paste.

The sheet was stretched by increasing the
tensile strain, and the transistor characteristics on
the stretched sheet were examined (Fig. 4). In
order to apply accurate strains uniformly to the
transistor active matrix, we used a small active
matrix comprising 10 by 10 cells. Furthermore,
we measured the characteristics of the transistor
positioned at the center of the matrix, because
that transistor is stretched to a greater extent than
those at the comers. When the sheet was stretched
by 70% or less, the change in the transistor char-
acteristics was negligibly small. Subsequently, the
extension distortion was released, and recovery
tests for the measurement of the transistor char-
acteristics without strain were performed (fig. S13).
After it was stretched by 70% or less, the transis-
tor characteristics without strain did not change
as compared with those measured before the stretch-
ing tests. Furthermore, no changes in electrical
characteristics or mechanical damages were ob-
served after 30 cycles at 70% stretching, indi-
cating the excellent electrical functionalities and
stability of the active matrix under stretching.
However, stretching by 70% or more resulted in
freversible degradation. This is mainly due to the
exfoliation of printed Ag electrodes from plastic
substrates. The disconnection of organic transis-
tors from the SWNT elastic conductor is quite rare
because of the pood adhesion of SWNT pastes.

The present approach in which semi-rigid
active components are connected to each other
through stretchable wirings is complementary to
fully elastic circuits reported by Khang ef al.,
Sun et al, and Kim et al. ({4-16). Their circuits
exhibit good mechanical durability under stretch-
ing; large deformations of stretchable active
components may lead to changes in their electrical
characteristics. In our approach, the electrical
characieristics of active components do not change
during stretching because they are not deformed.
Therefore, the two approaches should be adopted
according to the purpose of the application.

The conductivity of the SWNT-based elastic
conductor is sufficiently high for application to
high-performance and large-area electronic cir-
cuits. In the case of commercial conducting rub-
ber using carbon particles (~0.1 S/cm), however,
the resistance of electrical wiring between tran-
sistors (word and bit lines) is higher than the
resistance of transistors in one state (fig. S14).
This causes a decrease in channe! currents, delay
in circuits, and other detrimental effects.

Although we demonstrated the feasibility of
SWNT-based elastic conductors and paste by
fabricating an active matrix, the materials and
integration technology can be applied to vari-
ous types of electronic functionalities. When the
stretchable active matrix is integrated with a two-
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dimensional array of pressure sensors, a rubber-
like artificial skin can be obtained. Such sensor
and actuator applications (9-12) do not always
require components with dimensions of several
tens or hundreds of micromeiers. To realize this
integration, it is necessary to develop mechan-
ically robust, via interconnections. Furthermore,
if the stretchable active matrix is integrated with
an amay of actuators and mounted on a curved
surface, the touch feeling on the surface will be
changed electrically. In this manner, the elastic
conductor developed in this work enables elec-
tronic circuits to be mounted at locations where
1o date we have been unable to provide electrical
functionalities, This is an important step toward
producing intelligent surfaces as friendly human/
electronics interfaces; in the future, such intelli-
gent surfaces will be able to interact with people,
objects, and the environment in new ways.
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Imaging of Transient Structures Using
Nanosecond in Situ TEM

Judy S. I‘.’lm,l i Thomas LaGrange, Bryan W. Reed Mitra L. Tahen, Michael R. Armskrnng,
Wayne E. King, Nigel D. Browning,™ Geoffrey H. Campbell®

The microstructure and properties of a material depend on dynamic processes such as defect
motion, nucleation and growth, and phase transitions. Transmission electron microscopy (TEM) can
spatially resolve these nanoscale phenomena but lacks the time resolution for direct observation.
We used a photoemitted electron pulse to probe dynamic events with “snapshot” diffraction and
imaging at 15-nanosecond resolution inside of a dynamic TEM. With the use of this capability, the
moving reaction front of reactive nanolaminates is observed in situ. Time-resolved images and
diffraction show a transient cellular morphology in a dynamically mixing, self-propagating reaction
front, revealing brief phase separation during cooling, and thus provide insights into the
mechanisms driving the self-propagating high-temperature synthesis.

ransmission electron microscopy (TEM)
has evolved dramatically in recent years
with the development of monochromation
and spherical aberration correction {/-3) facili-
tating sub-angstrom spatial resolution. In situ

TEM studies have also progressed from simple
‘heating and cooling experiments to include capa-
bilities such as nanoindentation (4) and eaviron-
‘mental cells (5, 6). The TEM is already a powerful
tool for material characterization in diverse scien-
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tific fields, but there is a need to incorporate fast
time-resolution capabilities into EM.

In the past, direct electron imaging has been
essential to uncover phenomena that are difficult
to distinguish with diffraction (7-9), for instance,
dislocation dynarnics. Electron interrogation meth-
ods also have the potential to provide higher sen-
sitivity and resolution compared with laser or
x-ray methods. This is possible because of bright
electron sources, the ability to control and focus
electrons for different contrast mechanisms, and
the stronger interaction of electrons with matter
(10), resulting in a broad class of observable sam-
ples and length scales.

Traditional in situ TEM spatially resolves
microstructural details of phase, structure, and
morphology; however, it cannot collect data with
acquisition times less than 1 ms. This s often
orders of magnitude too slow to capture the es-
sential material details of interface motion, crystal
formation, twinning, and many other fundamen-
tal material processes. Many such processes are
nonrecurring, necessitating single-shot techniques
that capture images or diffraction patterns in a
single brief exposure. At nanosecond time scales,
such transient data are only attainable with the
use of a single, short electron bunch with very
high peak current by TEM standards (microam-
peres to milliamperes). Nanosecond-scale in situ
TEM has been achieved using a conventional
TEM modified to introduce a laser for stimula-
tion of a photoemission electron source (11, 12).
Figure S1 illustrates how a 1 5-ns yttrium-lithium-
fluoride-Nd laser frequency quintupled to 211 nm
is directed toward the electron source, generating
in excess of 2 x 10° photoemitted electrons in a
single 15-ns bunch. Up to 5 * 107 of these elec-
trons can be collimated into a small (micrometer-
scale) area to probe the sample. This very high
current density enables nanosecond single-shot
imaging and electron diffraction. Imaging and
diffraction provide complementary information,
where diffraction reveals the evolution of crys-
tallographic structure (/ 3) {or amorphous nature)
and imaging reveals details of the real-space evo-
lution of fundamental nonrecurring processes in
nanoscale materials dynamics.

The single-shot capability provides a pump-
probe platform that can acquire a “snapshot”
image or diffraction pattern of a transient process.
The dynamic processes are stimulated in a TEM
specimen by an additional pulsed laser (yitrium-
aluminum-garnet-Nd), the pump laser. This laser
heats or ablates a small area of the sample, ini-
tiating the process that will later be captured by
the electron pulse. The time delay between the
two pulses can be precisely controlled within a
scale ranging from nanoseconds to hundreds of
microseconds, with a timing jitter of *1 ns.

“aaterials Science and Tedhnology Division, Lawrence Liver-
more National Laboratory (LLNL), Livermare, CA 94550, USA.
“Department of Chemical Engineering and Materials Science,
University of California, Davis, CA 95616, USA.

“To whom comrespondence should be addressed. E-mail:
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Longer multi-microsecond time delays used in
this study cannot be achieved in a single laser—
plus-beam splitter system without using optical
paths of thousands of meters. By accumulating
single-shot pump-probe observations with vary-
ing time delays, one can develop an understand-
ing of each stage in the evolution of a material
process.

Reactive multilayer foils (RMLFs), also termed
nanostructured metastable intermolecular compos-
ites, are layers of reactant materials that undergo
exothermic, self-propagating reactions when layer
mixing is induced by an extemal energy source
(Fig. 1). These nano foils exhibit mobile, high-
temperature reaction zones where atoms of ad-
Jjoining layers diffuse across the interfaces, wherein
velocity and temperature can be manipulated by
composition and geometry of the component ma-
terials (14-16). They are used as customized heat
sources for rapid fuses, biological neutralization,
and joining of materials by means of localized
heating rather than global device heating (17, 18).

The reactive foils contain stored chemical
energy in the form of layered structures with
<1 nm of interd:ffusion at the interfaces (fig. $2).
The reaction-front velocity (reaching ~10 m/s) is
related to bilayer thickness, with an exception in
thin bilayers (~10 nm) where intermixing during
deposition retards the reaction propagation (/5).
Maximum temperatures attained during mixing
vary greatly based on composition and geometry,
reaching upwards of 1750 K (19). Little is known
about the dynamic and transient events that
transpire in the proximity of the reaction front,
although these will govern the structure,
mechanical properties, and performance of the
reacted materials. The combination of nano-
scale geometry and rapid velocity often make
traditional characterization methods incapable
of direct observation of the self-propagating
high-temperature synthesis.

We use dynamic TEM (DTEM) to observe the
RMLF reaction front for rapid phase-transition
times and metastable morphologies. RMLF ex-
perimental samples are composed of five bilayers
of AlNigg, Vo (at a 2:3 atomic ratio, totaling
125 nm in thickness) and mounted in Cu mesh-
clamping grids. Through fast optical imaging at
2 us per frame (fig. S3 and movie S1), we found
that when initiated by a 1064-nm laser pulse in

Fig. 1. Schematic of RMLF reaction-front
propagation where mixing is initiated by a
laser and continues to travel along the foil
until the layers are consumed and converted
into reacted intermetallic.
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an external vacuum chamber, the reaction front
travels across the sample at a velocity of 13 m/s.
Because the spatial resolution was 35 pm per
pixel, the optical videos did not show additional
definitive information. We then conducted DTEM
experiments at the same pump-laser conditions
[80-um 1/¢” radius, 12-uJ energy, 3-ns full width
at half maximum (FWHM) pulse duration]. The
orientation of the experimental setup illustrated in
the schematic (fig. S1, inset, and fig. $3) shows
how the reaction front radiates out in all di-
rections from the reaction initiation site in the
freestanding RMLF membrane. By initiating
the mixing reaction several hundred micrometers
away from the observation area, the reaction
front of the intermetallic formation zone is ob-
served while it is in a steady state of propaga-
tion. Delays between the reaction-front arrival
and the probe electron pulse were varied from
~0.7 to 25 ps, before the arrival and long after
the front has passed.

At low magnification with a field of view of
~500 um’, the reaction front is visible after 1 ps
as it travels away from the drive-laser initiation
site (fig. S4). At increased magnification, the bright
field images (Fig. 2) demonstrate the transient
morphology of the reaction front. The reaction
front is closely followed by the elongated finger-
like structure, defining the interface between the
reacted and unreacted material. These cellular fea-
tures of Fig. 2 have a periodicity of ~600 nm
wide and are greater than 40 um long (equivalent
10 3 ps of propagation time), showing a distinct
formation and gradual termination, which proves
their transient character.

The images in Fig. 2 are in plan view (with
the viewing direction perpendicular to the me-
tallic layers), and the cellular features are normal
to the bilayer structure in the direction of the
vellow arrow in the schematic Fig. 1. The size
scale of the transient structures (600-nm perio-
dicity} greatly exceeds the bilayer perodicity of
the RMLF (25 nm); thus, the observed cellular
structures are not directly related to the metallic-
layer structure but instead suggest a transverse
patterning mechanism inherent in the reaction
process. This is reminiscent of binary alloy solid-
ification in the midst of slight undercooling and
also of solid solution eutectoid transformation
{20, 21). These models have shown that similar
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structures are known to arise from the interplay of
thermal gradients and atomic interdiffusion, the
same physical principles that govemn the RMLF
front propagation.

Analysis of 15-ns-resolution diffraction data
(Fig. 3) reveals the initial formation of the in-
termetallic ordered B2 phase, NiAl from the
separate face-centered cubic (fcc) Al and
Nig a1 Ve.ge layers. The NiAl formed in under
300 ns afier the arrival of the front. This im-
plies that much of the interdiffusion is confined
to the close proximity of the reaction front, as
indicated from the time resolved images show-
ing the sharp onset of the cellular microstruc-
tre. The electron pulse has a 15-ns FWHM
time resolution and passes through a condenser
aperture so that it interacts with a round sample
area that is 11.2 ym in diameter {(making the
obtained phase information accurate to this di-
mension), which is far smaller than the width of
the metastable cellular formation region im-

A

Mixed
layers

Unmixed

Fig. 2. RMLF mixing front is defined in (R), and
after longer times (2 ps), the structure moves fur-
ther (B) and is no longer present (S ps) after the
AUNi layers have completed mixing (C). The im-
ages shown here are plan-view bright field images.
Dynamic snapshot images of the mixing reaction-
front zone reveal a transient cellular structure.
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aged in Fig. 2. Diffraction patterns from the
unreacted bilayers appear as uniform nano-

~2% thermal expansion from the NiAl diffrac-
tion, using @ = 15 % 107 K™ (where  is the
ticient of linear thermal expansion) (25). The

crystalline ring pattems, with the
~10-nm grain diameters in the as-grown layers.
Diffraction data taken only 2.3 pm ahead of the
reaction front shows little indication of a phase
transition. As the hot reaction front passes the
sample area being probed by electrons, back-
ground intensity increases and the diffraction
ing patterns become diffuse because of ther-
mal effects of the exothenmic mixing reaction.
These rings are rotationally averaged to reduce
noise. The film remains primarily crystalline
throughout the dynamic mixing event, and this
is confirmed by the uninterrupted presence of
distinct rings. The timing of the hot reaction-
front velocity is measured by DTEM imaging
of the front of the cellular structure. When this
information is combined with the diffraction
data, it is evident that the solid NiAl phase begins
to form immediately after the arrival of the hot
reaction front.

In the reaction-front region, the intermetallic
NiAl nucleates and continues to grow near the
hot reaction front as the material enters a two-
phase field of NiAl + liquid, consistent with
known themmodynamics of NVAI binary mix-
tures (22). The Al atoms gain mobility because
pure Al melts at the relatively low temperature of
933 K, far below the expected temperature of the
reaction front. Basic calculations of heat emitted
by the mixing of Al and Ni indicate that the tem-
perature reaches ~1700 K [AH = 77 kI mol™’,
cFN"M =24 Tmol™ K" (23, 24), where AH is the
change in enthalpy and ¢, is heal capacity at
constant volume], consistent with the measured

80,

Diffraction Difference Ring Intensity (a.u.)

as-grown layers are stoichiometrically close to
NiAl at a 2:3 Ni-rich ratio, and the final reacted
phase is NiAl (the B2 phase revealed by diffiac-
tion as in Fig. 3). Therefore, knowing that crys-
talline solid is present at all detectable times, it is
logical that the propagating zone is moving along
a thermodynamic trajectory through the NiAl +
liquid phase field. This result would imply that a
fraction of material at the reaction front is liquid
and near equilibrium, enhancing the material
transport.

The observed contrast of the cellular features
‘may be enhanced by the liquid phase because of
increased thermal diffuse scattering. On occasion,
near a defect that acts as a heat sink, a small vi-
cinity of the fully reacted foil retains cellular-type
structures. The observation of such remnant fea-
tures with mass-thickness contrast in high-angle
annular dark field scanning TEM (fig. S5} reveals
that after cooling to room temperature, the re-
gions of narrow, dark intensity in Fig. 2 corre-
spond to thickness modulations in the projected =
direction. We confirned the material thickness
modulation using electron energy-loss spectros-
copy to measure the ratio of inelastically scattered—
to—elastically scattered electrons at varied posi-
tions along the specimen. The rows of increased
thickness further support the idea that liquid,
‘which may coalesce to reduce surface energy and
cause this thickness modulation, is one of the
phases present. This hypothesis is consistent with
the thermodynamics and explains how the thick-
ness modulations ~600-nm apart could form on

8 10 12 14

Reciprocal Space [nm")

Fig. 3. Dynamic single-shot diffraction with 15-ns time resolution of regions before, during, and after the
exothermic mixing reaction front has passed. The times indicated at right are in relation to the reaction
front, set at t = 0 5. The crystal structure clearly changes from separate fec AUNi and Ni/V layers to an
intermetallic B2 structure NiAl phase within 300 ns after the arrival of the hot reaction front. a.u.,

arbitrary units.
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the observed time and length scales (~100 ns
judging from the micrometer-scale sharpness of the
reaction front in Fig. 2A and the 13-m/s propaga-
tion speed). These time and length scales are not
consistent with an altemative hypothesis that the
structures arise from purely solid-state diffusive
processes, which are orders of magnitude too
slow, even at 1700 K (26).

The dark intensity between the cells fades
away in the last micrograph of the series in Fig. 2,
at a point in time where the reaction is long since
complete. The solid solubility range of the NiAl
B2 phase increases as the temperature drops (22),
so that at room temperature nearly all of the ex-
cess Ni could be reabsorbed into a stable homog-
eneous B2 structure with a Ni:Al ratio close to
3:2. Post-moriem TEM examination indicates that
this happens in nearly all cases, with frozen-in
structures (such as those in fig. S5) being rare
exceptions associated with defects. The cellular
morphology is not normally present at completion.

We have obtained single-pulse nanosecond-
scale TEM data in both diffraction and imaging
modes, which are necessary to study the propa-
gation and behavior of energetic nanolaminates
in situ. With the use of 15-ns imaging, we have
observed transient structures produced by the self-
propagating high-temperature synthesis, revealing
lines of mass-thickness contrast due to cellular
phase formation of an ordered B2 NiAl phase
and liquid. At such high formation temperatures
(~1700 K), these materials are now known to

exhibit transverse self-ordering reminiscent of cel-
Tular binary solidification mechanisms. We have
established that the DTEM is proficient for nano-
second science in a TEM for direct nanoscale
characterization of ireversible, dynamic phenome-
na. [tis notable and exciting to find spontancous,
rapid formation of ordered structures in materials
far from equilibrium, which is also an important
step for essential comprehension of RMLF per-
formance in applications
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The Magnetic Memory of Titan's

lonized Atmosphere

C. Bertucdi,™*t N. Achilleos,®® M. K. Dougherty,” R. Modalo, A. ). Coates,>” K. Szego,*
A. Masters,! Y. Ma,” F. M. Neubauer,® P. Garnier,? ].-E. Wahlund,? D. T. Young™®

After 3 years and 31 close flybys of Titan by the Cassini Orbiter, Titan was finally observed in the
shocked solar wind, outside of Saturn’s magnetosphere. These observations revealed that Titan's
flow-induced magnetosphere was populated by “fossil” fields originating from Saturn, to which the
satellite was exposed before its excursion through the magnetopause. In addition, strong magnetic
shear observed at the edge of Titan's induced magnetosphere suggests that reconnection may
have been involved in the replacement of the fossil fields by the interplanetary magnetic field.

he absence of a substantial intrinsic mag-

netic field at Titan results in a direct in-

teraction between the meon's chemically
complex atmosphere and its plasma environment
(). This consists of electre
coupling between charged particles resulting from
the ionization of Titan's aimosphere and neutral
corona, and the external wind of magnetized plas-
ma. As extemal plasma approaches Titan, it is
mass-loaded by these locally produced ions (2)
and its speed progressively decreases. Because the
plasma is virtually collisionless, amagnetic field is
frozen into the plasma, causing external field lines
to drape around the moon. Magnetic field lines
then pile up near the sub-flow point and streich
along the flow direction in the flanks and the

www.sciencemag.org SCIENCE

downstream sector, creating an induced magneto-
sphere and magnetotail. In a Titan-centered frame
of reference, the magnetotail consists of “away™
and “toward” lobes containing, respectively, draped
field lines panallel and antiparallel to the extemal
flow (3, 4). This interaction leads to the removal of
ionized atmospheric constituents as they acquire
the linear momentum lost by the extemnal flow (5).

Titan orbits Satum at an average distance of
20.2 Satum radii [1 Satum radius (Rg) = 60,268
km], spending most of its time in Satum's partially
corotating magnetospheric flow (Fig. 1A). This
flow, consisting of charged particles from sources
such as the E ring and Enceladus (6), transporis
Satum's magnetic field, which encounters Titan at
speeds of ~100 km/s (). Hence, the angle be-
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tween the magnetospheric flow and the solar
photons responsible for the ionization of Titan's
atmosphere—and therefore the nteraction—
depends on the moon's local time with respect to
Sarum [Satumn local time (SLT)] (7). At SLT near
noon, Titan can also inferact with the shocked so-
lar wind and the interplanetary magnetic field
(IMF) during periods of high solar wind dynamic
pressure (Payw) (8}, as the pressure balance at the
‘magnetopause occurs at lower kronocentric dis-
tances, leaving Titan in the magnetosheath (Fig. 1B).
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Fig. 1. Sketch describing how Titan's plasma interaction depends on solar wind pressure. Under nominal solar wind conditions, Titan interacts with Saturn's
rotating magnetosphere (A). When solar wind pressure is high, Titan exits into Saturn's magnetosheath (B). Both panels indicate Titan's position during 732.

Fig. 2. (Top) Cassini magnetic field data on 13 June 2007 in 9 ; 1 C LA
spherical KSMAG coordinates. The encounters with the oscillat- ~ 4 A
ing kronian magnetopause and bow shock are indicated with
the letters A to C and D to F, respectively. |Bl is the magnetic
field strength. Cassini's kronocentric distance is indicated
beneath the plots. (Bottom) Magnetic field data in spherical
TIS coordinates (from MAG), plasma density (V) (from RPWS/
LP), and electron count rate per energy channel (from CAPS/ELS)
during the T32 flyby. Magnetopause crossing C, CA, and the
entry (1) and exit (II) of the fossil field region are indicated.
Cassini's altitude above Titan is indicated beneath the plots.
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During every in situ ohservation made from
Voyager | (3) through Cassini close flyby 31
(T31), Titan was inside the kronian magneto-
sphere. However, during T32 on 13 hme (day
164) 2007, Cassini encountered Titan while it was
in the shocked solar wind. Observations of the
plasma environment showed layers of remnant
kronian magnetic fields to which Titan had been
exposed a few minutes before, ling how this

orbital plane. Closest approach (CA) occurred at
17:46:32 universal time (UT) (9) at an altitude of
975 kam over the north pole. As a result, Cassini
first explored the near-Satum side of Titan's
induced magnetosphere, then flew through the
collisional ionosphere and emerged on the side
facing away from the planet.

The T32 encounter occurred afier a series of
I ions and of Saturn's magne-

field interacts with the IMF,

T32 took place at 13.6 hours SLT, close to the
Satum-Sun line, when the spacecraft was outbound
from the kronian system. In the Titan centered
frame, Cassini's trajectory was almost parallel to
the Saturn-Sun direction and north of the moon's

Fig. 3. Magnetic field
measurements along the
trajectories of flybys T30
(blue} and T32 (red) in TIIS
coordinates. The draped
magnetic fields of Titan's
induced magnetosphere
are highlighted in bright
colors. Light-colored blue
and red arrows indicate the
unperturbed ambient field.

\.
N

AvF

}Reconne

topause (at speeds much higher than Cassini's) in
response to strong variations in Pgw. These oscil-
lations are noticeable in the Cassini magnetometer
(MAG) (10) data in the spherical KSMAG coor-
dinate system (1/) aligned with Satum's magnetic
dipole (Fig. 2, top panel). Early on day 164, Cas-

ed fields

BMagnetopause

Fig. 4. Simplified schematics showing, from the same initial scenario and in three stages, possible
reconfigurations of the magnetic field near Titan during T32. (Top) Satumn's magnetopause opens as a
result of reconnection between the kronian fossil fields and the IMF (1), and reconnected field lines are
carried downstream (2 and 3). (Bottom) The absence of reconnection (i) results in a closed magnetopause
that sweeps across Titan's induced magnetosphere (ii and iii). The shocked solar wind travels from left to
right. The formation of the fossil fields and possible tail reconnection are not shown because of the

geometrical complexity of the process.
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sini was immersed in a typical north/south kronian
magnetic field Then the magnetosphere con-
tracted because of an increase in Pgy. The reced-
ing magnetopause passed Cassini around 04:47
(point A) al a distance of ~15.4 Rg from Saum. A
model of the magnetopause based on pressure
balance (12, 13) suggests that Pgyw was ~0.08 nPa
(more than five times the average value). From
that moment, Titan was also outside the magne-
tosphere. Furthermore, if the same dependence on
Py is applied to the bow shock (14), Titan was in
the supersonic solar wind at the time of A. Afier
A, Cassin! spent almost 10 hours outside Satum's
magnetosphere. Meanwhile, the magnetopause
stopped contracting and expanded once again,
reaching Cassini around 14:32 (point B). Cassini
was then within the magnetosphere for ~3 hours
until it encountered, one last time, a retreating
magnetopause around 17:25 (point C), more than
20 min before CA. The magnetic field distur-
bance generated by Titan was observed by Cas-
sini ~10 min afier C. Afier ~11:00, the IMF was
mainly northward, leading to strong magnetic
shear at crossings B and C.

