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The Shape of Sheets
to Come

When the sides of a flat piece of paper lying on a
desk are slowly pushed together, the sheel will
eventually buckle with a periodicity that depends
on its thickness or stiffness. The same procedure
applied to a piece of aluminum foil may also lead
to buckling, but will also lead to crumpling or
wrinkling on a local scale. IT either material has
been previously deformed, the change in shape
and curvature will likely be affected by defect
sites. Klein et al. (p. 1116) propose a general
description for shrinking of thin sheets that
depends only on the resting shape of the material
and an accounting of the stresses placed on the
material. ldeally, the thin sheet will deformin a
competition between bending and stretching
energies thal maintains a shape near the resting
shape. The authors demonsirate their concepls
using a series of polymer films with nonlinear
concentration gradients of monomers that swell to
different extents across their surface. Ina Per
spective, Kamien shows how this approach can be
applied to everyday objects, like potato chips, and
how more complex shapes can be designed.

Outlook for Bright
Neutron Source

X-ray and photon sources for spectroscopic and
diffraction methods have increased in brightness
by several orders of magnitude during the past
20 years, but the brightness of neutron sources
for structural studies have increased by only an
order of magnitude during the past 40 years.
With conventional neutron source technologies
(spallation and fission reactors) reaching a

www.sciencemag.org SCIENCE VOL 315 23 FEBRUARY 2007

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

<< Smelling Their Way
to an Early Grave

When animals are reared on a near-starvation diet, they live
much longer than those that eat freely. Even the fruit fly
Drosophila has this reaction to a low glucose diet, and lives
considerably longer on a 5% than on a 15% sugar-yeast
diet. This effect of dietary restriction is easily reversed when
flies consume more food. Libert et al. (p. 1133, published
online 1 February, see the 2 February news story by Leslie)
report a less expected effect: Just the smell of the flies’ food
(yeast) can inhibit some of the effects of dietary restriction and
shorten the flies’ life span by 6 to 18%. Flies lacking an essential
part of their odor receptors, which results in their having greatly
impaired senses of smell, live longer than flies with intact odor sensation,

plateau in their output, Taylor et al. (p. 1092)
propose that inertial fusion energy facilities
and high-power lasers could run in tandem to
provide neutron sources that would be three
orders ol magnitude brighter than those avail
able al present.

Classical Quasicrystalline
Tilings

Islamic architecture beginning
in the 10th century is marked
by distinctive star and line
patterns called girih. These
figures were lhought to be
interwoven continuous

lines, created by simple

lools such as straighledge
and compass. Lu and
Steinhardt (p. 1106; see 2.
the news story by Bohan-
non) find that by the
beginning of the 13th
century, artisans began to
create these patterns from
lilings of decorated poly
gons., The tilings became
increasingly complex, and
by the 15th century the
palterns had evolved into quasicrystalline
designs, well before the mathematical descnption
of these space-filling patterns that possess rota
tional symmelry yel lack translational symmetry.

Supernova Smoke Rings

Supernova 19874, the first supemova that
could be seen with the naked eye since Kepler's

supernova in the 17th century, is of an unusual
type, and its characleristics have suggestied thal
its explosion resulted tens of thousands of years
alter the merger of two massive stars. However,
a detailed model has eluded astronomers.
Morris and Podsiadlowski (p. 1103; see the
Perspective by Soker) have performed three-
dimensional computer simulations of such a
stellar merger that can explain many of these
features. Alter the two stars merge, detailed
modeling of the angular momentum and accre-
tion of gas from the two stars predicts two
explosions, one that causes an “hour-
glass” ejection of material and the
second that produces a smaller puff
of gas. Together, these events
account for the three rings of gas
around the remnant of the
exploded stars—two from the
projected hourglass explosion,
and an inner one from the second
explosion.

Empowering
Powder

A central challenge in the struc-
tural elucidation of zeolites and
related porous solids is the ten-
dency of these materials to adopt highly poly
crystalline morphologies that lail to yield clean
x-ray diffraction dala. The structures are
nonetheless highly sought after in light of the
catalytic significance of such materials. Baer-
locher et al. (p. 1113; see the Perspective by
Gies) present an algorithmic advance that
facilitates combined analysis of powder diffrac
Continued on page 1051
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This Week in Science

Continved from page 1049

tion and electron microscopy data 1o solve particularly intractable zeolite structures. Using this
method, they resolve the markedly complex 10-ring channel system forming the IM-5 zeolite, an
active catalyst for hydrocarbon cracking and related reactions.

Beyond the Diffraction Limit

Most imaging techniques are diffraction limited, so that subwavelength information about an object
15 lost through the rapidly decaying evanescent waves. A number of technigues have been proposed,
and some demonstrated, with the ability to form patterns beyond this diffraction limit, but these tend
lo operate in the near field. Lerosey et al. (p. 1120) use a lime-reversal mirror—an antennae array
that first detects the signal from a point source placed at the intended focus position, and then sends
the signal back (time-reversal reflection)— 1o demonstrate the ability to focus microwaves on a
receiver array lo better than 1/30th of their wavelength. The technique was used lo increase transmis-
sion rates for telecommunications by a factor of 3.

Plant Defense Coordination

Plants respond Lo pathogen atlack by recognizing molecular signals from
the invaders and instigating their own cellular responses to limit
damage, Shen et al. (p. 1098, published online 21 December;
see the Perspective by Dangl) now show that two of the plant’s
defense systems themselves interact at the level of gene
transcription. Studying barley’s mildew A proteins, part

of one of the plant pathogen response pathways, the

authors show how these proteins are localized to the

nucleus, where they alter transcription of factors that
requlate the other plant pathogen response pathway. The plant’s response Lo pathogenic attack is thus
coordinated and tuned Lo be appropriate to the challenge.

New Clovis Culture Dates

The first well-established culture in the New World has been long thought Lo be that of Clovis, charac
terized by a distinctive shape of their hunting points, Waters and Stafford (p. 1122; see the cover
and the news story by Mann) present a series of new radiocarbon dates on several Clovis sites and
reassess previous more scattered dates. Together, these imply that Clovis persisted for only a few hun
dred years and occurred somewhat later than was previously thought. The dates are similar to dates
for other cultures such as Folsom and Goshen and may imply that the Clovis culture may have
emerged in the New World alter a previous colonization.

Customizing MicroRNAs

MicroRNAs (miRNAs) are ubiquitous small noncoding RNAs that regulate gene expression in
eukaryotes. Because of the double-stranded nature of intermediates in their synthesis, miRNAs are
potential targets for RNA editing. Kawahara et al. (p. 1137} now show that members of a mam
malian miRNA cluster are edited in their seed regions, the region which determines their target
specificity. This editing of adenosine bases to inosine, which is tissue specific, changes the poten
tial target range of the miRNAs. The edited miRNA, but not the unedited version, acts to repress an
enzyme involved in purine metabolism, and mice expressing this miRNA have elevated levels of
uric acid in the cortex of the brain.

Reversal of Rett Syndrome in Mice

Rett syndrome is a rare genelic disease caused by a mutation in the X-linked gene MECPZ, which
causes mental retardation and autism-like symptoms in young girls. Guy et el. (p. 1143, published
online 8 February; see the 9 February news story by Miller) engineered mice with an inserted
sequence in the MECPZ gene that blocks its expression and show that the mice exhibit many of the
symptoms of Rett syndrome, Reaclivation of MECPZ in these mice before symptoms appear prevents
disease. Reactivation in animals exhibiting Rett syndrome eliminated disease in both young adull
males and mature females. Although such genetic manipulations are not possible in human patients,
the apparent reversible nature of the disease suggests that therapy may be feasible.
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Donald Kennedy is the
Editor-in-Chief of Science.

Science, Information, and Power

NOW THAT THE 110TH UNITED STATES CONGRESS IS WELL SETTLED IN ITS SEATS, THINGS ARE
heating up—and the decisive recent report from the United Nations Intergovernmental Panel on
Climate Change will help. Some of the early action is on the legislative front: The well-publicized

“First Hundred Hours™ of the new House Democratic majority voted up some 40 hours” worth of

the less controversial bills. The better news is that legislators made some serious-looking moves
toward an emissions cap for greenhouse gases. That's a good start, but perhaps the most significant
action has come from other sources,

One of these, improbably. 1s Amencan industry. Quick digression: Earlier in this space. |
noted a phenomenon ansing when strong views in the polity bump up against administrative
inertia in the federal government. For example, national polls show strong cinzen preference for
action to mitigate global warming and for revising the ban on federally supported embryonic stem
cell research. Years of unresponsiveness from the Bush Administration
have stimulated an unexpected downward junisdictional migration, with
some states loating bond Ninancing for stem cell research and other
states—even cities—adopting their own emissions targets. Now a new
downstream locus for environmental activism has surfaced. and the
White House might listen to this one,

Chiefexecutive officers from [0major ULS, companies have gathered
to form a Climate Action Partnership. When General Electric, Alcoa,
DuPont, and even Duke Energy are sufficiently convineed about global
warming to recommend mandatory emissions reductions with targets,
they are asking to be taken seriously. This corporate congregation was
maobilized in part by the World Resources Institute and leading environ-
mental organizations. whose collective clout once again demonstrates
that enlightened leadership from civie society can sometimes reach useful ends more quickly
than old-fashioned intercession in electoral politics.

Back in the political domain: The U.S. Congress does more than manufacture statutes.
There's oversight of administrative agencies, and anyone who has been in charge of one knows
how tough that process can be (even. as in my case, if the inquisitors are from your party ).
Now Henry Waxman, chair of the House Oversight Committee. is scheduling hearings-
the first was on 30 January-—about efforts by Admimstration officials to modify or rewrite the
scientific Nindings of agency scientists. There promise to be more, and there should be. The
Union of Concerned Scientists has just released a comprehensive report on such matters, and
supplied witnesses to the Waxman hearing.

But there is a conveniently timed push-back from the White House. A new imitiative
announced late in January will affect the way in which executive agencies like the Environ-
mental Protection Agency and the Occupational Salety and Health Administration generate
guidelines and regulations. The plan places new responsibilities on a political appointee in
cach agency, claiming that it will smooth the process of rule-making and make it more con-
sistent. Cnties fear that its purpose is o enforce Administration control over the development
of regulations affecting the environment and public health, Significantly. the announcement
was published on the very day of the Waxman hearing.

Those who believe that convergences are often not mere coincidences will see these events as
atypical, garden-vanety struggle between a Democratic Congress and the White House over the
use of science in informing policy. But this confrontation is about more than whether politics can
trump science. Atits core, 1t is a struggle for authority between a presidency wanting control over
information o that the public will accept its version of reality, and a Congress msistent on its
responsibility to find facts needed to shape national policy.

This contest over the power of the presidency could not be more fundamental 1o the democratic
vitlues of Amenican society. Presidential claims to exclusive power over knowledge may some-
times be justifiable in our national interest, but we should not be misked. We are not an empire-
and our president 1s neither an emperor nor. as author and histonan Garry Wills remunds us. the
commander-in-chief of anyvone who doesn’t happen to be in the army or the navy,

= Donald Kennedy

10.112 6fscience. 1140872
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EDITED BY GILBERT CHIN AND JAKE YESTON

APPLIED PHYSICS
Squeeze Play

Cereals in grain silos, coal in freight cars, and powders in pro-
cessing vats are all examples of granular materials that show
similar flow properties despite the differences in size and shape
of the particles. During flow, loosely packed granular materials
are similar to fluids in that the particles are not closely con-
nected but nonetheless interact with each other through peri-
odic collisions. Above a critical packing fraction, the number of
contacts between neighboring particles increases and creates
mechanical stability leading to a jamming transition. In a set of
elegant experiments, Majmudar ef al. have tracked the jamming
transition in two dimensions for a bidisperse mixture of disk-
shaped particles (shown at right), with a size ratio and composi-
tion designed to guarantee a disordered system. The particles
were made from a birefringent polymer so that contacts between

1054

particles and their stress fields could be measured with polarized light, while a second image taken without polarizers tracked the
particle centers. The authors observed critical values at the jamming transition consistent with recent simulations, although
the sharpness of the transition was diminished because of residual stress effects from the walls of the container. — MSL

NEUROSCIENCE
Supplying a Start-Up

After an injury to its axon, a neuron must reor-
ganize rapidly in order o establish a new growth
cone al the tip of the transected segment. The
growth cone can then search for and reestablish
synaptic contacts, but the axon must supply the
requisite materials to promote regrowth.

By imaging cultured Aplysia neurons after
axotomy, Erez et al. have followed the events by
which axons eslablish new growth cones. Soon
after an axon has been cul, the end of the por-
tion still altached lo the cell body partitions into
two compartments. In the proximal region, vesi-
cles can be observed en route to the plasma
membrane from the Golgi com

Vesicles (red) are delivered by microtubules
(green) to the site of the new growth cone.

plex; if the production of Golgi-derived vesicles
is blocked, a new growth cone cannot be estab-
lished. In the distal region, vesicles also accumu-
late, but these arise via the retrieval of mem

brane from the cell surface. What drives this traf-

fic are the microtubules, which form the struc-

tural scaffold of the axon and rearrange to estab-

lish a region that segregates the two classes of

23 FEBRUARY 2007 VOL 315 SCIENCE

vesicles. This process, which involves the reorien
lation of polarized microtubules, collects and
concentrates the components needed Lo regener-
ate a motile growth cone, — SMH

I Cell Biol. 176, 497 (2007).

MATERIALS SCIENCE

Freezing in the Glow

Polymer light-emitting electrochemical cells
(PLECs) have mobile ions within the polymer
layer, a feature that fosters low turn-on volt-
ages and skirts the need for low-work-function
cathodes or interfacial layers between the cath
odes and polymer. However, in comparison
with light-emitting diodes, PLECs tend to have
slow response times and short operating life-
times. lon mobility limits the device speed,
and performance can degrade as phase separa-
tion occurs between the emitting polymer and
the second polymer used to store the mobile
ions.

Shao et al. have fabricated PLECs with a
simple sandwich structure, in which an organic
ionic liguid, methyltrioctylammonium trifluo-
romethanesulfonate (MATS), acts as the reser-
voir for the mobile ions. Because MATS has a
melting lemperature of 56°C, the authors could
freeze p-type-intrinsic-n-type (p-i-n) junctions
into the devices at room temperalure through
heating/cooling cycles under an applied volt-
age bias. The consegquent improved contact
between the mobile ions and the luminescent

Phys. Rev. Lett. 98, 058001 (2007).

polymer led to fast response times. Moreover,
the compatibility of MATS with the luminescent
polymer—in this case a substituted poly(para-
phenylene vinylene) compound—precluded
phase separation. The devices functioned with
stable high brightness over days of continuous
operation. — MSL

Adv. Mater, 19, 365 (2007).

APPLIED PHYSICS
Reflecting X-rays into Focus

Coherent x-rays produced by synchrolrons have
provided an invaluable tool for studying the slatic
and dynamical structural properties of matter on
the macroscopic scale. There is now a desire, in
both biolegical and condensed-malter systems,
to shift toward the probing of microscopic samples
on the nanoscale. Although hard (short-wave-
length) x-rays can be focused to approximately
100-nm spot sizes using reflection, refraction,

or diffraction techniques, it is reflection from a
high-quality surface that is expected to hone the
focus down to the 20-nm level and thereby pro-
vide the capability of a true nanometer-scale
structural probe. Using a combination of surface
machining and surface interferomelry, Mimura
et al. have designed a platinum-coaled, silicon-
based elliptical mirror with a surface roughness
better than 2 nm from peak Lo valley. After fabri
cating the mirror to match the optical require
ments of their 1-km-long beamline, they demon-
strate focusing of 15-keV hard x-rays to a beam

www.sciencemag.org
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width of =25 nm. By combining two such mirrors
in orthogonal planes, they expect the x-rays to be
focused to a spot size of ~30 nm. — 150

Appl. Phys. Lett. 90, 051903 (2007).

CHEMISTRY
Metal-Free Ringing

Chiral Brensted acids have recently proven effec-
tive alternatives to metallic Lewds acids in a range
of enantioselective catalysis applications. Rueping
et al, extend this approach to electrocyclic ring
closures. Specilically, they explored the capacily
of binaphthyl phosphate derivatives to catalyze
the Nazarov cyclization, a reaction in which two
alkenyl groups flanking a carbonyl moiety connecl
at the [ carbons to form a cyclopentenone ring.
The resulting product bears two new chiral cen-
ters, which the optimized catalyst (al 2 mol %
loading) produced with enantiomeric excesses up
to 93% for the major diastereomer, The cis
diastereomer was generally favored (with selectivi-
ties ranging from 1.5 to 9.3), though the products
could be epimerized selectively at the o carbon to
the corresponding trans isomers by treatment with
basic alumina. The selectivily is sensitive to sol-
vent, because it relies on the nature of the ion pair
formed after proton transfer from the chiral anion
to the substrale, and was found to be highest in
chloroform, — |5Y
Angew. Chem. Inl. Ed. 46,
10.1002/anie. 200604809 (2007).
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MICROBIOLOGY

Stepwise Sabotage of
Susceptibility

Streptomycin was the first antibiotic found to
target the ribosome; specifically, it works by
promoting the misreading of the genelic code
during translation. Although resistance to high
levels of streptomycin has been assigned lo
mutations in rrs, the gene encoding 165 riboso-
mal RNA (rRNAJ, this mechanism does not
account for the observed high prevalence of
resistance to low levels of the drug.

Okamoto ef al. have found that sponta-
neous mulations occur rapidly within the bacte-
rially conserved gene gidB, which encodes a
7-methylguanosine methyliransferase specific
for 165 rRNA. As a consequence of these mula-
tions, there is a failure to methylate the invari-
ant nucleotide G527, and hence low-level
streptomycin resistance is conferred, Even
though resistance to most drugs that interact
with the ribosome occurs via changes in rRNA
sequence, this finding suggests that this mech-
anism of resistance could be more frequent
among bacteria than previously expected.
Moreover, it is worrisome that these mutations
do nol appear lo exacl any fitness cost and
seem to constitule a first step toward the evolu-
tion of high-level resistance. — CA

Mol, Microbiol. 63, 1096 (2007).

<< An Unkind Cut Can Lead to a
Broken Heart

Postpartum (or peripartum)} cardiomyopathy
(PPCM), which occurs up to a few months after
delivery (or late in pregnancy), is associ-
ated with an acute onsel of heart failure
in women with no history of heart disease. Hilliker-Kleiner ef al.
have linked cardiomyocyte STAT3 (signal transducer and activator
of transcription 3) to PPCM. Normally, pregnancy is associated
with cardiac hypertrophy and increased capillary density—physio-
logical changes that also were found to occur in mice lacking cardiac
STAT3. However, postpartum mice lacking cardiac STAT3 lost the
increased capillary density. These mice suffered an attenuated increase
in cardiac manganese superoxide dismutase, which led to excessive levels
of reactive oxygen species, which led, in turn, to an increased abundance of
the proteolytic enzyme cathepsin D. Furthermore, the STAT3-deficient mice

exhibited enhanced cleavage of full-length prolactin, which is a cathepsin D sub-

strate, into a shorter, antiangiogenic form. Increasing the amount of circulating prolactin stimulated
cardiac damage in mice that overexpressed cardiac cathepsin D. In contrast, pharmacological inhi-
bition of prolactin secretion prevented PPCM. A preliminary study suggested thatinhibiting prolactin
release by administering bromocriptine was prolective of cardiac function in women at high risk of
PPCM. Thus, the authors suggest that cardiac STAT3 is cntical to postpartum cardiac function and
propose that inhibiting profactin release may be a viable approach to PPCM treatment. — EMA

Cell 128, 589(2007).
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' Two-toed
ungulate,

What does a dromedary camel loping
across a sand dune have in common with
a Lippizaner stallion high-stepping
around a ring and a rhinoceros luxu-
riating in a mud puddle? They are all
ungulates, mammals that typically
sport the overgrown toenails known as
hooves. To learn more about the group or
individual species, drop by the Ultimate
Ungulate page from Brent Huffman, a
keeper at the Toronto Zoo in Canada.
Introductory pages summarize
some of the surprises from recent
molecular studies on mammalian
evolution, which distanced the
ungulates from elephants and aard-
varks, long thought to be their next of
kin. Hoofed animals are actually more
closely related to bats. Species accounts
cover most of the more than 250 ungu-
lates, offering details on the animals’ diet,
habitat, behavior, and range. >>
www.ultimateungulate.com

WWW. SCIeEncemag.org
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Birds, Bats, and
Bar Codes

Fifteen bird species have been newly discovered
by a DNA identification technique called

bar coding, researchers reported online

19 February in Molecular Ecology Notes.
They've also uncovered six new bal species

in bat-rich Guyana.

The Barcode of Life project seeks to deter
mine the DNA sequence of the same mitochon
drial gene in millions of Earth’s fauna. The
variations in the sequence provide a unigue,
easy-to-read species identifier, scientists say.