The combined capabilities of Cassini MAG,
the Radio and Plasma Wave Science instrument
{RPWS) (15), and the Cassini Plasma Spectrom-
eter/Electron Spectrometer (CAPS/ELS) (16} pro-
vide a detailed description of the plasma near Titan
(Fig. 2, bottom panel). Magnetic field data are
shown in the spherical Titan interaction (TIIS) co-
ordinate system defined from the nominal kronian
corotation flow (4, 17). In Cassini's frame of ref-
erence, the magnetopause crossing C displayed a
thick boundary layer, where the magnetospheric
and the magnetosheath plasmas coexisted, where-
as the magnetic field rotated northward by 156°.
These signatures are typical of local magnetopause
reconnection events previously observed at Satun
(18). Also within C, FLS and the RPWS Langimuir
probe (LP) detected (from 17:30) a less energetic
{10-eV) electron population that probably origi-
nated from Titan. After C (between 17:32 and
17:38, and after 17:53), the magnetic field was
predominantly northward, confirming that Titan
was in the IMF. The mixed magnetosphere/mag-
netosheath plasma signature continued until 17:38,

Around 17:41 and 17:53 (altitudes of 1400
and 1740 ki, respectively), the sudden drop in
100- to 1000-¢V electron count rates indicates
that the external flow was strongly decelerated
and deflected near Titan, as its cold plasma be-
gan to dominate. Simultaneously, the plasma den-
sity increased above 100 cm™ and the frequency
of collisions became comparable to the ion gyro-
frequency. As a result, only electrons remained
magnetized and deposited the magnetic field in
the induced magnetosphere via convective pileup.
These electrons had lost most of their momentum,
making the magnetic flux tube convection time ex-
tremely long as compared to that at higher altitudes.

From 17:43:30 to 17:49:00 (below an altitude
of 1100 km), extremely weak felds indicate that
Cassini entered Titan's collisional ionosphere,
where magnetic diffusion dominated over convec-
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tion. A minimum value of 1.25 nT was measured a
few seconds before CA and below the ionospheric
peak around 17:42 and 17:50 (altitudes of 1270
and 1200 km, respectively).

Between approximately 1200 and 1600 km
altitude (poimts 1 and IT), the draped magnetic
field was antiparalle! to the corotation direction
(the toward lobe). Because Cassini was at north-
em latitudes, this lobe corresponds to the draping
of a field that was initially southward. However,
the IMF surrounding Titan was clearly northward,
and there is no possibility that such an orientation
could lead to a toward lobe at northern latitudes.
A comparison between the average field in Titan's
magnetotail during T32 with that in the toward
lobe during three north latitude flybys with almost
identical geometries (T28, T29, and T30) inside
Satum's magnetosphere shows that these direc-
tions differed by as little as 28°. The fields in the
toward lobes of flybys T32 and T30 (Fig. 3)
display high similarity (8° between averages).

In the absence of an internal field, the fields
just above Titan’s collisional ionosphere are
draped kronian magnetospheric fields deposited
within Titan's induced magnetosphere before the
moon's magnetosheath excursion. These fields
are effectively frozen or “fossilized” in the near-
Titan noncollisional plasma as a result of mass
loading by cold ions [notably N;* (19)] from
Titan's exosphere below 1600 km, dramatically
reducing the transit speed of magnetic flux tbes.
As Titan entered the magnetosheath, it encoun-
tered shocked solar wind traveling along the Sun-
Satumn direction. This flow transported IMF field
lines, which piled up and draped around the
layers of fossilized fields, as shown by the mono-
tonic change in the magnetic field strength after
17:53. Thus, draped field lines at higher altitudes
moved at higher speeds, reflecting more recently
sampled magnetic environments.

The detection of kronian fossil fields during
T32 occurred because their convection time was
longer than the time that Titan was exposed to the
IME. In the early hours of day 164, Titan was im-
mersed in the magnetosheath longer than Cassini
(9 hours, 45 min}, because the spacecrafi was inside
Titan's orbit. For the same reason, Titan was within
Saturn's magnetosphere for a shorter time than
the interval from B to C. However, this was lmlg

shear at locations I and II (111° and 162°, re-
spectively) and the magnetic field variance
suggest that reconnection could have occurred
during T32. In this scenario (Fig. 4, top panels),
Titan could have opened Satum's magnetopause,
and the field reconfiguration could have been
similar to that proposed for disconnection events
at comets (2J). Initial real-time modeling sup-
ports this inferpretation.

However, previous simulations (20) indicate
that at these altitudes, the plasma density was o
low for electrons 1o be demagnetized. In such a
case (Fig. 4, bottom panels), reconnection would
not have occurred, and the fossilized fields could
have been either diffused into the collisional

here or 1 d do n by ambi-
polar electric fields (22) without affecting the
magnetic structure of Saturn's magnetopause.

The bow-shock crossings D, E, and F at
kronocentric distances of 20.8, 21.0, and 21.4 Rg
(Fig. 2, top panel) suggest magnetopause stand-
off distances around 16 Rg. Hence, it is likely that
after T32, Titan remained within Satum's mag-
netosheath at least until 23:30, when the fossil
fields should have been entirely removed.
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Postseismic Relaxation Along the
San Andreas Fault at Parkfield from
Continuous Seismological Observations

F. Brenguier,»* M. Campillo,? C. Hadziioannou,? N. M. Shapiro,® R. M. Nadeau,” E. Larose?

Seismic velocity changes and nonvolcanic tremor activity in the Parkfield area in California reveal that
large earthquakes induce long-term perturbations of crustal properties in the San Andreas fault zone.
The 2003 San Simeon and 2004 Parkfield earthquakes both reduced seismic velodities that were
measured from correlations of the ambient seismic noise and induced an increased nonvolcanic tremor
activity along the San Andreas fault. After the Parkfield earthquake, velocity reduction and

enough to replenish Titan's induced r
with kronian fields afier the first rmp;lﬂnsl\eal.h
excursion. Henee, if Titan was within Saturn's mag-
netosphere for some time between B and C, and if
the replenishment time was the same for the IMF
and magnetospheric fields, the time spent by Titan
in Satumn’s magnetosphere between Band C should
have been longer than that between C and CA. As
a result, the lifetime of the kronian fossil fields was
between ~20 min and ~3 hours. These conclusions
support previous theoretical estimations within
Satumn's magnetosphere (20).

The fossil fields could have been removed via
diffusion into the collisional ionesphere, convec-
tion around the ionosphere into the magrletola.\l

lcanic tremor activity

d elevated for more than 3 years and decayed over time, similarly

to afterslip derived from GPS (Global Positioning System) measurements. These observations suggest
that the seismic velocity changes are related to co-seismic damage in the shallow layers and to deep
co-seismic stress change and postseismic stress relaxation within the San Andreas fault zone.

nformation about the stress variations in deeper
Ipans of continental faults can be obtained by

‘We used continuous measurements of ambient
selsmic noise to recover continuous variations of

studying source properties of mi hquakes
(1), Changes in seismic velocities measured by using
repeated natural and active seismic sources can also
provide infomation about rock damage and healing
at depth afier large earthquakes (2, 3) or about stress
changes in seismogenic zones (#). The main lmi-
tation of these types of measurements, however, is
the episodic nature of their seismic sources, which

and reconnection with the IMF. The
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prevents continuc 1g of crusial properties.

selsmic velocities within the crust along the San
Andreas fault (SAF) near Parkfield, California

‘With this approach, the cross-correlation function of
ambient seismic noise computed between a pair of
receivers converges loward the response of Earth
‘between the receivers (the so-called Green's func-
tion). Essentially this function represents the seismo-
gram that would be recarded at one of the receivers
if a source were acting at the second (5, 6). The

SCIENCE www.sciencemag.org



temporal evolution of the crust is then tracked by
computing cross-correlation functions at different
dates for the same receiver pair and measuring the
changes between the correlation functions (7-9).
To monitor variations in seismic velocity along
the SAF at Parkfield, we used more than 5 years of
continuous seismic noise data recorded by 13 short-
period seismological stations of the Berkeley High
Resolution Seismic Network (HRSN) (10). These
stations are installed in boreholes at depths of 60 to
300 m, thus reducing locally generated noise and
effects of temperature variations and precipitation
(Fig. 1). We analyzed data from January 2002 to
October 2007, spanning the times of two major
earthquakes that occurred within a 100-km radius
of Parkfield: the moment magnitude (8,,) = 6.5
San Simeon earthquake of 22 December 2003,
whose epicenter was located 60 km west of Park-
field, and the M,, = 6.0 Parkfield earthquake of
28 September 2004. For every possible pair com-
bination of stations, we computed the daily cross-
correlation of seismic noise by using the procedure
of (11, yielding 91 * 2140 days = 194,740 cross-
correlation and auto-correlation time functions. A
for each station pair by stacking the daily cross-
correlations for the entire 2140-day period (12).
The velocity changes were then determined by
measuring time delays between the RGF and 30-
day stacks of cross-correlation functions in the
frequency range from 0.1 to 09 Hz (9, 12, 13)
(Fig. 2B). If the medium experiences a spatially
homogeneous relative seismic velocity change,
Avlv, the relative travel time shift (At/) between a
and reference Green function is indepen-
dent of the lapse time (1) at which it is measured
and Av/iv=—At/t = constant. Therefore, when com-
puting a local time shift, At, between the reference
and a chosen cross-correlation fimction in a short
window centered at time 1, we would expect that
At should be a linear function of ©. By measuring
the slope of the travel time shifis At as a function of
time T, we then estimated the relative time pertur-
bation (At/t), which is the opposite value of the
medium's relative velocity change (Aw'v). The 30-
day stacked correlations shown in Fig. 2A exhibit
variations because of the seasonal patiem of the
location of noise sources (14, 15). Because these
we did not make differential time measurements for
these waves. We also investigated the accuracy of
the station clocks by analyzing the temporal sym-
metry of the comrelation functions (76) and correct
ing for the detected errors (12). Lastly, following
(%), we averaged the measured time shifis for each
time 7 over all station pairs to increase the mea-
surement accuracy.

Isismalogie, Institut de Physique cu Globe de Paris {IPGP)
and CNRS, 4 Mace Jussieu, 15252 Paris, France. *Laboratoire
de G ique Inteme et Tec ique, Université
Joseph Fourier and CNRS, 28041 Grenoble, France. *Berkeley
Seksmalogical Laboratory, University of Califormia Berkeley,
215 McCone Hall, Berkeley, CA 94760, USA.

“To whem correspandence should be addressed. E-mail:
fhrengui@ipgp.jussiev. fr
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After the San Simeon earthquake, the seismic
velocity along the SAF at Parkfield decreased by
0.04% (Fig. 3). This is consistent with measure-
ments using active sources and fault guided waves
that are with other earthquakes (2, 3, 17).

REPORTS I

with the along-fault displacement deduced from GPS
‘measurements (21, 22). Therefore, our hypothesis is
that the evolution of the ohserved seismic velocity
changes afier the Parkfield earthquake was governed

Creepmeter and Global Positioning System (GPS)
measurements show that there was no substantial
slip detected along the SAF in the Parkfield area
after the San Simeon earthquake (18). This sug-
gests that the velocity change we detected may be
related to co-seismic damage in the shallow layers
caused by strong ground shaking (~0.15 g) from
this quake. By 7 months after the quake, velocities
in the Parkfield area appear to have reumed to
their pre-earthquake levels.

Kinematic and dynamic rupture inversions as
well as GPS and INSAR (Interferometric Synthet-
ic Aperture Radar) measurements showed that the
Parkfield mainshock released a maximum stress of
10 Mpa and that the average slip was about 0.5 m
(19). The Parkfield mainshock was also followed by
postseismic afierstip that is still ongoing and broadly
distributed between the surface and a depth of 12 km
(20, 21). Tmmediately afier the Parkficld earthquake,
velocities decreased by 0.08%, and postseismic ve-
locities remained low for almost 3 years (Fig. 3). The
long-temn decay of the relative velocity perturbation
was very similar to the relaxation curve associated

-120.8"
Fig. 1. Location of the HRSN (white and black circles) near Parkfield, California, and location of the 2003
San Simeon and 2004 Parkfield earthquakes. The black solid line indicates the surface projection of the
2004 Parkfield earthquake rupture and afterslip extent. The blue circles indicate the epicenters of
nonvolcanic tremors detected by (23). The black box on the inset image corresponds to the studied area.
The DEM plot was obtained from (27, 28). EQ indicates earthquake,
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7
-1204°

by the p stress within deeper
parts of the fault zone and the surrounding region.
Observation of nonvolcanic tremors in the vi-
cinity of the Parkfield area supports this hypothesis
(Fig. 3). We considered the 30-day averaged rate of
tremor activity in the Cholame-Parkfield region com-
puted by using continuous reconds from the HRSN
for the period 2002 through 2007, These tremors are
estimated to have occurred between 20- and 40-km
depths (23), similarly to the episodic tremor and slip
on subduction zones (24, 25). There is

clear evidence of riggering of tremor activity by both
San Simeon and Parkfield earthquakes. After e Park-
has yet to retumn to its pre-event level similarly to the
seismic velocity changes. This observation supports
tremor activity after the Parkfield earthquake are re-
lated 1o postseismic stress relaxation and correspond-
ing slow slip. We also propose that the increased
nonvoleanic tremor activity after the San Simeon
earthquake may be related to slow slip at depth in
response 10 small stress variations induced by the pass-
ing of seismic waves from the A, = 6.5 event (26).

-120.3" -120.2°
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Fig. 2. Relative travel-time change measurements
(At/7). (B) Thirty-day stacked cross-correlation
functions (CCF) for receiver pair JCNB-SMNB. The
black curve represents the reference stacked cross-
correlation function. The CCFs are filtered between
0.1 and 0.9 Hz and normalized in amplitude. (B)
Time shifts averaged over 91 receiver pairs and
coherence measured between the reference stacked
and 30-day stacked cross-correlation functions (fre-
quency band, 0.1 to 0.9 Hz).

Fig. 3. Seismic velocity
changes, surface displace-
ments from GPS, and tremor
activity near Parkfield. The
red curve represents the
postseismic fault-parallel
displacements along the
San Andreas fault as mea-
sured by GPS at station
pomm (Fig. 1) (29). The
tremor rates are averaged
over a centered 30-day-
length moving time window.

relative velocity change, Aviv(%)
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Differences in the evolution of seismic velocities
after the San Simeon and the Parkfield earthquakes
indicate that two different physical mechanisms may
be respansible for the changes in crustal properties: (1)
damage of shallow layers and fault zone caused by
the strong ground shaking and () co-seismic siress
change followed by the postseismic relaxation. These
results demonstrate that measuring small velocity per-
turbatians from comelations of seismic noise can be a
useful tool for studying the continuous time evolution
of the stress regime in the vicinity of seismogenic fniis.
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Atmospheric Warming and the
Amplification of Precipitation Extremes

Richard P. Allan’* and Brian ]. Soden®

Climate models suggest that extreme precipitation events will become more commeon in an
anthropogenically warmed climate. However, observational limitations have hindered a direct
evaluation of model-projected changes in extreme precipitation. We used satellite observations and
model simulations to examine the response of tropical precipitation events to naturally driven changes
in surface temperature and atmospheric moisture content. These observations reveal a distinct link
between rainfall extremes and temperature, with heavy rain events increasing during warm periods and
decreasing during cold periods. Furthermore, the observed amplification of rainfall extremes is found
to be larger than that predicted by models, implying that projections of future changes in rainfall
extremes in response to anthropogenic global warming may be underestimated.

global water cycle expected to result from
global warming presents one of the greatest
challenges to humanity. Projections of tropical
precipitation through this century anticipate in-
creases in moist equatorial regions and indica-
tions of drying over the already-arid subtropics
(1-6), changes consistent with theoretical con-
siderations (7-9). Low-level moisture rises with
temperature at about 7%/K, as expected from the
Clausius Clapeyron equation (10, 17), fueling
comparable rises in heavy precipitation events
dnvm by moisture convergence (8). Mean pre-
and evap are ined by the

slower rises in atmospheric radiative cooling to
the surface (7, 12, 13). This leads to a decline in

Predicl.ing and adapting to changes in the
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away from the ly driven

regimes that the models achieve through reduced
water vapor mass flux and wind stress associated
with a weakening of the Walker circulation (/4).
Observational evidence supports the findings that
‘moist regions are becoming wetter and dry regions
drier (3, 15, I6), but the overall response of the
models to the current warming trend appears under-
estimated (17, 15-/7) and the cause of this discrep-
ancy may affect the fidelity of climate predictions.
Present-day changes in the tropical water cycle
are dominated by the periodic warming and moist-
ening associated with El Nifio Southern Oscil-
lation (ENSO). Figure 1 shows that warm ENSO
events (positive Nino-3 index) are associated with
higher column water vapor and precipitation,
whereas the reverse is true for cold events. This
variability provides a means for testing hypothe-
ses reganling how precipitation responds to a wamn-
er climate. The contrasting mechanisms invelved
in driving heavy and light precipitation necessi-
tate the examination of daily daia (5, 18): We
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compared daily precipitation from the Special
Sensor Microwave Imager (SSM/I) over the
tropical oceans (/1) to multiple Coupled Model
Intercomparison Project 3 (CMIP3) models (19)
forced with present-day sea surface temperature
{SST) and with projected greenhouse pas con-
centrations for the 21st century.

The SSM/I data resolution was degraded to
2.57 by 2.5, a resolution that is more comparable
with climate mode!l grids. Fach month of daily
precipitation maps was partitioned into 12 bins
ranging from the lightest 10% up to the heaviest
1% [supporting online material (SOM) text]. Be-
cause climate models struggle to simulate the
observed distribution of rainfall ml:nsmm 20),
we calculated changes in precipitation
i each bin separately forth: satellite data aud for
each model. Bin boundaries were calculated from
1 year of daily data for the models and the sat-
ellite data; the year chosen does not alter the
boundary rainfall intensity by more than 10%
(table S1). Deseasonalized anomalies in the fre-
quency of precipitation were calculated for each
bin. The p age changes in p fre-
quency, mlahv: to the mean frequency for each
bin, were thus calculated for each bin every month.

Figure 2 presents the percentage changes in
precipitation frequency in each bin for the SSM/L
data and models. These are comparable with re-
sults from the SSM/T data for 10 exact 10% bins at
the original and the degraded resolutions (fig. S1)
and for individual models (fig. $2). There is a co-
‘herent variability in observed very heavy precipita-
tion, with higher frequencies associated with wam
El Nifio events (1988, 1991, 1997-8, and 2002-3)
and lower frequencies with cold La Nifia events
(1989, 1996, and 1999-2000). The model ensemble
‘mean (Fig 2B) shows qualitative agreement with the
satellite data for the heaviest rainfall bins; agreement
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is improved further by sampling only the wettest
20% of all model grid boxes (fig. 83), essentially
masking out much of the light minfall in the mod-
els. However, whereas the frequency of the light
rainfall events (10 to 20% bin) tends to be anti-

correlated with the frequency of very heavy pre-
cipitation (95 to 99% bin) in the satellite data (r=
~0.51), the reverse is true for the models (- = 0.72).
Instead, a greater occurrence of very heavy rainfall
events in the models is at the expense of the heavy

4= —— NINO3

— 88T

S8Tx10 (K)
CWV (%); NINO3

P(%)

1995
Year
Fig. 1. Time series of (A) Nino-3 ENSO index (SST anomalies for 90° to 150°W, 5° to 5°N region) and
deseasonalized tropical ocean (30° to 30°N) mean anomalies of SST from HadISST (22} and column-

integrated water vapor (CWV) from passive microwave satellite data (Scanning Multichannel Microwave
Radiometer, SSW/) and (B} precipitation (F) from GPCP and SSMI (11).

2005

rainfall events (70 to 80% bins) (-=-0.90), at odds
with the variations captured by the satellite data.
Observational evidence (11, 17) suggests that
‘mean precipitation and evaporation are currently ris-
ing at the rate expected from the Clausius Clapeyron
exquation. Do observations and model simulations of
precipitation extremes also follow this simple ther-
‘modynamic relationship? To test this hypothesis, we
performed a Clausius Clapeyron (C-C) experiment
whereby data fiom | year of daily precipitation felds,
from the atmaospheric component of the Geophysical
Fuid Dynamics Laboratory (GFDL) coupled clinate
‘model version 2.1 (21), were perturbed by 7% times
the local monthly mean Hadley Centre Sea Ice and
Sea Surface Temperature (HadISST)-observed SST
anomaly {22). This allows us to identify what com-
ponent of the precipitation response in models and
observations can be explained from C-C considera-
tions alone (Fig. 2C). The very heavy rainfall re-
sponse shows similarity to the satellite data and the
models, consistent with theory (). However, the
changing frequency of precipitation in the heavy,
moderate, and light bins for the C-C experiment
cannot explain the observed or simulated variability.
Figure 3 shows observed and sl:mulamd lnme
series of the | lies in
hnq\mx:sfml}zt}mhmwmpmc:pmum bins.

Fig. 2. Percentage anom- A SSM/ satellite data
alies of precipitation fre- -
quency in bins of rainfall o5 - very heavy
intensity for (A) SSMI Fo—— — — — — —
data, (B) dimate model & 80 - heavy
ensemble mean, and () 5 g_ i e awe i S
C:C_ ; 2 = moderate
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There are substantial fluctuations in precipitation
frequency anomalies in some models, but the mod-
¢l ensemble mean and satellite observations dem-
anstrate consistent variance (fig. $4) and coherent
variability in the heaviest rainfall bin (Fig. 3A) with
the El Nifio events of 1987-88, 1991, 1994-95,
and 1997-98, coinciding with increased frequency
of the heaviest precipitation. In the second-heaviest
precipitation bin (Fig. 3B), the model ensemble
response displays positive correlation with the C-C
experiment ( = 0.62) as does the satellite data
(r = 0.61), albeit with greater variance (fig. S4).

The response of precipitation frequency to
changes in SST were quantified for the present-day
variability and compared with the response to global
in each bin and tropical mean SST were constructed
(Fig. 4A). The heaviest precipitation bin displays a
dependence on SST two to three times greater than
the model. The observed relationship is robust to the
processing applied to the satellite data; only by sam-

plmg!hcwnmm%afallmnd:lgndbomdocs
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(1'623) Tam&mhypodms,wcmcaimlmdm

the sensitivity of | 10 SSTbe-
gin to resemble the satellite observations (fig. S5).
Although moderate and light precipitation bins dis-
play a weak negative dependence on SST for the
SSM/I data, the model response is more strongly
negative for heavy rainfall (60 to 90%), and the
frequency of light precipitation (below 30th per-
centile) increases with SST. Because the statistical
significance is weak (only the 95 to 99 and 99 to
100% bins produce comelations with SST above
the 95% significance level for both models and
satellite data), the relationships are confinned -
dependently by compositing El Nifio and La Nifia
months separately. Figure 4B shows essentially the
same differences between models and observations,
albeit with a stronger sensitivity.

It 1s posstble that changes in atmospheric circu-
lation associated with ENSO may affect the calcu-
lated relationships because during Fl Nifio there tends
1o be a drying over land and moistening over cceans

hips in Fig. 4, A and B, for the entire tropics
(landandocean)byusmgmodcldm]iemusedsf
ferences to the ocean-only calculations are small, we
can conclude that enhanced cceanic ascent during
El Nifio plays only a minor role in determining rela-
tionships between precipitation frequency and SST.
Can the changes i m ijClplle] ﬁ'cqumcy be
lained by ther The
lincar 1 hetween precipitation frequency and
changes in SST for the C-C experiment (Fig. 4C)
shows reduced occumence of light precipitation and
increased frequency of very heavy precipitation, as
expected were precipitation to be simply scaled by
a constant factor (SOM text and fig. S6). This re-
sponse is i with the model-simulated re-
sponse of the heaviest precipitation but does not
capture the changes for other ranfall intensities
(Fig. 4A). The SSM/ response of the very heavy
precipitation frequency appears langer than expected
from C-C changes; this remains theoretically possi-
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Fig. 3. Percentage anomalies in precipitation frequencies for the (A) 99th to 100th percentile, (B} 95th to 99th percentile, and (C) 90th to 95th percentile bins
for individual models, the model ensemble mean, the C-C experiment, and the SSM/| satellite data.
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Fig. 4. Observed (black) and simu- T T T T T T T (RN R T (A KR
lated (blue) percentage changes in A B
precipitation frequency (Ps) per K tem- 100 - 1r 7
perature increase over the tropical oceans — SSM/I-HadISST — 55M/I-HadISST
calculated from (A} linear regressions, 80 - == Model Ensemble Mean 4 | =——Model Ensemble Mean -
(B) El Nifio minus La Nifia, (Q the C-C &
experiment, and (D) the global warm- § ------ Model Land+Ogean ([ s Model Land+Ocean
ing response in the GFDL CM2.1—coupled =
model with A1B scenario forcings (19) _ |
using 2101-2105 minus 2001-2005 5.
daily data. Also shown in (&) and (B) % 1
are the simulated changes for land and ‘
ocean (dotted line). Vertical lines in () = 2
and (B) denote +1 standard deviation ‘ .
from all the individual models. Error
bars in (&) and (O represent +1.96 stan-
dard errors for the linear fits plotted only
where the comrelation coefficient is greater
in magnitude than 0.4 (the two-tailed ]
test 95% confidence limit assuming 22 wlg 1Fp
degrees of freedom). Also shown in (D) &
i;thle C—f response (mdrline; Thtimes % 0L ___ ¢ g LinearFit 1 —_GFpL 2xco2 ’
the local 55T increase for 2101-2105 = 20 il 9
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Superiority, Competition,
and Opportunism in the Evolutionary
Radiation of Dinosaurs

Stephen L. Brusatte,*t Michael ]. Benton, Marcello Ruta, Graeme T. Lloyd

The rise and diversification of the dinosaurs in the Late Triassic, from 230 to 200 million

years ago, is a classic example of an evolutionary radiation with supposed competitive
replacement. A comparison of evolutionary rates and morphological disparity of basal dinosaurs
and their chief “competitors,” the crurotarsan archosaurs, shows that dinosaurs exhibited lower
disparity and an indistinguishable rate of character evolution. The radiation of Triassic archosaurs
as a whole is characterized by declining evolutionary rates and increasing disparity, suggesting a
decoupling of character evolution from body plan variety. The results strongly suggest that

historical y. rather than prol
factor in the rise of dinosaurs.

and Early Jurassic (230 to 190 million years

ago) is a classic example of an evolutionary
radiation. During that time, the clade Dinosauria
expanded from a single lineage to many dozens of
lineages and from one ecological and morphologi-
cal type to many, and the range of body sizes ex-
panded to include truly gigantic forms (1, 2).
Through this expansion in diversity and disparity,
di became the pr i by on
land, occupying many ecological roles—especially
those at medium to large size—in terrestrial eco-
systems worldwide.

The expansion of Dinosauria has long been
seen as an example of a “competitive adaptive
radiation” in which one group supplants another
(3, 4). The dinosaurs were said to have outcom-
peted other terrestrial tetrapods (notably basal
archosaurs, rhynchosaurs, and nonmammalian
synapsids) by virtue of their upright or erect
posture, which gave them advantages of speed
and maneuverability (5), or because they were
endothermic (possessing fully wam-blooded
physiology) (6). The altemative, opportunistic
model (3) proposes that dinosaurs diversified
in the Norian, after a Camian-Norian extinction
event (CNEE) 228 million years ago that saw
the demise of rhynchosaurs, dicynodonts, and
chiniquodontids; dinosaurian clades were then
added through the Late Triassic and Farly Jurassic
until they reached their full diversity.

Most previous studies have treated the rise
of the dinosaurs as a single event, whether com-
petitive or opportunistic (3, 5-&). However, phy-
logenies and diversity trends suggest thai this
was a two-step process, with the diversification
of herbivorous sauropodomorphs in the Norian

The rise of the dinosaurs in the Late Triassic
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ged competition or general “superiority, " was the primary

{after the CNEE) followed by larger theropods
and armored herbivore groups in the Early Ju-
rassic [after extinction of camivorous crurotarsans
at or near the Triassic-Turassic boundary (TJEE)).
This two-step model has been supported by re-
cent studies of theropods, which became larger
and more common after the TJEE (7), and or-
nithischians, which are now known to have been
rare in the Late Triassic after the reassignment
of many supposed omithischian fossils to non-
dinosaurian groups (9).

The critical interval to consider is the Late
Triassic, especially the Noran and Rhaetian
(Fig. 1), a 28-million-year span between the
CNEE and TIEE. The key “competitors” of
the early dinosaurs were the crurotarsans, the
“erocodile-line™ archosaurs, which show a range
of morphologies and adaptations during this
time: long-snouted fish- and flesh-eating phyto-
saurs, armored herbivorous aetosaurs, and large to
giant camivorous “rauisuchians” The
even replicated many dinosaurian body plans
(large terrestrial predators; small swift predators;
mid- to large-bodied low-browsing herbivores;
agile bipedal herbivores). Several new discoveries
show striking convergences between crurotarsans

REPORTS I

petition between major clades are often vague,
difficult to test conclusively, and prone to over-
simplification (#). Rather than focusing on such
imprecise terms, it is ill 1o examine
‘macroevolutionary patiems. Here, we compared
evolutionary rates and relative morphospace oc-
cupation in dinosaurs and crurotarsans, in an
effort to shed light on their evolutionary dynam-
ics and to assess long-standing perceptions such
as “superiority.”

‘We used a new phylogeny of Triassic archo-
saurs (Fig. 1) and a data set consisting of 64
taxa and 437 discrete skeletal characters (/3) to
calculate numerical measures of evolutionary rates
[patristic dissimilarity per branch and patristic
dissimilarity divided by branch duration (/4)] and
disparity (morphospace occupation) (/3). Note
that evolutionary rates analysis approximates
the amount of morphologic evolution separat-
ing species, whereas disparity analysis approx-
imates the amount of morphologic difference
between species (/4-17). These are related but
separate measures of morphological evolution
that together give insights into pattems of mac-
roevolutionary change within and between clades
Disparity analysis does not depend on a specific
phylogenetic hypothesis, but evolutionary rates
analysis does.

There is no clear evidence for differences in
overall evolutionary rates between dinosaurs and
crurotarsans during the Triassic as a whole. Dino-
saurs exhibit higher mean rates than crurotarsans
for all measures (Fig. 2, A and B, and fig. 2, A
and B)—as does the entire dinosaur “total group,”
‘Omithodira (sister taxon to Crurotarsi}—but these
differences are penerally not significant (lables
S1 and 528). A pruned analysis of equal sample
sizes for the two clades retums the same result
(table 52), as does an analysis restricted to Norian
taxa (table 83). There is limited evidence for sig-
nificantly higher rafes in Camnian dinosaurs, but this
may be due 1o small sample size (table 83). Tem-
poral trends do not show a coupled increase in
dinosaur rates and decrease in crurotarsan rates, as
might be expected under some models of “com-
petition” (Fig. 2, E and F, and fig. $2, E and F),

and dinosawrs (/0), and many Triassic cn
were previously erroneously identified as dino-
saur ancestors (1) or even as true dinosaurs (/2).
Such morphological convergence suggests that di-
nosaurs and crurotarsans were exploiting similar
resources in the Late Triassic. In some Norian
faunas, crurotarsans were numerically more abun-
dant than dinosaurs (3) and seem to have ex-
ploited a wider range of body plans. However,
by the end of the Triassic all crurotarsans were
extinet, save a few lineages of crocodylomorphs.

The key question is why the major dino-
saur lineages survived the TJEE, ushering in
the 135-million-year “age of dinosaurs,” while
most crurotarsan groups went extinet. One com-
mon explanation is that dinosaurs outcompeted
crurotarsans in the Late Trassic, and notions of
general dinosaurian “superionity”” have long per-
vaded the literature (5, 6). Hypotheses of com-

VOL 321

Relative to cn dinosaurs exhibit a signif-
icantly higher rate of evolution of the appendicular
skeleton, but not of the cranial or axial skeleton
(table S9). However, there are no significant dif-
ferences between rates for different regions of the
dinosaur skeleton (tables 816 and S17).

Perhaps counterintuitively, the disparity sudy
shows that crurotarsans occupied a larger amount
of morphospace than did dinosaurs and omitho-
dirans as a whole (Fig. 3, A and B, fig. 83, A and
B, and tables S21 and S29). Rarefaction curves
show that these results are not biased by sample
size (fig. $4). The same pattern holds within the
Camnian and Norian (table $22), and there are no
coupled temporal trends (Fig. 3, E and F, and fig.
$3, E and F). Dinosaurs and crurotarsans occupy
adjacent areas of morphospace (Fig. 1), which is
expected because the analysis is based on cladis-
tic characters.
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Crurotarsans convergent with dinosaurs (popo-
sauroids, “rauisuchids” and basal crocodylo-
morphs) occupy an intermediate area between
the majority of crurotarsans and dinosaurs. The
higher disparity of crurotarsans is bome out by
visual examination of Fig. 1, which shows a much
larger morphospace than that for dinosaurs. Un-
expectedly, this larger crurotarsan morphospace
is associated with significantly higher rates of
homoplasy (table S18), which suggests that char-
acter oscillation is an fmportant factor in body
plan evolution.

Archosaurs radiated during the Triassic in
the aftermath of the end-Permian mass extinc-
tion. Our analysis shows that this radiation
‘was associated with declining evolutionary rates
per lineage and increasing morphological dis-
panity throughout the Triassic. One rate mefric—
dissimilarity calibrated by time interval duration—
shows a general decrease through the Triassic,
with significantly high rates in the Anisian and
low rates in the Norian (Fig, 2D, fig. $2D, and
tables S4 and SS). Patterns within Crurotars: and
Dinosauria mirror those of Archosauria as a whole,
as both subclades are characterized by decreas-
ing rates (Fig. 2F, fig. S2F, and tables S6 to S8).
Similarly, decreasing rates are also seen in cra-
nial, axial, and appendicular character partitions
(tables S10 to S15). The significantly high rates
of ct ion in early arch his-
tory are consistent with the hypothesis of ele-
vated rates during major morphological radiations
(13, 18-20).

In contrast, archosaurs show increasing dis-
parity throughout the Triassic, with a signifi-
cantly high peak in the Noran (Fig. 3, C and D,
and tables 823 and 824). Both crurotarsans and
dinosaurs show a general increase in disparity
across the Trassic, except for a Ladinian drop
for crurotarsans that may be due to small sample
size, but the differences between time bins are
not significant (tables 525 and $26). This pat-
tem differs from the findings of several paleon-
tological studies, which have shown that disparity
ofien peaks early in the history of major clades
(I5-17, 21).

Unexpectedly, these results indicate a decou-
pling of character evolution and morphological
disparity in Triassic archosaurs (22, 23). The in-
verse relationship indicates that, apparently,
the bursi of character evolution in early archo-
saur history did not translate into a wide range
of body plans. Only later, when evolutionary
rates decreased and homoplasy increased (tables
S19 and S20), did a slower rate of character
change result in the development of several new
body plans (phytosaurs, actosaurs, crocodylo-
morphs, pterosaurs, and dinosaurs), all of which
are first known from the Camian or Norian.
Decoupling of lineage diversification and dis-
parity has been noted before, but only in the
context of within-subclade disparity among
extant lizards (24). Further work is needed to

determine what, if any, broad ization

wide range of organisms, time scales, and clade
dimensions.

For the first 30 million years of their history,
dinosaurs lived alongside and shared niches with
another major clade (Crurotarsi) that occupied
more morphospace and evolved at indistinguish-
able rates. These pattems seriously contrast with
general notions of dinosaurian “superiority” and
the long-standing view that dinosaurs were pre-
ordained for success (5, 6). It is difficult to explain
why crurotarsans and not di went extinct

logically selective (26), and so the relative pro-
‘portions (or relative success) of two groups dur-
ing normal times may reverse during a sudden
crisis. Nonetheless, our results are with
at least two explanations: (i) Crurotarsans died
out by chance, despite their larger range of mor-
phospace and similar evolutionary rates to dino-
saurs; (i) dinosaurs prevailed because of one or
several key adaptations. The second suggestion
is difficult to entertain because dinosaurs and
lived side by side for 30 million

at the TIEE, which may have been a catastrophic
event {7) or an ecologically drawn-out affair trig-
gered by eruption and elevated CO, levels (25).
Either way, as in most mass extinction events, the
death of species is often more random than eco-

A

258 mwzms

years, and crurotarsans occupied more morpho-
space and were often more abundant and diverse
than dinosaurs. It is likely that dinosaurs were
the heneficiaries of two mass extinction events—
and some good luck.
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Fig. 1. Phylogenetic relationships and morphospace occupation for Triassic archosaurs. (A} Framework
phylogeny for Triassic crurotarsans (13) scaled to the Triassic time scale (13). Numbers at top refer to
millions of years before present; gray bars represent the observed durations of major lineages; vertical
dashed lines denote two hypothesized extinction events (CNEE and TIEE); arrowheads indicate lineages
that survived the TJEE. Lad, Ladinian; Crn, Carnian; Rh, Rhaetian; E], Early Jurassic. (B} Empirical
morphospace for Triassic archosaurs, based on the first two principal coordinates (13). Large circles,
dinosaurs; ovals, pterosaurs; squares, poposauroids; hexagons, phytosaurs; stars, aetosaurs; crosses,
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characterize evolutionary radiations across a
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omorphs, Scleromochius.

smaller solid circles, “rauisuchids”; larger solid circles, nondinosaurian dinosaur-
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nearly identical results {fig. 52). Boxes represent the distribution of realdata. wllh
boxes encompassing percentiles 25 to 75 and the whiskers rey

and dinosaurs subdivided into Carnian and Norian taxa). (C and D) Disparity
against time for all crown-group archosaurs. (E and F) Disparity against time for
both crurctarsans and dinosaurs. Dinosaurs exhibit higher evolutionary rates than
crurotarsans, but these are not significant (table S1). Rates for all archosaurs are
either imately constant (dissimilarity metric) or decrease from an Anisian
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Fig. 3. Plots of archosaur morphological disparity, based on two metrics: sum of
ranges and sum of variances (13). Squares represent mean values; emor bars
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[<; and dinosaurs iations as in Fig. 2). (C and D) Disparity against
time for all crown-group archosaurs. (E and F} Disparity against time for both
crurotarsans and dinosaurs. Crurctarsans exhibit a significantly higher disparity
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than dinosaurs when all Triassic taxa (nonparametric multivariate analysis of
variance: F = 29.89, P < 0.0001} and Carnian (F = 13.36, P = 0.0003) and Norian
(F = 20.59, P < 0.0001) subdivisions are analyzed. Archosaur disparity increases
over time and reaches a statistically significant peak in the Norian {tables 523 and
524). Crurotarsan and dinosaur disparity generally increase over time, but
differences between individual time bins are not significant {tables 525 and 526).
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Niche Partitioning Increases Resource
Exploitation by Diverse Communities

Deborah L. Finke®** and William E. Snyder®

Classical ecological theory suggests that the coexistence of consumer species is fostered

by resource-use differences, leading to greater resource use in communities with more species.
However, explicit empirical support for this idea is lacking, because resource use by species is
generally confounded with other species-specific attributes. We overcame this obstacle by
co-opting behavioral plasticity in food cheice among a group of animal consumers, allowing us
to manipulate patterns of resource use while controlling for the effects of species identity and
diversity. Within an aphid-parasitoid-radish community, we created a fully factorial manipulation
of consumer resource-use breadth (specialist versus generalist) and species diversity (one versus
three species) and found that resource exploitation improved with greater specialist, but not
generalist, diversity. Therefore, resource partitioning, and not diversity per se, fostered greater
overall resource consumption in our multispecies consumer communities.

atively strong intraspecific competition paired

‘'with relatively weak interspecific competi-
tion fosters species coexistence and promotes bio-
diversity (/). When these conditions exist, new
species are able to invade mode! communities be-
cause they can monopolize a subset of the total
resource pool. In contrast, when interspecific com-
petition is the predominant force and resource par-
titioning is absent, only the single consumer species
that drives the limiting resource to the lowest level
is able 1o persist (5). This leads to the prediction
that when species differ in resource-use patterns,
adding more species 10 a community will lead o
increased overall exploitation of available resources
(3, 5, 6). It is resource differentiation among con-
sumers at the community level that is expected to
lead to more complete resource exploitation and
not species diversity per se. However, empirical
validation of these ideas has been hindered by the
fact that resource-use differences among species

Ea:ly ecological models suggested that rel-

Recent experimental manipulations of species
richness have revealed, across a broad range of real-
world ecological communities, a general pattern of
greater resource exploitation when more species
are present (7-9). However, the role of resource-
use partitioning as a mechanism underlying this
pattern, if any, has resisted empirical documen-
tation (/~16). Progress has been hindered again
by the seeming impossibility of entirely isolating
the impacts of resource partitioning from those of
other species attributes (12, 14, 17).

Here, we report an empirical test of the idea
that resource partitioning leads to a net increase
in resource exploitation by consumer commu-
nities. Our work was conducted in a model system
in which plastic prey- :hcucc behavior by natural

community of parasitoid wasps in the family Bra-
conidae, including the species Diaeretiella rapae,
Aphidins colemani, and A matricariae (18). Insect
parasitoids deliver natural pest control in agricul-
tural systems worldwide, an ecosystem service
of great economic and environmental value to
humanz (/9).

‘We manipulated the resource use of individ-
ual consumer species by taking advantage of the
natural host fidelity exhibited by these otherwise
generalist parasitoid wasps (18, 20). Although
each parasitoid species is capable of attacking
and completing development in all three aphid
species, when given a choice, individua! female
wasps prefer 1o deposit eggs in hosts of the same
species from which they themselves emerged (20)
(fig. S1). This host fidelity is most likely mq:tmsﬂd
through tative leaming. Upon
adults, wasp parasitoids use the chemical cues
associated with the natal hostand its environment
to direct their searching (20). As a result, para-
sitoids are more likely 1o locate and oviposit in
heosts of the same species as their natal host. Such
host fidelity behavior gave us an opportunity to
‘manipulate the breadth of resources exploited by
different populations of a single species and also
across communities including several wasp spe-
cies (21). We reared wasps of each of the three
species on each of the three species of aphids, fora
total of nine different wasp/aphid species associ-
ations. Then, by combining individual wasps from
these source colonies, we could experimentally can-
struct wasp communities differing in intraspecific
and/or interspecific resource-niche breadth (fig.
§2). By doing so, we were able to isolate the effects
of competition on a well-defined resource, the aphid

enemies was expl overlap in
resource use, in uf consumer species
identity and thus of other species-specific trails.
The system consisted of radish host plants, aphid
herbivores, and parasitoid natural enemies. Radish

typically are i bl ded with other
species-specific attributes and requirements (such
as size, rate of growth, metabolic rate, and fecun-
dity). This lack of empirical support led, unt re-
cently, to the deemphasis of resource partitioning
as a key driver of community structure (/).
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(Rapk ) plants in the Pacific North

ufthc United States are consumed by a variety of
phloem-feeding aphid species, including green
peach aphids (Myzus persicae), cabbage aphids
(Brevicoryne brassicae), and tumip aphids (Lipaphis
erysimi). These aphids are atiacked by a diverse

, from the effects of other parasitoid
species atiributes

‘Wasp communities were assembled that differed
in all combinations of species identity, resource-
use overlap {“specialists” that partition resources
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versus “generalists” that completely overlap in
their resource use), and the potential for intra-
specific and/or interspecific competition (with a
parasitoid species richness of one versus three)
{21}, We did this in field cages containing all three
aphid species and measured the resulting impacts
on the percentage of aphid parasitism and on
aphid abundance. The manipulation of resource-
use overlap and competitive interactions among
parasitoids resulted in four parasitoid treatments:
(1) a single specialist parasitoid species (36 indi-
vidual parasitoids of the same species, all reared
from the same aphid host); (if) three specialist
parasitoid species, each of which prefers to attack
a different aphid host (12 individuals of each of
the three parasitoid species, with each species reared
on a different aphid host); (iif) a single generalist
parasitoid species (36 parasitoids of the same
species, with 12 individuals reared from each of
the three aphid hosts), and (iv) three generalist
parasitoid species that completely overlap in their
resource use (12 individuals of each of the three
parasitoid species, with 4 individuals of each par-
asitoid species reared from each of the three aphid
species). Every possible parasitoid/host species

>

Percent parasitism
o

@0

Total aphid abundance
log, (individuals/plant)
-
!
7
=il

1 species. 3 species
Parasitold specles richness
Fig. 1. Interactive effect of interspecific com-
petitive interactions (with a parasitoid species
richness of one versus three) and parasmnd resource-

combination was included within each treatment,
and these compositions constituted replicates with-
in that treatment (table S1). Including all parasitoid/
host species combinations ensured that our results
could not be unduly influenced by any single par-
asitoid species or by any parasitoid/aphid species
pairing (22, 23). Total parasitoid abundance at the
time of release was held constant at 36 adult fe-

REPORTS I

stantial parasitism of aphids, and thus the lowest
aphid densities, were recorded in commmumities com-
bining multiple species of specialist parasitoids.
In contrast, wasp performance was relatively weaker
in diverse communities of generalists. With species
richness held constant, the key difference between
these two treatments is that we would expect in-
lmpmnc competition to be relatively intense and

males (9 females/m’) across all This

competition relatively weak for di-

experiment was conducted under real-world con-
ditions in large field cages at the Washington State
University Research Station in Othello, Washington.
We found that parasitism success among wasp
communities was affected by a strong interaction
between the d,cgnx of Tesource-use overlap and
species rich species rich-

ness times resource-use overlap interaction, F 22 =
12.56, P = 0.0013; Fig. 1A). When parasitoids
were generalists and any single species had access
10 all resources, increasing species richness did not
affect the parasitism of the aphid community (f test
of the difference between two means, 1 = 040,
P=0.6934; Fig. 1A). In contrast, when consumer
species were specialists that used different re-
sources, the percentage of parasitism increased
dramatically when three species were present as
opposed 1o one (13, = 5.25, P<0.0001; Fig. 1A).
Comparing the two treatments mclud.mg multiple

verse :nmrnumua of specialists as compared to
generalists (25). Thus, our results closely match
the preconditions for species coexistence predicted
by classic early niche models (2, 3). Additionally,
our results match more recent assertions that it is
differences in resource use among species, rather
than diversity per se, that infensifies resource ex-
ploftation at higher levels of consumer diversity
(8, 16, 26-28). Thus, we found empirical evidence
that resource-niche partitioning may be both a
factor encouraging greater biodiversity and an
underlying cause of efficient resource extraction
by species-rich communities, once assembled. Our
results also support the argument that it is the con-
servation of species that fulfil specialized fumc-
tional roles, rather that greater diversity itself, that is
needed to preserve ecosystem function (14, 29, 30).

Studies focusing on predaceous animal con-
sumers can be particularly enlightening, because

species, the p ¢ of was
significantly greater when consumer species were
specialists than generalists (13, = 2.40, P= 0.0224;
Fig. 1A). Aphid densities did not differ among
treatments during the early course of the exper-
iment (fig. S3), suggesting that parasitism rates
were not indirectly affected by confounding differ-
ences in resource abundance among treatments.
Differences in the percentage of parasitism
across treatments resulted in concordant differ-
ences in aphid densities. Parasitoid species rich-
ness and resource-use overlap interacted to determine
total aphid abundance (significant species rich-
ness times resource-use overlap interaction, F 2 =
3.98, P=0.0550; Fig. 1B). Suppression of aphids
was unaffected by the presence of multiple con-
sumer species when parasitoids were generalists
that completely overlap in their resource use (f3; =
0.90, P=03765; Fig. 1 B), suggesting equitability
in the magnitude of intraspecific and interspecific
interactions. Such competition among parasitoids
is often chemically mediated, with parasitoid fe-
males being capahle of m:ﬂgmzmg the presence
of both § and i fic

(24). However, for specialist parasitoids, aphid

use drﬁererrﬁ.man on aphid p pp

i byspe(talm itoids that
parm:on their resource use (nrcLes) is compared to
that of i ly over-
lapping resource use (triangles} at Mo leveLs of
species richness. At a species richness of one, only
intraspecific interactions are possible, whereas both
intraspecific and interspecific interactions are pos-
sible at a species richness of three. (A) Percent of
total aphid population that is parasitized. (B) Total
aphid abundance (log-transformed). Data are least
squares means + SEM obtained from repeated
measures of analysis of covariance,

www.sciencemag.org SCIENCE

I nption was greater and thus aphid abundance
was lower, with greater parasitoid species richness
(t32=4.40, P=0.0007; Fig. IB). Consistent with
these results, per capita impacts on aphids of spe-
cialist parasitoids but not peneralist parasitoids
were higher with greater parasitoid species rich-
ness (fig. S4).