Until now, bar coding hadn't been tested in
either mammals or widespread bird populations.
For the bird probe, evolutionary
biologist Paul Hebert of the
University of Guelph in Canada
and colleagues cataloged DNA
from 2500 specimens supplied
by museums and bird banders in
the United Slates and Canada.
The samples represent 643 ol
the 690 known North
Amernica-based species. Bar
codes supplied some surprises,
revealing 15 “cryplic” species:
birds so similar lo other birds that they had not
been seen as distinct. What's more, eight sup-
posed gull species turned out Lo be just one, and
birds from 14 other supposed species were virty
ally identical to at least one other species,

In the mammalian end of the project,
Hebert's team turned to Guyana, taking lissue
samples from 840 bat specimens in the Royal
Ontario Museum. There was concern that the
species would be too closely related to reveal
genelic differences. Yet the researchers easily dis-
tinguished the 80 or so spedies in the collection
and discerned several new ones, Hebert says.

A different bat.

Seeing the

preparing a bill that would

The Levine ban “is
heard to date,” saysR.

EDITED BY CONSTANCE HOLDEN

Such studies have the polential to “break bar
coding” by proving to skeptics thal species can't
always be distinguished on the basis of just one
gene, says project member Mark Stoeckle of
Rockefeller University in Mew York City.

"Butit's worked everywhere it's been applied,”

Diabetes Genes
Go Public

As genomic information piles up at an exponen
tial rate, sorting through it all has become over-
whelming. In the hopes that with encugh eyes,
breakthroughs will materialize, the Swiss drug
company Novartis has helped creale a free and
open database on the
genetics of type 2 diabetes,

Posted al
www. broad.mit.edu/
diabetes, the Diabetes
Genetics Initiative is a
collaboration between
Movarlis, the Broad
Institute of the
Massachusetts Institute
of Technology and Harvard
University, and Lund
Universily in Sweden. Launched in 2004 and
completed last week, it contains information on
the genomes of 1500 people with diabetes and
1500 without in Sweden and Finland.

Alan Shuldiner, an endocrinologist and
geneticist at the University of Maryland School
of Medicine in Baltimore, suspects that the
Movartis collaboration is “proactively providing
their data in anticipation that others will do the
same.” A dozen teams are working along the
same lines with different populations, from the
Pima Indians in Arizona to Massachusetts resi
dents in the Framingham Heart Study.

Light

Lloyd Levine doesn't intend the "How Many Legislators Does It Take to Change a
Light Bulb Act” of 2007 as a joke. The Califomnia assemblyman, a Democrat, is

effectively ban the sale of household incandes-

cent bulbs in the state by 2012, Compact fluorescents, called twisties by
some, are cheaper and more energy-efficient, he says.

probably the most aggressive proposal we've
Neal Elliot of the nonprofit American Council for

an Energy-Efficient Economy. Elliot says compact fluorescents are a
green “no-brainer” because they use less electricity—and thus reduce

carbon emissions—and with life spans of up to 8 years, they last more than long

enough 1o recoup their high initial cost. John Geesman of the California Energy
Commission says he thinks the proposal might fly if it exempts certain fixtures, such as the lights
inside microwave ovens, for which there aren't effective substitutes.
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i INSIDE KNOWLEDGE. For more than a decade,
POI_]‘[‘[{S Dutch molecular biologist Ronald Plasterk has
told others how to run science policy. Now, he’ll be
in the driver’s seat himself. Plasterk. who heads the Hubrecht
Laboratory in Utrecht and moonlights as a sharp-tongued newspaper
and TV columnist (Science. 5 September 2003, p. 131 1), 1s the min-
ister of science, education, and culture in the new Dutch government.
“I'm sad. He's a great scientist,” says Stanford University researcher
and Mobelist Andrew Fire, “But its wonderful for Holland.™

Plasterk helped pen the Labor Party s election platform last fall,
and longtime colleague Piet Borst of the Netherlands Cancer
Institute expects him to make some “radical changes.” One likely
move 15 to boost merit-based project funding through the Netherlands
Organization for Scientific Research,

Borst says Plasterk™s presence in the new Cabinet, which includes
two Christian parties, is also “a buge relief for atheist intellectuals.”
Two vears ago, Plasterk blasted hus Christian-Democratic predecessor,
Mana van der Hoeven, for supporting intelligent design,

MOVERS asked Rubbia to accept Italy’s apologies and issued in November. (Another judge may yet
BACK IN THE FOLD. After a period of self- join a government energy policy committee. On | commute the penalty to home imprisonment.)
imposed exile, Carlo Rubbia, one of ltalys accepting his new appointment, Rubbia said: A farmer and “alter globalist” who previously
best-known scientists, has made peace with “The sun is one of Italy’s great resources, and served time for ransacking a McDonald's,

the ltalian government and is returning home | it's something we must learn to use,” Bové launched his bid for the April elections on

to a new role as a
special counselor to | IN BRIEF

about the future of
my country,” he says.

of the CERN particle

physics lab near The Princeton Engineering Anomalies Research labora-

Geneva, Switzerland, tory 15 closing down at the end of this month. Since 1979,
and joint winner of the 1984 physics Nobel, the lab, headed by aerospace scientist Robert Jahn, 76,
Rubbia has focused on energy research in has stirred controversy with claims that human thought

recent years. He was made president of ENEA, and emotion can influence physical reality.

Iltaly’s energy research agency, in 1999,

A former director Three Q’S o

8 February, billing himself as “the first political
prisoner who's also running for president.”

the environment ANTI-GM. Uprooting a field trial of transgenic

ministry. “Above all, corn in 2004 may land French presidential NAE. The National Academy of Engineering has
as an Italian living candidate José Bové in prison. On 7 February, elected 64 new members and 9 foreign associ-
abroad, 1 do care an appeals court upheld a 4-month sentence ates. The list is at www.nae.edu,

but in 2005, after beginning work in Sicily Q: Has it been a worthwhile effort?

on a solar thermal energy project called I think so. We certainly have learned a lot ourselves. We

Archimedes, funding for the project was sud- certainly understand much more about the nature of the

denly axed by Silvio Berlusconi's conservative phenomena than we did going in, and I think we have been

government. Rubbia openly criticized energy faithful in sharing our insights with others.

policies in the Rome daily La Repubblica and

was removed from his ENEA post (Science, 0: Do you think these phenomena will ever be proved

22 July 2005, p. 542). Undaunted, Rubbia in a way that will satisfy the skeptics?

moved to Spain and continued work on That raises the whole question of where the skepticism stems from. | have to tell you that

Archimedes in Andalucia. I was not totally prepared for the intensity of recaleitrance we have encountered. ... For
On 11 February, however, during an Italian skepticism to be useful. it has to be informed. It doesn’t help if the people haven’t read

TV debate about climate change and energy, your papers or visited your laboratory or talked with yvou personally.

Alfonso Pecoraro Scanio, Italy’s environment

minister in the new center-left government, Q: What's the worst snub you ever received from a scientist?

[One wrote that] “It’s not worth my time to inform myself [about your research] because it

Got a tip for this page? E-mail people@aaas.org 15 50 obviously impossible.” This is not a scientific attitude.
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U.5. 2007 BUDGET

Polygon pattern
puzzle

NSF Enjoys a Heartfelt Ending
To a Difficult Budget Year

On Valentine’s Day, the US. Congress sent the
MNanonal Science Foundation (NSF) a long-
delaved token of its warm feelings for the
S6 billion basic science agency. It came at the
end of a marathon budgetmaking process that
stretched 4 % months past s imtended deadline.
The card was signed by the new
House Speaker. Representative
MNancy Pelosi (D-CA).

The valentine was a 5334 mil-
lion increase in NSFs $4.4 billion
research budget that matches 1ts
2007 request. It was wcked mto a
S463 billion, yearlong spending
plan that displays hittle budgetary
love for most of the other civilian
agencies in the package. The
National Institutes of Health
(NIH) and the Department of
Energy’s (DOEs) science pro-
grams were also modest winners.,
picking up 5620 million and
5200 mulhon, respectively, while
NASA'S space science programs
continue 1o be squeczed by plans
to explore the moon and Mars. Most agencies
get no increase over 2006 in the bill, which
covers the rest of the 2007 fiscal year that
began | October.

For many scientists, the vear began on a
high note some 54 weeks ago, when President
George W, Bush proposed major increases for
the physical sciences as part of his American
Competiiveness Initiative (Science, 10 Febru-
ary 2006, p. 762). The increases, part of a pro-
posed 10-vear doubling for NSF, DOL sci-
ence, and the core labs at the Natonal Institute
of Standards and Technology (NIST). were
embraced last summer by House and Senate
spending panels. But those efforts went by the
boards alter the outgoing Republican-led
Congress failed to pass a spending bill and the
new Democratic majority announced that it
planned to hold 2007 spending 1o 2006 levels
{Science, 5 January, p. 24).

Any boost for rescarch in the so-called
joint funding resolution 15 a tribute to the
bipartisan support for science within

23 FEBRUARY 2007 WOL 315 SCIENCE

Congress, say lobbyisis. In particular, the bill
tracks with an mnovanon agenda released by
congressional Democrats, led by Pelosi,
nearly 1 vear before they were voted into
power. And although science advocates

pushed hard for increases that would match

kS

Be mine. Lobbyists credit House Speaker Nancy Pelosi (D-CA) for research gains.

the president’s levels. they were not opunustc
about the outcome of negotiations that took
place behind closed doors from mid-December
to late January. So the result, which was
approved without amendments by the House
on 3 January (Science NOW, sciencenow,
selencemag.org/cgr/content/ ful:2007/130/1)
and by the Senate 2 weeks later, was a pleasant
surprise. NSF 5 research account recerved its

full 2007 request, DOES $3.6 billion Office of

Science received 40% of 1ts 5506 millhion
request, and NISTs core labs gained half of a
proposed S 104 nullion boost,

“There are two words why any research
money was added to the House bill: Nancy
Pelosi,” says John Palafoutas, chief lobbyist
for AeA (formerly the American Electronics
Association). “The [congressional] stall was
telling us not to get our hopes up and that
rescarch would be flat-lined along with every-
thing else.” Despite strong leters from high-
tech CEOs and university and scientific soci-
ety presidents urging support for basic

Getting to
the point

rescarch, he said, all indications were that
adding money “was too big a lift”

An appropriations stafter who requested
anonvmity describes a free-for-all in which
members” priorities were matched up with
the money onthe table. “We all subnutted our
lists [of exceptions to the 2006 spending lev-
¢ls], and some of them included offsets,” says
the aide. “And | have to tell you, | was
stunned by the NSF level.”

The 2007 spending bill contains a special
valentine for agencies whose budgets are
nddled with congressional carmarks. proj-
ects inserted by individual legis-
lators that were not requested by
the agency. The Democrats” deci-
sion to erase all 2006 earmarks
allows agencies to spend the
“extra” money as they see fit,
subject to the approval of their
operating plan by appropriators.
There was 5128 million in such
earmarks in DOLES 2006 science
budget. torexample. and $137 mul-
lion in NIST's budget.

Even so, some legislators are
keeping close tabs on their favorite
projects. For example, this year
was 1o see the second of five
515 milhion awards, funneled
through the Depanment of Veter-
ans Affairs (VA), 1o the University
of Texas Southwesterm Medical Center in Dal-
las for research on a controversial theory link-
ing neurotoxins to the mysterious symptoms
that plagued veterans after the first Gulf War.
Mare Short, a spokesperson for porkbarrel-
ing Senator Kay Bailey Hutchison (R-TX),
says that the VA “signed a contract with UT
Southwestern, ... [and] we certainly would
expect the VA to honor that commitment.”

The biggest wrinkle vet to be ironed out of

the bill 15 whether agencies can use their
money 1o start projects and programs. The pre-
vious spending measure that governed the
first 4% months ol the 2007 Fiscal vear said no,
but the final bill contains no such restrictions,

MSF Director Arden Bement hopes to
|I'H..‘:.LII!I construction on l|1r|.:u major I'C\-L'.'IFI..‘I'I.
facilities in his 2007 budget: the Ocean Obser-
vatories Initiative, the Arctic Research Vessel,
and the Mational Ecological Observatory Met-
work, although each one is being “rescoped™ o
reconcile their scientific objectives with rising
costs, But DOE appears to be taking a »
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difterent tack, according to lab offi-
cials. Brookhaven National Labora-
tory in Upton, New York, foreseesa
20-week run of 1ts Relauvisue
Heavy lon Collider—which last
vear relied on a $1.3 mulhion private
donation—but no new design work
for the proposed $775 million
Maunonal Synchrotron Light Source
1. A delay also seems likely for a
suite of mstruments known as SING-11 at the
Spallation Neutron Source at Oak Ridge
Natonal Laboratory in Tennessee, and a neu-
trino experiment called NOvA at Fermi
National Accelerator Laboratory in Batavia,
[Hlinois. Al the same time. the Thomas Jeffer-
son Mational Accelerator Facility in New-
port News. Virginia. hopes to press ahead
with an upgrade of its CEBAF particle acceler-
ator even if it means running fewer experi-
ments this vear,

NIH hopes to make an additional
S00 research grants, including 591 million for

PRIMATE BEHAVIOR

Restoring a
rainfo

Not yet. Brookhaven's proposed new light
source is likely on hold for another year.

a new investigator fund 540 million for short-
term, high-risk “junior pioneer” awards, and
S69 mullion for the Natnonal Children’s Study
(Science, 9 February, p. 751). The 2% overall
boost may look small for a 528.3 billion
agency, but it is a “rremendous victory,” savs
Jon Rewlalt, legislaive director of the Federa-
tion of American Societies for Experimental
Biology, compared w flat funding in the presi-
dent’s 2007 request and some 430 programs
that have been cut from 2006 levels.

NASA 15 among that group. and the char

of the agency’s spending panel. Senator

Birdbrain?
Why, thank you

Barbara Mikulski { D-MD), apolo-
gized for not doing better during
the negotiations. “This joint fund-
ing resolution is not what anvone
wanted,” she declared immediately
after the vote, The only silver lining
Mikulski could find in 2 516.2 bil-
lion budget that falls 5400 million
below 2006 levels 1s that science
accounts were not ratded to pro-
vide some 5460 million designated for new
exploration vehieles.

Despite the expectation that 2008 will
be another tough budget year, Pelosi’s
spokesman, Drew Hammill, says that the
2007 budget "is the first stiep of good things o
come for science lunding.” Lobbyists sure
hope he’s right. “Science continues to win
bipartsan support.” savs Joel Widder of Lewis-
Burke Associates in Washington, DUC.“Butthe
arithmene sull stinks.” ~]JEFFREY MERVIS

With reporting by Adrian Cho, Jennifer Couzin, and
Eliot Marshall

Spear-Wielding Chimps Seen Hunting Bush Babies

The right to bear arms has long been consid-
ered a distinetly human privilege. Bui
apparently the Second Amendment 1o
the U.S. Constitution applies to chimpan-
zees too, at least while they re out hunting
smull game.

Researchers in Senegal recently spotted
wild chimpanzees biting the tips of sticks,
which they then used like spears 1o
jab small primates called bush
babies. Anthropologist Jill Pruetz
of Towa State University in Ames
wis astonished when her project
manager saw a chimp thrust a
sharpened stick into a hole in a
tree and pull out a limp bush baby
toeat, according to a report in
the 6 March issue of Current Biolosy,

“This is stunning,” says primatologist
Craig Stanford of the University of South-
ern California in Los Angeles. It's the first
time a nonhuman primate has been known
to make a lethal weapon for hunting other
ammals, he says. “This 15 no anecdote, as
they have 22 cases,” adds primatologist
William McGrew of Cambridge Unmiversity
inthe UK. “Once again, chimpanzees

www.sciencemacg

exceed our imagimations.”™

Anthropologists have
known for some time that
chimpanzees are adept at
making and using stick and stone wols, for

example to probe termite mounds or crack

nuts. And researchers have seen gangs of male

chimps kill monkeys by beating and biting. But

they thought only humans used tools to hunt.
Pruete’s team, working at the Fongoli
research site in the wooded savanna of
Senegal, observed chimps breaking off
areen branches and in four cases using their
incisors o sharpen the points. The chimps,

SCIENCE VOL315

org

which typically weigh 26 1o 60 kilograms,
were hunting nocturnal bush babies, 100- 1o
300-gram primates that hide by day in holes
in trees. In all, Pruetz and Paco Bertolani, a
graduate student at Cambridge University,
documented 10 different chimps thrusting
the tools into holes in 22 instances. “This 15
habital.” says Pruetz, whose team logged
2500 hours of observations.

Other researchers were impressed by the
observations, although some noted that the
haby actually

researchers saw only one bush
killed. “Could they have been rooting
around for something else?” asks primate
behavior ecologist John Mitam of the Uni-
versity of Michigan, Ann Arbor.

Pruetz says the chumps” intent was clear:
They jabbed the sticks in the holes with
enough force to injure prey and far more vig-
orously than when probing for termites. And
bush baby remams were common in chimp
feces, indicating they were regular fare.

In another surprising twist, most hunters
were females. "Its a double whammy.” says
Pruetz. “It doesn’tfit the old paradigm of Man
the Hunter” Make that Chimp the Hunter,

=ANN GIEBONS
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SCIENTIFIC PUBLISHING

European Union Steps Back From

Open-Access Leap

BRUSSELS—Lurope took center stage last
week in the growing battle for free access o
the results of publicly funded research.
An online petition. signed by almost
14,000 researchers and 300 rescarch organ-
izations in the European Union (E.UL) and
presented here at the start of a 2-day meet-
ing, asked the European Com-
mission to take bold action on
so-called open access. Tradi-
tional scientific publishers
launched a counteroffensive,
arguing that the future of scien-
tific communication—as well
as their €3 billion European
industry—is at stake,

For the moment, the publish-
ers’ argument has carried the
day: In a policy brief, the com-
mission failed to enact a manda-
tory open-access policy for
E.U.~funded scientists, to the
disappointment of ardent sup-
porters of the peution. “This
doesn't reflect the spirit ofwhat's
happening in Europe.” says cognitive scien-
tist Stevan Harnad of the University of
Southampton i the United Kingdom.

Open-access proponents argue that sci-
enufic papers should be available 1o every-
one for free. instead of only from publishers
at a cost. One way 1o achieve this goal is to
ask researchers to make a copy of each
paper freely available online, perhaps on
their institute’s Web site—a step called
“self-archiving.” The U.5. National Insti-
tutes of Health asks researchers to do this
on a voluntary basis: legislation to make
it compulsory For most taxpaver-funded
researchers has stalled in the US, Congress,

Meanwhile, five research councils in the
United Kingdom have made self-archiving
within 6 months of publication mandatory.
as have other research funding agencies. If
the EUL required the same from the scien-
tists it funds through its €50 billion Seventh
Framework Programme. many individual
countries—within and outside the E.U.
might follow suit, contends Harnad. It
would be terrific if this big domino fell.” he
says, Indeed, a commission-sponsored
study of the publishing industry by Belgian
and French academics recommended
mandatory self-archiving in January 2006,
as did a December report by the commis-

www.sciencemag.org SCIENCE YVOL 315 23 FEBRUARY 2007
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sion’s European Research Advisory Board.
The brand-new E.U.~funded European
Research Council also supports the idea,
But mandatory self=archiving has met st
resistance from most scientific publishers.
Making papers freely available after just
& months may lead libranans to cancel sub-

Putting on the pressure. Sijbolt Noorda (right), who chairs a Euro-
pean University Association working group on open access, presented
the petition to Research Commissioner Janez Potofnik last week.

seriptions, threatening the entire publication
system, they said at the 2-day, commission-
sponsored meeting here. Publishers also
questioned the economics of new-style online
such as the Public Library of
Science (PLoSy—m which authors pay to pub-
lish and access is free. Such a business model
15 1o young to know ifit can work, they said.
The commission agrees. for now. In a
14 February policy statement, it acknowl-
edged that data from publicly funded
research “should m principle be accessible to
all” and offered steps to move in that diree-
tion. such as a promise o reimburse scien-
tists publishing in journals such as PLoS. But
it didn’t endorse a mandate 1o self-archive,
asking for more studies and debate instead.
Robert Campbell, president of Blackwell
Publishing, calls it a “sensible and encourag-
g position. But Harnad says the commis-
sion's steps are “wishy-washy™ It appears o be
protecting publishers’ interests without realiz-
ing that open access would have much greater
economic benefits overall, he says. Other sup-
porters of open access take a more optimistic
view. The commission is still new to the debate
and may come around, notes Sijbolt Noorda,
chair of the Association of Universities in the
Netherlands. *“Rome wasn't built in one day.”
-MARTIN ENSERINK

(\ Olx

“Hobbit” Finders to Return

The team that discovered the remains of tiny
humans in Indonesia’s Liang Bua Cave plans
lo restart excavations in May. After contro-
versy arose over whether the tiny bones were
a new species or pathological Homo saprens,
Indonesian autharilies closed the cave lo
anthropological digs. Now they are again
allowing excavation, says team co-director
Mike Morwood of the University of Wollon
gong in Australia.