We independently manipulated resource-niche
‘breadth and consumer species richness and found
that resource exploitation was strengthened by a
complex interaction between these two factors.
Among our treatment combinations, the most sub-

VOL 321

(prey) in such systems are easily iden-
tified and the effects of resource capture (prey sup-
pression) are readily observable (13, 16, 25, 31, 32),
Further, when foraging behavior is plastic, differ-
ences in resource use among species can be ex-
perimentally manipulated, a powerful technique
for testing the predictions of theoretical models
related to resource partitioning, species coexistence,
and biodiversity.
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Degradation of microRNAs by a Family
of Exoribonucleases in Arabidopsis

Vanitharani Ramachandran and Xuemei Chen*

microRNAs (miRNAs) play crucial roles in numerous developmental and metabolic processes in plants
and animals. The steady-state levels of miRNAs need to be properly controlled to ensure normal
development. Whereas the framework of miRNA biogenesis is established, factors involved in miRNA
degradation remain unknown. Here, we show that a family of exoribonucleases encoded by the
SMALL RNA DEGRADING NUCLEASE (SDN) genes degrades mature miRNAs in Arabidopsis. SDN1 acts
spedifically on single-stranded miRNAs in vitro and is sensitive to the 2"-0-methyl modification

on the 3" terminal ribose of miRNAs. Simultaneous knockdown of three SDV genes in vivo results in
elevated miRNA levels and pleiotropic developmental defects. Therefore, we have uncovered the
enzymes that degrade miRNAs and demonstrated that miRMA turnover is crucial for plant development.

that protects them from a 3"-t0-5' exanucleo-
Iytic activity and a uridylation activity that
adds an oligoU tail to the 3’ ends of miRNAs (1, 2).
Maintaining proper steady-state levels of mRNAs
is crucial for plant development (3-7). The steady-
state levels of miRNAs are presumably determined

P]nm miRNAs carry a 2-O-methyl group

(fig. S1), was the most similar to Eri-1 among the
15 proteins. Because we seek enzymes that de-
prade single-stranded small RNAs, we excluded
proteins in this clade from our analysis.

From the remaining Rex homologs, we ran-
domly chose A3gS0100 from the five-member
clade and At3g15080 from the outliers (fig. S1),

onmiR173 and 2"-O-methylated miR173 and gen-
erated products of ~8 1o 9 nt (Fig. 1A). We refer
to At3g50100 as SMALL RNA DEGRADING
NUCLEASE1 (SDN1) hereafter.

To deiermine whether SDN| is an endonuclease
cleaving the RNAs between nucleotides 8 and 9
from their 5" ends or a 3%t0-5' exonuclease that
cannot process RNAs of 8 ntor shorter, we labeled
miR173 with **pCp at the 3' end and incubated
miR173-*pCp with GST-SDNI, miR173-pCp
was resistant to GST-SDN 1, and phosphatase treat-
ment of miR173-pCp 1o remove the 3’ phosphate
rendered the mIRNA susceptible o GST-SDN1
(Fig. 1B). Furthermore, a product of 15 nt, which
would be expected if SDN1 were an endonuclease
cleaving between nucleotides 8 and 9 from the 5
end, was not observed on phosphatase-ireated
miR173-2pCp (Fig. 1B). These data indicated
that SDN]1 is a 3"10-5' exomuclease.

GST-SDNI did not have any effect on a single-
stranded DNA oligomucleotide (Fig. 2B) and is
therefore a rbonuclease. Unlike Fri-1 (9), GST-
SDNI failed to degrade miR173 in a miR173/
miR173* duplex (Fig. 2B and fig. 83). To exam-
ine SDNI substrate size, synthetic RNA oligo-

by the opposing activities of miRNA bi
and degradation. A conserved exonuclease from
Caencorhabditis elegans and Schizosaccharomyees
pombe, Eni-1, specifically degrades small inter-
fering RNA (SIRNAYSIRNA* (where sIRNA* repre-
sents antisense sIRNA) duplexes with 2-nucleotide
(nt) 3’ overhangs in vitro and reduces RNA inter-
ference efficiency invivo (8, 9). Exonucleases that
degrade single-stranded small RNAs have vet
to be identified.

To identify enzymes that degrade single-stranded
miRNAs or siRNAs, we took a candidate-gene
approach. We presume that enzymes involved in
miRNA metabolism evolved from enzymes that
process structural and/or catalytic RNAs, a view
supported by the fact that a number of known
players in small RNA metabolism also function
in the processing of ribosomal RNAs (RNAs)
(10-13). We sought for Arabidopsis homologs of a
class of exoribonucleases in yeast, Rex1p to Rex4p,
which participate in 3-end processing of rRNAs
and tRNAs (14, 15). BLAST (/6) searches using
the 4 Rex proteins identified 15 Arabidopsis pro-
teins containing an exonuclease domain (fig. S1).
A3gl5140, which belongs to a clade of 6 proteins
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P d them as thione §- GST)
fusion proteins in Escherichia cali (fig. 82), and
tested their activities on miRNAs invitro (/7). A 5’
end-labeled single-stranded RNA oligonucleotide
corresponding to miR 167 in sequence (but lacking
a 2-O-methy] group) was incubated with GST-
At3g1 5080, GST-A3g50100, or GST. Whereas
GST-A3g15080 or GST did not exhibit any activ-
ity on miR167, GST-At3g50100 degraded the full-
length miR 167, generating a product of ~8 1o 9 nt
(Fig. 1A; the size of the final product was esti-
mated from Fig. 2D). GST-A3g50100 also acted

A mR167
j 23 12 34

miR173 mR173-me B
2 3

- e e
- o = DS
-—

0 067133

leotides of 17, 18, 20,21 (miR167), 22 (miR173),
23, 24, and 27 nt (table S2) were incubated with
GST-SDNI separately. SDN1 degraded all tested
RNA oligonucleotides and yielded an end product
of ~8 to 9 nt, regardless of the length of the sub-
strates (Fig. 2A). However, SDNI cannot act on
longer RNAs. pre-miR167 or a 300-nt RNA from
the protein-coding APETALAI (API) gene was
not detectably degraded by GST-SDNI (Fig, 2C).
Therefore, SDN1 acts specifically on single-
stranded small RNAs in a sequence-independent

manner.

miR173-¥pCp
= = + <+ + phosphatasa
0 067 133 GST-SDN1
(ngiuly

Fig. 1. Arabidopsis At3g50100 (SDN1) possesses 3"-to-5' exonuclease activity on miRNAs. (A) Enzymatic
activity assays on single-stranded miRNAs in vitro. RNA oligonucleotides were 5end labeled, incubated with
buffer alone (1), purified GST (2), or purified GST-At3g50100 (3), and resolved on a denaturing polyacrylamide
gel miR173-me is a miR173 oligonucleotide containing a 2'-0-methyl group on the 3 terminal ribose. (B}
Enzymatic activity of GST-At3g50100 (GST-SDN1) on miR173 labeled at the 3' end with **pCp. miR173-"pCp
was treated (+) or not treated (—} with phosphatase before incubation with GST-SDN1. The arrow indicates
the position of the expected 15-nt product if SDN1 were to cleave the RNA between nucleotides 8 and 9
from the 5" end. The radioactivity at the bottom corresponds to the position of free nucleotides.
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Fig. 2. Substrate specificity of SDN1. (A) RNA oligonucleotides ranging from 17 to 27 ntin
length were 5'-end labeled and incubated with GST-SDN1. S, substrates alone; E, substrates +
GST-SDN1. (B} A 5' end-labeled, single-stranded DNA oligonucleotide (ssDNA} and a
miR173/miR173* duplex labeled at the 5" end of miR173 (dsRNA) were each incubated with
buffer (S), GST (G), or GST-5DN (E). (€} An in vitro transcribed and 5 end-labeled pre-miR167
was incubated with buffer (S), GST (G), or GST-SDN1 (E). An in vitro transcribed and 5 end—

REPO!
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labeled AP1 RNA of ~300 nt was incubated with GST-SDN1 for @, 30, and 60 min. M, decade

marker. (D) miR173 or miR173 with two or five additional Us at the

3’ ends were each incubated

with GST-SDN1 for 0, 10, or 30 min. (E) Effects of the 2'-O-methyl group on GST-SDN1 activity. (Top) 5’ end—labeled miR173 or 2-0-methyl miR173 was incubated with
increasing amounts of GST-SDN1 (numbers 0 to 5 represent 0 ngful, 0.33 ng/ul, 0.67 ngiul 133 nglul, 2.0 ngiul, and 2.67 nghul of GST-SDN1, respectively). (Bottom)
miR173 or 2'-0-methyl miR173 was incubated with 0.67 ngiul GST-SDN1 for the specified time periods (min). The arrowhead indicates a ~-20-nt intermediate. Under low
enzyme concentration, another intermediate of 9 to 10 nt was also present [in (D) and (E)]. The battom band corresponds to the final 8-to-9—nt product.

The 2-O-methyl group present in all plant
small RNAs (1, 2) deters the activities of SDNI.
When miR173 or 2-Q-methyl miR173 was incu-
bated with varying concentrations of GST-SDNI,
a degradation intermediate of ~20 nt was present in
reactions on 2-O-methyl miR 173 under lower en-
Zyme concentrations but was barely detectable in
reactions on miR173 (Fig, 2E, top). Ina time course
using a low enzyme concentration (Fig. 2E, bottam),
the rate of degradation of miR173 was faster than
that of 2-O-methyl miR173, as judged by the time of
appearance of the fina! product. The 20-nt intermed:-
ate was much more prominent and lingered longer in
the 2-O-methyl miR173 reaction (Fig. 2E, bottom).

SDNI is a multiple-tumnover enzyme. In the re-
actions in Fig. 2E, the great majority of the sub-
strates (4 pmol) was degraded by GST-SDNI (278
finol) in 60 min. Therefore, 1 molecule of enzyme
degrades 14 molecules of small RNA.

miRNAs are uridylated on their 3' ends when not
methylated (1), miR173 with two or five additional
Us on the 3’ end was not degraded as efficiently as
was miR173 by GST-SDNI (Fig. 2D), as judged
by the delayed appearance of the final product and
delayed disappearance of the full-length substrates or
shorter intermediates. This suggests that uridylation
of miRNAs in the absence of methylaton could have
a protective role against exonucleolytic degradation.

To determine whether SDN1 limits miRNA
accumulation in vivo, we identified a homozygous
transferred DNA (TDNA) insertion mutant, scn /-1
(fig. $4). This mutant is not likely to be a mull allele
(fig. S5A), and it shows no obvious developmental
defects or much difference in the abundance of
seven tested miRNAs from that of the wild type
(Fig. 3). The lack of miRNA defects in sdbf- could
be due to redundancy with the other four mem-
bers of the clade: A3g50090, At5g03540 (SDN2),

www.sciencemag.org SCIENCE

Fig. 3. Northern blot to

mulants

mutants.

detect the steady-state levels 12
of seven miRNAs and an
SiRNA in mutants of SON1
and related genes. The U6
blots serve as a loading con-
troL The numbers below the
blots indicate the relative
abundance of the small RNAs
in the different genotypes. 1,
wild type; 2, sdni-1; 3, the
mutant in At3g50090; 4,
sdn2-1; 5, sdn3-1; and 6,
sdnl-1 sdn2-1.

AI5g67240 (SDN3), and At5g25800 (fig. S1). We
obtained TDNA insertion alleles in the three genes
most closely related to SDNJ (fig. S4). The abun-
dance of seven tested miRNAs was largely un-
affected in all four single mutants [sdni-1; sdn2-1,
probably a reduction-of-function allele (fig. S5);
sen3-1, a reduction-of-function or null allele (fig.
85); and the TDNA allele in At3g50090, a pos-
sible pseudo gene] (Fig. 3). Three of the seven
tested miRNAs (miR159, miR167, and miR173)
and siR 1003, an endogenous sIRNA, accumulated
10 1.5 10 1.8 times the wild-type (WT) levels in the
sdni-1 sdn2-I double mutant (Fig. 3).

To further interrogate the gene family, we
introduced an antificial miRNA (amiRNA) (/8)
that targets the exonuclease region in four of the
five genes in the clade (fig. S4) into sdnl-I. In
the T1 population, plants with various plelotropic
developmental defects were observed (Fig. 4, A
toF, and table §3). Type I plants (Fig. 4, B toD),
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which were most severely affected, had small
and often serrated leaves. Some plants had pin-
like protrusions emanating from the abaxial side
of the rosette leaves (Fig. 4C). Similar protru-
sions have been found in leaves of plants carrying
an antisense AGOJ cDNA or those undergoing
sense AGO! cDNA-mediated cosuppression (19).

Levels of amiRNA-targeted SDNJ, SDN2, and
SDN3 transcripts were severely reduced in one in-
dividual line and moderately reduced in another line
(Fig. 4, H and T). miR167 accumulated to two to
four times that of the WT level in the two amiRNA
lines (Fig. 4G). Consistent with the presence of
pinlike structures in the first individual line, a strong
reduction in AGOJ] mRNA levels was found (Fig,
40). To analyze the amiRNA lines more extensively,
we pooled T1 plants according to the severity of the
developmental phenotypes. Type [ plants (lanes 1,
2,and 4 in Fig. 4, T and K) had the highest levels of
the amiRNA (Fig. 47), greatly reduced levels of
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SDNI and SDN2 transcripts, and a slight reduction
in SDN3 transcript levels (Fig. 4K and fig. $6). In
these lines, miR167, miR159, and siR1003 levels
were 1o two to three times that of the wild type, and
miR172 levels, which were not elevated in the

sani-I sdn2-1 mutant (Fig, 3), were up to threefold
of the WT level (Fig. 47). The remaining miRNAs
{except for miR164) all showed some elevation in
abundance in some of the type I plants. Type Il and
TII plants (lanes 3 and 5, respectively, in Fig. 4, 1

amiR lines
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Fig. 4. Effects of an amiRNA that targets SDVI and three related genes. (A) sdni-1 plant. (B to F) amiRNA
lines (in sdn1-1) with developmental defects of varying severity. (B to D) Type | plants. The amowhead in (C)
indicates a pinlike protrusion. (E) Type Il plant that has small, mildly serrated leaves. (F) Early flowering type lll
plant. (G} Accumulation of miR167 in the wild type (Col}, sdnI-1, and two individual type | amiRNA lines. The
numbers below the blots indicate the relative abundance of the miRNA. (H and 1) Levels of SDN and AGO1
mRNAs, as determined by reverse transcription polymerase chain reaction (RT-PCR) (H) and real-time PCR (1), in
the four genotypes shown in (G). Error bars in (1) indicate SD among three replicates. (]} Northem blotting to
detect the amiRNA and endogenous small RNAs in pooled amiRNA lines. The numbers below the blots indicate
the relative abundance of the small RNAs. (K} RT-PCR to detect SDN transcripts in the wild type (Col), sdn1-1,
and six pools of amiRNA lines. The “~RT" controls did not yield any products and are not shown. The three
bands for SDN2 probably represent alternative transcripts because all three were missing in the —RT control.
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and K) had moderate levels of the amiRNA (Fig.
47), a moderate-to-severe reduction in SONJ and
SDN2 transcript levels (Fig, 4K and fig. $6), and a
moderate or no elevation in the abundance of
endogenous small RNAs (Fig. 47).

‘We did not observe any 3’ extended forms of
the 58 or 5.88 rRNAs, which readily accumulate
in the yeast rex mutants (/5) and in the C. elegans
eri-1 mutant (13), respectively, in any of the sdn
single mutants, the sdnl-/ sdn2-1 double mutant,
or the amiRNA lines (fig. S7). This result, together
with the inability of SDNI to digest small RNA
duplexes, pre-miRNAs, or longer RNAs in vitro,
suggesis that single-stranded small RNAs are the
most likely in vivo substrates of SDN1. However,
a role for these genes in the metabolism of other
classes of RNAs cannot be excluded.

In conclusion, we have identified a family of
exonucleases that degrades single-stranded small
RNAs in vitro and limits the acaunulation of small
RNAs in vivo. SDN1 and the only other known
small RNA exonuclease, Eri-1, have distinet sub-
strate specificities. The pleiotropic developmental
phenotypes assoctated with reduction-of-function
of the SDN gene family indicates that small RNA
tumnover is crucial for developmental patterning in
plants. This family of genes is universally present in
eukaryotes, and it is likely that the animal homo-
logs of SOV perform similar functions in small
RNA metabolism.
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Activation of Aldehyde
Dehydrogenase-2 Reduces
Ischemic Damage to the Heart

Che-Hong Chen,* Grant R. Budas,* Eric N. Churchill,* Marie-Héléne Disatnik,*

Thomas D. Hurley,® Daria Mochly-Rosen*

There is substantial interest in the development of drugs that limit the extent of ischemia-induced
cardiac damage caused by myocardial infarction or by certain surgical procedures. Here,
using an unbiased proteomic search, we identified mitochondrial aldehyde dehydrogenase 2
(ALDH2) as an enzyme whose activation correlates with reduced ischemic heart damage

in rodent models. A high-throughput screen yielded a small-molecule activator of

ALDH2 (Alda-1) that, when administered to rats before an ischemic event, reduced infarct
size by 60%, most likely through its inhibitory effect on the formation of cytotoxic
aldehydes. In vitro, Alda-1 was a particularly effective activator of ALDH2*2, an inactive
mutant form of the enzyme that is found in 40% of East Asian populations. Thus,
pharmacologic enhancement of ALDH2 activity may be useful for patients with wild-type
or mutant ALDH2 who are subjected to cardiac ischemia, such as during coronary

bypass surgery.

ardiac ischemia is the leading cause of

death. The discovery of a cardiopro-

tective mechanism called precondition-
ing (induced by repetitive sublethal ischemic
events) has triggered the search for pharma-
cological agents that mimic this effect {1, 2).
Adenosine (3), ethanol (4), and selective
activation of protein kinase Ce (PKCe) (4, 5)
mimic ischemic preconditioning and reduce
cardiac infarct size. Systemalic searches for
mediators of cardiac protection have identi-
fied a number of proteins whose levels or
phosphorylation changes with cardioprotec-
tion (6, 7). However, whether the changes
were critical for cardiac protection was not
determined.

We used an unbiased proteomic approach
in ischemic rat hearts treated with ethanol
and a selective inhibitor and an activator of
PKCe that we generated (4, 7, §). We found
that one protein whose phosphorylation status
consistently correlated with cardioprotection
was mitochondrial aldehyde dehydrogenase
2 (ALDH2) (Fig. | and fig. S1, A to D).
Under normoxic conditions, ALDH2 appeared
as four phosphoproteins after isoelectric fo-
cusing (IEF) for two-dimensional (2-D) SDS
gel electrophoresis [note 1 in (5)]. Afier pre-
conditioning by a brief exposure to ethanol
(50 mM, 10 min) (9) or selective activation
of PKCe by the isozyme-specific agonist pep-
tide, weRACK (receptor for activated C ki-
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ethanol-induced shift in ALDH2 mobility
was inhibited in the presence of the PKCe-
selective antagonist peptide (eV1-2) (Fig. 1A),
a treatment that we previously found to in-
hibit ethanol-induced cardiac protection (%)
Therefore, ethanol-induced ALDH2 phospho-
rylation, which correlates with cardiac pro-
tection from ischemia, is dependent on PKCe
activation.

How this mitochondrial enzyme was regu-
lated by the cytosolic PKCe was not obvious,
We first demonstrated that PKCe phospho-
rylates ALDH2 in vitro and that this phos-
phorylation results in a 38 9% increase in
ALDH2 catalytic activity [# = 6, P < 0.005
(fig. 82, A and B); notes 2 and 3 in (5)]. At
least two phosphorylation sites were iden-
tified by mass spectroscopy, including Thr'®*
and Thr*'? and possibly Ser’™ [note 3 in
(5)]. Further, coimmunoprecipitation of ex-
tracts from normoxic and ischemic hearts
with antibodies against PKCe or ALDH2
confirmed the association of ALDH2 and
PKCe in the mitochondrial fraction [fig. S3
and (5)]. Other subfractionation and bio-
chemical studies have shown that PKCe reg-
ulates intramitochondrial proteins [e.g., (6)].
It is therefore likely that PKCe can enter

nase) (1 pM, 10 min), which causes car-
dioprotection (&), there were only two (the
more acidic) ALDH2 spots (Fig. 1A). The

A B

pretroatment

e o ischermia  reperfusion
ischemia riorm oxiz
. S0min 35 min & rmin
20min 30 min =
s
¥ [ Re-0ss]
control g I Anti-ALDH2 z g ookl
trol ' e
control & & E Eao
T8 snitroglycarin
Anti-phospho ;E - niroglycerin +4PKCe
£ | nitoglycerin + ethano
thanol +¥ PK 3
Ao ’(‘W‘_‘; i 219 cyanamide + sthanol, cyanamide
7 € cyanamide +# PKGz,

20 30 40 80 70

50
Infarct Size (%)
Fig. 1. (A} Ethanol and PKCe activation induce phosphorylation of mitochondrial ALDH2.
Homogenates of rat hearts subjected to ischemia ex vivo were separated by IEF/SDS 2-D gel
electrophoresis and probed with a mixture of phospho-serine and phospho-threonine anti-
bodies. Using a Langendorff apparatus, hearts were perfused with oxygenated Krebs-
Henseleit buffer alone as control, with 50 mM ethanol for 10 min, with 1 uM PKCe agonist
(yeRACK) for 10 min [note 1 in (5)], or with 1 uM PKCe antagonist (eV1-2) for 5 min,
followed by 10 min of perfusion together with 50 mM ethanol. The hearts were then sub-
jected to a 30-min period of no-flow ischemia before homogenization. Treatment with eth-
anol and weRACK induced a leftward shift of ALDH2 as compared with control, which was
blocked with £V1-2 treatment. Blots were probed with antibodies against ALDH2 or against
phospho-Ser and phospho-Thr (5). (B} ALDH2 activity comelates with cardiac protection from
ischemic injury. Measurements of ALDH activities in normoxic and ischemic rat hearts treated
with ethanol (EtOH, 50 mM), PKCe agonist (weRACK), or PKCe antagonist {eV1-2)} in the
presence of ethanol using the Langendorf apparatus (5). Ischemic hearts were also treated
with the ALDH2 inhibiter cyanamide (CYA) in the presence or absence of ethanol, PKCe
agonist and antagonist, and the ALDHZ2 desensitizer, nitroglycerin (GTN). Shown is ALDH2
activity (umol of NADH/min per mg protein) as a function of infarct size, measured by
2,3,5-triphenyltetrazolium chloride (TTC) staining from corresponding heart samples derived
frgom the same studies as in Table 1. Linear regression yielded a high inverse correlation of
R® = 0.95.
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the mitochondria and phosphorylate ALDH2
directly.

We next determined whether ALDH2 is
activated in the intact heart following PKCe
activation or ethanol treatment and whether
there is a comelation between the activity of
ALDH2 and infarct size under various treat-

treatment caused a 21% increase in ALDH2
activity relative to control and a 27% reduc-
tion in infarct size [P < 0.05 (Table 1 and
Fig. 1B)]. Treatment with the selective PKCe
activator yeRACK (§) increased ALDH2
activity by 33% with a concomitant 49%
reduction in infarct size; and inhibition of

ment conditions. Ischemia alone did not affect
ALDH2 activity (Table 1). However, ethanol

PKCe by the selective antagonist eV1-2 (7)
abolished both the ethanol-induced increase

Table 1. ALDHZ activity and infarct size in rat hearts subjected to ischemia and reperfusion, ex vivo.
The experimental details are provided in (5) and in Fig. 1. EtOH, ethanol; weR, weRACK.

Treatment ALDH2 activity Infarct size n
(umol NADH/min per mg) (%)
Normoxia 2501 54 3
+ OYA 0.9 £ 0.1 7+5 3
Ischemia 2.4 £0.2 45+ 6 5
+ EtOH 29 £0.1" 33 £ 10" 5
+ weR 3.2 £ 0.1 23 + 101 5
+ eVl-2 24+03 42+5 5
+ YA 0.9 £ 0.11 67 + 9t 5
+ OYA + EtOH 0.9 £ 0.11 73+ 8t 5
+ OVA + yeR 0.6 £ 0.11 70 + 7t 5
+ GIN 17 £ 0.11 59 + 8= g
+ GTN + EtOH 15+ 0.1t 63 + 9™ 8
+ GIN + yeR 15+ 0.1F 61 £ 6™ 8
+ SNP 23+01 45+ 7 8
+ GTN off 21:01 33 £ 8™ 5
+ GTN on 15 £ 0.1* 59 7= 5
*P < 0.01 from normoxia.  **P < 0.05 from schemis. 1P < 0.01 from ischemia.
ex vivo
A B “dat ischornia reperiusion
o o 35 rmin 60 min
2 Control Alda-1
E 160
3w . b . W
.1 e
£ " - e - un
E 40 T C  Invive
i J Alda-1 ischemia reperiusion
0 'T 5 = a5 min B0 min
e A e G 210 oo Bl acil
(foma mul) (wtro)  (homo wi)

Fig. 2. (A) Alda-1 increases ALDH2 activity. Activation of wild-type and mutant versions of
ALDHZ (ho s and h ) by Alda-1 (100 pM). Enzymatic activity of re-
combinant ALDHZ proteins (20 ug each) is presented as a percentage of control [n = 3;
**P < 0.01 versus control; (5)]. (B) Alda-1 reduces cardiac damage in an ex vivo model of
ischemia and reperfusion injury. (Top) Ex vivo cardiac ischemia model protocol. Myocardial
infarct size, induced by 35 min of ischemia followed by 60 min of reperfusion after 10-min
pretreatment with Alda-1 (20 uM) or vehicle control using Langendorff apparatus, as in Fig.
1, A and B [n = & P < 0.05; (5)]. Representative cross-sectional slices derived from a single
heart stained by TTC without (control) and with Alda-1 treatment. Infarct area is indicated by
the light pink color and marked with dotted lines. (€) Alda-1 reduces cardiac damage in an
in vivo rat model of acute myocardial infarction. (Top) In vivo cardiac ischemia model
protocol. Reduction of infarct size by injection of Alda-1 (8.5 mg/kg) before left anterior
descending coronary artery (LAD) ligation (5} was also determined in vivo [n = 7; P < 0.01
(fig. 56, A and B)]. Shown is TTC staining of representative cross-sectional slices (seven rats
per group).
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in ALDH2 activity and the ethanol-induced
cardiac protection from ischemia (Table 1)
Further, in the presence of the ALDH inhib-
itor cyanamide (3 mM) (3, /0), ALDH2 ac-
tivity was inhibited by 63% and infarct si
mcreased by 49%, without causing cardiac dam-
age under normoxic conditions; cyanamide
also abolished ethanol- or yweRACK-induced
protection and ALDH2 activation (Table 1 and
Fig 1B)

Because cyanamide inhibits several ALDHs,
we used another means to inhibit ALDH2.
ALDH2 metabolizes nitroglycerin, which leads
to generation of the vasodilator, nitric oxide
Yet prolonged treatment with nitroglycerin de-
creases ALDH2 activity (5, /). We reasoned
that if ALDH2 activity is critical for cardio-
protection from ischemic damage, prolonged
treatment with nitroglycerin should inhibit PKCe-
dependent preconditioning. As expected, a 30-
min treatment of nitroglycerin (GTN, 2 uM) in
the ex vivo myocardial infarction model in ro-
dents greatly inhibited ALDH2 activity and
abolished ethanol- and PKCe-induced activa-
tion of ALDH2 (Table 1 and Fig. 1B), whereas
the activity of another cardiac dehydrogenase
remained unchanged (fig. 84, A and B) (5),
which indicated that the changes in ALDH2
activity are probably specific. Concomitantly,
GTN treatment increased ischemic cardiac
damage from 45% in control to 59% and to
63 or 61% in the presence of ethanol or the
PKCe activator (Table 1 and Fig. 1B). This
effect was not due to nitric oxide generation;
treatment with another nitric oxide-generating
wvasodilator, sodium nitroprusside (SNP, 10 uM),
did not affect ALDH?2 activity nor did it result
in an increase in infarct size (Table 1). There-

A B
8 F‘E\Dﬂ
= 3z
-‘E 9 § 200
< B
g B *
&4 g
2 é 100
2 z
I
L R
0 2 46 810 Conmrol - Alda-1
Time {min) (20pM)

Fig. 3. () Effect of Alda-1 on 4HNE metab-
olism by ALDHZ. In vitro metabolism of 4HNE
(200 pM) by ALDHZ (arbitrary units} is lost
within 1 min of incubation with the substrate
(5), presumably because of 4HNE-induced ALDH2
inactivation (18). 4HNE-induced ALDHZ inac-
tivation is blocked by Alda-1 (20 M) (n =
3) as compared with vehicle control {(n = 3).
(B) The protection of ALDHZ from 4HNE-
induced inactivation by Alda-1 correlates with
a 34% reduction in 4HNE levels (h = 4; P <
0.05).
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fore, there is an inverse correlation between
ALDH? activity and cardiac damage [#* = 0.95
(Fig. 1B)], strongly suggesting that ALDH2
plays a pivotal positive role in mediating car-
diac protection against ischemic injury. Cre-
atine phosphokinase (CPK) release from the
heart as an indicator of cardiac damage (4)
yielded similar results [B* = 0.97 (fig. 84, C
and D).

Nitroglycerin confers cardiac protection if
the prolonged nitroglycerin treatment is termi-
nated at least | hour before the ischemic event
(12). Consistent with these findings, we found
that 13 hours of nitroglycerin treatment (5
pg/min per kg of body weight, delivered by a
paich) that was terminated 3 hours before the
ischemic event decreased cardiac infarct size
from 45 to 33% [GTN-off (Table 1)]. How-
ever, similar to our ex vivo data, when the
nitroglycerin patch was left on, infarct size
increased from 45 to 59% [GTN-on (Table
1}]. Therefore, sustained nitroglycerin treat-
ment increased ischemic damage, probably
by inducing ALDH2 inactivation [note 4 in
Gl

The inverse comelation between ALDH2
activity and cardiop ion against ischemi
damage in rat [Ri =0.95 (Fig. 1B)] (fig. S4D)
does not prove that ALDH2 activation is suf-
ficient to induce cardioprotection. We there-
fore searched for ALDH2 agonists using a
high-throughput screen [note 1 in (5)] and
identified N-(1,3-benzodioxol-5-ylmethyl)-
2,6-dichlorobenzamide (Alda-1, M, = 324)
and similar analogs as ALDH2 activators

fusion, infarct size of the left ventricular free
wall was 43 £ 4% (n = T7) (5). Ad-
ministration of 8.5 mg/kg Alda-1 into the left
ventricle 5 min before ischemia decreased
the myocardial infarction by 60 + 4% [n =
7, P < 0.01 (Fig. 2C)] (fig. $6, A and
B). Although low levels of noxious stimu-
li trigger cardioprotection (/, 2), Alda-1-
induced cardioprotection was not associated
with such a stress. JNK, a sensitive marker
of cell stress, was not activated by Alda-1
treatment [fig. 87 and note 6 in (5)]. There-
fore, activation of ALDH2 is sufficient to
protect the heart from ischemia damage, in
vivo,

4-Hydroxynonenal (4HNE) is a toxic al-
dehyde that accumulates during cardiac is-
chemia (17); thus, its removal by ALDH2
may be, at least in part, the mechanism by
which ALDH2 activation protects the heart
from ischemic damage. Furthermore, 4HNE
itself can inactivate ALDH2 by forming pro-
tein adducts with the enzyme, which limits
4HNE removal (/&). We confirmed that 4HNE
induced rapid inactivation of ALDH2 in vitro
and found that 4HNE-induced inactivation
of ALDH2 was blocked by Alda-1 (Fig. 3A),
which increased the detoxification of 4HNE
(Fig. 3B). The molecular basis for Alda-1-
induced ALDH2 protection is under inves-
tigation, but it is probably due to preven-
tion of 4HNE adduct formation on ALDH2
(18).

Although some of the pharmacological
tools we used to regulate ALDH2 are rel-

(Fig. 2A and fig. S5A), We next d
whether Alda-1 activates ALDH2*2, a com-
mon East Asian mutant form that has only
1 to 5% of the catalytic activity of the wild-
type ALDH2*1 form. [This F487K mutation
(Glu at position 487 is replaced by Lys) is at
the interface of the tetramer (/3).] Alda-1
[median effective concentration (ECsp) = 20
uM] increased the activity of the mutant,
ALDH2*2, 11-fold, the heterotetramer 2.2-
fold (similar to the base levels of wild-type
ALDH2), and the wild-type ALDH2*1/*1
homotetramers 2.1-fold over basal activity
(Fig. 2A and fig. 85, C and D). Alda-1 had
no effect on the activity of alcohol de-
hydrogenase 1 (5, 14), the cytosolic aldehyde
dehydrogenase, ALDHI (15), or the mitochon-
drial enzyme ALDHS (5, 16) (fig. S5B [note § in
&)

We next used Alda-1 to determine whether
direct ALDH2 activation was sufficient to
induce cardioprotection. Rat hearts treated
ex vivo with 20 uM Alda-1 before 35 min
of ischemia followed by 60 min of reper
fusion (as in Fig. 2B) had a 26 * 6%
smaller infarct (Fig. 2B) and 24 £ 7%
less CPK release (n = 6; P < 0.05). Alda-
1 also reduced infarct size in an in vivo rat
model of acute myocardial infarction. After
35 min of ischemia and 60 min of reper-

www.sciencemag.org SCIENCE

atively pecific, 12 different conditions
demonstrate the correlative relation between
ALDH2 activity and infarct size [R2 =095
(Fig. 1B)]. Therefore, our data strongly
suggest that ALDH2 activity is critical for
cardioprotection from ischemia. In addition,
ALDH2 contributes to ethanol metabolism,
and ethanol was used to activate ALDH2.
However, ethanol metabolism is unlikely to
play a role in the ALDH2-mediated pro-
tection; ALDH2 activation also occurred in
the absence of ethanol, as well as when we
used the PKCe-selective activator or Alda-1.
Finally, the importance of cytotoxic alde-
hydes, such as 4HNE, to overall ischemic
injury has been previously suggested [note
7 in (5)] (17, 19, 20). 1t is possible that
the major benefit of Alda-1 is to prevent the
inactivation of cytoprotective ALDH2 by
4HNE, which would ensure continual detox-
ification of oxidative stress-induced cytotoxic
aldehydes.

Our results raise the possibility that phar-
macological enhancement of ALDH2 activ-
ity may be beneficial for patients subjected
1o cardiac ischemia (e.g, during coronary
bypass surgery). The ability of Alda-1 to par-
tially complement or restore mutant ALDH2%2
activity is noteworthy, as it is rare to find a
small molecule that can specifically rescue a
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mutation in humans. Finally, our data from
rodent models suggest that the prolonged
use of nitroglycerin in East Asian carriers
of Aldh2*2 who experience an ischemic event
may need to be reconsidered and that these
patients may benefit even more than carriers
of the wild-type enzyme if treated with ALDH2
Activators,
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Dual Origin of Tissue-Specific
Progenitor Cells in Drosophila
Tracheal Remodeling
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Molly Weaver and Mark A. Krasnow*

During Drosophila metamorphosis, most larval cells die. Pupal and adult tissues form from

imaginal cells, ti: ific

s allocated in embr

yogenesis that remain quiescent during

embryonic and larval life. Clonal analysis and fate mapping of single, identified cells show

that tracheal system remodeling at metamorphosis involves a classical imaginal cell population and
a population of differentiated, functional larval tracheal cells that reenter the cell cycle and
regain developmental potency. In late larvae, both populations are activated and proliferate,
spread over and replace old branches, and dwemfy into various stalk and coiled tracheolar (eLLs

under control of fibroblast growth factor sig

Vadult tissue p ]

g. Thus, Drosophil

can arise both by early allocation of mulnpoterlt cells and late return of dlfferem'lated cellstoa

multipotent state, even within a single tissue.

rosophila larval tissues are composed of
Ddiﬂ‘uen!.imd larval cells and imaginal

cells. Imaginal cells are pupal and adult
tissue progenitors that reside in clusters embedded
in or attached to larval tissue (f). They remain
quiescent during embryogenesis and part or all
of larval life, then proliferate and differentiate
into pupal and adult tissues at metamorphosis
(2). By contrast, larval cells cease dividing and
differentiate early in development; however, they
typically enlarge and become polyploid during
larval life (3). At metamorphosis, most larval
cells die (4). Although some larval neurons (5)
and muscles (6) are retained in adult tissues, no
differentiated cells are known to reenter the cell
cycle and generate new cells and tissues. We
show that tracheal (respiratory) system remod-
eling at metamorphosis is carried out by a clas-
sical imaginal cell population and another
progenitor population that, like facultative stem
cells in mammals (7), arises from differentiated
cells.

During embryogenesis, the tracheal system
develops from segmentally repeated groups of
~80 cells that express Trachealess transcription
factor and invaginate, forming sacs attached to
epidermis by a stalk of spiracular branch (SB)
cells (8-10). Branches bud from the sacs and cells
diversify primarily under control of Branchless
FGF (fibroblast growth factor), which activaies
Breathless FGFR (FGF Receptor) on tracheal
cells (11, 12). At metamorphosis, posterior tra-
cheal segments Tr6 to Trl0 are lost (Fig. 1A);
new branches form in Tr4 and TrS to supply pos-
terior tissues and in Tr2 to supply flight muscle
(8, 13-16). Although most branches in Tr1 to TrS
are retained, most of their cells are replaced by
imaginal cells (17, I8).
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Previous work indicated that imaginal tracheal
cells (tracheoblasts) compose the SB (Fig. 1B).
‘Unlike other tracheal cells, SB cells express imagi-
nal marker escargot (esg), remain small and qui-
escent during embryonic and early larval life, and
do not form gas transport tubes (Fig. 1, C and G)
(8, 15, 17, 19-21). Bromodeoxyuridine (BrdU)
incorporation studies showed that SB cells enter
8 phase at the beginning of the third larval period
(L3) and divide 12 to 16 hours later (I7). Prolif-
eration continues for 24 hours, generating an ex-
panding cluster of tracheoblasts at the SB-transverse
connective (TC) junction (Fig. 1, D and E). SB cells
in the embryo and early larva express trachealess
(trh) but, unlike most other tracheal cells (22}, do
notexpress the Trachealess target gene breathless
(bil) (Fig. 1C): The tracheal program is apparent-
ly arrested at this step. When activated in L3, they
turn down esg and turn on b#/ as they proliferate
and leave the SB (Fig. 1, D to F).

We developed a “molecular timer” strain (23)
that highlights the burst of b/ expression in ac-
tivated tracheoblasts, which allowed us to distin-
guish them from the larval tracheal cells they migrate
over and replace (Fig. 1, D to F). SB tracheo-
blasts followed stereotyped paths. In Trd, they
nigrated along the TC onto the visceral branch (Fig.
1F"; later, some differentiated into coiled trache-
olar (CT) cells (see Fig. 1I). Tracheoblasis re-
spected specific boundaries, never spreading into
neighboring tracheal segments or populating the
dorsal trunk (DT) (Fig. 1F"). However, tracheo-
blasts were observed on the other side of the DT,
along the dorsal branch (DB) of Tr4 and other
anterior DBs (Fig. 1F) (7).

If DB tracheoblasts arise from SB tracheo-
blasts, they would have to move across the DT to
reach the DB. However, tracheablasts were never
seen crossing the DT. To exclude this possibility,
the fate of SB tracheoblasts was mapped using
SB-specific flipase (FLP) recombinase to perma-
nently label SB cells and their descendants (Fig. 1,
G to J). This labeled all tracheoblasts migrating
out of the SB (Fig. 1, H and T), but not DB

tracheoblasts (Fig. 1, H and I). Hence, DB
tracheoblasts arise independently.

To identify the source of DB tracheoblasts,
we scrutinized early L3 larval DBs, which com-
prise five to seven cells (Fig. 1B) (21), but found
no additional cells or cells with the distinctive small
size and nuclear morphology of SB tracheoblasts.
The positions and number of tracheoblast clones
in a clonal analysis of larval DBs (fig. S1 and
SOM Texi) suggested that DB tracheoblasts arise
from ~4 1o 5 progenitors along the DB.

‘We considered whether differentiated stalk
cells (DB3 to DB7) might be the source of DB
tracheoblasts (15, 17). To test this, we used a heat-
inducible FLP transgene to permanently label
and trace the fate of individual tracheal cells iden-
tified in live L2 larvae (Fig. 2, A to C, Table 1,
and table S1). This demonstrated that larval DB
stalk cells are the source. Individual stalk cells
displayed a range of proliferative capacities, giving
rise 1o 2 to 22 tracheoblasts (8.3 + 7.0, mean £
SD), although occasionally a labeled stalk cell
failed to proliferate or degenerated, the standard
fate of DBI and DB2 cells (Table 1 and fig. $2).

DB stalk cells have a complex morphology un-
like typical progenitor or stem cells: They are tubu-
lar, with autocellular junctions, some (DB3 cells)
forming Yshaped tubes (Fig ]B) Yet these cells
became proli heobs
while maintaining contacts wﬂh nﬂghbormg fra-
cheal cells (Fig. 2,D w F).

Phosphohistone H3 staining (Fig. 2, D to F)
showed that DB stalk cells in anterior segments
begin dividing 14 to 16 hours after the second
molt. Even before they divide (Fig. 2G), they have
smaller nuclei than other larval tracheal cells, in-
cluding DB stalk cells in posterior segments {Fig.
2H), which are otherwise indistinguishable but
donot give rise to tracheoblasts. BrdU labeling of
newly molted third-instar larvae showed that an-
terior DB stalk cells do not incorporate the label
(Fig. 2G), implying that they do not endorepli-
cate and presumably remain diploid, unlike pos-
terior DB cells and other differentiated larval cells
(Fig. 2, H to J), most of which endoreplicate and
‘become polyploid (3)

Although most DB tracheoblasts form multi-
cellular stalks of pupal DBs (Table 1), in Tr2 they
form more elaborate structures (Fig. 3, A to D).
After proliferating and spreading along the DB
(Fig. 3, A and B), they aggregate (Fig. 3B}, form
secondary branches (Fig. 3C), and differentiate into
multicellular stalks (MS), unicellular stalks (US),
and Blistered (DSRF)-expressing CT cells with
coiled intracellular lumens (Fig. 3, C and D, and
fig. 83) that unfur! on flight muscle (8, 24). Fate
‘mapping showed that single DB stalk cells in Tr2
routinely formed mixed clones containing MS,
US, and CT cells (Fig. 3, E to G, Table 1, and
table S1). Thus, DB stalk cells in Tr2 transform
into multipotent tracheoblasts that can proliferate
and acquire different fates.

Bnl/Btl signaling controls cell fate selection in
the embryo ({1, 12). To test for function in pupal
tracheoblasts, we generated b¢!  clones. These rare-
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Fig. 1. Spiracular branch tracheoblasts are not the source of dorsal
branch tracheoblasts. (A} Drosophila tracheal deling at meta-
morphosis. (Left) Schematics of lanval and pupal tracheal system. Tr,
tracheal metamere. Filled circles, positions of fusion cells connecting
metameres. Open circles, attachments to epidermis. (Right) Branch
names in Trd. (B) Cellular structure of larval Trd. DB contains terminal
(DB1), fusion (DB2), and several stalk (DB3 to 7) cells. SB contains six
to eight cells (SB1 to 8). SBs are collapsed but open at molts for
tracheal cuticle extrusion. n, nucleus; aj, autocellular junction. (C} 5B
in early L3 larva carrying trh-focZ (antibody to beta-galactosidase,
red), bi>GFP (bt--Gol4;UAS-GFP} [antibody to green fluorescent
protein (GFP), green]. Nuclei are stained with 4°,6diamidino-2-
phenylindole {DAPI} (blue). (C* and C"} SB {boxed) and DB in same
segment. All tracheal cells, including SB and DB cells, express trh-lacZ;
all except SB cells express bf>GFP. (D to F) SB in “molecular timer”
strain (btl-Gal4, UAS-GFP;UAS-DsRed) at indicated times in L3. (D) bti-
Gald expression inttiating in SB tracheoblasts (SBTs) visualized by
upstream activating sequence (UAS)-GFP expression (green). DsRed
(red) takes longer to mature, so SBTs appear green, whereas tracheal
cells in which bti-Gal4 was previously active express bath proteins, so
appear yellow. (E and F) Proliferating and spreading SBTs. (F'} Low
magnification of (F). Figure S5 shows low magnification of (D) and (E).
(G) Early L3 esg>GFP (esg-Goid, UAS-GFP) larva immunostained for
GFP (green) and Armadillo {cell junction marker, red). Blue, DAPI-
stained nuclei. White (reflected light), air-filled lumen. Insets {G" and
G"), DB and SB (boxed). 5B cells, but not DB or other tracheal cells
except fusion cells (arrowhead), express esg. (H to ]} Lineage tracing of
SB (esg-expressing) cells with P127-Gal4;UAS-FLP.yAc-GFP. SBTs and
fusion cells (arrowheads) express GFP lineage marker in late L3 (H) and
pupae (I and ]) where some SB tracheoblasts (e.g., PA) form CTs
[outiined in ()]. DB tracheablasts do not express lineage marker (H and
). Bars, 25 pum, except (G) and (G"), 10 pm.

Fig. 2. DB stalk cells proliferate and differentiate into tracheoblasts.
(A to ©) Fate mapping a DBA stalk cell (clone O, Table 1). (8) Schematic
showing labeled cell (B) DB4 cell labeled with cytoplasmic GFP. All
tracheal nuclei express DsRed (bti-Gald;UAS-nuclearDsRed). (C) Same
DB three days later. Labeled DB4 generated seven-cell clone. DB2 and
contralateral DB2 (DB2') are indicated along with degenerating
contralateral DB1 (arrowhead), which was also labeled in L2 larva. (D
to F) DB4 cells at three different stages of mitosis in L3 larvae
immunostained for phosphohistone H3 (red) and beta-galactosidase
(trf-lacZ, green). Tubular DB4 cell divides along shart axis of tube (F
and F'). Figure 56 shows low magpnification of {D) and (E). (G to J}
Individual DB stalk cells in Tr4 and Tr7, and nearby epidermal cells of
newly molted trh-locZ L3 larva labeled with BrdU during L1 and L2
then costained after molting for BrdU (red) and beta-galactosidase
(green). Figure 57 shows low magnification of (G) to (). Bars, 25 pum,
except (G) to (), 10 um.
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ly formed CT cells (fig. S3 and table $2). Likewise,
conditional expression of dominant-negative Btl
in the L3 tracheal system reduced or eliminated
secondary branches and CT cells (Fig. 3, H and

I). Constitutively active receptor induced ectopic
secondary branches and CT cells throughout the
tracheal system, including all anterior DBs (Fig.
3J and fig. S4). Thus, DB tracheoblasts in ante-

Table 1. Fate mapping of single larval dorsal branch cells.

Tor segments can acquire new tracheal fates, and
FGF signaling also plays a critical role in reselect-
ing cell fates when DB stalk cells are reactivated.