Two digs are planned: Last August, a
palecenvironmental team led by Michael
Gagan of Australian National University in
Canberra uncovered a chamber below Liang
Bua that contains bone material. Indonesian
and Australian researchers plan to return lo
that chamber in June, says Gagan. Morwood
says he hopes they find "fresh” remains that
could yield DNA. -ELIZABETH CULOTTA

A Wave of Approval

The world’s three large gravitational wave
detectors will work together to measure the
minuscule stretching of space. The Virgo delec-
lor near Pisa, laly, will share data with the Laser
Interferometer Gravitational-Wave Observatory
(LIGO), which has detectors in Livingston,
Louisiana, and Hanford, Washington. Scientists
proposed joining forces months ago (Science,
6 October 2006, p. 33), and funding agencies
in the United States, ltaly, and France sealed
the deal last week. LIGO already collaborates
with GED&00, a detector near Hannover, Ger-
many. Any one delector could sense the waves,
says Jay Marx, executive director for LIGO at the
California Institute of Technology in Pasadena,
but together, the three should be able to better
pinpoint the sowrces. =ADRIAN CHO

Indonesia, WHO Patch Up

Indonesia and the World Health Organization
(WHO) appear to have resolved an impasse on
the sharing of avian influenza samples after
two of the agency's flu experts met with
Indonesian health minister Siti Fadillah
Supari in Jakarta last week.

Indonesia had announced it would stop
sharing H5N1 strains with WHO's four collabo-
raling centers without an agreement to limil
commercial use of the virus. The country did so
alfter discovering that an Australian company
had developed a vaccine based on an Indone
sian H5N1 strain. A 16 February joint declara
lion said thal Indonesia would resume sharing
strains while WHO would help the country and
its neighbors find ways to ensure access to vac-
cines at an affordable cost. ~MARTIN ENSERINK

1065



NEWS OF THE WEEK

1066

MATHEMATICS

Quasi-Crystal Conundrum Opens a Tiling Can of Worms

The mosques and palaces of the medieval
Islamic world are wonders of design.
Because tradition forbids any pictonial deco-
rations, they are covered with complex and
intricate mosaics. These geometric patterns,
called girifr in Arabic. may be even more
sophisticated than has been appreciated.

On page 1106, physicists Peter Lu of
Harvard University and Paul Stembhardt of
Princeton University propose that architects
made a conceptual breakthrough sometime

Middle Age masters.
The medieval architects
who created complex
tiling patterns, such as
these on a madrasa in
Bukhara, Uzbekistan,
may have been more
sophisticated than has
been appreciated. il

"4

between the 13thand 15th centuries, By first
visualizing a surface as a tiling of polygons,
these unknown scholars created girih
patterns that conform almost exactly to a
pattern called a quasi-crystal. If Lu and
Stemnhardt are nght, then the Islamic world
discovered a piece of mathematics 300 years
before it was formally descnbed in the West,
But the paper has also sparked a rancorous
dispute over who first made this insight, and
whether it is true at all.

Starting in the 1960s. mathematicians
studying the geometry of tiling came up with
the concept of the quasi-crystal. Tiling is
crvstalline il it 1s made up of an infinitely
repeating pattern of some finite set of units,
Quasi-crystals are also made up of a fimite
set of interlocking units, but their pattern
never repeats even if tiled infinitely in all
directions. Researchers also found that
although pentagons and decagons don't it
casily into normal tiling, in a quasi-crystal
such Mivetold and 10-fold rotational symme-
tries are imtegral, The most famous quasi-

crystal pattern is “Penrose tiling.” named
after Oxford University mathematician and
cosmologist Roger Penrose.

In 2005, Lu, a doctoral student at Harvard,
noticed a geometric pattern on the wall ofan
Islamic school in Uzbekistan with surpris-
ingly complex decagonally symmetric
motifs. “It got me thinking that maybe quasi-
crystals had been discovered by Islamic
architects long ago.” he says, Islamic archi-
tects began o explore moufs with fivefold

and 10-fold rotational symmetry during a
fourishing of geometric artistry between the
I 1th and 16th centuries.

Back at Harvard, Lu began to study archi-
tectural scrolls from that period. On many
scrolls, famtly sketched beneath the imtricate
lines of the girih design, was a polygonal
tiling pattern. “I found the outlines of the
same tile shapes appearing over and over,”
he says. Lu realized that Islamic architects
could have used a pattern of polygonal
shapes—which he calls girih tiles—as the
starting point for their designs, creating a
wonderfully complex girih pattern by trac-
ing lines from tile to tile following local
rules. And if the right shape of girili tiles
were lad together just so, the resulting pat-
tern could be extended forever without
repeating—a quasi-crystal.

Luexamined "a few thousand” photos of
real mosques and found that although
decagonal girih patterns became increas-
ingly common from 1200, nearly all are
periodic and so are not quasi-crystals. But

then he found a photo of the Darb-i Imam
shrine in Isfahan, Iran. built in 1453, Iis
decagonally symmetric motifs on two dif-
ferent length scales are a telhale sign of a
quasi-crystal. Working with Steinhardt, his
former undergraduate adviser and a quasi-
crystal expert, Lu found that the Darb-1
Imam girili pattern can map onto a Penrose
tilling. There were a few defects. but these
are superficial, says Lu, and were likely
mtroduced by workers durning construction
or repair, ““We realized that by the 15th cen-

tury. these architects had the makings of

quasi-crystals.” says Lu.

The paper has had a mixed reception.
Crystal expert Emil Makovicky of the Uni-
versity of Copenhagen, Denmark. studied

girih patterns for 2 decades. His analysis of

the patterns on a tomb in Maragha, Iran.
built in 1197, concluded that they map onto
Penrose tiles and was published in a 1992
book about lNvefold symmetry. Lu and
Steinhardt cite his work, he says, but “with-
out proper quoting and ... in a way that [the
ideas] look like their own.”

Physicist Dov Levine of the [srael Institute
of Technology in Haila agrees that Makovicky
deserves more credit than he 1s given in the
paper. “His analysis of [the Maragha tomb]
patterns anticipates some of the ideas in the
Lu and Steinhardt paper.” he says, Joshua
Socolar, a physicist at Duke University in
Durham, MNorth Carolina. agrees that
Makovicky deserves credit for discovering
“an interesting relation between the Maragha
pattern and a Penrose tiling with a few
defects.” Both Levine and Socolar doubt that
the architects truly understood quasi-crystals
but say Lu and Stemhardt have generated
interesting and testable hypotheses,

Lu and Stemhardt say they were aware of

Makovickys published work on the subject,
but “we have found serious problems with
both his technical reconstruction and gen-
eral conclusions.” They say that they decided
to limit their references 1o Makovicky “to
avoid having to address the serious technical
problems with his work.” Makovicky dis-
agrees that his work is flawed.

Bevond the question of credit, just
how mathematically sophisticated these
medieval architects really were remains
open, “We haven't done an exhaustive search
of Islamic architecture by any means.” says
Lu. “There could be a perfect quasi-crystal
pattern waiting to be found.”

=JOHN BOHANNON
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ARCHAEOLOGY

Clovis Technology Flowered Briefly
And Late, Dates Suggest

For almost 80 years, one of the most enduring
puzzles in the archacology of the Americas
has been the “Clovis culture.” known for its
elegant. distinctively shaped projectile
points. Was Clovis the progenitor of all later
Native American societies. as many
researchers have long maintained. and. if so.
how and when did it arrive in the Americas?

On page 1122 of this week’s 1ssue,
Michael R. Waters of Texas A&M University
in College Station and Thomas W, Stafford Jr.,
proprictor of a private-sector laboratory in
Lafayette, Colorado. use new radiocarbon
data to argue that Clovis was a kind of brilliamt
tlash in the pan—a movement that may have
flourished across North America for as linle
as 2 centuries around 13,000 vears ago, The
new dates also put Clovis a bit later than
thought. making it harder w accept that it was
the first in the Americas.

“What this paper does 15 reinforce how
unusual was the phenomenon we call
Clovis.” says Michael R. Bever of the Uni-
versity of Texas. Austin. “To have it nse and
fall [throughout North America] in as little
as 2 centuries™ 15 a phenomenon with few
equivalents in the archaeological record.

Waters says that he and Stafford, an expert
in the complex art of radiocarbon dating, set
out “to nail down the most basic question:

"

Clovis up close. Researchers say more dates are
needed at sites such as this one in Gault, Texas.
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When was Clovis?” The heyvday of the
technology has typically been set between
11500 and 10,900 radiocarbon years B.P.
(The radiocarbon calibration is disputed for
this period. but the widely used ImtCal04
calibration puts the dates at 13.300 to
12,800 calendar years B.P). Ina controversial
move, Waters and Swfford argue that no fewer
than 11 ofthe 22 Clovis sites with radiocarbon
dates are “problematic™ and should be disre-
garded—including the type site in Clovis,
Mew Mexico. They argue that the datable
samples could have been contaminated by
carlier material.

Of the remaining 11 sites, Waters and
Stafford found that five had been recently
dated by higher-precision techniques, The
pair decided to redate the others. succeeding
in all but one case. The results, Waters says.
“were a real surprise.” All of the new dates
as well as all of the previous acceptable
dates—occurred within, at most, a 450-vear
band. Indeed. they say. Clovis probably
existed For as hittle as 200 yvears, between
11,050 and 10,800 radiocarbon years B.—a
cultral flowering both somewhat later and
considerably shorter than thought.

The later, more precise dates support
the emerging view that Clovis was not the
progenitor culture, because it overlaps or
occurred after other culres, including one
in Monte Verde, Chile, dated wo 1000 vears
before Clovis.

The real surprise of the paper, according to
David Meltzer of Southem Methodist Univer-
sity in Dallas, Texas, “is the compressed time
frame for Clovis wnt large.” So Fast was its
apparent spread that Stafford suggests that
Clovis may have been a set of technologies
that were picked up by a mosaic of different
cultures across North America rather than a
single, fast-moving society. “"These tight
dates. ifthey hold up. may help us resolve that
long-standing debate,” says Meltzer, who
questions the decision to discard the 11 sites.

Meltzer stresses that the dates used are
from a minority of North American sites,
most in the west, whereas most Clovis points
have been found in the east. Until more data
are compiled, he says. researchers “can’t
know whether this is a real effect or simply a
consequence of samphing.” In a sense,
Stafford agrees. “We need to get more people
out in the field.” he savs, “We hope these dates
metivate that” ~CHARLES C. MANN

Stem Cell Grants Awarded

The California Institute for Regenerative Medi-
cine (CIRM), which is funding human embry-
onic stem (E5) cell research in that state, last
week announced its first $45 million in
research grants to 20 California institutions.
The top recipient is Stanford University, with
12 awards totaling $7.6 million over 2 years.
Faculty with the University of California, San
Francisco, came in second with 11 grants.

Among the awards are some novel attempts
at reprogramming differentiated cells to a
pluripotent—aor ES cell-like—state, And the
Burnham Institute for Medical Research in San
Diego is getling $638,000 to generate a library
of ES cell lines that model a number of human
genelic diseases, A second, 580 million round
of grants is slated lo be announced this spring.
CIRM is moving ahead with the aid of private
danations and a 5150 million stale loan, pend-
ing resolution of lawsuits that have delayed
bond sales.

CIRM is also hunting for a president to
succeed Zach Hall, who plans to retire in June.
National Institutes of Health stem cell chiel
James Battey is rumored to be a top contender
for the job. =CONSTANCE HOLDEN

Kaiser to Set Up Gene Bank

The health care provider Kaiser Permanente
hopes that 500,000 of its 2 million adult mem-
bers in northern California will participate in a
massive genelics research program containing
DNA samples with health information to find
links between genes, environment, and dis-
ease. Kaiser has started asking members aboul
their family history, lifestyle, and other matters
and plans to collect saliva or blood samples
from willing participants in the next few years.
The venture “is contingent on our acquiring
additional funding,” says Catherine Schaefer,
director of the program, which has raised

57 million of the tens of millions of dollars
needed. It will safeguard the confidentiality of
participants, and Kaiser will make dala avail-
able on a case-by-case basis lo outside scien-
lists, she says.

Kaiser “is in a strong position,” but its
plan won't include a geographically diverse
cohort nor the uninsured, notes Francis
Collins, director of the National Human
Genome Research Institute in Bethesda,
Maryland. Collins would like to start a broader
study from scratch, which he admits would
cost hundreds of millions of dollars a year.

-)JENNIFER COUZIN
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AAAS ANNUAL MEETING

Wedging Sustainability Into
Public Consciousness

SAN FRANCISCO, CALIFORNIA—In a dark-
ened ballroom in the Hilton San Francisco,
413 people tap numbers onto slate-gray
kevpads, each the size of a thick paperback
book. Around them. almost 600 others
watch as two screens at the front of the
room reveal the results of their manipula-
tions: a selection of strategies
for taking wedge-shaped bites
out of a graph of projected lev-
els of atmospheric carbon over
the next 50 vears. Their mission:
to whittle future CO, levels
down to a plateau in time to
avert intolerable greenhouse
warming.

The “Wedge Game,” based
on “stabilization wedges™—a
concept developed by Robert
Socolow and Stephen Pacala of
Princeton University (Science,
13 August 2004, p. 968)
part of a town hall-like session
for teachers and swudents a the
AAAS Annual Meetuing. held
here from 15 to 19 February.
The game. designed to convey
the scale of the effort needed 1o
stabilize carbon emissions and
the pros and cons of possible
options, was just one of some 200 ses-
stons, ranging from “Addiction and the
Brain” to “Education. Learning, and Pub-
lic Diplomacy in Virtual Worlds.” {For cov-
erage of selected sessions, visit www.sci-
encenow.org.) But one theme dominated
the meeting: “Science and Technology for
Sustainable Well-Being.”

AAAS President John Holdren of
Harvard University and the Woods Hole
Research Center in Massachusetts set the
stage with an opening address
in which he warned of the dan-
gers of complacently expecting
technological fixes such as
nuclear fusion to solve our
problems. “1'm a great believer
in science and technology. but
the notion that science and tech-
nology will ride 1o the rescue is
a pernicious one,” Holdren told reporters
at a morning briefing before the talk.
*Believing in technological miracles is
usually a mistake.” Instead, he said. a huge

Was

Going, going
Quelccaya lce Capin Peru
in the 1930s (inse!) and
in a recent photo. It could
be gone in § years.

effort on many fronts will be needed.
Holdren urged scientists to “tithe”
10% of their time to working on four
kev challenges: global poverty. the com-
petition for resources, the “energy-ccon-
omy=environment dilemma.” and the
threat from nuclear weapons,

. The

For its 4000 parucipants and 3000 visi-
tors, including some 1000 reporters, the
meeting offered a crash course in those
challenges and how scientists are tackling
them, from “big picture™ strategies to
technical nuts and bolts,

Researchers monitoring the state of the
planet reported warning signs from several
quarters, Glaciolozist Lonnie Thompson of
Ohio State University in Columbus said

“I'm a great believer in science
and technology, but the notion
that science and technology
will ride to the rescue is a

pernicious one.’

—John Holdren, AAAS

ice cores from the Quelccava lee Cap in
Peru—the largest body of ice in the
world’s tropics, 5670 meters above sea
level—show that the ice 15 now melting

faster than precipitation can replenish it
“All things being equal. those glaciers
should be growing.” he said. Thompson,
who has been studying such glaciers for
decades. estimates that the 5000-year-old
glacier could be gone within 5 years.
Because temperatures at high altitudes are
more stable than those below, he says,
melting tropical mountain glaciers could
be a “canary in the coal mine”™ for global
climate change. Their loss could devastate
the millions of people who depend on
them for water.

Meanwhile, in the Pacific Ocean, a
research cruise from Tahiti to
Alaska has shown that the
upper 700 meters of the north-
castern Pacific have increased
their acid content by about
5% within the past 15 years,
The change matches what com-
puter models predicted would
happen as more carbon dioxide
from the atmosphere dissolves
inseawater, said Richard Feely.
an oceanographer with
the U.S. National
Oceanic and Atmos-
pheric Administra-
tion in Seattle, Wash-
ington, Largely as a
result, Feely calcu-
lates that the zone
within which manne
creatures can grow cal-
cium carbonate shells is
growing shallower by
| to 5 meters per year.

Even some of the supposed good news
about climate change is looking less rosy.
*You tell farmers in high latitudes they're
going to get warming temperatures and
longer growing seasons—end of story,
they're happy.” plant ecologist David
Wolfe of Cornell University said at one
session, But recent outdoor field studies
with carbon dioxide suggest that “vield
benefits are about half what we thought
they were.” he said. Also, hotter weather
could damage milk production and
crop vields. New work suggests that
high levels of atmospheric CO,
emboldens weeds more than crops and
could require farmers to double the
amount of herbicide they use.

Problems dominated news reports from
the meeting, but more than three times as
many sessions focused on the guest tor solu-
tions: economically competitive biofuels,
better-managed water resources. and more
elficient fish farms, fisheries, and »
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livestock grazing, The tone ranged from
matter-of-fact to unabashedly techno-
optimistic. In a fast-paced pep talk in the
run-up to the Wedge Game, for example,
long-time alternative-energy advocate
Amory Lovins of the Rocky Mountain Insti-
tute in Snowmass, Colorado, hymned the
virtues of greener living through engineer-
ing. Ultralight low-drag cars. better-

ENVIRONMENTAL REGULATION

insulated houses, and decentralized low-
carbon “micropower” energy sources, he
predicted. would stabilize Earth’s climate
while reaping huge profits for businesses
that seize the opportunities they present.
“The low-hanging fruit is mushing up
around our ankles.” Lovins said.

Perhaps influenced by Lovins, the Wedge
Gamers voted for a deep-green mix of two parts

NEWS OF THE WEEK

increased efficiency and one part each solar
electnicity, wind power, driving less, swiiching
from petroleum to natural gas, and “biostor-
age” (planting forests to absorb CO,). It's far
from current ULS. energy policy. but it reflects
much of the thinking on display at many other
sessions at this meeting.  -ROBERT COONTZ

With reporting by David Grimm, Eli Kintisch, Greg
Miller, and Erik Stokstad.

U.S. Courts Say Transgenic Crops Need Tighter Scrutiny

Citing a broad range of risks, US, federal
Judges in three separate cases have asked
the ULS. Department of Agriculture (USDA)
to examine genetically engineered crops
more closely. The courts said the depart-
ment had violated the National Environ-
mental Protection Act{NEPA) in approving
commercial sales of transgenic alfalfa and
field wrials of turf grass and plants engi-
neered to produce pharmaceuticals,

Critics of genetically engineered crops
say the decisions, two issued this month and
one last August. will compel tighter regula-
tion of transgenic crops. Will Rostov, an
attorney for the Center for Food Safety n
Washington, D.C., which filed all three law-
suits, called the alfalla decision, rendered
12 February by ULS, District Judge Charles
Breyer in San Francisco, California,
“another nail in the coffin for USDA’S
hands-ofl approach to regulation.” But
Stanley Abramson. a lawver who represents
several biotech companies, pointed out that
the courts raised questions about USDAS
procedures, not its substantive decisions.
He predicted that USDA’s final judgments
would hold up in court.

The alfalfa verdict could have the
most significant impact, In 2005, USDA
approved the sale of Roundup Ready
alfalfa, jointly developed by Monsanto and
Forage Genetics International, which can
withstand the popular herbicide glvphosate.
But last week. Brever said that the depart-
ment should have first prepared an environ-
mental impact statement (EIS) as required
under NEPA.

Joseph Mendelson of the Center for
Food Safety said that his group may
demand an end to sales of genetically engi-
neered alfalfa or even a ban on planting
transgenic seed already in farmers” hands,
USDA ofhicials dechined to discuss the
covernment’s position or whether it plans
to appeal. A spokesperson for Monsanto,
which sells genetically engineered alfalfa

www.sciencemag.org SCIENCE VOL315

On the farm. Alfalfa is the third mast valuable crop
grown in the United States.

but was not a party to the lawsuit. said he
did not expect sales to be halted, Breyer
zave both sides until next week to propose
regulatory fixes.

The second verdier, handed down 5 Feb-
ruary by a Washington, D.C., district judge,
tound that USDA should have carmed outan
EIS or a more modest environmental assess-
ment before it allowed a 162-hectare feld
trial of transgenic turl grass near Madras,
Oregon. in 2003, And last August. a federal
court in Hawaii faulted USDA for approv-
ing field trials in Hawaii of corn and sugar
cane engineered to produce experimental
pharmaceuticals without considering the
state’s numerous endangered species,

In two of the cases, the judges expressed

concerns about potential risks that USDA
has dismissed as insignificant or outside
its mandate. Breyer, for instance, com-
plained that USDA ignored the cumulative
impact of glyphosate-toleramt alfalfa, corn,
and sovbeans. Greater use of glyphosate
increases the odds that weeds will develop
resistance to it

Brever also said USDA erred when it
dismissed as not “sigmificant™ the concerns
of organic farmers who don’t want Roundup
Ready pollen or seeds spreading to their

alfalfa fields. The possible replacement of

traditional varieties is itself significant, he
noted. “An action which eliminates or ...
greatly reduces the availability of a particu-
lar plant—here, nonengineered alfalfa
has a significant effect on the human envi-
ronment.” he wrote.

USDA argued that cross-pollination
wasn't a serious problem in alfalfa. because
farmers typically harvest their fields before
the plants have a chance to flower, much
less produce seeds. Producers of commer-
cial alfalfa seed, however, would have to
make sure their conventional and trans-
genic Nields were widely separated. Alfalfa
15 pollinated by bees, which can carry
pollen at least 3 kilometers.

Inm the wrf grass case, Judge Henry
Kennedy found that transgenic bentgrass
from a large field trial in Oregon threatened
a nearby areas “aesthetic and recreational™
value, Pollen from the bentgrass spread up
to 20 kilometers into the nearby Crooked
River National Grassland.

Many scientists, including some critics
of genetically engineered crops. say the
bentgrass poses no real ecological threat in
that area because it isn't well adapted to the
region’s ard climate. But the spread of this
“confined” field wial proved embarrassing
to the Scotts Co., which hopes eventually to
sell bentgrass seed to zolf courses.

—DAN CHARLES
Dan Charles is a Washington, D.C.-based science writer.
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CUNHA, BRAZIL—Benedito de Carvalho Filho
strides across his vard through an empty cow
pen and uphill. He clambers over rocks and
arches, pushing aside shreds of barbed wire
and vegetation, as his 12-vear-old son shad-
ows hum. Finally, the farmer stops and points
to the eve of a spring that barely percolates up
from the earth. His water—or what's left ofit.
Throughout this pastoral region that was
once the heart of Brazil s Atlantic ramforest,
extensive deforestation has not only
changed land cover, it has also altered the
hydrologic cyele. The forest once
stretched over | million square
kilometers along Brazil's coastal
region with extensions inland.
Today, only 7% of that original
extent persists., And now, de
Carvalho and other farmers are
grappling with a growing realiza-
tion: The fresh and abundant
ground water they have relied on
for decades is disappearing. For
his family and his crops to have
water. de Carvalho needs the rain-
forest back. He may be in luck.
With little fanfare. this past
December, biologists and farmers
planted the first seedlings of an
ambitious project that ultimately
aims o reforest | million hectares
(2.47 milhion acres) of niparian
rainforest across Sio Paulo,
Brazils most populous state. The
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globally unique ecosystem but also to
reclaim the so-called services the rainforest
once provided. from the maintenance of nat-
ural springs and soil fertility to the sequestra-
tion of carbon,

Its a tall order. Funded with seed money
from the state and the Global Environment
Facility (GEF). the Riparian Forest Restora-
tion Project (RRP ) will require an estimated

2 ilhion seedhings of hundreds of species of

trees and take decades 1o complete. The
total bill could top $2 billion—about

goal is not just to recreate this
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$2000 per hectare—just a fraction of which
has been raised.

“It is hard to think of a reforestation proj-
ect undertaken anywhere that 15 quite this
ambitious,” says Thomas Lovejoy, formerly
the World Bank’s chief biodiversity advisor.
Even if the RRP achieves only some of its
ambitious goals, say conservation scientists,
it appears set to test the limits of nare’s
resilience., the science of ecological restora-
tion, and societal commitment.

gy el Dimensions of diversity
: = ] - A= The RRP will focus
Riparian Forest Restoration Project “ on restoring forest
L BRAZIL along the denuded
= [ margins of rivers and
THE FIVE PRIORITY WATERSHEDS R SoniplEy  streams that establish
IN SAD PAULO STATE - . migratory corndors for
> animals and plants and
&
: W rotect the ecological health
mu . F _F =
Aguapel S of waterways, The eventual goal
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15 o recover a significant portion
Firacicabal of the staggering diversity of the

w rainforest’s fora and fauna
its bromeliads, lianas, shrubs,
Ground truth. Rainforest once Sio Paulo :._Lr-!}-.‘\L.\.. ]1:|r.d.-», I"hl.l!.\, butterflie 5.
blanketed more than 80% of 3o insects, microbes, mammals,

Paulo; today, only 13% of the state and amphibians. -
is forested, Completion of the How exactly to do that is being
Riparian Forest Restoration Project, ATLANTIC OCEAN tested in pilot projects in five water-
now being tested in pilot projects sheds across Sio Paulo state, with
in five watersheds, would raise that 519 million in start-up funds pro-
| i . . . Sp——
total to about 255%. y vided primarily by the state, GEF.
- and the World Bank. Each of the
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five watersheds is in turn divided
into three “microwatersheds™ that
represent a range of ecological as
well as social challenges. In Cunha,
for instance, located within the
larger Paraiba do Sul watershed,
subsistence farmers work within a
maosaic of forest fragments, Itisa
sharp contrast to the large north-
west watershed. Aguaper, where
sugar cane 1s king and any remnant
fiorest is hard o find.

In these pilot projects. the state
Department of the Environment
and its partners are experimenting with a vari-
ety of restoration methods. Some emphasize
replanting trees alone: others am to return a
variety of plants and animals simultaneously,
“We want to see how the forest can best
develop on its own after a stanting push,” says
project director Helena Carrascosa von Gilehn,

At each site. the selection of trees and
methods will depend on local conditions and
the specific goals for the area, whether that be
soil stabihization, water maintenance. or pro-
duction of fruit and nuts from ranforest trees.
“Our emphasis is on bringing people to this
for 20 to 30 years and involving them in
restoration,” Carrascosa says,

Search for Mother Trees

At the heart of the effort is the Mother Tree
project: a detailed plan for identifying the
starting stock for the forest’s regeneration.
Conceived by Ricardo Rodrigues at the

Mother lode. Rainforest preserved in the Serra do Mar State Park is a source of trees
and seeds needed to reforest nverbanks and streams. Benedito de Carvalho Filho
(above), a farmer in Cunha, Brazil, points to his diminished natural springs on a
deforested hillside overtaken by lerns,

Laboratorio de Ecologia e Restauragio Flo-
restal in Piracicaba, Brazil, the Mother Tree
project mms o find and mark the location
of 15,000 trees of 800 different species to
support seed collection programs and
ensure adequate genetic diversity in the
replanted forests. There 1s now a master list
of 780 species appropriate for reforestation
in designated watersheds,

To find the seeds, biologists are scouring
remnants of the Atlantic forest across the stale.
S0 far, says Rodrigues, 20 biologists have
recorded 10,200 mother trees.

One of those biologists is forest engineer
Renato Lorza, who conducts s search for

mother trees in the mountainous terrain of

Cunha on foot, aided by a long-handled scis-
sor. On a morning last December., a fine mast

laces the air as he scoops up a handful of

gleaming seeds from the forest floor. Most

plentiful are the solt, marble-sized seeds of

the Jussara palm (Euterpe
edilis). Severely overharvested
to extract heart of palm, the
tree grows up to 25 meters to
reach the light through the for-
est’s dense canopy, The palm 15
but one of some 1300 tree
species in the Serra do Mar
State Park in Cunha that Lorza
has come to know well during
2 wears of collecting.

University researchers ana-
Ivze and sometimes genetically
sequence the material he col-
lects. After the species is definitively 1denti-
lied, Lorza returns to nail a small metal label
into the trunk of each mother tree. He has
tageed 750 individual trees, representing
250 species in this remnant forest. Each one
must be in a reproductive stage of life, but
some species Nower only every 20 yvears,

One giant. Number 2496, is Sapivm
wlandulamm, a bird-dispersed pioneer
tree. Number 2497 is a climax species,
Aspidosperma parvifolium. Slow growing. the
tree s a rare find as it has been overharvested
for use in construction. Both pioneer and cli-
max species are essential to the reforestation
effort. Fast-growing pioneer species are the
First to establish in gaps that form when trees
Fall in the forest. They germinate and grow in
hight. The secondary species that follow gernu-
nate in light but grow in shadow; slow-growing
and long-lived clhimax species germinate.
establish, and grow in the shadows,
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A stae Jlaw—the most far-reaching of is
kind in Brazil—mandates that each reforested
hectare include a minimum of B0 tree species,
with each represented by at least 12 mother
trees from distinet populations to ensure good
genetic vanability. The law also mandates that
the B0 trees reflect the different successional
stages of the forest, which means a mix of
both pioneer and nonpioneer species. ina ratio
that is close to 1: 1.

This basic approach grows out of the work
of Paulo Kageyama, director of biodiversity
conservation at the Brazihian Mimistry of the
Environment, who spent decades planting
experimental forests for the hydroelectric
industry to restore biodiversity around dams,
Beginning in 1988, he began growing diverse

Barbosa savs that diversity is a key ingredi-
ent of success: Forests with 30 ree species gen-
erally did better than those with only three or
four. The premise is that i a sufficient and bhal-
anced diversity of trees is planted with species
appropnate to the local conditions, the flounsh-
ing forest will recruit the other Mlora and
Fauna—essentially, build it and they will come,

Trees in context

Yet species diversity i and of itself has not
always been sufficient, For instance, one
reforestation effort in western Sio Paulo state
begzan with 42 tree species, but afier 10 years,

Just four pioneer species domnated the upper

canopy, savs Daniel Piotto, a forest engineer
who has worked on industry-linanced refor-

‘House calls. Forest engineer Renato Lorza (feft) and Ednei Marques of the nanprofit Living in the
! _Ial'lii: Forest visit farmers in Cunha to enlist their support in the restoration project.

plantations that included species representa-
tive of each major successional stage,

One such plantation. the state’s Paraibuna
forest, has stood as an emblem of success, lis
100 different tree species have thrived, and
now that “other Kinds of plants are arriving by
wind or birds, the biodiversity 1s increasing,”
Kagevama says,

It took well over a decade, however, for
the Paraibuna forest to cross that threshold
and begin recruiting the other species needed
to recycle nutrients, disperse seeds, and pol-
linate plants. It i1s now a functioning forest
rather than a plantation that must be main-
tained, says Kageyama,

But many other reforested areas in Brazil
have failed to make that transitnon. O some
98 publicly funded reforested areas evaluated
in 2000, only two did well, according to Luiz
Mauro Barbosa. director of the 5do Paulo
Botanical Institute and a co-director of the
RRP. In most areas, after imually flounshing,
the wrees died, and weeds wok over,
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estation projects in Sdo Paulo and 15 now a
Ph.D. candidate at Yale University. Piotto
thinks that the difficulty may lie in the limited
availability of factors such as water, mineral
nutrients, and suntable microchmate that put
slow-growing climax species at a competitive
disadvantage relative to faster growing pio-
neer tree species and grasses.

In addition, some biologists believe that
the rainforest restoration will require more
than a narrow focus on trees. Ademir Reis,
now at the University of Santa Catarina,
and Fernando Bechara, now at the Casa da
Floresta Assessona Ambiental in Piracicaba,
have developed an experimental technigue
known as “nucleation.”

[t aims to jump-start the establishment of

ecological relationships essential to plant and
animal life through creating a wide variety of
miches. In test plots, the biologists have com-
bined a number of technigques: They erccted
perches to attract birds and bats, built shelters
for small mammals, and planted herbs and

shrubs (shunned as competitors to trees in tra-
ditional reforestation) to attract butterflies.
They also transposed squares of topsoil from
intact forest, delivering soil microbes, earth-
worms, and fungi. After just | vear, Bechara
has noted the return of 35 species of birds to
one experimental area.

“Forest restoration is extremely expen-
sive and labor-intensive. Anything that can
mimic natural succession in depleted areas
i1s worthwhile.” says Gustavo Fonseca,
chief conservation and science officer with
Conservation International.

Building support

Equally important o esting restoration meth-
ods is ensuring the support of the local com-
munity: “We can do nothing without the
involvement and support of the people.”
Lorza says, The RRP aims to build this sup-
port by convincing people that devoting some
portion of their land o rainforest restoration
would benefit them in the long run, even il it
means giving up some hectares used for
farming or pasture.

In Cunha, that means educating the com-
mumty about the role of the rainforest in main-
taining their natural springs, which have
slowly disappeared over the past 40 years.
Honario Eliane. a farmer who has lived in
Cunha all ofhis 71 vears, is convinced, “About
two-thirds of the natural springs that once irn-
gated my land are gone. The river [ used to
swim inwhen [ was a kid now barely covers my
feet. We need this,” he says. Honario's daugh-
ter 15 one of 19 weenage “environmental moni-
tors” who work with a local nonprofit group

known as Living in the Atlantic Forest, one of

many partners in the state’s reforestation effort.
Today, after some mitial opposition, about

60 farmers in Cunha want 1o reforest some of

their land, says Leila Pires, who directs the
RRP in Cunha, Due to limied resources.
reforestation has begun on just six farms,

To speed the project along and ensure its
financial sustainability, Sdo Paulo state is
exploring the establishment of a fund for
ecosysiem services, says Carrascosa, The
state has already implemented new environ-
mental legislation in two watersheds, charg-
ing industry, large-scale farmers. and the
government for water use. Other possibili-
ties include GEF payment for carbon
sequestration achieved through reforestation
and the establishment of a private market for
rainforest seedlings, Carrascosa says. She
suggests that the RRP could prove to be a
maodel tor both the Amazon and the nauon.

-BERNICE WUETHRICH

Bernice Wuethrich usually writes from Maryland.
Marcelo Rideg provided translations in Sao Paulo.

www.sciencemag.org
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U.S. DEPARTMENT OF AGRICULTURE

The Bush Administration wants to trim farm subsidies, restructure USDA,
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For the past decade, advocates for US, agn-
cultural research have watched with envy as
the federal government has pumped money
into other disciplines, notably medical
research. Despite daunting environmental
problems and growing intemational competi-
tion for producing cheap food, the research
budget of the US. Depariment of Agriculiure
(USDA) has been stuck at roughly 52 billion.
But advocates say that a new proposal by the
Bush Administration to revamp agriculural
subsidies provides an ideal cue for pitching
research to a Democratc-controlled Con-
gress that intends to pass some sort of legis-
lation this vear.

Congress penodically adjusts the nation’s
agricultural policies in a massive farm bill,
and the Administration’s latest proposal, sub-
mitted 31 January, does more than tinker; It
would cut $10 billion over 10 years from
subsidies paid to farmers. The president’s
plan also proposes a restructuring of USDA
by merging two research agencies and creat-
ing an Office of Science. And it would add
S100 million for research on specialty
crops
nursery plants, for example
lion for biofuels.

Ag lobbyists say the move is a good stan,
although it falls short of the doubling of basic
research that a major panel recommended
several vears ago, “USDA should be in a
much stronger leadership role™ if the bill is
approved, says Jeffrey Armstrong, dean of the

fruits, vegetables, tree nuts, and
and 550 mil-

WWW. SCIeEncemag.org

and do more research on biofuels, fruits, and vegetables
*

College of Agnculture and Natural Resources
at Michigan State University in East Lansing.
“To integrate and create an Othice of Sci-
it’s huge.” And although the science
reorganization is relatively uncontroversial,
the bid for additional spending could run
afoul of a push by growers to protect their
subsidies as appropriators try to tighten belis,

USDAs research 1s divided into three
main parts: the 51.3 ballion intramural Agn-
cultural Research Service (ARS); the Coop-
erative State Research, Education, and
Extension Service (CSREES). which gives
out S180 million in competitive grants
through the National Research Initiative and
5180 milhon in so-called formula research
grants to agricultural universities; and the
5340 million research efTort at the ULS. Forest
Service. Each program has its own stafl, and
there’s considerable duplication in areas such
as plant genetics, soil science, and air quality.
“An integrated approach would be more
effective,” savs Fred Cholick of Kansas State
University in Manhattan.

Change has been inthe air for several years,
In 2004, a blue-ribbon panel called for an inde-
pendent research agency (Science. 10 Decem-
ber 2004, p. 1879). But USDA disliked the
idea. and a bill to implement the findings died.
Last vear, the National Association of State
Umiversities and Land-Grant Colleges
(NASULGC) proposed a suite of reforms,
called CREATE-21, that included unifying
USDA research eftorts,

cnee
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The Administration’s bill, expected out in
the next few weeks, would merge ARS and
CSRELS and give a chief scientist control
over both intramural and extramural pro-
grams. “We'll be better able to plan and coor-
dinate comprehensive programs like food
safety.” sayvs Lowell Randel of USDA's
research policy shop, as well as pursue press-
ing topics such as obesity. Forest Service
research would remain separate, Rande] savs,
because it focuses on forest issues. (Its also
overseen by a different congressional com-
mittee, he notes.)

The farm bill would nearly double
research on specialty crops and biofuels.
USDA spent $44 million on biofuels research
in Nscal yvear 2006 and somewhere between
S120 million and $150 million on specialty
crops. The new initiatives, totaling $150 mil-
lion a vear for 10 years, would be financed by
the government’s Commaodity Credit Corpo-
ration, which places them owside the annual
appropriations cyele,

Even so, appropriators could divert some
of the money, as they did repeatedly with the
5200 million Initiative for Future Agnculture
and Food Systems (IFAFS), a competitive
Lrnts program set up n 1998 (Science, 21 Jan-
vary 2000, p. 402). IFAFS also garnered linle
support outside the academie community. as
growers which didn't see its value for specific
crops or agricultural problems. Randel says
that focusing on specialty crops and biofuels is
a better way to “show that our science is world
class and [that it i5] solving problems that
matter to all Amencans.”

Research advocates hope Randel 1s nght.
But they would like the bill to go further. *]
don’t have any quarrel with the targeted
dArgas, hll[ IIIL‘I'L" are other areas 1.|'I.II|. dre
equally critical.” says lan Maw, vice presi-
dent for food, agriculture, and natural
resources al NASULGC, which 15 asking
tor the USDA rescarch budget to double over
7 years. The group also wanis competitive
funding, now 10% of the department’s total
research budget, to grow to 58%,

Research advocates admit that farmers’
cries for maimtaining subsidies could drown
out their call for a bigger research pot. But
they argue that international pressure o elim-
inate farm subsidies may work in their favor.
In 2005, the World Trade Organization
(WTO) ruled that USDA cotton subsidies
were illegal because they undermined fair
trade. But getting Congress to listen is
another matter. The chairs of the two commit-
tees that will write the bill have said that they
don’t feel bound by WTO rules, Their goal is
to complete work on it by September.

—ERIK STOKSTAD
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PROFILE: NICOLA CLAYTON

Nicky and the Jays

Experimental psychologist Nicola Clayton and her colleagues are proving that birds
are more intelligent than most of us give them credit for

“I"'m very birdlike, don’t vou think?” chirps
Nicola Clayton. In fact, the petite Clayton
does indeed remind one of a bird: She stands
just 1.62 meters tall even in her stilettos and
has a slightly beaked nose, a plume of blond
hair, Mashy ¢lothes. and a hummingbird’s
quick, darting moves. So apparent is the sim-

ilarity that her students at the University of

Cambridge. UK., have dubbed this 44-vear-
old experimental psychologist a new bird
species, Clavtonia professorii,

But Clayton’s “birdiness™ is not just a
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maiter of style. She’s a keen student of bird
behavior, drawing on natural history to inves-
tigate experimentally a trait that most scien-
tists did not believe existed in birds: cogni-
tion. Over the past Y yvears, she and her col-
leagues have pumped out 75 papers on the
surprisingly humanlike mental skills of food-
storing birds, particularly the western scrub

Jay LAphelocoma coerlescens ). In this weeks

issue of Namre, Clayton’s lab chips away at
another “human-only™ cognitive ability by
showing that scrub javs can plan for the future,

‘ Bird watcher. Clayton with her rooks.

“They ™ve devised a clever experiment for
these jays which does fulfill the [psychologi-
cal] eriteria for future planning—which
makes this a Dirst,” says Sara Shettleworth, a
comparative psyvchologist at the University of
Toronto in Canada, Other papers have argued
that monkeys, bonobos, and orangutans plan
ahead (Science. 19 May 2006, pp. 1006,
1038), but because the animals were given
numerous trials, they might have been
“trained” to act as though they foresaw the
future, Sheuleworth points out.

Although it might seem that some animals
prepare for the future, for instance by moving
to a cave for hibernating, researchers consider
these behaviors 1o be merely mechanistic
responses to a seasonal cue. In contrast,
Clayton’s graduate students Caroline Raby and
Dean Alexis placed the scrub jays ina novel sit-
uation, The birds first spent the night in a suite
with two adjoining rooms, In the moming, the
rescarchers moved the jays to one of the end
rooms. One end room was like a bed and
break fast, and the jayvs received breakfast pine
nuts; the other room was more like a cheap
motel, and the jays went hungry.

After a few days, the jays were allowed
access to either end room and provided with
pine nuts in the main compartment. Sponta-
neously, the jays stashed the nuts in the break-
fastless room, hiding them in a sand-filled ice
cube tray (the jay's equivalent of a refrigera-
tor), They seemed to recall going hungry dur-
ing their past stay in the motel room and.
based on that experience. saved the nuts for a
future break fastless morning.

“Who would have thought you could ask a
bird what it understands about the future?”
asks Joan Silk. a primatologist at the Univer-
sity of California (UC), Los Angeles. "It's
incredibly difficult to design an expeniment
that would demonstrate this, But they have, It
adds to a growing body of work that shows
that jays, crows, and rooks can do anvthing
primates can do, especially things that we once
thought were important links 1o understanding
the emergence of cognition in humans.”

For the birds

Clayton’s talent for designing such ingenious
experiments comes, she says. from under-
standing what serub javs do in the wild, Dur-
ing the earlv 1990s, in John Krebs's Univer-
sity of Oxford lab. Clayton worked on mem-
ory development in food-caching Eurasian
Jays and uts, species known to have excellent
memories, Her work there showed that the
hippocampus region of these birds” brams
responded like a muscle 1o their food-hiding

www.sciencemag.org
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behaviors, growing markedly in size as they
stored seeds in numerous locations.