Anterior DB stalk cells are the first differ-
entiated cells in Drosophila shown to reenter the
cell eyele and regain developmental potency. They
regain the same abilities to proliferate, spread,
and differentiate into various tracheal cell types
as SB tracheoblasts, classical imaginal cells that
remain quiescent—hlocked in tracheal outgrowth
ificati during embryonic and

most of larval life. This suggests that both types
of tracheal progenitors arrive at a similar state,
one by early developmental arrest (SB tracheo-
‘blasts), the other by late retum to an earlier state
(anterior DB stalk cells). The only known fea-
tures that distinguish these cells from tracheal cells
that lack progenitor potential {including posterior
DB stalk cells that are otherwise indistinguishable
from anterior DB stalk cells) are their small nu-

These features may be part of a program that main-
tains, or allows cells to regain, the proliferative and
diversification potential of early tracheal cells. This
program is operative in imaginal tracheal cells
and can apparently be implemented in other tra-
cheal cells, independent of their differentiation

The blurring of the distinction between imagi-

Clone  Marked cell pjeells Clone cell fates Class*

in clone

us Ms a Dead Lost and cell di T

A DBl s 1t 0 t t 1 0 0
E DB1 Tr2 0 0 0 0 ] 1 0
G DB2 Tr2 ] ] o o o 1 o
H DB3 T3 1 0 0 0 1 0 0
| DB3 Tr2 2 2 0 [ 0 0 |
] DB3 T2 5 5 0 0 0 0 |
K DB3 Tr2 8 3 1 4 o o 1}
L DB3 T2 12 T 1 4 1] ] "
M DB3 T2 21 18 2 1 0 0 1}
N DB4 T3 1 0 0 [} 1 0 0 clear size and lack of endoreplication (table S3)
(o] DB4 2 7 7 1] [} 0 0 |
P DB5 Tr2 1] 0 [+] 1] o 1 o
Q DBS T3 1 0 0 0 1 ] 1]
R DBS 13 14¢ 14 t + 0 0 |
s DB5 T2 14 6 2 & 0 ] 1}
T DB6 (] 1t 0 t + 1 0 0
u DB6 13 =6 >6 0 0 ] 0 | program.
v DB6 Tr2 10 4 0 6 0 0 1}
w DE7 T3 14 14 [ ] 1] [ |

“Class 0, no proliferation, followed by necrosis or death; Class |, proliferation generating cells of the same fate; Class ||,

proliferation generating cells of multiple fates.

Fig. 3. DB stalk cells are multipotent progenitors. (A to €} Tr2
DB tracheoblast morphogenesis in btl-Gal4, UAS-nDsRed;UAS-
GFP pupae at pupal stages and times after pupariation indicated.
Tracheal cytoplasm appears green {GFP), nuclei yellow (GFP,
nDsRed), and air-filled lumen white (reflected light). (D) CT cell
cluster along Tr2 DB of bi-Gal4/+;UAS-Apc2-GFP/+ pupa showing
microtubules (APC-GFP, green), nuclei (DAPI, blue), and air-filled
lumen (reflected light, white). (D* and D"} Boxed CT cell with
coiled lumen. (E to G) Fate mapping of L2 larva DB3 cell in Tr2
and contralateral DB3 (DB3') analyzed at stage P5 (F). DB3
generated 12-cell clone [(E), clone L in Table 1J; DB3’ generated 21-
cell clone [(G), clone M in Table 1]. Both clones contain MS, US,
and CT cells. (H to J) Tr2 tracheal segment of btl-Gal4, LAS-GFF/
tubulin GalgoTS:bi-Gald, UAS-GFRUAS-DNbH! (Bt™™) or LAS-2btl

(Btl*) animals grown at 18°C and shifted to 30°C in
expressd -negative (H) or cc

y active Breathl

fClone analyzed at W3L, before cell differentiation.

late L2 to

(Bt1*) ), or left at 18°C as control (). Dotted lines, DBs and DTs;
yellow dots, regions with CTs. Tracheal cells in experimental ani-
mals express GFP; expression in control () is inhibited by Gal80®,
so tracheal cells were visualized by reflection (white) and DAPI

staining. Bars, 25 pm.
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nal and differentiated larval cells in Diosophila
parallels a current debate about adult stem cells in
mammals (25). Some mammalian tissues have

Control
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dedicated stem cells maintained in a primitive state
(26). However, other tissues may rely on faculta-
tive stem cells, differentiated cells that reenter the
cell cycle to replenish lost cells (7). Our results
show that progenitors with each of these features
are present in a single Drosophila tissue and that
both play crucial roles. This provides a tractable
system for dissection of the arrest of a tissue-
specific developmental program and reversal to
an earlier, more plastic state, important steps in
tissue engineering, repair, and cancer.

Note added in proof: Guha et al. (27) show
that differentiated tracheal cells in Tr2 can reenter
the cell cycle.
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FBXW7 Targets mTOR for Degradation
and Cooperates with PTEN
in Tumor Suppression

Jian-Hua Mao,* Il-Jin Kim,* Di Wu,* Joan Climent,* Hio Chung Kang,

Reyno DelRosario,® Allan Balmain?t

The enzyme mTOR (mammalian target of rapamycin) is a major target for therapeutic
intervention to treat many human diseases, including cancer, but very little is known about the
processes that control levels of mTOR protein. Here, we show that mTOR is targeted for
ubiquitination and consequent degradation by binding to the tumor suppressor protein FBXW7.
Human breast cancer cell lines and primary tumers showed a reciprocal relation between loss
of FBXW7 and deletion or mutation of PTEN (phosphatase and tensin homolog), which also
activates mTOR. Tumer cell lines harboring deletions or mutations in FBXW7 are particularly
sensitive to rapamycin treatment, which suggests that loss of FBXW7 may be a biomarker

for human cancers susceptible to treatment with inhibitors of the mTOR pathway.

lhe FBXW7 gene (F-box and WD repeat

domain-containing 7, also known as hCDCA,

FBW7, and hAGO) is a p53-dependent tu-
mor suppressor gene that undergoes deletion and/
or mutation in a variety of human tumors (/-3).
Loss or mutation of FEXW7 has been associated
with increased genetic instability or growth de-
regulation, because of its effects on ubiquitination
and tumover of several oncoproteins (J-7), but the
exact mechanism of tumor suppression remains
unclear We carried out a genomewide search for
Fbxw7 ubiquitination targets using the consensus
CDC4 (cell division cycle 4) phosphodegron
(CPD) sequence VL-UL/P-TP-XXXX (where
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lysine and arginine are unfavorable in the X
locations) (/, &) in a mouse profein database
(http://www.ensembl.org/Mus_musculus). This
search revealed a strong match within the HEAT
domain of mTOR (Frapl) (fig. S1), which
regulates cell growth, metabolism, and prolifer-
ation. The mTOR CPD region is evolutionarily
conserved in different species ranging from hu-
mans to zebrafish (fig. $2), which suggests its
potential functional importance.

We tested the possibility that Fhxw7 may
directly regulate levels of mTOR by analyzing two
independent preparations of mouse embryonic
fibroblasts (MEFs) from Féaw? ™ mice (Fig, 1A).
Depletion of Fhxw? increased the levels of both
total mTOR and phosphorylated mTOR (p-mTOR),
as well as the do mTOR target S6-ki
{p-S6K). In contrast, there was no appreciable ef-
fect on upstream components of the mTOR sig-
naling pathway such as Akt and phosphorylated
Akt (p-Akt) (Fig. 1A).

VOL 321

Depletion of Fhxw? in vivo also led to an in-
crease in both mTOR and phosphorylated mTOR
(p-mTOR) protein levels, Thymus and spleen from
Fbxw7'" mice showed increased mTOR and
pmTOR in comparison with control wild-type
tissue (Fig. 1B). In contrast, levels of total Akt
and p-Akt (at Ser™”) did not change appreciably
(Fig. 1B). However, in Pren”” mice (lacking the
phosphatase and tensin homolog), both thymus
and spleen showed an increase in p-mTOR with-
out any obvious change in total mTOR protein
level (Fig. 1B). In agreement with these observa-
tions, p-Akt levels were elevated in thymus and
spleen from Preri™ mice and, presumably, were
responsible for activation of mTOR signaling
(Fig. 1B).

A similar trend was seen in human cells from
which the FRYH7 gene had been deleted by homal-
ogous recombination (). Both HCT116 and DLD1
cells that lacked FBXW7 had slightly higher levels
of mTOR and p-mTOR, as well as increased levels
of p-S6K (fig. S3). Again, no effect was seen on
the upstream targets AKT and p-AKT (fig. S3).
Human 293T cells transfected with a dominant-
negative form of FBXW7 (HA-FBXWT7-AF) (%)
also showed an increase in the level of both total
mTCOR and p-mTOR (Fig. 1C), whereas cells
expressing the transfected normal hemagglutinin
(HA)Magged FBXWT (HA-FBXWT) protein re-
producibly had lower levels of both total mTOR
and pmTOR (Fig. 1C). In contrast, levels of AKT
and p-AKT were not affected by overexpression
of FBXW7 (Fig. 1C)

‘We next investigated possible interactions be-
tween mTOR and FBXW7 proteins. A vector en-
coding HA-tagged FBXW7 was transfected into
293T cells, followed by immunoprecipitation using
antibodies directed against the HA tag or mTOR,
and immunoblot analysis. Both showed an infer-
action between the mTOR and FBXW7 proteins
(Fig. 2A). Immunoprecipitation also revealed an
interaction between mTOR and FBXW7-AF (Fig,
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2A), indicating that the WD40 domain of FBXW7
is the interaction site. Additional controls for the
specificity of the interaction between FBXW7 and
mTOR are shown in figs. $4 and S5.

We cloned a fragment of mTOR (from amino
acids 1 to 898) that contained the putative CPD,
and generated two mutants, one carrying a dele-
tion of Tyr®™' [mTOR(delT631)], and the other a
point mutation in which Tyr®*' is replaced by Gly
[mMTOR(T631G)]. The wild-type and mutant mTOR
fragments were coexpressed with HA-FBXW7
in 293T cells, followed by immunoprecipitation
with anttbodies against one protein and immuno-
blot analysis of the second. Although the wild-type

fragment of mTOR immunoprecipitated efficiently
with FBXW7, binding to the mTOR (delT631) and
mTOR(T631G) mutants was dramatically reduced
(Fig. 2B). Residual binding could be due 1o the pres-
ence of an additional, but weaker, consensus bind-
ing site in mTOR (located at position amino acids
314 to 319). Thus, FBXW7 binds mTOR pre-
dominantly through the major conserved CPD site.

To determine whether the regulation of mTOR
by FBXW7 is through the proteasome-dependent
degradation pathway, MCF7 and SUMI49PT cells
(10) (table S1) were treated with the proteasome
inhibitor MG-132. Proteasome inhibition caused
a dramatic increase in the mTOR levels in MCF7

cells, which retain FEYW7, but not in SUMI49PT
cells, which have a homozygous mutation (Fig
2C), which suggested that degradation of mTOR
is FBXW7-dependent. To examine whether the
ubiquitination status of mTOR was FBXW7-
dependent, 293T and SUMI49PT were transfected
with a vector containing CMV promoter-driven
HA-ubiquitin. Immunoprecipitation of mTOR fol-
lowed by immmumoblot analysis of the HA-ubiquitin
showed that mTOR ubiquitination was found only
in cells retaining a functional FEXW? gene (fig,
S6). The same experiment in HCT116 WT and
HCT116 FEXW7™ cells (Fig. 2D) again showed
efficient ubiquitination of mTOR only in HCT116

Fig. 1. Depletion of FBXW7 Y
increasesmTOR and p-mTOR A B cC & =
Thymus Spleen = =
eyl A1 e levls of O Py Fhuw? ++ i+ +- #+ ++ H- 5 g 8
and p-mTOR, as well as the AR A A Eoai :f e :u _; il E 'E 2
downstream mTOR target I
S6-kinase (P-56K), are up- = = p-mTor{Ser2448) p-mTor{Ser2448) E pmTOR(Ser2448)
requlated in Faw7 ™~ MEFs, | s A = o BT mTOR
whereas the levels of Akt and P-S6K(Ser371)
Akt (bottorm) were not ap- e PAEEATS) p-AKT(Se473)
preciably affected. Two in- i [ —a - - o
dependent preparations were E Akt 5 W——
used. () Elevation o mTOR el i S v FBXWT
in thymus and spleen from 1231 2 3
Fbxw7™" mice. Lanes 1 to 3 contain extracts from wild-type, Pten™~, and Flmw7™~ mice, respectively. (C) Overexpression of FBXW7-AF

either full-length FBXW7 (HA-FBXWT) or of a dominant-negative form (HA-FBXW7-AF) in 2937 cells, respectively, decreases

(lane 2} or increases (lane 3) the mTOR and p-mTOR levels.

— s
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Fig. 2. mTOR interacts with FBXW7. (A} Immunoprecipitation {IP) of HA-FBXW7
identifies mTOR as an interacting protein. HA-FBXW7 or FBXW7-AF was
expressed in human 293T cells, followed by immunoprecipitation of the
proteins with HA-specific antibodies and i blotting (1B} with antibodi

against mTOR (top). The reciprocal experiment shows that the region of
FBXW7 that interacts is the WD40 domain (middle). (Bottom) The input
levels of mTOR and FBXW7 proteins in the lysates. (B) FBXW7 binds the
wild-type fragment of mTOR, but binding to the mTOR(delT631) and mTOR
(T631G) mutants was dramatically reduced. (C}) MCF7 breast cancer cells
show increased mTOR levels after treatment with MG-132, but this is not
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seen in SUM149PT cells, which have no functional FBXW7 gene. (D) HCT116 WT
and HCT116 FBXW7™~ cells were transfected with HA-ubiquitin. Immuno-
precipitation of mTOR followed by immunoblot analysis of the HA-ubiquitin
showed that ubiquitination of mTOR was only seen in the HCT116 WT cells,
and not in HCT116 A = cells. The vector lane shows HCT116 FBXW7 '~
cells transfected with empty vector construct. (E) Ubiquitination of mTOR is
restored by exogenous FBXW7 expression. HCT116 FBXW7™ cells were
transfected with an FBXW7-expressing construct and HA-tagged ubiquitin.
Immunoprecipitation of mTOR showed increased ubiquitination compared
with controls (fig. 57).
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Fig. 3. Genetic interaction between FBXW7 and PTEN in human
breast cancers. The green bar indicates loss, the red bar indicates
gain, and the black bar indicates no changes. (A) The data from 53
human breast cancer cell lines, ordered in the vertical axis from 1 to
53 (11). The copy number of FBXW7 and PTEN was determined by
quantitative PCR with TagMan. Deletion of FBXW? rarely occurred in
tumors that also show deletion of PTEN (P = 0.014). (B, €, and D)
Three independent sets of human primary breast cancers, analyzed
by the same BAC CGH microarray platform: (B} 185 human primary
breast cancers (12), (C) 145 human primary breast cancers {13), and
(D) 67 human primary breast cancers (14). The copy number was
determined on the basis of published CGH data (FBXW7 was based
on BAC RP11-73G16, PTEN on BAC RP11-380G5). Loss is defined as
log,({ratio} < —0.25 and gain as logp(ratio) > 0.25.

Fig. 4. Loss of FBXW7
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WT cells. Finally, we cotransfected SUM149PT
cells with constructs encoding both FBXW7 and
HA-ubiquitin, and found that ubiquitnation of
mTOR was restored by exogenous FEXW7 expres-
sion (Fig. 2E). Thus, ubiquitination of mTOR is
largely, if not exclusively, mediated by binding
to FBXWT.

As FBXW7 and PTEN both affect signaling
through mTOR, we examined the genetic status
of both genes in a panel of 53 breast cancer cell
lines (/7). Quantitative TagMan real-time polym-
erase chain reaction (PCR) assays of the num-
ber of copies of FEXW7 and PTEN genes in each
of the cell lines were in good concordance with
data found by bacterial artificial chromosome
(BAC) comparative genomic hybridization (CGH)
microarray (see table S1). Most of the breast can-
cer cell lines that exhibited loss of a single copy of
FBXW7 (23 out of 53, Fig. 3A) did not show cor-
responding loss of PTEN. In contrast, of the 14
lines that showed loss of a single copy of PTEN
(Fig. 3A), only one had also losta copy of FBXW7,
which suggested that FBXW7 and PTEN show
some functional redundancy in tumor develop-
ment. Similar results were obtained by examina-
tion of the copy number status of genomic regions
containing FBXW7 and PTEN genes in three in-
dependent human primary breast cancer sets for
which BAC CGH microarray data were available
(12-14). From a total of 450 tumor and cell line
DNA samples shown in Fig. 3, A to D, only 4
had lost a copies of the regions containing both
genes, a result that is unlikely to be a consequence
of random genetic alterations (P =4.9 x 1077),

We also considered the possibility that other
somatic changes such as point mutations or gene-
silencing events could affect the results, The FBXW7
gene continued 1o be expressed in all 25 breast
cancer cell lines examined (fig. S8), which in-
dicated that no gene silencing had occurred, al-
though very low levels were found in five cell
lines [lanes 10, 13, 14, 16, and 20 (fig. S8)]. All
of these lines had lost one copy of the FEXW7
gene except one (SUMI49PT, lane 16), in which
a point mutation was detected (table S1). The
PTEN gene was found to be silent in two cell
lines (fig. 88, lanes 11 and 12), and both had lost
one copy of the PTEN gene. Three mutations in
PTEN were found (fig. S8 and table S1). Thus,
gene silencing (for example, by promoter meth-
ylation) or point mutations in FBXW7 and PTEN
are relatively rare mechanisms of inactivation of
these genes, in comparison with single-copy dele-
tions. These data are further compatible with the
identification of both genes as haplo-insufficient
tumor suppressors (3, 15, 16)

Because deletion or mutation of FBXW7 in
human breast cancer cells leads to increased levels
of mTOR, we tested the possibility that cells har-
boring these deletions may show increased sensi-
tivity to the mTOR inhibitor rapamycin. We treated
two breast cancer cell lines, SUM 149PT cells (hamo-
zygous FBXW7 mutations) and MDA-MB453
cells (wild-type FBXW7) with rapamycin and
counted numbers of viable cells. SUM149PT cells
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proved to be very sensitive to this treatment [median
inhibitory concentration (ICs,) < 200 nM], where-
as MDA-MB453 cells were relatively resistant
{ICs > 2 uM) (Fig. 4A). In nude mouse xeno-
grafts, groups of five mice were injected with both
cell lines, one on each flank, and were treated by
intraperitoneal injection with rapamycin over an
11-day period. The SUM149PT cells showed a
relative decrease in size followed by stable tumor
growth, whereas the MDA-MB453 cells were
relatively unaffected by treatment (Fig. 4B).

An additional set of 10 breast cancer cell lines
was treated with rapamycin at concentrations of
200 and 400 nM. Cells with deletion or mutation
of FBXW7 (HBL100, 600MPE, SUMI4SPT,
HCC3153, and HCC1143) or PTEN (HCC1937
and HCC3153) showed significant sensitivity to
killing by rapamycin, although the magnitude of
the effect varied (/7) (Fig. 4C). To establish a
direct link between loss of FBXW7 and rapamy-
cin sensitivity, we down-regulated expression lev-
els of FBXW?7 using short hairpin RNA (shRNA)
{18y in the rapamycin-resistant MDA-MB453 cells,
which resulted in an increase in sensitivity to this
drug [ICsp< 0.8M (Fig. 4D)).

Our findings implicate FBXW?7 in an evolu-
tionarily conserved pathway that controls regu-
lation of mTOR protein levels. Because FBXW7
is a haploinsufficient tumor suppressor that under-
goes heterozygous loss in a substantial proportion
of human tumors, the data suggest new approaches
toreduce mTOR levels in cancers by the use of drugs
that may reactivate the remaining copy of FBXW7
in a similar way that mulins (small:molecule MDM2-
antagonists) have been shown to activate wild-type
copies of p53 in human tumors (/9). Loss of FBXW7
may also be a useful biomarker for sensitivity of
human tumors to inhibitors of the mTOR pathway.
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Unsupervised Natural Experience
Rapidly Alters Invariant Object
Representation in Visual Cortex

Nuo Li and James ). DiCarlo*

Obiject recognition is challenging because each object produces myriad retinal images. Responses
of neurons from the inferior temporal cortex (IT} are selective to different objects, yet tolerant
(“invariant”) to changes in object position, scale, and pose. How does the brain construct this
neuronal tolerance? We report a form of neuronal learning that suggests the underlying solution.
Targeted alteration of the natural temporal contiguity of visual experience caused specific changes
in IT position tolerance. This unsupervised temporal slowness learning (UTL) was substantial,
increased with experience, and was significant in single IT neurons after just 1 hour. Together with
previous theoretical work and human object perception experiments, we speculate that UTL may
reflect the mechanism by which the visual stream builds and maintains tolerant object

representations.

hen presented with a visual image,
primates can rapidly (<200 ms) rec-
ognize objects despite large variations
in object position, scale, and pose (/, 2). This

ability likely derives from the responses of neu-
rons at high levels of the primate ventral visual
stream (3-3). But how are these powerful
“invariant” neuronal object representations built
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by the visual system? On the basis of theoretical
(6-11) and behavioral (12, /3) work, one pos-
sibility is that tolerance (“invariance”) is leamed
from the temporal contiguity of object features
during natural visual experience, potentially in an
unsupervised manner. Specifically, during natural
visual experience, objects tend to remain present
for seconds or longer, while object motion or
viewer motion (e.g., eye movements) tends to
cause rapid changes in the retinal image cast by
each object over shorter time intervals (hundreds
of ms). The ventral visua! stream could construct
a tolerant object representation by taking advan-
tage of this natural tendency for temporally con-
tiguous retinal images to belong to the same
object. If this hypothesis is comrect, it might be
possible to uncover a neuronal signature of the
underlying leaming by using targeted alteration
of those spatiolemporal statistics (12, 13).

To look for such a signature, we focused on
position tolerance. If two objects consistently
swapped identity across temporally contiguous
changes in retinal position then, after sufficient
experience in this “altered” visual world, the
visual system might incorrectly associate the
neural representations of those objects viewed at
different positions into a single object representa-
tion (12, 13). We focused on the top level of the
primate ventral visual stream, the inferior tempo-
ral cortex (IT}, where many individual neurons

PcGovern Instifute for Brain Research and Department of
Brain and Cognifive Sciences, Massachusetts Institute of
Technalogy, Cambridge, MA 02139, USA.
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possess position tolerance—they respond prefer-
entially to different objects, and that selectivity is
largely maintained across changes in object ret-
inal position, even when images are simply pre-
sented to a fixating animal (14, 15).

We tested a strong, “online” form of the tem-
poral contiguity hypothesis—two monkeys visu-
ally explored an altered visual world (Fig. 1A,
“Exposure phase”), and we paused every ~15
min to test each IT neuron for any change in
position tolerance produced by that altered ex-
perience (Fig. LA, “Test phase”). We concen-
trated on each neuron’s responses to two objects
that elicited strong (ohject “P", preferred) and
moderate (object “N”, nonpreferred) responses,
and we tested the position tolerance of that object
selectivity by briefly presenting each object at 3%
above, below, or at the center of gaze (/6) (fig.
S1). All neuronal data reported in this study were
obtained in these test phases: animal tasks un-
related to the test stimuli; no attentional cueing;
and completely randomized, brief presentations
of test stimuli (J6). We altemated between these
two phases (test phase ~5 min; exposure phase
~15 min) uniil neuronal isolation was lost

To create the altered visual world (“Exposure
phase” in Fig. 1A), each monkey freely viewed
the video monitor on which isolated objects
appeared intermittently, and its only task was to
freely look at each object. This exposure “task” is
a natural, awtomatic primate behavior in that it
requires no training. However, by means of real-
time eye-tracking (1 7), the images that played out
on the monkey’s retina during exploration of this
world were under precise experimental control
(16). The objects were placed on the video

Fig. 1. Experimental A

design and predictions. Exposure phase

(A) IT resp were

tested in “Test phase” | Normal axposure

(green boxes, see text), L e

which alternated with ) o
“Exposure phase.” Each  [viowmng™" " et

exposure phase con-
sisted of 100 normal
exposures (50 PP, 50
N-N) and 100 swap
exposures (50 P-+N, 50
N-+P}. Stimulus size was
1.5° (16). {B) Each box
shows the exposure-
phase design for a sin-
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monitor so as to (initially) cast their image at
one of two possible retinal positions (+3° or—3°).
One of these retinal positions was pre-chosen for
targeted alteration in visual experience (the
“swap” position; counterbalanced across neu-
rons) (Fig. 1B) (16}, the other position acted as a
control (the “non-swap” position). The monkey
quickly saccaded to each object (mean: 108 ms
after object appearance), which rapidly brought
the ohject image to the center of its retina (mean
saccade duration 23 ms). When the object had
appeared at the non-swap position, its identity
remained stable as the monkey saccaded to it,
typical of real-world visual experience (*Normal
exposure”, Fig. 1A) (/6). However, when the
object had appeared at the swap position, it was
always replaced by the other object {e.g., P—N)
as the monkey saccaded to it (Fig. 1A, “Swap
exposure”). This experience manipulation took
advantage of the fact that primates are effectively
blind during the brief time it takes to complete a
saccade (/8). It consistently made the image of
one object at a peripheral retinal position (swap
position) temporally contiguous with the retinal
image of the other object at the center of the
retina (Fig. 1).