When she moved to UC Davis in 1995,
she found that the western scrub jays-
gray-and-blue birds with a raucous
squawk—were common, making it easy for
her to observe them in their natural setting.
“One thing | noticed almost immediately
wits that the scrub jays would steal bits and
pieces from people’s lunches and hide
these,” she says. “Later on, theyd return to
these caches and move them. But why?™

She decided to use this food-stashing
behavior as a starting point for her experi-
ments., using what she knew about the jays’
wild activities to reveal their psychology. For
these tests, Clayton provides them with sand-
filled ice-cube trays. Previous studies have
shown that in the wild, food-stashing birds
use nearby landmarks to remember their
stashes. To give the lab jays similar cues,
Clayton attaches a colorful stack of Lego
pieces 1o each cube of the tray. She offers the
birds nuis and fresh wax worms and films the
birds” behaviors.

She had observed that wild scrub jays stole
one another’s caches, if they could, and also
stored worms and bugs. which decay rela-
tively quickly. as well as longer-lasting seeds
and nuts. “They not only had to remember
where they buried things but when they did”
she points out. That observation led o a con-
troversial Natwre paper in 1998,

With her co-author. University of Cam-
bridge comparative psychologist Anthony
Dickinson, she asserted that scrub jays have
“episodic-like memory.” the abality 10 remem-
ber specific things they did in the past, a skill
akin to what humans do. “People seemed 1o
think that if a monkey had done it, that would
be one thing,” Clayton says, “but a bird™

Dickinson says he would never have con-
sidered making such a claim prior to meet-
ing Clayton. Indeed, Dickinson, a learning
theorist. confesses that when they met ata
1996 conference, he was initially dismissive
of Clayton’s research, saying there was
absolutely no reason an animal needed to
have personal. episodic memories. "It was
an outrageous statement,” recalls Clayton,
who countered that the birds had to remem-
ber when they buried something, particu-
larly fresh food, otherwise they d be wasting
time and energy ying back and forth con-
stantly to make sure the food was sull edible,
“That wouldn™t be at all adaptive.” says
Clayton. Intrigued, Dickinson soon found
himself collaborating with Clayton on
cxperiments desizned o investigate whether
the birds were making cognitive decisions or
behaving mechanistically.

www.sciencemag.org SCIE

“I wouldn’t have thought of using a natural
behavior—such as the food-caching—to ask a
psychological question, prior to meeting
Nicky.” says Dickinson. *But that’s her
strength: She’s a biologist who's capable of
thinking about psychological processes.”

Clayton met her other main collaborator
(and husband), Nathan Emery, at about the
same tme. He was then studving primates at
UIC Davis and delighted in boasting to Clavton
about his monkeys  many talents, “He made so
many “ape-ist” remarks. about how they could
do things that no other animal could do, and I'd
say, "But thats not true!” and tell him all about
my jays,” Clayton recalls. To his credit. she
adds, Emery immediately grew interested in
the jays. and soon he and Clayton were also col-
laborating on papers. adding his primatologist’s
credentials to their ¢laims that jays and their
relatives are as smart as apes, They moved o
England in 2000, bringing the jays with them.

Pilferers and physicists

In her lab at Cambridge, Clayton leads the
way into a room with large wire enclosures
lining the walls. Inside, the scrub jays squawk
and leap from the sides of the cages to their
perches and back, watching her every move.
1 find it s0 curious, the way they look vou
right in the eve.” says Clavion, who hand-
raised most of her charges. 1 think it’s
because they recognize individuals—that™s
not a scientific Ninding, just a gut feel. But |
think it's another factor in their pilfening; they
know each other as individuals.”

She, Emery. and postdoc Joanna Dally
have shown that the jays are well aware of
each other’s thieving natures and, once they
themselves have stolen the cache of a fellow
jay. learn to watch out for thieves, “They
might know something about what the other
bird is thinking: they seem to take his point
of view.” says Clayton. *They keep track of
who was waiching when™ (Science, 16 June
2006, p. 1662).

Many rescarchers think that such an
ability, called “theory of mind” is some-
thing that requires language and there-
fore can only be done by humans.
But Clayton disagrees. “1 think
[thievery] is one reason they've
become 50 cognitive: When
they stash their nuts, they have
a lot to worry about—they
have to think about it from
their own perspective, as
well as the thief s

Other compara-
tive psychologisis
are not persuaded
however. “It's a
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giant controversy,” says Shettleworth, explain-
ing that a jay stashing a nut may simply be
mentally recording the presence of another
bird near its cache: the jay returns to hide its
food elsewhere when the other bird is gone.
“The hoarder doesn’t need 1o know what the
other guy is thinking to act this way.”

It jays are thieves, then it seems that rooks
(Corvies frugilegus ) —raven-sized birds with
dark plumage—are physicists. Or. atthe very
least. the birds” ability to manipulate things
suggests they have some basic understanding
of the properties of objects and gravity, even
though rooks don’t use wols—and therefore
don’t need this knowledge—in the wild.

Clayton, Emery. and graduate student
Amanda Seed reported in the April 2006
issue of Crrrent Biology that rooks easily
mastered the simple physics required to
retrieve a piece of meat from inside a tube,
using a twig to push or pull as necessary until
the food fell 1o the ground. “You can see them
assessing the wibe and the stick and the bit of
food™ to arnive at a solution, says Clayton.
This behavior again suggests that these birds
are quite cognitive cregaiures.

Clayton, Emery, and University of Cam-
bridge postdoc Lucie Salwiczek plan to
expand their labs investigation of bird intel-
ligence this yvear by testing young jays newly
arrived from California for their understand-
ing of object permanence: that is, their abil-
ity 1o know that something is still there even
if they can’t see it. The adult birds must have
this ability, because after burving a nut, they
return to retrieve it. But Clayton and her col-
leagues want to know at what age they
develop this sense.

Despite her intense curiosity about these
birds" brains, Clayton says she will stay away
from neuroanatomical studies, as she is loath
to sacrifice any jays. “I'm too attached” she
savs. That may limit her progress, as

that’s the logical next step, says
neurobiologist Erich Jarvis of
Duke University in Durham,
North Carolina, who compares
bird and mammalian brains. Yet
even without taking this step.
Clayton is changing the way neuro-
biologists think, he notes. “Theresa
general belief that the further away a
group is from humans, the less intelli-
gent itwill be. So people are surprised—
even scientists are surprised—that some
birds can do many of these things.” For
Clavronia professorii, that's
something to crow about.
=VIRGINIA MORELL

Virginia Morell is a writer in Ashland,
Oregon.
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edited by Etta Kavanagh

Developing Drugs for Tuberculosis

IN THEIR POLICY FORUM "A PORTFOLIO MODEL OF DRUG DEVELOPMENT FOR TUBERCULOSIS™ (3
Mar, 2000, p. 1246), 5. W Ghickman ¢ af, conclude that achieving 93% confidence of at least
one new twberculosis (TB) drug takes 12 years and up to S400 million, and that there s a less
than 3% chance of a new TB drug by 2010,

Their first Monte Carlo simulation 15 based on only 11 of the 27 compounds in the global
portfolio (confusingly, stll labeled the “global TB drug portfolio™ in the first diagram). The
policy relevance of such subportiolio simulation is unclear.

The finding of a less than 3% chance may be a bit on the low side, wo. Gatillloxacin and
maoxifloxacin—the two drugs listed as Phase IV m Ghickman ef af. s reference (8)—are pre-
viously licensed anti-infectives for other purposes, now being re-indicated for anti-TB activity.
Gatifloxacin 1s already in Phase 111 and moxitloxacin is about to enter Phase 111 with the TB

Alliance, US. Centers for Disease Control, and Baver. Both come from the same subclass of

Huoroquinolones, and evidence suggests that their anti-TB efficacy is likely to be similar.
Given extensive prior clinical expenence and proven safety records. the likelihood of success
of these two compounds is better and more predictable, and development time and costs lower,
than for any of the other compounds should any of them reach Phase T11.

The second simulation, stll generating a less than 3%
chance, “doubled the number of phase | and [ compounds -iiﬁ% o e
in the [First] portfolio.” Yetu diagram 2 and the back- SRR S
ground paper refer o “double the number of com- -'i-@ R
pounds in preclinical and clinical tests.” Which of %
these did the authors do? What is the policy rele- _;
vance? Building up 1o "optimal™ portfolio size :

inevitably creates a cost bulge with hittle immedi- &
ate outeome. ®

The third simulation, and the 5400 mullion
lgure, is based on 30 phase | compounds only.
How this relates to the current 27-compound
global portfolio 15 not fully explained, although
any funding shortfall depends on it

And is the 1 1% per year cost of capital nominal
or real (1.e.. adjusting for inflation)? It seems to be
treated as nominal. although the Hgure it s derived from
(/) 1s real.

The point is to build a portfolio that will generate a rolling
supply of new TB drugs and not only the chance of the first one. According to the transition prob-
abilities used by Glickman et ¢l the 30-compound portfolio generates on average 2.925 drugs.
I the 5400 million is night, this means $136.75 million each, which compares Bavorably with cur-
rent funding into TB drug development. Policy-makers, and funders, need to hold their nerve ().

ANDREW FARLOW

Said Business School, University of Odord, Park End Street, Oxford, OX1 1HP, LK.
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PERSPECTIVES

Response

WE APPRECIATE THE LETTER BY FARLOW ON OUR
Policy Forum. and we reiterate that the TB
Aldliance’s support and facilitation are immeas-

urable contributions toward the success of

bringing new antituberculosis drugs wo market.
One goal of our analysis was o focus atention
on the eritical need for new antituberculosis
drugs in the developing world by quantifying
the gap between what 15 being spent and what
needs w be spent to bring new drugs w market.
Whether it will take 10 years or 20 years to
develop the next effective antituberculosis
drug is not certain, What is cenain is that the
need for such drugs is growing. and greater
resources would help o shorten the develop-
ment time. Since our Policy Forum was pub-
lished. an outbreak of extensively drug-resist-
ant tuberculosis has been reported ( /), further
highlighting the urgency of the problem.
Therefore, we joim in calls for increased sup-
port of antituberculosis drug development.

The first simulation model desenbed inour
Policy Forum is based on all 11 compounds in
the global antituberculosis drug porttolio that
were in preclinical or climical testing at the ume
of our analysis. We derved this imformanon
from a report by the Stop TB Parmership (2).
The remaining 16 compounds in the global
portfolio were in discovery phase. The time
required o bring any of these 16 compounds to
market was well bevond the timeline of our
analysis (through 2019), and their inclusion in
the portfolio model would have simply mflated
development costs without providing precise
estimates around the eventual timing or likeli-
hood of their development. Our model did
include gatnfloxacin and moxifloxacin, com-
pounds that were in phase [1 testing for use in
antituberculosis regimens at the nme of our
analysis. Phase [ testing of gatifloxacin was in
planning stages (3). To our knowledge, there
was o publicly available information about
phase I11 testing of moxifloxacin at that time.
W are pleased to learn that the drug may soon
enter phase 1 clinical trials,

We conducted two additional exercises
to illustrate the magnitude of the challenges
that policy-makers face in antituberculosis
drug development efforts, In one exercise, we
repeated the first simulation but doubled the
number of compounds in preclinical and clini-

wWww.sCrencemag.org
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cal testing. In another exercise, we examined
how increasing the number of phase 1 com-
pounds alfects drug development umeline and
costs, Despite lanze increases in the number of
compounds in these hypothetical portfolios,
our findings indicate that substantial chal-
lenges remain in bringing new antituberculosis
drugs to market in a manner that is timely and
not cost-prohibiiive. Resources would ideally
be directed woward compounds in late stages of
development. However, given the imited num-
ber of such compounds in the current portfolio,
resources should be devoted o increasing the
number of compounds in carly clinical esting.

As described in our Supporting Online
Material, we used a 4% annual cost of capital,
not | 1%, Our choiee of 4% reflects our beliel
that this 15 an appropriate (nsk-tree) discount
rate for projects that are intended 1o generate
social benefits, rather than the higher discount
rate tvpically assumed by the pharmaceutical
industry for profit-maximizing purposes.

We believe that the model accurately
reflects the drug development process from the
perspective of a public-private partnership, but
could be improved with more reliable and
tumely input. We would welcome an opporiu-
nity to contribute o dialozue and planning for
antituberculosis drug development by expand-
ing the maodel o imelude all public and nonpub-
liec information about potential therapies for
tuberculosis. Such a model would allow the TH
Alliance and the funding commumity to better
understand the status of public-private partner-
ships in antituberculosis efforts and o assess
the full rnge of unmet needs.

SETH W. GLICKMAN,™ EMMA B. RASIEL,® CAROL
DUKES HAMILTON,* KEVIN A. SCHULMAN™2*

1Duke University School of Medicine, Durham, NC 27710,
USA. “Health Sector Managemenl Program, The Fugua

Letters to the Editor
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School of Business, Duke University, Durham, NC 27708,
USA. *Department of Economics, Duke University, Durham,
NC 27708, USA,

*Address for comespondence: Center for Clinical and Genetic
Economics, Duke Chinical Research Institute, PO Box 17969,
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A Way to Deal with
Image Enhancement

THE PROBLEMS RAISED IN THE NEWS FOCUS
article “Don’t pretty up that picture just yet™
(J. Couzin, 22 Dec. 2006, p. 1866) on image
editing in scientific publications can be
ameliorated in the near term. For every pub-
hished image, authors should be required to
add the original. unaliered image to their
supporting online data. First, this will allow
the authors to gussy up their images for clar-
ity and emphasis of specitic points without
being disingenuous. I they wish. aficiona-
dos in the field and other interested readers
will be able to view the “rw data”™ and judge
scientific validity. Second, by imposing

the requirement for all images, regardless of

the amount or type of editing, ambiguity
as regards “literary license™ 15 removed.
Duplicity is not addressed, but umintentional
missteps would be mimimized.

LAWRENCE BODENSTEIN

Columbia University, New York, NY 10032, USA. E-mail:
Ib2126@columbia.edu

Recognizing William
Bateson's Contributions
IN THEIR REPORT "A COMPLEX OSCILLATING

network of signaling genes underlies the
mouse segmentation ¢lock™ (8 Dec. 2006,
p. 15393), M.-L. Dequéant er af. expand on
Pourgquie’s (/) work demonstrating that the
precursors of vertebrae (somites) are rhythmi-
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cally produced from the presomitic mesoderm
(PSM), specifically, how “during the forma-
tion of each somite [the gene coding for the
transeription [actor], Ling 15 expressed in the
PSM asa wave that sweeps across the tissue in
a posterior-to-anterior direcnon” (p. 1595).
Histoncally, however, the idea of a rhyth-
mical element in the development of repeated
or meristic parts, such as somites and verte-
brae. belongs to Willlam Bateson. By 185885,
Bateson had become consumed by studying
variation in plants and animals as differences
of expression of repeated parts. In September
1891, Bateson wrote to his sister that his
“vibratory theory of repetition of parts”
(also called the “Undulatory Hypothesis™)

explamed “all the patrerns and recurrence of

patterns in animals and plants™ In Materials.
Bateson suggested that as waves of diffenng
intensities create different numbers and spac-
ings of sandy furrows, so. o, will develop-
mental waves of differing intensities deter-
mine the expression and number of elements
in series of repeated structures ().

Although scientists usually concentrate on
recent literature, the work of past scholars may
still sometimes enlighten. In addition to trans-
lating into English Mendel’s sole article and
expanding Mendelism to include animals.
Bateson struggled with ssues such as the on-
gin of species and of the features that distin-

guish them. His thoughts on alterations of

development as the basis of evolutionary or

specific novelty may have 1ts roots

Victorian saltationism, but his appreciation of

the achievement of difference through alwer-
ation of the developmental mechanisms
underlying repeated parts foreshadowed by

almost a century the current mcarnation of

developmental biology and the theoretical
field of “evo=deva™ [ 3).
JEFFREY H. SCHWARTZ

Departments of Anthropology and History and Philosophy of
Science, University of Pittsburgh, Pittsburgh, PA 15260, USA
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CORRECTIONS AND CLARIFICATIONS

Reports: “Electric field=induced modification of magnet-
ism in thin-film ferromagnets”® by M. Weisheil et al,
(19 Jan., p. 349). The firsl affiliation was incorrect. It
should be *Institut Néel, CNRS/Université Joseph-Fourier,
25 Mvenue des Marlyrs, Boile Postale 166, F-38042
Grenoble Cedex 9, France.

Perspectives: "Negative refractive index at optical wave-
lengths™ by C. M. Soukoulis ef al. (5 Jan,, p. 47). In the fig-
ure, the scale for the green panel should have been 200 nm,
and the scale for the blue panel should have been 500 nm.

23 FEBRUARY 2007

1077



1078

=10]0] .

NEUROSCIENCE

Dangers of Brain-o-vision

Daniel M. Wegner

magine a gadget, call it “brain-o-

vision,” for brain scanming that doesn’t

create pictures of brains at all. That’s
right. no orbs spattered with colorful “acti-
vations™ that need to be interpreted by neu-
roanatomists. Instead. with brain=-o-vision,
what a brain sees is what yvou get—an image
of what that brain is experiencing. I the
person who owns the brain 1s envisiomng
lunch., up pops a cheeseburger on the
screen. Il the person is reading a book. the

screen shows the words. For that matter, if

the brain owner is feeling pain, perhaps
brain-o-vision could reach out and swat the
viewer with a rolled-up newspaper. Brain-o-
vision could give us access to another per-
son’s consclousness (/).

Technologies for brain-o-vision are
beginning o seem possible. We are learning
how brain activations map onto emotions,
memaornes, :Illd I!'I'II...'I!I."lI Processcs, LII‘.II..I 1t
won't be long before we might trans-
late activations into Google searches
for images of what the bram s think-
ing. There is a specific brain area
linked with face percepuion (2). for
instance, and even a neuron that
fires when it sees Jennifer Aniston
(3). S0 why, in principle, shouldn’t
we be able to scan a brain and dis-
cover when it is looking at her—and
eventually even learn what she's
wearing? Of course. 1t may be many
vears to the beta version. But imag-
ine that everything works out and
brain-o-vision goes on sale at Wal-
Mart. Could the device solve the
problem of whether consciousness
causes behavior?

With direct evidence of a person’s
consclousness. we could do science
on the question, We could observe
regularities in the relatnon between
consciousness (say, a thought of sip-
ping collee ) and behavior (the actual
drink). If the consciousness always pre-
ceded the behavior (and never occurred
without being followed by the behavior), we

could arrive at the inductive inference of

causation and, as scientists, be quite happy
that we had established a causal connection,

The reviewer is al the Department of Psychology, Harvard
University, 33 Kirkland Sireet, Cambridge, MA 02138,
USA. E-mail: wegner@wih.harvard.edu
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In fact, this is the project about which sev-
eral of the contributors to Does Conscious-
ness Cause Behavior? (Marc Jeannerod,
Richard Passingham and Hakwan Lau, Supama
Choudhury and Sarah-Jayne
Blakemore) give masterful
reports (using measures of
consciousness  other than
brain-o-vision). So whats the
problem? Why is the 1ssue so
vexing that this book and
many others have taken up the
question? Certaunly, one snag
is that we don™t wyet have
brain-o-vision. But that’s not
the full story, There is a key sidetrack on the
way to establishing this causal inference
that has lelt philosophers and scientists ina
muddle for vears.

The problem is that we each have our
own personal brain-o-vision shimmering

and blaring in our heads all day long. We
have our own consciousness, and we find its
images mesmerizing. The picture that our
minds produce shows what looks exactly

like a causal relationship: 1 thought of

drinking the cottee and then 1 did it. This
apparent relatonship anchors our intwtion
about the conscious causation of behavior
s0 deeply that it 1s difficult to understand
that this causal inference is something that

Does Consciousness
Cause Behavior?

Susan Pockett, William P
Banks, and Shaun
Gallagher, Eds.

ought to be a scientific matter, not an intu-
itive one. We can't turn ofT the inner televi-
sion and try to Figure out what really hap-
pened. Each of the volume's contributors
struggles to find some rapprochement
between the personal experience of con-
scious causation and the possibility that
consciousness might not cause behavior
leaving the experience an illusion.

An occasional undercurrent in the vol-
ume is the dea that excep-
tions to the standard inner
experience of consclous cau-
sation should be discarded as
uninformative. For example,
Libet’s classic finding (4) that
brain activation precedes the
reported conscious experi-
ence of willing action is often
cited as evidence that con-
sclousness is not the initial
cause of behavior, and that it instead oceurs
in a chain of events imtated by brain events,
Several contributors examine this finding in
creative wavs—but, curiously, others belitile
the finding as a laboratory-bound oddity,
The dismissal of exceptional cases extends
to some chapters that question the value of
examining any unusual lapses of conscious
causation—such as those in hypnosis. facil-
iated communication. schizophrenia, or
psychogenic movement disorders or in
automatisms such as dowsing and table-
turning. These anomalous cases sometimes
reveal that the expenence of conscious cau-
sation can diverze from the actual causal cir-
cumstances surrounding behavior. We need
to understand such cases to establish when it
15 that consciousness thinks it 1s causing
behavior. Exploring a phenomenon by
studying its boundaries 1s a standard operat-
ing procedure of science, and it is curious
that some students of mind would wish such
informative exceptions swept under the rug.

Research into conscious causation is
complicated by the fact that the scientisis
and philosophers studying the problem are
people. Our own personal bramn-o-vision
leads us to idealize apparent conscious cau-
sation and disparage exceptions, We may not
be able to turn off our own consciousness
and consider the question dispassionately,
but it probably would help.
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Perceptions of
a Receptor

David Colquhoun

like history. Nothing gives one a better

feel for a subject than knowing how

it developed. Nicorinic Acernvicholine Re-
cepiors concentrates on the French contribu-
tion to knowledeze about these neurotransmit-
ter receptors, and it’s a good (1f, at times,
idiosyncratic) read.

The nicotinie acetylcholine receptors are
often referred to as the most investigated and
best understoad type of higand-gated won chan-
nel. That is probably true of the type that
occurs in electric eels and ravs, and the very
similar receptor that mediates neuromuscular
transmission in vertebrates, but the sorts of
nicotinic receptor that occur in the central
nervous system are much less well understood.

I can remember well the April 1972 meet-
ing at which, with a Mourish, Jean-Pierre
Changeux produced from his pocket a tube
with a thin blue band and proclaimed. *We
have the receptor.” Beginning i the early 20th
century, most people had sup-
posed that a receptor must be
something like an enzyme, and
here at last was the proof. After
that, progress was fast, Soon
cloning (largely in Japan ) deter-
mined the pnimary sequence of
the receptor subunits, and the
invention of the patch clamp
method led to much better func-
tional studies of the receptor.
Collaborative work (at first,
largely between German and Japanese re-
searchers) revealed the nature of the adult and
embryonic forms of the receptor and the loca-
tion of the ion channel within it

This book covers evervthing about the
nicotinic receptors from purificaton, func-
tion, and structure through to speculations
about the role of the neuronal type of nico-
tinic receptors that are found in the brain,
Many parts are good. but Changeux (Institut
Pasteur) and Stwart Edelstein (University of
Geneva). like all of us, are perhaps victims of
their own backgrounds, They deal much more
authoritatively with the biochemical and
structural aspects of the receptors than the
functional aspects.

The reviewer is at the Department of Pharmacology,
University College London, Gower Street, London WC1E
6BT, UK. E=mail: d.colquhoung@ucl ac.uk
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Nicotinic Acetylcholine
Receptors

by Jean-Pierre Changeux
and Stuart J. Edelstein

Throughout the book, the authors contrast
two types of models for receptor activation
by agonists: allosteric models ("good™) and
sequential models (as used by electrophysiolo-
gists, “bad”). In my view, this distinction is
totally spurious. The authors never really deline
“sequential” but usually it seems to mean that
the unliganded open stae is omitted from a
postulated mechanism. When that 1s done. it s
done for practical reasons. The authors are
speaking theoretically, bur when working with
experimental results, one can’t it parameters
about which the data contain no information. It
15 obvious that unliganded open channels must
exist: in principle. from Boltzmann’s law: in
practice, from mutant receptors that open inthe
absence ol agonist at a rate fast enough to
measure. Any apparent difference in approach
is a difference between those who have data and
those who haven't,

Such misapprehensions give rise 10 some
surprising assertions. For example, “these
[single channel] studies do not give the exact
relationship between binding evemts and chan-
nel opening events. The [Monod-Wyman-
Changeux] formalism, on the other hand,
makes specific experimental predictions for
these relationships.” In fact. all postulated
mechanisms make such predictions.

Or, “In conclusion, experi-
mental data—particularly the
data concerning pleiotropic
pathological mutations in the
nicotinic receptor .. .—that are
readily accounted for by the
allosteric schema cannot be
satisfactorily represented by
the sequential schema.”™ (Here,
“pleiotropic™ means that when

ar Biology

a protein it can have compli-
cated and unpredictable effects.) This is sim-
ply untrue, The authors present two pages
devoted to simulations (based on numbers
from the literature) that purport to show that
the effect of a mutation is mediated by chang-
ing the equilibrium constant L for the
conformation change (shut to open) of the
unliganded receptor. The simulations bear a
qualitative resemblance o observations made
by Ohno et al. (1), but they do not fit them.
Nevertheless, the authors conclude that their
postulated mechanism is correct. Although,
the idea that mutations change L is attractive,
the evidence is not strong. Perhaps the best
evidence comes from some very thorough
work by Auerbach’s lab (2). but that work is
not cited. Even more surprising, in discussing
transduction of the signal from the binding
site to the channel gate, the authors ignore
the whole body of work by Auerbach and

you mess with the structure of

BOOKSETAL

Grosman (3) on phi-analysis as well as related
waork on the Mip mechanism (4).

A lack of precision also appears n the dis-
cussion of “allosteric diseases.” Since around
1980, it has been appreciated that the physio-
logical event tnggered by the agonist is a short
burst of channel openings. the duration of
which controls the decay rate of the synaptic
current. Mutations can slow this decay either by
making the individual openings longer or by
producing more (re-jJopenings withowt chang-
g the length of each. The latter occurs when
the mutation slows the dissociation of agonist.
Several mutations of this sort have been
described, the classical one being oG 1535,
Sine er al. noted that “its prolonged activation
episodes arise primarily from a decreased rate
of dissociation of [acetylcholine], allowing
repetitive opening during [acetvlcholing] oceu-
pancy™ (3). Yet the book incorrectly states that
the eflect is to produce “longer openings,” thus
1enoring the last 25 vears of developments in
the understanding of synmaplic currents,

The word allosteric seems o appear on
almost every page. although in most cases it
could be omitted without changing the mean-
ing. I have never found the word very useful,
if only because it is used in so many different
senses (6). To the list we can now add
“allostenic diseases.”

The authors give an informative account of
their behavioral studies with knockout mice.
but. for me, it is rather spoiled by a hyperbolic
style: “In conclusion, from the cognitive per-
spective, these Nindings clearly illustrate the
volvement of nicotnic receptors in regulat-
ing the transition berween states of conscious-
ness.” And if you don’t quite follow that, vou
are referred to a network diagram that strikes
me as little more than fantasy. The fact is that
cholinesterase inhibitors do little or no good
for Alzhemmer’s disease { 7). never mind regu-
lating consciousness,

The account Changeux and Edelstein pro-
vide in Nicorinic Acervicholine Recepiors 15
very good in parts. Nonetheless. as an overall
view of the current state of our understanding,
it is not only incomplete but sometimes posi-
tvely misleading.
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ASSESSMENT

Standardized Tests Predict
Graduate Students’ Success

Nathan R. Kuncel' and Sarah A. Hezletf?

ceurately predicting which students

are best suited for postbaccalaureate

graduate school programs benefits
the programs. the students. and society at
large. because it allows education to be con-
centrated on those most likely to profit
Standardized tests are used to forecast which
students will be the most successiul and
obtain the greatest benelit from graduate edu-
caton in disciplines ranging from medicine to
the humanities and from physics o law,
However, controversy remains about whether
such tests effectively predict performance in
eraduate school. Stdies of standardized west
scores and subsequent success in graduate
school over the past 80 vears have often suf-
fered from Limited sample size and presemt
mixed conclusions of variable reliability.

Several meta-analyses have been con-
ducted to extract more reliable conclusions
about standardized tests from a variety of dis-
ciplines. To date, these review studies have
been conducted on several tests commaonly
used in the United States: the Graduate
Record Examination (GRE-T) (/), Graduate
Record Examination Subject tests (GRE-5)
(1), the Law School Admissions Test (LSAT)
(2=4). the Pharmacy College Admissions Test
(PCAT) (3), the Miller Analogies Test (MAT)
(6). the Graduate Management Admissions
Test (GMAT) (7). and the Medical College
Addmussions Test (MCAT) (8, 9.

We collected and synthesized these swud-
1es. Four consistent hindings emerged: (1)
Standardized tests are effective predictors
of performance in graduate school. (ii)
Both tests and undergraduate grades predict
|mpurl:ir|t lll...'.;!l'..ll...'lTl!L' Outcomes hl..‘_\'ﬂﬂ'l.j jjﬁldi:!'i
carned in graduate school. (i) Standardized

admissions tests predict most measures of

student success better than prior college
academic records do (/-5, 7, 8). (iv) The
combination ol tests and grades vields
the most accurate predictions of success

(4.7, 8).

IDepartment of Psychology, University of Minnesota, 75
East River Road, Minneapolis, MN 55455, USA. PPersonnel
Decisions Research tnstitutes, 650 Third Avenue South,
Suite 1350, Minneapolis, MN 55402, USA

*Author for correspondence. E-mail: kunce001@umn.edu
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Structure of Admissions Tests

Most standardized tests assess some combina-
tion of verbal, quantitative, wiriting, and ana-
Ivtical reasoming skills or discipline-specific
knowledge. This is no accident, as work in all
fields requires some combination of the
above. The tests aim to measure the most rele-
vant skills and knowledge for mastering a par-
ticular discipline. Although the general verbal
and quantitative scales are effective predictors
ol student success, the strongest predictors are
tests with content specifically linked to the
discipline (/. ).

Estimating Predictive Validity

The predictive validity of tests is typically
evitluated with stanstics that estimate the
linear relationship between predictors and
a measure of academic performance.
Meta-analyses synthesizing primary studies
of test validity aggregate Pearson correla-
tions. In many primary studies, the correla-
tions are weakened by statistical artifacts,

thus contributing 10 misinterpretation of

conclusions. The first attenuating factor is
the restriction of range that occurs when a

Standardized admissions tests are valid predictors of
many aspects of student success across academic
and applied fields.

sample is selected on the basis of a predictor
variable that has a nonzero correlation with
an outcome measure { /1), The second anen-
uating factor 1s unrehability in the success
measure resulting from inconsistency in
human judgment (/7). Where possible, rec-
ognized corrections were used (/2) to
account for these artifacts.

Research has been conducted on the
correlation between test scores and various
measures of student success: [rst-year
grade point average (GPA), graduate GPA,
degree attainment, quahifving or compre-
I'H...'I'Ihl"u.'l...' cxamination sCores, rcau;m.:h !'fl]'l'l-
ductivity, research citation counts, licensing
examination performance, and faculty eval-
uations of students. These results are based
on analyses of 3w 1231 studies across 244
to 259.640 students. The programs repre-
sented include humanities, social sciences,
biological sciences, physical sciences, math-
ematics, and professional graduvate pro-
arams i.l‘l. ll'l.'ll'i.;l;i..'l'lh.!l'l[. |:!"r'||'.. pll;tl’lmlﬁ}'. :1]11.'
medicine. For all tests across all relevant
SUCCCRS MOASUTe s, ."iul.'lll'il..l;'lri.ll}'fl.‘.‘d test scores
are positively related to subsequent meas-
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Faculty | ;
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Tests as predictors. Standardized test scores correlate with student success in graduate school. See table 51

for detailed data.
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ures of student success [see chart, table 51,
and supporting online material (SOM) text].

Utility of Standardized Tests

The actual applied utility of predictors
15 not easily mferred from the correlations
shown in the chart. The number of correct and
incorrect admissions decisions for a specilic
situation can be estimated from the correla-
tion (/3) (SOM text). In many cases, fre-
quency of correct decisions can be increased
from 5% to more than 30% (SOM text). In
addition, correlations were converted into
odds ratios using standard formulae ( /4) to
facilitate interpretation (table S1).When an
institution can be particular about whom it
admits, even modest correlations can yield
meaningful improvements in the performance
of admitted students.

The worry that students” scores might con-
taminate future evaluations that, in turn, influ-
ence outcomes appears to be untfounded. The
predictive validity of tests when evaluators do
or do not know the individuals score 15 unaf-
fected (13, 16) and, some outcomes, such as
publication record. are not directly influenced
by test scores.

Bias in Testing

One concern 15 that admissions tests might
be biased against certain groups, including
racial. ethnic, and gender groups. To test
for bias, regression analyses ofan outcome
measure are compared for different groups
(12, 17), If regression lines do not differ,
then there 1s evidence that any given score
on the test is associated with the same level

of performance in school regardless of

group membership, Overall and across
tests, research has found that regression
lines frequently do not differ by race or
ethnic group. When they do. tests 5:.-~<tn.,|n-
atically favor minority groups (/8-23).
Tests do tend to underpredict the perform-
ance of women in college settings (24-26)
(SOM text) but not in graduate school
(18-21. 23).

liems from most professionally devel-
oped tests were screened for content bias
and for differential item functioning (DIF).
DIF examines whether performance on an
item differs across racial or gender groups
when overall ability is controlled. Most
items do not display DIF but some content
patterns have emerged over time (see SOM
text). To avoid negative effects, DIF items
can be rewritten, eliminated before finaliz-
ing the test, or left unscored. Research has
found that the DIF effects remaining in tests
have effectively zero impact on decision-
making (27).

www.sciencemag.org SCIENCE VOL 315 23 FEBRUARY 2007

Coaching Effects in Testing

If test preparation yields large gains, then
concerns about the gain’s effects on differ-
ential access to higher education and the
predictive validity of tests are understand-
able., Scores on any test can be increased to
some degree because standardized tests
are, like all ability tests, assessments
of developed skills and knowledge. The
major concern is that coaching may pro-
duce gains that are unrelated to actual skill
development.

In controlled studies, gains on standard-
ized tests used for college or graduate
admissions are consistently modest. The
typical magnitude for coached preparation
is about 25% of one standard deviation
(28-33). Longer and longer periods of study
and practice are needed to attain further
equal increments of improvement. Those
item types that have been demonstrated to
be most susceptible to coaching have been
eliminated from tests ( 34). Test preparation
or retaking does not appear to adversely
affect the predictive validity of standardized
tests (33-37),

Future Directions

Standardized admission tests provide useful
mformation for predicting subsequent student
performance across many disciplines. How-
ever, student motivation and interest, which
are eritical for sustained effon though gradu-
ate education, must be inferred from various

unstandardized measures including letters of

recommendation. personal statements. and
interviews. Additonal research is needed to
develop measures that provide more reliable
information about these key characteristics.

These efforts will be facilitated with more
information about the actual nature of student
performance. Rescarchers have examined a
number of important outcomes but have not
captured other aspects of studemt performance
including networking. professionalism, lead-
ership, and administrative performance. A
fully specified taxonomy of student perform-
ance dimensions would be invaluable for
developing and testing additional predictors
of student performance.

Results from a large body of literature
indicate that standardized tests are uselul
predictors of subsequent performance in
graduate school, predict more accurately
than college GPA, do not demonstrate bias,
and are not damaged by test coaching.
Despite differences across disciplines in
grading standards. content, and pedagogy,
standardized admissions tests have positive
and useful relationships with subsequent stu-
dent accomplishments.
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19.
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MICROBIOLOGY

Mayhem in the Lung

Barbara C. Kahl, Georg Peters

nfection by the pathogenic bacterium

Stapiodococcus aurens can cause a wide

range of conditions. from mild skin infec-
tions to hite-threatening endocarditis, pneumo-
iz, and sepsis (). Until recently, severe infec-
tions caused by strains that are resistant to
multiple drugs including PB-lactam antibi-
otics (pemeillin and cephalosporin)—the so-
called methicillin-resistant 8. aurens (MRSA)
strains—were found exclusively in health-care
institutions and hospitals, and strong hygiene
procedures were used to prevent transmission
and destroy the bacteria. But in 1999, fatal
infections caused by MRSA were unexpect-
edly reported in the community (7). Since then,
the spread of community=acquired MRSA o
healthy individuals has been worldwide (3-3).
resulting in severe fatal infections including
fasciitis necroticans (“flesh-eating bactena™)
( 1), Waterhouse-Friedrichsen syndrome (7).
and highly lethal necrotizing pneumonia (&),
On page 1130 of this issue. Labandeira-Rey ¢t
al. (¥) report that MRSA strains that cause
necrotizing pneumonia rely on the dual action
of a single bactenal toxin that results in the
destruction of respiratory tissue and bacte-
ria-engulfing immune cells and exacerbated
inflammation. This new understanding may
help guide the design of effective therapeutic
regimens for 8. arrews infections and other
infectious respiratory illnesses,

Both community-acquired MRSA and
methicillin-susceptible strains can secrete
Panton-Valentine leukocidin (PVL), a protein
whose active form creates a pore in the cell
membrane of leukocyvtes such as neutrophils,
Most patients dying from necrotizing pneumo-
mia have low numbers of leukocytes in their
bloodstream, supporting leukotoxicity by PVL
in vivo (8). It seems that the combined pres-
ence of the PVL-encoding gene and miecA. the
wene that encodes resistance to methicilling, has
created superadapted MRSA strains that are
spreading in the community (/0). Yet the pre-
cise role of PVL during pathogenesis has been
an open guestion, as mouse models of S
arerens infections (sepsis and abscess develop-
ment) do not implicate the protein as a major
virulence factor (/).

To investigate the function of PV'L in the

The authors are in the Institute of Medical Microbiology,
University of Minster, Domagkstrasse 10, D-49149
Minster, Germany. E-mail: georg. pelers@uni-muenster. de
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Insights on how a lethal strain of bacteria causes
necrotic pneumonia may guide development of
drugs and vaccines that combat dangerous
respiratory pathogens.
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Busy toxin. The 5. pureus protein PVL triggers a combination of events in an infected lung including the
destruction of respiratory tissue and host defense cells (neutrophils) and increased inflammation. This ulti-

mately leads to falal necrotic pneumonia.

pathogenesis of necrotizing  pneumaonia,
Labandeira-Rey ¢t al. established a new mouse
model of acute pneumonia. The authors used
clinical PVL-positive S arrens strains as well
as strains that were engineered to express PYL
or not, The gene encoding PYL can be trans-
nutted among bactena by a virus (phage). The
authors generated 1sogenic strins of S, awens
harboring either PVL-carrying phage or phage
lacking the PVL locus, and PVL-negative bac-
teria carrving extrachromosomal DNA (plas-
mid) with the PVL gene. After 2 days. mice
infected with PVL-positive bacteria showed
changes in lung tssue comparable 1o those
observed in human necrotizing pneumeonia
an abundance of infilrating neutrophils.
inflammation of the lung  parenchyma, tis-
SLUC NECTOSIS, .;'II'I.d I'II...']TIU!'J"'ILI.:_’L‘. II'I contrast, lI'II...'
lungs of mice infected with PVL-negative
strains were mostly normal. Presence of the
toxin in the lungs of animals infected with
PVL-positive strains was also detected with
PVL-specilic antibodies. Furthermore, ad-
ministration of the toxin resulted in dose-
dependent tissue damage. In other words, the
toxin alone was enough o desiroy lungs,
Increased binding of clinical PVL-positive
strains 1o injured human airway epithelium in
vitro has been descnbed previously (/2).
Bactenia bind wo epithelial cells and extracellu-
lar matnix. proteins through proteins that are
covalently anchored o the cell wall and act as

adhesins. In 5. awrens. the expression of
adhesins and seereted proteins (such as tox-
ins) is tightly regulated during the bacterial
growth phase. Adhesin expression is activated
during the early log phase. whereas toxin
expression 15 activated during late log phase,
when the expression of adhesins 15 sup-
pressed. This differential expression ol viru-
lence factors depends on environmental sig-
nals and is thought to achieve optimal spatial
and temporal adaptation of the pathozen.

One of the most important adhesins of S,
erttrens 15 staphylococcal protein A (or SpA).
which has long been known to block the
engulfing action of phagocytic immune cells,
Labandeira-Rey ef al. demonstrate that PVL
causes changes in gene expression thar may
affect straun virulence, The authors found that
ina PV L-positive strain, adhesins such as pro-
tein A are highly expressed in all growth
phases. and not inhibited as might be expecied
in late log and stationary phases. In contrast,
secreted proteins such as proteases are not
expressed. Therefore, PVL seems to act at the
transition from loganthmic to stationary
growth phases by an as vet unidentified mech-
anism. Such negative regulation of bacterial
toxin expression has been shown to oceur in
8. anrens strains harboring the gene for toxic
shock syndrome toxin (/3). The surprising
new finding 15 that PVL also acts as a positive
regulator of adhesion expression,
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The Labandeira-Rey er af. finding 15 espe-
cially important in light of the new proinflam-
matory role recently defined for protein A in
preumonia (see the figure). Protein A activates
a receptor on the surface of respiratory epithe-
lial cells that normally binds to the prointlam-
matory cytokine tumor necrosis factor-o, This
triggers the recruitment of neutrophils to the
lung. thus mimicking the effect of the cyvtokine
(/4). Using PVL-positive strains that cannot
express protein A, Labandeira-Rey er al. show
decreased severe infections in mice. and no
animal deaths.

A clearer picture thus emerges of the lethal
events that lead to hemorrhagie, necrotizing
preumonia. Concerted action of the bacterial
adhesin protein A as well as the dual actions
of PVL to boost protemn A expression and lyse
host cells reveal a new type of synergism
among pathogenic factors, This is good reason
to seek new diagnostics and therapeutics to
fight the havoe that S, aurens can wreak.
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Better Geometry Through Chemistry

Randall D. Kamien

n his lectures on physics, Fevnman

explained the properties of surfaces from

the point of view of bugs living on them
(/). Consider a bug that lives on a surface
having a temperature that changes from
place to place. Assume also that the bug and
any ruler it uses to measure distance are
made of the same material and expand and
contract together as the temperature varies.
The spaually varying temperature thus
becomes a spatially varying distance scale.
Feynman then shows how. by appropriately
varyving the temperature, we can convinee the
bug that it lives on a sphere, or a piece of a
saddle. and so forth. In a similar vein. we can
deduce that the world is round by measure-
ments on the surface and do not need to view
it from outer space.