‘We recorded from 101 IT neurons while the
monkeys were exposed to this altered visual
world (isolation held for at least two test phases;
=50 in monkey 1; 51 in monkey 2). For each
neuron, we measured its object selectivity at each
position as the difference in response to the two
objects (P — N; all key effects were also found
with a contrast index of selectivity) (fig. S6). We
found that, at the swap position, IT neurons (on
average) decreased their initial object selectivity

gle neuron. Arrows show
the saccade-induced tem-

poral contiguity of reti-
nal images (arrowheads
point to the retinal im-

|

(=15 min)

ages ocaurring later in
time, i.e., at the end of
the saccade). The swap

position was strictly atternated (neuron-by-neuron) so that it was counter-
balanced across neurons. (C) Prediction for responses collected in the test phase:
If the visual system builds tolerance using temporal contiguity (here driven by
saccades), the swap exposure should cause incorrect grouping of two different

www.sciencemag.org SCIENCE

100 swap
exposures

Exposure —+

the non-swap position.
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object images (here P and N). Thus, the predicted effect is a decrease in object
selectivity at the swap position that increases with increasing exposure (in the
limit, reversing object preference), and little or no change in object selectivity at
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for P over N, and this change in object selectivity
grew monotonically stronger with increasing
numbers of swap exposure trials (Fig. 2, A and
C). However, the same 1T neurons showed (Fig.
2A) no average change in their object selectivity
at the equally eccentric control position (non-
swap position), and little change in their object
selectivity among two other (nonexposed) con-
trol objects (see below).

Because each IT neuron was tested for dif-
ferent amounts of exposure time, we first com-
puted a net object selectivity change, A(P— N), in
the IT population by using the first and last
available test phase data for each neuron. The
prediction was that A(P — N) should be negative
(i.e., in the direction of object preference rever-
sal), and greatest at the swap position (Fig. 1C).
This prediction was borne out (Fig. 3A). The
position specificity of the experience-induced
changes in object selectivity was confirmed by
two different statistical approaches: (i) a direct
comparison of A(P — N) between the swap and
non-swap position {(n = 101; P = 0.005, one-
tailed paired f test); (if) a significant interaction
between position and exposure—that is, ohject
selectivity decreased at the swap position with
increasing amounts of exposure [P = 0.009 by
one-tailed bootstrap; P = 0.007 by one-tailed
permutation test; tests were done on (P — N)J.

The changes in object selectivity at the swap
position were also largely shape-specific. For 88
of the 101 neurons, we monitored the neuron’s
selectivity among two control objects not shown
to the animals during the exposure phase (chosen
similar to the way in which the P and N objects
were selected, fully interleaved testing in each
test phase) (16). Across the IT population, control
object selectivity at the swap position did not
significantly change (Fig. 2A), and the swap
object selectivity changed significantly more than
the control object selectivity (Fig. 3B) (n = 88,
P=10.009, one-tailed paired £ test of swap versus
control objects at the swap position).

These changes in object selectivity were sub-
stantial (average change of ~5 spikes/s per 400
exposures at the swap position) (Figs. 2C and
3C) and were readily apparent and highly sig-
nificant at the population level. In the face of
well-known Poisson spiking variability (19, 20),
these effects were only weakly visible in most
single IT neurons recorded for short durations,
but were much more apparent over the maximal
1-hour exposure time that we could hold neurons
in isolation (Fig. 2C, lower panels). To detenmine
if the object selectivity changes continued to
grow even larger with longer periods of expo-
sure, we next recorded multi-unit activity (MUA)
in one animal (monkey 2), which allowed us to
record from a number of (nonisolated) neurons
around the electrode tip (which all tend to have
similar selectivity) (21, 22) while the monkey
was exposed 1o the altered visual world for the
entire experiment (~2 hours) (J6). The MUA
data replicated the single-unit results—a change
in object selectivity only at the swap position
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(Fig. 2C) (“position * exposure” interaction: P=
0.03, one-tailed booistrap; P = 0.014, cne-tailed
permutation test; n = 10). Furthermore, the MUA
object selectivity change at the swap position
continued to increase as the animal received
even more exposure to the altered visual world,
followed a very similar time course in the rate
of object selectivity change (~5 spikes’s per

slight reversal in object selectivity (N > P in
Fig. 4D).

Our main results were similar in magnitude
(Fig. 3, A and B) and statistically significant in
each of the two monkeys (monkey 1: P=0.019;
monkey 2: P = 0.0192; one-tailed 1 test). Each
monkey performed a different task during the test
phase (I6), suggesting that these neuronal

400 exposures) (Fig. 3C), and even showed a  changes are not task dependent.
A Swap objects Control abjects
Swap Non-swap Swap
position position position -1.7 spifs
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] |
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o
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Fig. 2. Change in the population object selectivity. (A} Mean population object selectivity at the swap
and (equally eccentric) non-swap position, and for control objects at the swap position. Each row of
plots shows effect among all neurons held for at least the indicated amount of exposure {e.g., top row
shows all neurons held for more than 100 swap exposures—including the neurons from the lower

rows). The abject selectivity for each neuron was

the difference in its response to object P and N. To

avoid any bias in this estimate, for each neuron we defined the labels “P" (preferred) and “N" by
using a portion of the pre-exposure data (10 repetitions) to determine these labels, and the reminder
to compute the displayed results in all analyses using these labels. Though there was, by chance,
slightly greater initial selectivity at the swap position, this cannot explain the position specificity of

the observed change in selectivity (table 52). (B}

Mean population object selectivity of 10 multi-unit

sites. Error bars (A and B) are SEMs. (C) Histograms of the object selectivity change at the swap
position, AP — N} = (P — Myostexposure = (P = N pre-exposure- The arrows indicate the means of the
distributions. The mean A{P — N) at the non-swap position was —0.01, -0.5, 0.9, and —0.9 spikes's,
respectively. The variability around that mean (i.e., distribution along the x axis) is commensurate
with repeated measurements in the face of known Poisson spiking variability {fig. $11). (D) Object

selectivity changes at the multi-unit sites. The
spikesfs.

mean A(P — N) at the non-swap position was 1.6
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Because we selected the objects P and N so
that they both tended to drive the neuron (14), the
population distribution of selectivity for P and N
at each position was very broad [95% range:
(~5.7 1o 31.0 spikes/s) pooled across position; 1=
101]. However, our main prediction assumes that
the IT neurons were initially object-selective (Le.,
the response to object P was greater than to object
N). Cansistent with this, neurons in our popula-
tion with no initial object selectivity at the center
of gaze showed Ettle average change in object
selectivity at the swap position with exposure
(fig. $5). To test the learning effect in the most
selective 1T neurons, we selected the neurons
with significant object selectivity [n = 52 of
101 neurons; two-way analysis of variance
(2 objects * 3 positions), P < 0.05, significant
main object effect or interaction]. Among this
smaller number of object-selective neurons, the
learning effect remained highly significant and
still specific to the swap position (P = 0.002 by
£ test; P = 0.009 by bootstrap; P = 0.004 by
permutation test).

To further characterize the response changes
to individual objects, we closely examined the
selective neurons held for at least 300 exposures
(n = 28 of 52 newrons) and the multi-unit sites (n =
10). For each neuron and site, we used linear
regression to measure any trend in response to
each object as a function of exposure time (Fig.
4A). Changes in response to P and N at the swap
position were apparent in a fraction of single
newrons and sites (Fig. 4A), and statistically
significant object selectivity change was
encountered in 12 of 38 (32%) instances (Fig.
4C) (16). Across our neuronal population, the
change in object selectivity at the swap position
was due to both a decreased response 1o object P
and an increased response to object N (approx-

imately equal change) (Fig. 4B). These response
changes were highly visible in the single-units
and multi-units held for the longest exposure
times (Fig. 4D).

These changes in the position profile of IT
object selectivity (i.e., position tolerance) cannot
be explained by changes in attention or by adapta-
tion (fig. S10). First, a simple fatigue-adaptation
model cannot explain the position specificity of
the changes because, during the recording of each
neuron, each object was experienced equally
often at the swap and non-swap positions (also
see additional control in table S2). Second, we
measured these object selectivity changes with
briefly presented, fully randomized stimuli while
the monkeys performed tasks unrelated to the
stimuli (/6), which argues against an attentional
account. Third, both of these explanations predict
response decrease to all objects at the swap
position, yet we found that the change in object
selectivity at the swap position was due o an
increase in response to object N (+2.3 spikes's
per 400 swap exposures) as well as a decrease
in response to object P (~3.0 spikes/s per 400
swap exposures) (Fig. 4). Fourth, neither pos-
sibility can explain the shape specificity of the
changes.

We term this effect “unsupervised temporal
slowness leaming” (UTL), because the selectiv-
ity changes depend on the temporal contiguity
of object images on the retina and are consistent
with the hypothesis that the natural stability
(slowness) of ohject identity instructs the learn-
ing without extemal supervision (6-11). Our
current data as well as previous human object
perception experiments {/2) cannot rule out the
poss'bxitly that the brain’s sm:ade genmnon

i or the i ! mech-
anisms (23, 24) may also be needed. Indeed, eye-

A

»

i
3
L
<

-
Non-swap 0 Swap
Position

Objects

Exposures

Fig. 3. Position specificity, object specificity, and time course. (A) Mean object selectivity change,
A(P — N, at the swap, non-swap, and central {0°) retinal position. A(P — N) was computed as in
Fig. 2C from each neuron’s first and last available test phase (mean ~200 swap exposures). The
insets show the same analysis performed separately for each monkey. (B) Mean object selectivity
change for the (exposed) swap objects and (nonexposed) control objects at the swap position. Error
bars (A and B} are SEMs. The swap object selectivity change at the swap position is statistically
significant (*) in the pooled data as well as in individual animals (P < 0.05, one-tailed f test against
0). (€) Mean object selectivity change as a function of the number of swap exposures for all single-
unit (» = 101) and multi-unit sites (» = 10). Each data point shows the average across all the
neurons and sites held for a particular amount of time. Gray line is the best linear fit with a zero
intercept; slope is mean effect size: ~5.6 spikes/s per 400 exposures. The slope at the non-swap
position based on the same analysis was 0.6 spikes/s (not shown).
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movement signals are present in the ventral
stream (25, 26). The relatively fast time scale
and unsupervised nature of UTL may allow rapid
advances in answering these questions, system-
atically characterizing the spatiotemporal sen-
sory statistics that drive it, and understanding
if and how it extends to other types of image
tolerance (e.g., changes in object scale, pose)
(27, 28).

IT neurons “learn” to give similar responses
to different visual shapes (“paired associates”)
when reward is used to explicitly teach monkeys
to associate those shapes over long time scales [1
0 5 ¢ between images; see, e.g., (29, 30)], but
sometimes without explicit instruction (31, 32).
A top-down explanation of the neuronal selec-
tivity changes in our study is unlikely because
animals performed tasks that were unrelated to
the object images when the selectivity was
probed, and the selectivity changes were present
in the earliest part of the IT responses (~100 ms;
fig S4). But UTL could be an instance of the
same plasticity mechanisms that underlie “paired
associate” learning; here, the “associations™ are
between object images at different retinal
positions (which, in the real world, are typically
images of the same object). However, UTL may
be qualitatively different because (i) the leamning
is retinal position-specific; (ii) it operates over the
much shorier time scales of natural visual
exploration (~200 ms); and (i) it is unsupervised
in that, besides the visual world, no external
“teacher” was used to direct the learning (e.g., no
association-contingent reward was used, but we
donot rule out the role of internal “teachers” such
as efferent eye-movement sipnals). These distine-
tions are important because we naturally receive
orders-of itude more such ! (eg.
~10° unsupervised temporal-contiguity saccadic
“experiences” per year of life).

Our results show that targeted alteration of
natural, unsupervised visual experience changes
the position tolerance of IT neurons as predicted
by the hypothesis that the brain uses a temporal
contiguity learning strategy to build that tolerance
in the first place. Several computational models
show how such strategies can build tolerance
(611}, and such models can be implemented by
means of Hebbian-like learning rules (8, 33) that
are consistent with spike-timing-dependent plas-
ticity (34). One can imagine IT neurons using
almost temporally coincident activity to leam
which sets of its afferents correspond to features
of the same object at different positions. The time
course and task independence of UTL are
consistent with synaptic plasticity (35, 36), but
our data do not constrain the locus of plasticity,
and changes at multiple levels of the ventral
visual stream are likely (37, 38).

We do not yet know if UTL reflects mecha-
nisms than are necessary for building tolerant
representations. But these same experience ma-
nipulations change the position tolerance of hu-
man object perception—producing a tendency
to, for example, perceive one object to be the
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Fig. 4. Responses to objects P and N. (A) Response data to object P and N at the swap position
for three example neurons and one multi-unit site as a function of exposure time. The solid line
is standard linear regression. The slope of each line (As} provides a measure of the response
change to object P and N for each neuron. Some neurons showed a response decrease to P,
some showed a response enhancement to N, and others showed both (see examples). (B)
Histograms of the slopes obtained for the object-selective neuronsisites tested for at least 300
exposures. The dark-colored bars indicate neurons with significant change by permutation test
(P < 0.05) {16). (C) Histograms of the slopes from linear regression fits to object selectivity (P —
N) as a function of exposure time; units are the same as in (B). Arrow indicates the mean of the
distribution [the mean Ag(P — N) at the non-swap position was —1.7 spikes/s, P = 0.38]. The
black bars indicate instances (32%; 12 of 38 neurons and sites) that showed a significant
change in object selectivity by permutation test (P < 0.05). Results were very similar when we
discarded neurons and sites with greater initial selectivity at the swap position (fig. 58). (D)
Data from all the neurons and sites that were tested for the longest exposure time. The plot
shows the mean normalized response to object P and N as a function of exposure time (compare
to Fig. 1C; see fig. 53 for data at the non-swap position and for control objects). Error bars (A

and D) are SEMs.

same identity as another object across a swap
position {/2). Moreover, given that the animals
had a lifetime of visual experience to potentially
build their IT position tolerance, the strength of
UTL is substantial (~5 spikes/s change per
houry—just 1 hour of UTL is comparable to
attentional effect sizes (39) and is more than dou-
ble that observed in previous IT leaming studics
over much longer training intervals (40—42). We
do not yet know how far we can extend this
learning, but just 2 hours of (highly targeted) un-
supervised experience begins to reverse the
object preferences of IT neurons (Fig. 4D).
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This discovery reemphasizes the importance of
plasticity in vision (4, 32, 35, 37, 40,41, 43, 44)
by showing that it extends to a bedrock property
of the adult ventral visual stream—position-
tolerant object selectivity (45-47), and studies
along the posmatal developmental tme line are
now needed.
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Conformational Switch of Syntaxin-1
Controls Synaptic Vesicle Fusion

Stefan H. Gerber,>*f Jong-Cheol Rah,**f Sang-Won Min,**§ Xinran Liu,*" Heidi de Wit,*
Irina Dulubova,® Alexander C. Meyer,” Josep Rizo,%” Marife Arancillo,? Robert E. Hammer,*”
Matthijs Verhage,® Christian Rosenmund,# Thomas €. Siidhof™**4#

During synaptic vesicle fusion, the soluble N-ethylmaleimide-sensitive factor-attachment

protein receptor (SNARE) protein syntaxin-1 exhibits two conformations that both bind to Munc18-1: a
“closed” conformation outside the SNARE complex and an “open” conformation in the SNARE complex.
Although SNARE complexes containing open syntaxin-1 and Munc18-1 are essential for exocytosis, the
function of closed syntaxin-1 is unknown. We generated knockin/knockout mice that expressed only
open syntaxin-1B. Syntaxin-18°"" mice were viable but succumbed to generalized seizures at 2 to

3 months of age. Binding of Munc18-1 to syntaxin-1 was impaired in syntaxin-1B°"™ synapses, and
the size of the readily releasable vesicle pool was decreased; however, the rate of synaptic vesicle fusion
was dramatically enhanced. Thus, the closed conformation of syntaxin-1 gates the initiation of the
synaptic vesicle fusion reaction, which is then mediated by SNARE-complex/Munc18-1 bli

niracellular membrane fusion reactions are
carried out by interactions between SNARE

fosslrnal d fatin

syntaxin-1B was selectively essential, probably
because it is more widely expressed than
syntaxin-1A (15). In Caenorhabditis elegans,
transgenic syntaxin-12%" rescues une-13 mutant
worms from paralysis (16); however, crossing
syntaxin- 1B™™ mice with Munc13-1 knockout
mice did not prevent Muncl3-1 knockout—
induced death (fig. $4).

The syntaxin-1A¥® mutation abolished
syntaxin-1A expression (Fig. 1B), whereas the
syntaxin-1B"'P™ mutation decreased syntaxin-1B
levels (Fig. 1C). Both mutations produced a
‘modest decrease in Munc] 8-1 levels but no major
changes in other proteins (table S1). The syntaxin-
19P% mutation decreases formation of the
Munc18-1-syntaxin-1 complex but not formation
of SNARE complexes or Muncl8-1-SNARE
complex assemblies (fig. 85) (3, §). Consistent
with this conclusion, less Muncl8-1 was coim-

consists of two similar isoforms (syntaxin-1A
and -1B) that are composed of an N-terminal

[soluble N- factor
(NSF)-attachment protein receptor) and SM
(Secl-Muncl8-like) proteins (J, 2). In ca®*-
triggered exocytosis in neurons and neuroendo-
crine cells, fusion is catalyzed by the formation of
SNARE complexes from syntaxin-1, synaptosome-
associated protein of 25 kDa (SNAP-25), and
synaptobrevin/vesicle-associated membrane pro-
tein and the binding of the SM protein Munc] 8-
1 to these SNARE complexes (/-3). Syntaxin-1
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helical domain (the H,,. domain) and a C-
terminal SNARE motif and transmembrane re-
gion. Outside of the SNARE complex, syntaxin-1
assumes a “closed” conformation, in which the
Hape domain folds back onto the C-terminal
SNARE motif (4, 5). In the SNARE complex, by
contrast, syntaxin-1 is “opened” (6). Muncl8-1
interacts with syntaxin-1 alone in the closed con-
formation to form heterodimers (3, 4) and addi-
tionally hinds to SNARE complexes containing
syntaxin-1 in the open conformation to form
Muncl8-1- SNARE complex assemblies (7, &),
which are essential for exocytosis (3). The
function of the closed conformation of syntaxin-
1 and its binding to Munc18-1 remain unknown.

We used gene targeting to create mice that
lack syntaxin-1A (syntaxin-1A¥% and contain
the LE mutation in syntaxin-1B, which renders
it predominantly open (syntaxin- 1B“"™) (fig. S1)
(9. Sudying littermate affspmgkfomm crosses
of double-heterozygous syntaxin-1 AX® and -IB%
mice, we found that homozygous syntaxin- 1A%
mice exhibited no decrease in survival (Fig. 1A)
or other obvious phenotypes (figs. S2 and S3).
The expendability of syntaxin-1A was unex-
pected in view of its high concentrations and
proposed central functions (/0-14) and indi-
cated that syntaxin-1A may be functionally
redundant with syntaxin-1B.

Homozygous mutant syntaxin-1B%** mice
were also viable but severely ataxic and devel-
oped lethal epileptic seizures after 2 weeks of
age (Fig. 1A and fig. $3). The seizure phenotype
of syntaxin-1B“P™ mutant mice was recessive
and independent of the synlax.in-lAm. Thus,

VOL 321

Mung with syntaxin-1 in syntaxin-
IB™™ mice, whereas other SNARE proteins
coimmunoprecipitated normally (Muncl8-1-
SNARE complex assemblies are not stable during
immunoprecipitations, and thus cannot be eval-
uated) (Fig. 1D and fig. S6).

Electron microscopy of cultured cortical neu-
rons from littermate syntaxin-1B“"*™ and -1B%"
mice lacking syntaxin- 1A revealed increased vesi-
cle docking in syntaxin-1B7P™ synapses (~25%
increase) (Fig. 2, A to D). The size of the post-
synaptic density also was increased (~20%)
(Fig. 2E), whereas the density of docked vesicles
per active zone length was unchanged (Fig. 2F),
No other structural parameter measured differed
between syntaxin-1B?P™ and -1B™T synapses;
i particular, the number and infraterminal dis-
tribution of vesicles were unaltered (fig. S7). In
chromaffin cells, however, the syntaxin-1B%™
mutation caused a large decrease in chromaffin
vesicle docking, similar to that of the Muncl8-1
knockout. Again, neither mutation altered the total
number of chromaffin vesicles (Fig. 2, K and L).
Synaptobrevin-2 knockout mice, analyzed in
parallel as a negative control, did not change
chromaffin vesicle docking but did increase the
total number of chromaffin vesicles (Fig. 2L)
Consistent with earlier findings (/7-20), these
results indicate that the Muncl8-1-syntaxin-1
complex, but not the SNARE complex, functions
in chromaffin vesicle docking. This function
may not be apparent in vertebrate synapses
because active zone proteins that are absent
from chromaffin cells probably dock synaptic
vesicles independent of their attachment to the
Munc]8-1-syntaxin-1 complex.

Measurements of spontaneous miniature ex-
citatory postsynaptic currents (mEPSCs), excit-
atory postsynaptic currents (EPSCs) evoked by
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isolated action potentials, and use-dependent
synaptic depression during high-frequency stim-
ulus trains in hippocampal neurons revealed no
significant difference between syntaxin-1A*
and wild-type (WT) synapses (/2). In xymaxin—
1BYP" synapses (on the syntaxin-1A*" back-
gmmd) however, the mEPSC frequency was
d ~40%, and use-dependent depression
of EPSCs was massively enhanced, although
evoked EPSCs unexpectedly exhibited normal
amplitude and kinetics (Fig. 3 and fig. S8).

The increased depression in syntaxin-1B%F™
synapses indicates that they exhibit a decreased
readily-releasable vesicle pool (RRP), an in-
creased release probability, and/or a decreased
rate of refilling of the RRP afler it is emptied. To
test these possibilities, we measured the RRP by
applymg 0.5 M sucrose (9 21). The RRP was

ged in syntaxin-1A%7 pses but de-
creased ~35% in syntaxin-1B™™ synapses (Fig.
4, A and B), which is consistent with decreased
syntaxin-1 and Muncl8-1 levels in syntaxin-
1B”*" mice (Tig. 1C). Determination of the RRP
sizein the in which we monitored
mEPSCs and evoked EPSCs (Fig. 3, A o F)
allowed us to calculate the spontaneous vesic-
ular release rate (as the ratio of mEPSC
frequency to the RRP) and the vesicular release
probability P, (as the ratio of EPSC and RRP
charges). Both were increased more than two-
fold in syntaxin-1BP*" synapses (Fig. 4, C and

D), augmenting the percentage of the RRP
released by asingle action potential from ~10% in
syntaxin-1B™" to ~20% in syntaxin-1B?P" syn-
apses. Measurements of the refilling rate of the
RRP, however, detected an increase, not a de-
crease (fig. 89).