This abstraction in which local measure-
ments tell us about the global geometrie
properties of an object 15 known as intrinsic
or Riemannian geometry (2), Although it
forms the basis for Einstein’s theory of gen-
eral relatvity, in which curved space-time
causes gravitational attraction, Riemannian
geomelry 15 not only unnecessary but also
incomplete when it comes to physical, two-
dimensional surfaces in three dimensions. As
reported on page 1116 of this issue. Klein
et al. (3) have made clever use of the connec-
tion between the intrinsic geometry of a sur-
face and how it sits in space. Instead ofa tem-
perature that changes from place to place on
a sheet. they have locally altered the chem-
istry 1o make it locally expand and contract,
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changing the bug’s ruler at cach point, In 50
doing, they are able to force the sheets o
twist, bend. and distort controllably and
reversibly. Instead of molding matenals into
complex three-dimensional surfaces, Klein
et al. have created self-folding materials
through a beauwtiful connection between two-
and three-dimensional geometry.

Why do potato chips curve into three-
dimensional shapes, as shown in the top panel
of the figure? Imagine drawing on the un-
cooked chip a regular grid that can be used to
measure distances—the so-called “flat met-
ne’ As the slice 1s fried. different regions
shrink by different amounts, warping the

onginal grid. [F'we now

o 3 try to draw a new re-

gularly spaced grid
on the deformed

Isolated Gaussian
curvature

Controlling a fold. (Top) The random
shape and temperature during cooking
lead to random three-dimensional
shapes of potato chips. (Middle) By cut-
ling a wedge from a disc, we can fold il
into a cone along the dashed line.
{(Bottom) A cutaway view of a possible
geometry made of stacks of warped sur-
faces. [Adapted from (6)]

Chemically patterned flat surfaces can be made
to crumple and fold in a controlled way.

surface there will be, in general, no registry
with the original grid. This is familiar: The
lines of latitude and longitude on Earth can-
not be laid onto a square grid without stretch-
ing the northernmost and southernmost land
masses. Indeed, the whole point of Feynman’s
parable of the bugs is that merely by measur-
ing distances on the surface of Earth, we can
deduce its shape.

Can this shrinkage be controlled to fold a
Mat dise into a sphere or an even more
complex object” Klein et al. have done just
that. By changing the spatial concentration
of N-isopropylacrylamide. a molecule that
undergoes a drmmatic, reversible reduction in
volume at 33°C, they have programmed the
linal metrnie of the surface. Above the transi-
tion temperature, the flat gel dises fold into
controllable three-dimensional shapes.

How does this happen? To accommodate
the change in the grid. the thin sheet can either
stretch or bend. Because thin sheets bend

more easily than they stretch, they can
more casily crumple into the third
dimension than stretch (4), and the

stresses are relieved through
buckling. For instance. as

the figure, consider a dise
with a wedge cut out of
it. We can connect the
two dashed lines to
form a contiguous sur-
face by stretching the
dise unul they meet,
Alternatively. we can
make a cone without
stretching the onginal
surface ifwe allow the
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shown in the middle panel of
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surface to buckle out into the third dimension.
On the unstretched disc, the shortest distance
between A and B is a straight line. the blue
path, On the cone, however, the red path is
connected and shoner than the blue path. The
cone is flat except at the vertex, where there is
intrinsic, or Gaussian, curvature. That is pre-
cisely what happens in these gel discs.
Although a bug on the stretched surface and
on the cone will observe the same two-dimen-
sional, intrinsic geometry, our exirinsic view
from outside the surface will be different.

In general relativity. there is no need for
our four-dimensional. curved space-time o
be embedded in a higher-dimensional space,

but when it comes to materials, we see that
this buckling into more dimensions enables
Klein et al. o create, control. and manipulate
surfaces, containers. and actuators, More-
over, controlling the geometry of sheets
should make it possible for layered systems to
self-assemble with intrinsic curvature, as
shown in the bottom panel of the figure,
These base units would come together to
form triply periodie structures and. if mixed
and matched properly with diblock copoly-
mer architectures, can stabilize new and vet
unseen morphologies. It may even be possi-
ble to assemble structures that are known
for their useful photonic properties (). This

beautiful control of geometry only scratches
the surface of how to create complex topolo-
gies and structures.
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Climate Drives Sea Change

Charles H. Greene and Andrew J. Pershing

cosystems can shift rapidly from one
E state to another as a result of natural

environmental variability, human
activities {such as overfishing or human-
induced climate change), or both. Recently,
Frank er al. reported such an ecosystem
regime shift in the northwest Atlantic duning
the early 19905 ( f). To understand the likely
causes for this shift, we here consider
changes in the climate system that occurred
at the same time.

Changes in climate beginning in the late
19805 resulted in an enhanced outflow of Tow-
salinity waters from the Arctie (2) and a gen-
eral freshening of shelf waters from the
Labrador Sea to the Mid-Atlantic Bight (3-3).
Ths freshening altered circulation and strati-
fication patterns on the shelf and has been
linked 1o changes in the abundances and sea-
sonal eycles of phytoplankton, zooplankton,
and fish populations (6, 7).

In recent decades, the Arctic has expen-
enced a period of historically unprecedented
changes (2, 8). In 1987, atmospheric pressure
at the sea surface began to decline in the cen-
wral Arctic. Two years later. this sea level pres-
sure dropped precipitously. and a strongly
cyclonic atmospheric regime emerged. This
evclonie regime increases the delivery of
warmer. higher-salinity Atlantic water into
the Arctic Ocean, mainly via the Barents Sea
(see the first figure).
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Changes in Arctic climate have contributed to
shifts in abundances and seasonal cycles of a
variety of species in the northwest Atlantic.

g
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The ocean responds. Between the late 1980s and early 19905, upper-ocean circulation in the Arctic Ocean
changed subslantially after an atmospheric regime shift. These changes included an increased inllow of
relatively warm high-salinity Atlantic water into the Arclic Ocean through the Barents Sea and Fram 5Strail, a
shift of the front separating Atlantic and Pacific water masses, a weakening and deflection of the Transpolar
Drift, a reduction in size and intensity of the Beaufort Gyre, a thickening and intensification of the Arctic
Ocean Boundary Current, and an increased discharge of relatively low-salinity water into the North Atlantic
through both the Canadian Archipelago and Fram Strait.
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Associated with these changes in the
atmosphere and Atlantic water inflow, circula-
tion in the upper layvers of the Arctic Ocean
changed substantially between the late 1980s
and early 19905 (see the lirst hgure ). From an
Adlantic perspective, the most important con-
sequence of these changes was a redirection
of the shallow outflow from the Arctic Ocean.
Instead of entering the North Atlantic mainly
via Fram Strait as before. much of this low-
salinity outflow began to exit the Canadian
Basin and enter the Labrador Sea via the
Canadian Archipelago.

The cryosphere has also responded o
changes in climate. During the past three
decades, continental melting of permafrost,
snow, and ice has inereased substantially,
which. combined with increased precipita-
tion. has led to greater river discharge into the
Arcuic Ocean (¥). Arctic sea ice has declined
in both extent and thickness, with extensive
summertime 1ce-free conditions observed to
the north of Canada and Russia since 1978,
Lindsay and Zhang (9) recently hypothesized
that the atmospheric regime shift in 1989 and
its effects on Arctic Ocean circulation patterns
pushed the eryosphere into a new, internally
perpetuating state of accelerated sea ice melt-
ing. An ice-albedo feedback mechanism may
have maintaned this accelerated melting even
after the stmosphere shilted out of its strongly
cyclonic mode during the mid-1990s (/).

Although anthropogenic climate forcing is
considered to be responsible for the accelerated
ice meltng. the relative importance of human-
induced versus natural climate foreing in driv-
ing the observed changes in atmosphenc and
oceanic circulation has not been fully resolved
(4). Whether forced by human-induced climate
change. natural climate variability, or some
combination of the two, relatively low-salinity
witers began to emerge from the Canadian
Archipelago dunng 1989 and started to affect
shell’ ecosvstems downstream  from  the
Labrador Sea to the Mid-Atlanuc Bight.

The first pulse of low-salimity water passed
Georges Bank and reached the Mid-Atlantic
Bight by 1991, Several vears later, a second
pulse advected even lower salinity waters
downstream. This second pulse, although
maoving downstream from the Labrador Sea as
well. probably originated from Fram Strant
rather than the Canadian Archipelago (2. 11).

MNorthwest Atlantic shelf ecosystems shifted
rapidly as they became notably fresher during
the 1990s relative to the 1980s (see the second
figure, top). This freshening enhanced straufi-
cation. resulting in greater phytoplankton pro-
duction and abundance during the autumn
(second figure, middle). a period when pri-
mary production would otherwise be ex-
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The ecosystem responds. Salinity, phytoplankton,
and zooplankton data from the Gull of Maine and
Georges Bank illustrate ecosystem changes associated
with regime shifi. Dashed lines: mean values during
1980 to 1989 and 1990 to 1999; shaded areas: 95%
confidence intervals. (Top) Decadal mean salinities,
based on annual mean (blue) and annual minimum
(red) salinities reported in (5), decrease after the
regime shift. (Middle) Decadal mean autumn phyto-
plankton abundances, based on annual mean phyto-
plankton color index values reported in (12), increase
after the regime shifl, (Bottom) Decadal mean cope-
pod abundances, based on annual mean small cope-
pod abundance anomaly values reported in (7),
increase after the regime shift.

pected to decline as thermal stratification
breaks down andalgae are mixed deeper in the
water column and become increasingly light-
limited (6). The increase in phytoplankton

abundance coincided with a reorzanization of

the zooplankton assemblage: The abundance
of smaller, shelf-associated copepods in-
creased markedly (second figure. bottom)
(1. 7). The largest of these increases occurred
in late autumn/early winter. a change associ-
ated with the enhanced autumn phytoplank-
ton abundance.

Early juvenile stages of the larzer copepod
species Calanus finmarclicus also increased
in abundance with these smaller species:
however, older stages became less abundant
(1, 7). Increased size-selective predation by
herring populations, which became much
more abundant in the 1990s, may explain
these observations.

PERSPECTIVES

Commercially harvested fish and crus-
tacean populations have also undergone large
changes in the northwest Atlantic since 1990
(1. 7. 12-14). OF particular importance is the
collapse of cod stocks in the early 1990s.
Overfishing is considered the main cause of
this collapse, but the cold, Arctic-denved
waters in the northern pant of their range have
probably hampered their recovery despite
a decade-long fishing moratorium in the
Canadian Maritime Provinces (/3). Other
fish and crustaceans have become more abun-
dant during this period (/. 7, 13); for certain
species. such as snow crab and shrimp, a
release from cod predation appears to be the
most likely explanation (1, 14).

In their original paper on this ecosystem
regime shift, Frank er al. reponied alternating
changes in groundfish, benthic crustacean,
zooplankion, and phytoplankion abundances
(/). They auributed these observations to a
“trophic cascade™ mitiated by the overfishing
of cod. Certain prey species have indeed
increased in abundance with a release from
top-down control by cod, but it remains open
to what extent the trophie cascade proposed
by Frank er al. affects lower links in the food
chain, especially phytoplankton and zoo-
plankton. We suggest that, with or without the
collapse of cod, a bottom-up, climate-driven
regime shiflt would have taken place in the
northwest Atlantic during the 1990s,

The resilience of northwest Atlantic shell
ecosystems is being tested by climate forcing
from the bottom up and predator overexploita-
tion from the wp down. Predicting the Fate of
these ecosystems will be one of oceanogra-
phy’s grand challenges for the 21st century.
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Nebulae Around Evolved Stars

MNoam Soker

espite many observations of impres-

sive nebular structures around evolved

stars, there 1s no acceptable theory
that explains their formation. Such structures
melude muluple-ring systems. hourglass-
shaped nebulae, and butterfly-type morpholo-
gigs, and they are found around quietly dying
Sun-like stars as well as around massive stars
that explode as supernovae (see the figure).
The formation mechanism of these structures
15 comnected to the most puzzling questions

regarding stellar evolution: What is the role ol

rotation as matter collapses to form a star, and
how does stellar rotion evolve from the birth
to the death of stars?

As reported on page 1103 of this 1ssue,
Morrs and Podsiadlowski (/) propose a
model for the formation of the tiple-ring sys-
tem of supernova ( SN) 1987 A, a supernova
whose explosion was detected 20 vears ago.
The model is based on fast rotation of the pro-
genitor star, and the authors nicely pinpoint
the crucial role of stellar rotation. In particu-
lar, they attribute the fast rotation of the pro-
genitor of SN 1987A 1o a stellar companion
that was swallowed by the progenitor about
20,000 years before the explosion.

Knowledge of stellar processes does not
come easitly. For about a hundred years, from

the middle of the 191h century to the middle of

the 20th century, the major question in the
tield of stellar structure and evolution was the
energy source of stars. Fierce arguments raged
between scientists who thought that gravita-
tional energy powered the stars and those who
thought another process was at work. At the
beginning of the 20th century it became clear
that nuclear reactions are the source of energy
in the Sun and other stars. [t took another 50
vears and the efTorts of great scientists such as
Arthur Eddington and Hans Bethe to identify
the major nuclear reactions in stars,

In the past 40 years, the major open ques-
tions in the Neld of stellar evolution have been
related to the role and evolution of rotation { or
angular momentum) in stars and in gaseous
disks around stars. Are magnetic Nelds
required to transport angular momentum in
gasepus disks around stars? How can two
oppositely directed and well-collimated jets
be emitted by such disks? How
responsible for the gamma-ray burst phenom-
ena formed from collapsing rotating massive

dare  Jels
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stars? What 15 the mechamism that shapes
caseous nebulae around evolved stars?
Morris and Podsiadlowski address this
last question. The gaseous nebulae around
evolved stars are made of gas that once was
part of the envelope of the central star. This
gas was expelled via a strong wind from the

Supernova 1987A

1| Carinae

The Red Rectangle

The Hourgla

VOL 315 SCIENCE

How intricate nebula structures form has been a
mystery, but a model based on a 20-year-old
supernova explosion now suggests answers.

stellar surface when the star was a red giamt
star close to the end of its nuclear activity. At

this stage, the star was several hundred times
the present size of the Sun and its surface tem-
perature was a few thousand kelvin, With a
huge luminosity and low surface zravity, these
stars eject mass at a very high rate,

Sun-like stars completely deplete their
envelopes because of this wind, leaving be-
hind the compact core, which evolves to
become a compact hot star termed a white
dwarll The core then iontzes and heats the
nebula to 10,000 K., allowing the nebula to
glow and form a planetary nebula. Stars more
massive than about 10 times the mass of the
Sun explode as supernovae and light up the

surrounding nebula with a bright flash of

light. SN 1987A was a star about 20 umes as
massive as the Sun; on 23 February 1987 1
was observed 1o explode and hght up s sur-
rounding triple-ning system.

For about 40 wvears, researchers have
debated whether single stars can form such
nonspherical structures (as seen in the figure)
or whether a binary compamion is requured for
this nonspherical mass loss geometry from
evolved stars. This debate intensifNed about
15 wears ago with the analysis of highly
detatled images from the Hubble Space
Telescope and several other large elescopes,
as well as data from the inple-nng system
observed around SN [98TA (2). It is now
becoming clear that a single evolved star can-
not rotate fast enough to form nonspherncal
nebulae, and a bimary companion 15 required.
In some cases. even a massive planet is suffi-
cient to lead to a nonspherical wind.

There are several processes by which a
companion can lead to the ditfferent structures

A gallery of nebulae. (Top} Supermova 1987 A with
its triple-ring system was lirst observed on 23
February 1987. The rings were formed thousands of
years before the explosion. One large ring is in front
of the star and the other one is behind the star; a
small ring is located around the star. All the rings
are circular but appear elliptical because of the
angle of observation. (Upper middle) The massive
binary star 1) Cannae has a bipolar nebula called
Homunculus. The star is 120 limes as massive as the
Sun and is expected to become a supernova in the
relatively near future. (Lower middle) The Red
Reclangle is a star evolving 1o become a planetary
nebula and has a stellar companion. (Bottam) The
Hourglass planetary nebula (MyCn 18) was ejected
by the central star, now a dying Sun-like star seen as
a white dot in the center
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observed. They can be classified into two
oroups, In one, the companion i1s swallowed
by the primary star. and itspirals inward inside
the primary envelope toward the primary core.
In some cases the companion survives: in
other cases it is destroyed in the envelope. In
the second type of process, the companion
stays outside the envelope and influences the
primary stellar wind from outside. Mornis and
Podsiadlowski consider the first scenaro and
build a model where the progemitor of SN
1987 A swallowed a companion about 20,000
vears before the explosion. The companion
caused the progenitors envelope to spin at
such a high speed that the envelope became

extremely flat, resulting in a wind geometry
that led to the formation of the two laree outer
rings (upper panel in the figure).

Although their model has several advan-
tages. such as providing a good explanation
for the required amount of rotation (angular
momentum), and it sheds some hight on the
formation of the outer rings of SN 1987A, it
cannot be considered as a general model for
other similar objects, and it s not the last word
on the formation of the rings of SN 1987 A,
The reason is that in some other systems we
see similar nebulae, but the companion 1s out-
side the primary envelope and has not been
swallowed by it. Examples are 1 Cannae and
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the Red Rectangle (see the Ngure),
Astrophysicists must continue their quest
for the different mechanisms that shape nebu-
lae formed by evolved stars. Projecting from
the hundred years that were required to under-
stand the production of energy in stars, we

may expect that this research will ke tens of

vears more before we fully understand how
nebulae form around dying stars,
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CHEMISTRY

Charge Flipping and Beyond

Hermann Gies

n recent decades. solving crystal suruc-

tures has become routine for crysials of

moderate complexity (with several hun-
dred atoms in the unit cell ). Automated proce-
dures now exist for the entire structure-solv-
ing process. But challenges remain, both in
extending computational methods to macro-
molecules (/. 2) and solving crystal structures
from powder diffraction data of limited reso-
lution ( 3). Powder diffraction is used for crys-
tal siructure determination in cases where
suthiciently large crystals cannot be obtamed.
For example. zeolite catalysts are often
synthesized as microcrystalline powders,
precluding single-crystal technigues for struc-
tural elucidation. However, powder diffrac-
tion data suffer from severe signal overlap.
making interpretation difficult.

On page 1113 of this 1ssue, Baerlocher
ef al. (4) present a new and possibly revolu-
tonary approach to solving crystal structures.
Their approach is based on the “charge flip-
ping” method, which uses information both in
reciprocal space (the diffraction data) and in
physical space (the erystal structure) in 2
recursive manner to determine the unknown
erystal structure. By combining this method
with results from electron microscopy, the
authors can solve complex structures from
powder diftraction data.

The idea of charge Mlipping was first intro-
duced by Oszlanyr and Siito (3, 6). For this

The author is in the Department of Geology, Min-
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44801 Bochum, Germany, E-mail; hermann.giesg@ruhr-
uni-bachum.de

www.sciencemag.org 3SCIENCE VOL 315

extremely simple structure solution method
no information on the erysial’s chemical com-
position or its symumetry is required. All one
needs 15 a crystal of sutficient quality for dif-
fraction experiments.

Information about the composition and
spatial armangement of atoms in the unit cell
of the erystal can be derived from experi-
mentally measured diffraction intensities. In
charge flipping. these structure factors are
combined with a random set of phases. From

-

By combining different kinds of structural data
and an innovative analysis method, crystal
structures of materials previously thought too
complex or disordered can now be solved.

this informaton in reciprocal space. an ¢lec-
tron density grid 15 caleulated in physical
space. Next, the caleulated electron density
grid is analvzed and the sign for all values
below a chosen threshold value is changed
{Mipped). From this modified electron den-
sity grid, new structure factors are caleulated.
The iteration cvele is completed by caleulat-
ing the electron density again,

Onee the mveshigator has picked the
threshold values, the subsequent iteration

Structures from charge flipping. This isosurface plot shows the electron density distribution of a molecu-
lar crystal, as revealed from the charge-flipping process. The density maxima represent atomic positions.

[Reproduced with permission from (8)]
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process proceeds without human interference
until convergence. Depending on the starting
set of random phases, the whole process
might take several thousand iterations. For
the examples studied so far, convergence was
reached after a minute or so. The result is the
true electron density map of the unknown
crystal structure,

Baerlocher e al. previously applied charge
flipping to powder diffraction data of moder-
ate complexity (7). They now combine this
approsch with information from high-resolu-
tion electron microscopy. Phases can be deter-
mined from the electron microscope images
and can be used to guide the otherwise ran-
dom charge-lipping process.