Thus, opening syntaxin-1 facilitates the fu-
sion of synaptic vesicles on the background of a
smaller RRP without changing the recruitment of
vesicles into the RRP. Consistent with this
conclusion, we found that the syntaxin-1B7F®
mutation accelerates sucrose-induced release
(Fig. 4, E and F) and significantly boosts the
relative amount and fractional release rate
induced at lower sucrose concentrations (Fig. 4,
G 1o ). Morcover, the syntaxin-1B™® mutation
increases the apparent ca®t sensitivity of neuro-
transmitter release (fig. S10) and occludes the
phorbol-ester-induced potentiation of release
(fig. S11). Overall, these results establish that
although the RRP is smaller in syntaxin-1B%*
synapses, their resident RRP vesicles are more
fusogenic

The closed conformation of syntaxin-1 per-
forms three functions upstream of the canonical
role of syntaxin-1 as a SNARE protein in mem-
brane fusion: (i) Closed syntaxin-1, but not the
SNARE complex, mediates vesicle docking in
chromaffin cells but not in synapses. The same
differential phenotype is observed upon dele-
tion of Muncl8-1 (/7, I8), suggesting that the
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Fig. 1. Syntaxin-1A"/syntaxin-18°"" double mutant mice perish
postnatally. (A) Survival of syntaxin-1 mutant mice. Numbers in brackets
show the total number of analyzed mice. Representative immunoblots (B)
and levels of synaptic gulslns (€} from syntaxin- -LAV1BY, 1AV RO,

-1A%718"7, and -1A"9/1B%"" mutant mice determined by quantitative D 5 )
immunoblotting with ***I-zbeled secondary antibodies (table 51). *, P < BT | 10een
0.05. (D) Rep (left) and (rlgh0 Muncig-1 -
analyzing coimmunoprecipitation of MunclE-l SNAP 25, synaptobrevin- -

2, and synaptotagmin-1 with syntaxin-18"" and -1B9%" in brain proteins  SNAP-25 fus s s
solubilized with Triton X-100 (St Louis, MO). The amounts of cmmmuna— PVE e ——
precipitated Munc18-1, SNAP 25 -2, and

1 were determined by q blotting and lized for the LR FR——
immunoprecipitated syntaxin-1. Data in (0 and (D)am means + SEMs; *, P<

0.05; **, P < 0.01; ***, P < 0.001 by Student's t test compared with wild ~ S¥"'"18 [N S0 S
type. Synt, syntaxin; Syb-2, synaptobrevin-2; Synph-1, synaptophysin-1;

Syt-1, synaptotagmin-1; VCP, p97/vasolin-

protein; GDI,
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Muncl8-1-syntaxin-1 complex docks chromaffin
‘but not synaptic vesicles (fig. $12). (if) The closed
syntaxin-1 conformation stabilizes syntaxin-1 and
Munc18-1, whereas opening syntaxin-1 decreases
syntaxin-1 and Muncl8-1 levels and thereby
lowers the RRP size, () Opening syntaxin-1
accelerates the rate of synaptic vesicle fusion,
accounting for the fulminant epilepsy observed in
synaxin-1B®™ mutant mice.

Ca®™ and sucrose trigger fusion of primed
synaptic vesicles. Primed vesicles are thought to
be suspended in a metastable state in which
SNARE complexes are assembled but the bi-
layers have not yet fused (22). We propose that
primed vesicles are associated with a variable
number of assembled SNARE complexes and
that this mumber dictates the sucrose- and Ca®"-
sensitivity of a given vesicle (fig. S12). To
account for the synaptic phenotype of syntaxin-
1B mutant mice, we hypothesize that the
syntaxin- 1B mutation increases the average
number of assembled SNARE complexes per
vesicle and thereby enhances their Ca®* and sucrose
sensitivity. On the other hand, the destabilization
of syntaxin-1 and Muncl8-1 by the syntaxin-
1B mutation (Fig, 1) decreases the total mum-
ber of primed vesicles and thus the RRP, even
though the primed vesicles are more fusogenic.
The decrease in RRP is not due to the increased
spontaneous release rate because its spontaneous
fusion rate is still over 100-fold less than the
Munc18-1
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Fig. 2. Syntaxin-18°"°" impairs chromaffin but not synaptic vesicle docking.
(A and B) Representative electron micrographs of neurons cultured from
syntaxin-1A“® mice containing wild-type syntaxin-18"" (A) or open syntaxin-
1B%"" (B) (scale bar, 250 nm). (C) Number of dacked vesicles per active zone
(n = 3 experiments performed with 18" = 49, 55, and 32 synapses and
189" = 21, 38, and 49 synapses; normalized for wild-type values). (D) Plot of
the cumulative distribution of docked vesicles per active zone (statistical

ignifi with Kol imirnov test is P < 0.01; 18%" = 136 synapses
and 18°"™ = 108 synapses). {E and F} Size of the postsynaptic density (PSD)
(E) and number of docked vesicles/length of postsynaptic density (F) (bath
normalized for wild-type values). (G to J) Representative electron micrographs
of chromaffin cells from control [(G) and (H)] and syntaxin-18%"" [()) and ()]
littermate mice at embryonic day £18 at two magnifications [(G) and (), scale
bar indicates 1 pm; (H} and (]), scale bar indicates 200 nm). (K) Distribution
of the distance of secretory granules from the plasma membrane in
chromaffin cells from syntaxin-18*", -1B°"", Munc18-1 knockout, and
synaptobrevin-2 knockout mice (analyzed separately with wild-type controls

Fig. 3. Neurotransmitter release in
syntaxin-18%" synapses. (A to €}
Summary graphs of the frequency
(A), amplitude (B), and charge (C) of
spontaneous mEPSCs. (D to F) Repre-
sentative traces (D), mean EPSC ampli-
tudes {€), and charges (F) in synaptic
respenses induced by isolated action
potentials. (G and H) EPSC amplitudes
of evoked synaptic responses elicited
by 10 Hz {G) and 20 Hz (H) stimulus
trains. Data are means + SEMs; *, P <
0.05 by Student's t test compared with
wild type. Numbers in bars show
numbers of neurons analyzed.
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and binned as indicated). (L) Total number of secretory granules per
chromaffin cell in syntaxin-18"" or -18°"™ mice and in Muncl8-1 and
synaptobrevin-2 KO mice [(K} and (L), N = 3 animals, n = 60 chromaffin
cells]. Data are means  SEMs; **, P < 0.01 by Student's ! test compared with

wild type.
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vesicle repriming rate and because much higher 4. 1. Dulubova ef al., EMBO J. 18, 4372 (1999). 20. H. de Wit, L. N. Comelisse. R. F. Toonen, M. Verhage,

spontaneous fusion rates in synaptotagmin-
mutant mice do not decrease the RRP size (23).
An altemative hypothesis would be that primed
vesicles lack assembled SNARE complexes and
Ca®" or hypertonic sucrase trigger fusion of primed
vesicles by inducing the opening of syntaxin-1
and assembly of SNARE complexes (fig. S12).
The simplicity of this second model is attractive,
but it cannot account for the speed of Ca™*-
triggered fusion or for its dependence on
complexin, which binds to assembled SNARE
complexes (22). Independent of which mode! is
correct, our results demonstrate that syntaxin-1
perft multiple functions in ytosis that go
beyond its role as a SNARE protein to include
the control of vesicle docking and the regulation
of the vesicle fusion rate.
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Protein Immunecblot Imaging and Analysis

The FluorChem Q Imaging System provides the sensitivity of chemiluminescence and the quantitative
power of fluorescence in one easy-to-use instrument. Designed with fast-lens technology, a peltier-
cooled camera captures high-resolution images with a linear dynamic range that outperforms film, and
with speeds 10 times faster than a laser scanner. Equipped with three integrated excitation sources for
multicolor blots, the FluorChem Q is compatible with Cy dyes, Alexa dyes, Q dots, and chemiluminescent
protein immunoblotting kits. This versatile system can also image fluorescent DNA and protein gels. The
system comes with intuitive software that automatically stores all experimental imaging protocols as well

as channel and filter settings.

Fluorescence Stereomicroscopes
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advantage of a neurological phenomenon: The left beam path
produces great depth of field, while the right beam path provides
a high-resolution image. The human brain then combines the best
information from both channels, using it to compose an image
whose resolution and depth of field have never been achieved ina
stereomicroscope before. With its fully apochromatic optics, large
zoom range, and resolution performance, the Leica M205 FA can
show the viewer details that used to be invisible. The instruments
also feature the TripleBeam principle: A patented third beam path
reserved exclusively for fluorescence illumination delivers evenly
illuminated, reflex-free fields of view at all zoom settings.

Leica
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www.leica-microsystems.com
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Although more scientists are growing cells in a three-dimensional
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to evaluate cell proliferation in these cultures. Four new 3D cell
proliferation kits include a core kit and three others that contain
basement membrane extract, laminin |, and collagen |. Designed
for assessing the effects of compounds or genetic alteration on cell
proliferationin 30 culture, the high throughput 96 stripwell formats
allow one-step quantitative analysis and colorimetric detection.
Protocols are provided for tumargenicity and cylotoxicity.
Trevigen

Forinformation 800-873-8443

www.Lrevigen.com

Palm-Size Thermecycler

The Palm PCR is a palm-size portable thermocycler with a wide
dynamic range capable of delivering polymerase chain reaction
(PCR) amplified product in as little as 15 minutes. Palm PCR is a
battery-powered, stand-alone device that delivers efficient and
fast amplification for nearly all kinds of DNA samples, including
the human genome. Even a single copy of DNA can be amplified in
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Alpha Innotech
For information 510-483-962
www.alphai h.com

as little as 25 minutes to an amount sufficient for typical agarose-
gel detection. It can achieve uniformity of better than =0.1°C
and can run for more than four hours on a single charge of a
lithium-ion battery.

Ahram Biosystems

For information 650-224-8575

www.ahrambio.com

Human Stem Cell Kits

New Human Stem Cell Nucleofactor Kits enable researchers
to efficiently transfect various types of stem cells such as
mesenchymal, hematopoietic, or neural stem cells without
compromising their potential for differentiation. With these kits,
for single reactions and up to 96-well transfections, transfection
efficiencies of 60 percent to 80 percent with high viability can be
achieved for stem cells. The kits’ optimized transfection conditions
allow the use of DNA, small interfering-RNA, or peptides.

Amaxa

For information +49-221-99199-464

www.amaxa.com

Immunodetection System

The Tropix Western-SuperStar Immunodetection System can
detect proteins on protein immunoblots for up to 4.5 days after
the substrate is added, compared with competitors” kits in which
the signal is gone after 4 hours. The kits make use of light-
emission kinetics that rivals horseradish peroxidase-based
detection chemistry.

Applied Biosystems

For information 800-327-3002
www.appliedbiosystems.com/westernsuperstar

Pipetting Filters

Bichit Safe-Cone filters for the Biohit line of precision pipettors
offer safe pipetting and prevent contamination of the pipettor and
sample. The filters can prolong the life of the pipettor by protecting
the internal mechanisms. Pipettor parts are also protected from
vapors and liquids that could contaminate or damage internal
components. The filters are available in standard form for general
work and as Safe-Cone Plus format for radioactive, cell culture,
and molecular biology applications.

Biohit

For information 800-922-0784

www.bichit.com

.dtl for more information.

Mewly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmentalorganiza
tions are featured in this space. Emphasis is given ta purpose, chief characteristics, and availabilty of preducts and materials. Endorsement by Science or AAAS of
any products or materials mentioned is nat implied. Additional information may be ohtained fram the manufacturer or supplier.
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Faculty Positions

CREATIVE WAYS TO ENERGIZE YOUR CAREER

By day, Lynda Williams teaches physics at Santa Rosa Junior College in California, On weekends,
audiences laugh at “Carbon Is a Girl’s Best Friend” and other technology songs she writes and
performs as “The Physics Chanteuse.”

Like Williams, science faculty can transform their training and expertise into stimulating new
professional activities, well beyond their job descriptions. While the responsibilities of a
full-time position are always paramount, scientists, for example, might graft an innovative
academic or research component onto existing duties, or earmark ample free time to explore
another facet of their field. When an intriguing possibility arises, they can experiment with
weaving that fresh pursuit into their professional spectrum. This article covers a few more
“serious” ways in which faculty can get creative and perhaps increase the satisfaction level
of the job. By Carol Milano

] f a particular new dimension for a teaching portfolio intrigues the instructor, it’s likely to
appeal to students, also. While introducing an academic offering isn’t quick or easy,
it’s definitely gratifying.

Create a Student Program

Current and prospective students kept asking the Regents Professor of Soil Science at
Washington State University about courses in organic agriculture, which he has researched
since 1985. Eager Lo encourage any farming interests, John Reganold developed a successful
new “Organic Agriculture and Farming™ course in 2001. Then, “one day | thought, why not just
have a major?” says Reganold.

Colleagues at a mid 2002 faculty meeting encouraged him. For 18 months, he met repeatedly
with chairpeople and professors in every Agricultural College department at WSU. “It’s a
science-hased major—you’re not just outside growing plants,” stresses Reganold, who created
specific soil science courses while weaving chemistry, biology, horticulture, entomology,
economics, and other requirements into the curriculum, Each participating professor had to
agree to shift 15 percent of an existing syllabus to organic agriculture. “We built on existing
tradition, namely WSU’s solid reputation in organic agriculture. | presented this as the mission
of a land-grant institution.”

Graduate assistant Kathi Peck sought farmland for the new major. Then a colleague, Cathy
Perrillo, spent months on extensive national marketing surveys to provide justification.
“Everything went smoothly, but it’s time-consuming,” Reganold recounts. “The package had
to go through five [university] committees, like the Academic Senate. Then the State Higher
Education Coordinating Board took several months to approve it.”

Following approval in June 2006, America’s first organic agriculture major quickly drew
student and media attention. Advising most of the 16 current majors, Reganold relishes
“seeing their excitement about what they’re taking. Each is really interested in a particular
path, like food or soil science, so we [follow] it. That’s the biggest plus for me: to have any
undergrad excited about their major is hard to do. Sometimes colleagues come and thank
me. That’s very rewarding.”

Unlike Reganold, William Kisaalitadidn’t follow tradition. The University of Georgia professor
of engineering has pioneered an unusual international program. By 1997, his fulfilling job and
familylife had generated “an urge to give something back,” especially to help people like those
he'd grown upwith in Uganda. With economic development funding unlikely, and senior faculty
urging a research focus while awaiting tenure, he had stifled his passion until professorship.

Hoping to involve undergraduates in international work, Kisaalita secured a small grant in
2000 to travel through Uganda, searching for possible study projects. Now, through his global
companent in the required Capstone Design Experience, small, carefully selected teams of
fourth-year engineering students spend their summer or spring break in poor African villages.
Their assignment: Solve a local problem, on site.

To persuade administrators, Kisaalita emphasized a 2001 pilot program’s benefits. “If you can
justify what students will learn, you can justify the project. Measurable value is the continued »
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“You have to choose
where your expertise
fits and can help”

—Gregory Knipp

best evidence.” Now, the program integrates his research, teaching,
and outreach responsibilities. “The blessingis, our solutions are so
unique, they themselves are publishable.” One successful invention
was a solar-powered milk cooler that doubles production.
Villagers living on $2 a day recognize blessings, loo. “We talk to
them, they see us coming back, they develop a belief in what we're
doing. They know we’re here to stay, not just bringing students to
see poor people, then write about them. | get satisfaction from
seeing the students being transformed, and from the customers.”

Reach for a Wider Audience
Beyond students and colleagues, who else could a professor’s
expertise benefit?

“We’re not doing a good enough job getting science out to the
public,” laments Louann Brizendine, clinical professor at the
University of California, San Francisco. To share her research
findings with a wider audience, the neuropsychiatrist chose to
write a mass-market book.

Fascinated by women’s mental health since medical school,
Brizendine began suspecting connections between female
hormones and depression. Recruited by UCSF in 1988, she created
a “Hormones in Psychiatry” course, inspired by her pregnancy and
postpartum experiences. It evolved into her UCSF Women’s Mood
and Hormone Clinic, treating aboul 600 women annually. When
patients taking a particular medication for depression experienced
decreased libido, Brizendine measured testosterone and sexual
function. Low levels of both generated her “passion to clarify
biological aspects of women’s health in hormonal issues.”

She’d never imagined writing a book, until a fortuitous social
encounter with an editor. The Female Brain was published five
years later, in mid 2006. Brizendine worked on it rigorously, largely
on weekends. Rewriling took a year, to present all the science
more personally and less technically, through anecdotes and clear
explanations. “What | thought the whole book would be is now
Appendix |,” she reflects.

Translated into 24 languages, The Female Brain has sold
300,000 copies in English alone. “The outcome way exceeded my
expectations,” admits Brizendine, gratified by letters she receives
from high school students, “They’ll say, 'l was never interested in
science befare. Now | want to know what courses | can take to be
a neuropsychiatrist.” It's deeply meaningful” A sequel, The Male
Brain, is due out in November 2008.

Other best-selling professors include Marion Nestle, Goddard
Professor of Nutrition and Public Health at New York University,
author of several well-reviewed books about food issues. Some
scientists write mainstream newspaper, magazine, or e-articles.
Lisa Sanders, has a popular monthly column, “Diagnosis,” in The
New York Times Magazine.

Apart from writing, academics can translate their knowledge
into other modes, like practical talks for community or nonprofit
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groups. Lynda Williams, in her “Physics Chanteuse” guise, has
presented her witty science songs at New York’s Cornelia Street
Café, the Swedish Arts and Science Festival, an American Physics
Society conference, and the Inspiration of Astronomical Phenomena
meeting in Palermo, Italy.

Develop a Small Business
Sometimes, pursuing a passion can evolve into an outside
enterprise with a valuable product or service.

During a late *60s Peace Corps stint in Brazil, Louis Kirchhoff
encountered Chagas disease, a major cause of Latin American
morbidity and death, affecting 12 million to 14 million people. His
early researchsoonbroughta prestigious biomedical prize and four-
year US National Institutes of Health fellowship. Now the professor
of infectious disease, epidemiology and internal medicine at the
University of lowa - Carver College of Medicine, he has spent 75
percent of his time on research since 1985, funded by the Veterans
Administration, American Heart Association, and other sources.

Often asymptomatic, Chagas is easily transmitted by blood
transfusions. Seeking a seriodiagnostic tool to avoid infection,
Kirchhoff and technician Keiko Otsu developed a simple, accurate
test using recombinant DNA technology. Eventually negotiating all
rights to his invention, he applied for US and several Latin American
patents (see “Who’s Rights?”). In 1998, with NIH small business
funding, he set up Goldfinch Diagnostics, Inc., as an affiliate of the
Ul Technological Innovation Center.

In 2007, Goldfinch licensed his automated Chagas assay lo
Abbott Laboratories, which had originally contacted Kirchhoff
years before, after learning of his research. The pharmaceutical
firmis developing two products based on Kirchhoff’s work.

What inspired him? “To have participated in developing something
that will have an impact. If this works out, I'll donate blood soon,
and it will be tested for Chagas—for which | provided the
technical basis!” Kirchhoff adds, “I'm not Mother Theresa with a
stethoscope—the idea of an effortless royalty stream every quarter
is additional motivation.”

Expert Advice

Another academic sideline is consulting. For Gregory Knipp,
associate professor of industrial and physical pharmacy at
Purdue University, separating consulting projects from academic
responsibilities is delicate. Sought out because of his publications
and reputation, Knipp was initially “enticed by trying to develop
something new, plus some financial incentives.” continued »
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“We're now a major player in
NCI’s long-term initiative to
diagnose and cure cancer.”

—David Sall

In pharmaceutical consulting, he tackles immediate problems—
such as promising therapeutic agents with previously unnoticed
barriers—and seeks ways to “salvage new compounds or delivery
systems and bring them to market. It can really cut into weekends
and nights, so | don’t do it all the time. You have te choose where
your expertise fits and can help.” Though high fees can significantly
supplement academic income, “I’d rather do something where |
know | could be of benefit than something outside my league, just
for a paycheck,” Knipp reflects.

Some institutions allow professors one day a week for outside
projects. They can have consulting checks sent to the school, for use
as unrestricted funds (unlike a grant), for equipment, research, or
travel. Consultants may help companies make critical decisions that
could impact overall success potential, or recommend cutting an
unrealistic project, says Knipp, convinced that his students benefit
from the new perspectives he hones with each consulting project.

Expand the Scope of Your Work
Adapting expertise to an unfamiliar research area can be stimulating.

In 1986, with minimal expectations, David Soll assigned a corner
in his lab to a small, faltering NIH program, the Developmental
Studies Hybridoma Bank (DSHB). In 22 years Soll, the University
of lowa’s Carver/Emil Witschi Professor of Biclogical Sciences,
has transformed DSHB into a vast, nonprofit resource for animal
cell researchers using hybridomas (hybrid cells bred by fusing an
antibody-producing lymphocyte with a tumor cell). In 2006, for
65,000 customers worldwide, DSHB staff filled nearly 9,000 orders.
“At commercial prices, our revenues would total $25 million, but we
[charge] 10 percent to 15 percent of those fees,” says Soll, proud
that DSHB, operating six days a week, is completely self-funding.

DSHB broke even and started expanding after one year. “The
hybridomas themselves became fascinating. As we began making
and using them, | realized | was facilitating research, the Bank was
paying for everything, and everyone in my lab was working for
them. Suddenly | was becoming an expert on antibodies. It was
intriguing—I loved if,” Soll recounts.

Recently, DSHB expanded into microbial research, providing deeply
discounted monoclonal antibodies and hybridomas. “The new
branch will soon catch up to the older one, doing the same amount
of good for society,” Soll predicts, In 2007, NIH National Cancer
Institute’s new Proteomics Initiative selected DSHB as official bank
and distributor for 20,000 hybridomas secreting antibodies against
proteins encoded by one-quarter of the entire human genome: about
5,000 cancer-linked genes. “We’re now a major player in NCI’s long-
term initiative to diagnose and cure cancer.”

Like Soll, Leslie Vosshall built her career around liny lab
organisms, but expanded her focus differently. Using fruit flies, her
neurogenetics and behavior laboratory at Rockefeller University
researches the brain’s processing of olfactory signals for food,
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Whose Rights?
What if the scientific wark leads ta a new device, procedure, or product?
Asalaried professor or researcher isn't completely independent.

Investigate the institution's policies about intellectual property.
Start by checking with thedepartment chair, orcontact the Technology
Innovation Center (or equivalent).

Louis Kirchhoff, a professor at University of lowa's Carver College
of Medicine, developed an assay test for a tropical disease. “When
| recognized that | was generating intellectual property, | submitted
a conflict disclosure because it belonged to the Ul Research
Foundation,” he recounts.

Each situation is distinctive. If William Kisaalita’s engineering
students devise a solution for an African village's difficulties, “the
University of Geargia has a policy on products developed in a course,”
he notes. But because his international on-site program has external
funding, it's exempt.

For basic infarmation on the legalities of claiming rights to one’s
own creations, visit the US Patent Office website (www.uspto.gov).

danger, or potential mating partners. In 2003, she and her
postdoctoral fellow, Andreas Keller, were eager to test a controversial
new theory about scent’s effects. Vosshall opted to undertake
her first clinical trial. Fortunately, Rockefeller University Hospital
encourages and assists basic scientists to research human subjects,
explains Vosshall, the Chemers Family Associate Professor.

Recruiting was uncomplicated : “People are fascinated by smell,
and our studies are not terribly invasive, requiring just a blood
sample.” After a three-hour screening, subjects perform smell
tests, reporting reactions verbally or by computerduring successive
visits. Now on their fifth human trial, her team recently published a
lengthy paper on the work,

Vosshall relishes distinctions between her research subjects.
“You can communicate with humans! Fruit flies don’t talk—we do
things indirectly, assessing from behavior what we think happened.
We do genetic experiments with fruit flies, but can’t ask specific
men and women lo breed.” Surprisingly, Vosshall finds human
research more cost effective. “Fruit flies are donated but we have
to feed them and pay people to take care of them. Longer term, it's
mare technical than having humans sniff odor vials.”

Thanks to some foundation funding, Vosshall expects to continue
researching both species, rather than choose either. “Our goal is
to understand in both insects and humans how the brain perceives
odor stimuli. So many scientists spend their whole career working
on one model organism, it’s very rewarding to have the opportunity
to jump up the family tree.”

Sowhat steps totake to broaden horizons and invigorate a career?
Be alert to possibilities that catch a particular interest; don’t be
afraid to consider adding a new dimension. Scientific faculty can
be expert witnesses, join editorial boards, help plan professional
conferences, establish a research consortium with other
institutions—the possibilities are as boundless as ingenuity. The
rewards, too, are infinite. As Soll of NIH confides, having assisted
30,000 scientists, “The excitement is because it’s all intermingled
with freedom, research, mission, and a feeling of accomplishment.
The whole idea is to keep doing new things.”

Carol Milano is an independent journalist in New York City, covering
health care and science.
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