To test the new approach, the authors use
the most complicated known zeolite material,
IM-5. whose crystal structure has resisted
determination for almost 10 years (4). IM-3
has a large unit cell of 864 atoms and is pseu-
dosymmetnic (that 1s, parts of the crvsial struc-
ture are similar but not the same), making it

extremely challenging to solve its structure,
The success in solving this crystal structure
proves the power of the combined approach.
Structure solution by charge flipping does
not vield a set of spatial coordinates for the
atomic positions of the constituents, but rather
the electron density distribution in physical
space (see the figure), Where high-resolution
diffraction data are available, interpretation of
the data is straightforward. The electron density
data easily provide atomic positions as electron
density maxima. Interpretation is less straight-
forward for materials with restricted crys-
tallinity, such as disordered materials, Here,
broadened diffraction peaks lead to low-inten-
sity maxima and peak overlap for reflections at
high diffraction angles. The resulting lower-res-
olution data would only yield electron densities
from structure fragments. However. chemists
should easily be able 1o identily these frag-
ments based on complementary information.
The imwventors of the charge-thipping tech-
nique cautiously proposed that the technigue

might succeed where other methods fail,
Baerlocher er el s visionary work goes well
beyond these onginal expectations. By solv-
ing a highly complicated erystal structure, the
authors demonstrate the power of the tech-
nigue and show how complementary informa-
tion can assist the structure-solving process.
They open up new horizons for solving crystal
structures of any complexity and size, of any
type of material—be it inorganic. organic, or
biological.
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PLANT SCIENCE

Nibbling at the Plant Cell Nucleus

Jeffery L. Dangl

lants deploy an innate immune system

that recognizes and responds to differ-

ent sorts of molecules produced by
microbes ( /). Ata quick glance, the system
seems segregated into two distinet branches,
each using different “molecular antennae.” or
protein receplors, 1o sense microbes. But acti-
vation ol receptors in either branch triggers
a largely overlapping set of plant cellular
responses, including a major reprogramming
of gene expression that can halt microbial
growth, On page 1098 of this issue. Shen er al,
{2) show that specific recognition of a fun-
gal pathogen requires the function of the rele-
vant receptor, surprisingly, in the plant
cell nucleus. A similar publication in PLoS
Biology from Burch-Smith er al. suggests the
same (3 ). Together, the studies reveal a means
by which the plant innate immune system can
balance the requirement for a swilt and effec-
tive defense response with the possible dan-
gers of awtoimmunity. These results, if gener-
alized 10 the function of other plant immune
receptors, could point to a basic operating
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mechanism for the pathogen-specific branch
of the plant immune system.

Immune receptors at the cell surface recog-
nize common microbial-associated molecular
pattems ( MAMPs) (4). such as bits of bactenal
Magellin or cell wall. These receptors are akin
to the well-studied Toll-like receptors of ani-
mal innate immune systems. The output from
this extracellular branch of the immune system
is a defense response sufficient to stop growth
of nonpathogenic microbes. Yet pathogens can,
by definition, overcome this defense by seeret-
ing eflector molecules, which act as virulence
factors to dampen or inhibit it

The second branch of the plant immune
system, composed of intracellular recepiors,
responds to these virulence factors. The
intracellular receptors are characterized by
nucleotide-binding and leucine-rich repeat
domaimns [so-called NB-LRR (*Nibbler™) pro-
teins]. NB-LRR proteins are structurally anal-
ogous to the animal NOD/NLR/CATERPIL-
LAR superfamily of imtracellular proteins.
They also act as microbial sensors, some of
which play critical roles in human diseases
such as Crohn’s disease and cold-induced
autoinflammatory syndrome (5). Plant NB-
LRR proteins are activated upon delivery of a
virulence factor into the cell’s interior by viral,

When plants recognize certain pathogens,
an activated immune receptor moves to the
nucleus where it affects transcription to initiate
a successful response.

bacterial, fungal, comycete, or insect patho-
gens (7). Receptor activation involves intra-
maolecular rearrangements that are likely to
“open”™ the NB domain. allowing cleavage and
cycling of its bound nucleotide. This presum-
ably allows the amino-terminal domain of the
receptor to interact with downstream signaling
molecules that trigger the defense response (6).

Although defense responses from the two
immune system branches are qualitatively sim-
ilar, activation of NB-LRRs leads to a faster
and stronger response that can include rapid
cell death at and surrounding the infection site.
Chronic or auto-activation of this output
response is dangerous—cell death, stunting of
plant growth, and loss of seed yield can result
(7. &). Hence. the plant immune system must
discern the difference between a harmless
or helpful microbe and a pathozenic one, and
transkute that recognition into an appropriately
graded output, which can include host cell
death. The output is controlled in the nucleus by
plant-specific tanscriptional regulators, many
of'which are membersof the WRKY family (¥).

NB-LRR proteins inhabit a variety of sub-
cellular locations, from the inner face of the
cell membrane to the cytosol ( /), Biochemical
fractionation of barley NB-LRR prowins
{MLA proteins) indicates localization to solu-
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ble and intracellular membrane fractions.
These experiments used transgenic barley
plants expressing native levels of MLA ( [i).
However, transient overexpression of a func-
tional fusion protein consisting of MLA and a
fluorescent protein (MLA-YFP) revealed
evioplasnue and nuclear localization i barley
cells (2). Shen er al. demonstrate that IFVMLA-
YFP is fused to an amino acid sequence that
excludes MLA-YFP from the nucleus, then
function is lost. Morcover., the authors show
that a very small fraction of native MLA is
constitutively present in the nucleus. Hence,
MLA proteins function in the nucleus despite

MAMP-trigge
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well, indicating that the defense response 1s
generic and that NB-LRR protemns somehow
hyperactivate it.

The two WREY proteins in question are
constitutively located i the nucleus. When
transiently overexpressed as fluorescent fusion
proteins, WRKY and MLA proteins interact
with each other in the nucleus, but only when a
functional fungal effector protein is also pres-
ent in the plant cell. Recall that these specitic
etfectors are likely 10 be pathogen virulence
tactors whose activity inside the plam cell is
sensed by specific NB-LRR proteins. in this
case MLA. Shen er ol. demonstrate that only

N PLANT CELL MEMBRANE

Pathogen effector
maolequle

CYTOPLASM

Transcripteonal activator

—
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Transcniptional repressor

A balanced defense. Plant immnue system receptors are poised both at the cell surface and within the cell
lo sense microbial molecules. A weak, basal response to a pathogen (left) does not harm the plant itself. A
stronger and more rapid response (right) may drive the attacked host cells to their death. The latter response
requires one receptor pathway to interact with, and modulate, the other, as shown, 1o potentiale expreéssion

of defense genes.

their lack of a discernible nuclear localization
signal. This result should serve as a caution to
all brologists that the locaton of a functional
protein may not be its site of action.

Shen er af. further demonstrate that the
amino terminus of MLA interacts with two
closely related WRKY transcriptional regula-
tors. These WRKY proteins belong to a small
clade within this large protein family in both
barley and the model plant Arabidopsis
thaligna. Members of this clade are negative
regulators of defense gene transeription, shut-
ting down the expression of genes normally
trggered by MAMPs and the extracellular
branch of the plant innate iImmune system.
Shen er al. demonstrate that this is true for
both barley and Arabidopsis defense re-
sponses against otherwise virulent pathogens,
The ability of these paruicular WRKY pro-
teins to repress plam defense extends to block-
ing MLA-dependent disease resistance as
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the expression of specific alleles of a MLA
gene and pathogen effector gene will lead to
interaction of MLA and WRKY in the nucleus.
It is not yet known whether the pathogen eflec-
tor protein interacts with evtosolic or nuclear
MLA. However, Burch-Smith er al. (3) demon-
strate that another MB-LE.R protein also acts in
the nucleus, and thateffector molecule recoen-
tion clearly occurs in the eyvtoplasm, Hence,
either the acuvation of these MB-LRR recep-
tors drives relocalizanion of a subfraction into
the nucleus. or an activation signal is trans-
duced into the nucleus where it acts on the
receptor pool already present there.

Shen ¢ al. conclude that the WRKY pro-
tens of this small clade repress defense
responses, and that activition of MLA proteins
by pathogens blocks this repressor activity,
allowing for rapid and efficient disease resist=
ance responses (see the figure), The switch
from repression o activation of the defense

PERSPECTIVES

response may be simple in that both WRKY
proteins—bound 1o tarzet defense zenes but
also in contact with activated MLA—might
become transcriptional activators. Alterna-
tvely, the WRKY-MLA interaction might
preclude repressor function, allowing for
assembly of ranscriptional activators 1o Kick-
start the transcriptional reprogramming
required for a successful defense response.

There i1s precedence for the former model
from studies of the mammalian CHTA protem.
the original member of the NOD/NLR
CATERPILLAR superfamily ( 5). Expression
ol defense genes (in this case, of the major
histocompatibility complex) requires binding
of activated CHTA to a complex ol transcrip-
tion factors (called the enhanceosome). Recall
that a minute fraction of MLA is present in
uninfected plant cell nueled. lvwill be important
to define chromatin-bound versus unbound
MLA levels. and to understand whether
MLA 15 constantly cyehing into and out of the
nucleus. waiting to be activated.

Ohther tantalizing results suggest that NB-
LRE association with transcriptional regula-
tors may be a common mechanmism o activate
the plant immune system. The plasma mem-
brane-localized NB-LRR protein RPMI
interacts with a transcriptional regulator ( poly-
meerase [ accessory protein) that also acts asa
repressor of the plamt defense response (/7).
There 15 also an intriguing “Rosetta Stone™
fusion of an NB-LRR and a WRKY called
RRS1 (12}, This type of fusion unites proteins,
or protein domains that are typically encoded
by separate genes but that function wogether, in
much the way that MLA and WEKY come
together in the nucleus, following activauon. It
may be the case that the expansion of plant-
specific transeriptional regulator gene families
1s evolutionanly driven. at least in part, by the
need for their continued functional coupling to
NB-LRR proteins, whose evolution is, in tum,
pathogen-driven.
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SCIENCE DIFLOMACY

Arab, U.S. Women Scientists Build
Network at Landmark Kuwait Forum

KUWAIT CITY It was. in some respects. a
typical science conference, with panels on
carcer development, workshops on publishing
and grant-writing. and a busy schedule of social
events cach night. But this one was dilTerem: It
brought scientists and engincers from through-
out the Middle East,

Northern Africa and a delegation of about 20
from the United Swates. It was held under the
patronage of Kuwaiti Prime Minister Sheikh
Nasser Al Mohammed Al Ahmed Al Sabah.
It was organized by the Kuwait Institute for
Scientilic Research; the Kuwan Foundation
for the Advancement of

Northern Adriea, and the
United States to an Arab
capital for talks tha
siressed parinerships
and cooperation—and
virwally all of the partic-
i['ﬁlfll.‘i WUTE WOITC.

Atthe opening of the
Inmternational Confer-
ence on Women Leaders
in Science, Technology,
and Engineering, co-
sponsored by AAAS,
many of them said
theyd never attended anything like il Accom-
plished Arab women ofien “arc not only
unseen, but are hidden from ecach other.” said
Ikhlas Abdalla, an expent in human resources
development for the Arab Fund for Economic
and Social Development.

While 1t explored challenges still con-
fronting women scientists and engincers in the
Arab world—and in many other parts of the
world—the conference also revealed diversity
and progress not often conveyed in Western

news reports from the region. And in a time of

rising mistrusi and conflict, the conference
showed a way toward constructive engage-
ment of nations and cultures based on science
and technology,

“In adkdition o ust mecting people and learn-
ing about the diversity in the region, thene was a
hopefulness that filled the room,” Shirley Mal-
com, head of Education and Human Resources
at AAAS, said alterward. *You had a sense that
many of the women came out of this conference
with a new realization of some possibilities for
the future, and they were going 1o go home and
apply that in their work, And vou could say the
same for many people in the ULS. group, too.”

Held 8- 10 January at the elegant Arab Orga-
nizations Headquarters Building, the confer-
ence drew more than 200 scientists and engi-
neers from 18 nations in the Middle East and
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Samira Islam, head of the Drug Monitoring Unit
al King Fahd Medical Research Center in Jed-
dah, Saudi Arabia

Scienee: the Arab Fund
for Economic and
Social Development;
the ULS. State Depari-
ment; and AAAS.
AAASS delegation
was led by Chiell Execu-
tive Officer Alan . Lesh-
ner. who also serves
as exccutive publisher
of Science, and also
included Malcom; Sei-
ence Executive Ednor
Monica Bradford: and
Chicfl International Officer Vaughan Turekian,
who played a central role inorganizing the cvent.
AAAS in recent years has been building s
engagement with the Middle East and North-
ernAdrica. OMicials have written and held con-
ferences on the state of science in Irag. AAAS
Science & Technology Policy Fellows have
organized the creation of the Irag Virtual Sci-
ence Library and a conference in Jordan on the
uses of geographic information systems to fos-
ter sustainable urban development, This
month, on 19 February, a half-day symposium

SCIENCE POLICY
New Site Tracks S&T Legislation

With climate change. national sccurity,
innovation, and other science- and technol-
ogy-related issues prominent on the US.
national agenda, AAAS has launched a new
site that will track S&T legislation as it moves
through Congress.

You can lind the list at www.aaas.org/
spp/legiracker.

The site details the names, sponsors, and
status of bills pending in the US. Senate and
House of Representatives and includes links
to other useful resources. It will be managed
and updated regularly by the AAAS Center
for Science, Technology, and Congress.

on the role of women and innovation in the
Arab world was held at the AAAS Annual
Meeting in San Francisco,

On the morming that the Kuwait conference
opened, the Kewait Times published a commen-
tary co-authored by Leshner and Farkhonda
Hassan, a professor of geolooy at the American
University in Cairo, & member of the Egyptian
Parliament, and secretary-general for the
National Council for Women in Egypt.

“In a world growing ever-smaller, no single
nation, no region or culture, owns science,” they
wrote, “While rescarchers may speak many lan-
guages, they share a common dedication 1o sci-
ence as a rational process ol problem-solving
that holds enormous promise for the well-being
and advancement of all humanity.”

In the opening address delivered on behalf off
the Kuwaiti prime minisier, Deputy Prime Min-
ister Mohammad Sabah Al-Salem Al-Sabah said
young women “are becoming an importani
asset’” to the pation’s advancement, *We want
more women 1o ke part in the developmenial
process of the nation through their comnbations
1o the society on lirmly rational grounds,” said
Al-5abah, who also serves as foreign minis

Paula Dobriansky, the U.S. undersecretary of
state for democracy and global affairs and a
leader in developing the idea for the event,
expanded on that sentiment in a later address,
“Intermational science cooperation is at its besi
when 1t provides opportunities for women. and
draws on their resources and strengths, thus
greatly expanding our capacity for achicve-
ment,” she smd. “Science and technology
empower individuals, and ecmpowerment gives
hope—which 15 the antithesis of many of the
problems that fuel the world's current conflicts.”

Leshner, in one of the opening talks of the
forum, emphasized the theme of global S&T
collaboration in the post=%/1 1 world. His talk
clicited a poignant exchange with epidemiolog-
ical psyvchiatrist Rana Ghubash, president of
both Arabian Gulf University in Bahrain and
the Arab Network of Women in Science and
Technology. She expressed regret for the
attacks of 911 and acknowledged that in the
current ¢limate it will take time 1o repair rela-
tions between Arabs and Americans.

“I would like, at this conference, to talk seri-
ously that we would like to work with the
American people—but outside the pelitical
agenda,” Ghubash said,

Leshner immediately agreed, “We believe
science is the apolitical, or nonpolitical, vehicle,
and should be used for far greater communica-
tion generally around the world™ he said. “[I1]
can be a very important vehicle for peace.”

www.sciencemag.org



The progress
made by Arab
women—and
the challenges still
confronting
them-—were cap-
turcd ina presenta-
tion by Samira
Islam, a pioneer-
ing Saudi Arabian
pharmacologist
and scholar who

Paula Dobriansky (center),
U.S. undersecretary of state
for democracy and global
affairs

the Drug Momitor-
ing Unit at King Fahd Medical Research Center
in Jeddah. In carlier writings, she noted that the
tenets of slamic beliel stress gender equality
and that the teachings of the Prophet Muham-
miad require every Muslim to seek knowledge.

But, she said at the conlerence, the West
oflen sees the Arab world-—and Arab women
simplistically. With 321 mallion people in 22
countries, the region “cannot be viewed as a sin-
gle monolithic community in term of endow-
mient or human development,” she said.

Citing 2005 statistics reporied by
UNESCO, Islam reported that women com-
prised 74% ol science graduates in Bahrain,
71% in Qatar, and 47% in Lebanon: inthe ULS.,
43% of science graduates were women. and in
Japan, 25%. In Saudi Arabia, among six major

universities that admit women, nearly 45% of

science graduates in 2004-05
all—were women,

Once out of school, however, the opportuni-
ties available 1o Arab women are diminished,
Islam found. In Saudi Arabia and other coun-
trics, jobs in S&T education and research go dis-
proportionately tomen, as do government granis
for rescarch. “The glass ceiling is sill existing
for women in the Arab region and around the
world,” she said.

In presentations and informal discussions,
the Arab women detailed the culiural practices
that ereate obstacles: family values that ofien are
biased toward the success of male children;
expectations that women are responsible for
cooking and child-rearing; social resirictions on
interacting with men, which makes networking
difftcult; and limited options for mentoring.

*The problem is not the number of women
attending schools, or high schools or unmiversi-
tics-—the problem is what are they doing afier-
wards.” said microbiologist Maysa Aezch, a

*alestinian and assistant professor in the Depart-
ment of Immunology and Microbiology at al-
Quds University in Jerusalem. “Most of them
amd their parents arc aciually more worried about
are they going 1o get marmied and have Kids o
not. And this s not only an Ambic problem-— i is
an imemational problem. But it is more focusad
and clear in our society.”

By the meeting’s end, participants had identi-
fied strategies for further progress: mentoring:
local and international networking: establishing

nearly 8700 in
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serves as head of

local science centers for students; giving bovs
and girds the same opporiunitics.

And whether from the Middle East, Morthem
Adfnica or the United States, they expressed hope
that the Kuwait conference would be followed by
sustained action— exchanges, research collabo-
rations, workshops, and conferences-—that
wou ld contribute o a cross-cultural engagement
of women, and men, in S&T,

In the closing minutes of the forum. Fatima
Ahmed Alhadi, an assistant professor of plam
physiology at the Universaty of Sanad in Yemen,
asked for the
microphone. She
was dressed con-
servatively—a
black robe, her hair
covered in a black
scarl, her face hid-
den behind a black
veil, exeept for her
eyes.,

“Women sci-
entists in Yemen
are very much
underestimaied,”
she said confi-
dently in English, “maybe because we come
from a country that really doesn’t believe in
worman as a woman in any field. especially in
science. We have very distinguished scientists
and very active girls who would like to be dis-
tinguished in science, but they don’t have that
chance, or they don't get that chance. ... We
would like, afler we come home, 10 be more
distinguished in our country and be more
active and achicve all our cxpectations in the
field of science.”

Fatima Ahmed Alhadi, assis-
tant professor of plant phys-
iology at the Universily of
Sanad in Yemen

EDUCATION

Project 2061 Offers
Climate Change
Teaching Guide

Project 2061, AAAS's

influential science lit-
cracy initiative, has
released a new guide that
will help prepare educa-
tors 1o tcach wday s stu-
dents about the science
and socictal implications
of changes in the global
climate that are already

i i e ating ane)
LEamang Abolt
Choba! Chmste Chamge

shaping the future.

The teaching guide,
Communicating and Learning Aboune Global
Climare Change, 1s based on Science for All
Americans and the Atlas of Science Litevacy,
two seminal seience education documents pub-
lished by Project 2061, Using these two
resources, the guide describes what adulis

should know about climate change and then
shows how students work toward that knowl-
edge as they move from kindergarten through
high school. The guide was included in a special
teachers” kit distributed during a town hall event
on climate change held this month at the AAAS
Annual Meeting in San Francisco.

“This gusde brings together several dilTerent
strands—from the water eyele and the atmo-
sphere and the dynamic nature of ccosystems to
evaluating scientific evidence, using energy
resources, and makmg decisions about technol-
oy — that are essential 1o understanding the sci-
ence of elimate change and s implications.”
said Jo Ellen Roseman, director of Project 2061,
“By laying out the basic science concepis that are
important for understanding climate change and
showing how they relote to one another, teachers
can gain a good picture of what a science-literate
person should know and be able w do as a con-
cerned and well-informed citizen.”

For mstance. the guide shows how lessonson
the Earth’s resources can wend their way from a
first-grader’s discovery of the kinds of fuel used
to heat homes around the world. 1o a fifth-
grader’s undersianding of pollution and a high
school student’s grasp of the economic and
social radeolls in using different fuel resources.

Project 2061, a long=term project of AAAS
1o boost American understanding of s¢ience
and mathematics, produced a similar 1eachers”
guide on evolution for the 2006 Annual Meet-
ing in 51. Lous, which “was very popular,”
according 1 Mary Koppal. Project 2061 come-
munications dircctor.

The teachers” kit also included a classroom
version of the game “Stabilization Wedges,™
developed by Princeton Universitys Carbon
Mitigation Initiative (CMI). Teams play the
game by choosing a variety of strategics
from more fuel-efficient cars to nuclear
power—1to keep world carbon emissions from
doubling over the next 50 vears. The game has
its roots in a 2004 Science article by Princeton
rescarchers Robert Socolow and Stephen

acala. There are no right or wrong answers in

the game, bul judges pick a winner based on
how well they defend the merits of their partic-
ular mix of strategics.

“It’s always worked well in the environments
weve played with, rescarchers and mdustry folk,
but we thought if we put it in the hands of 500
teachers, they would probably come up with all
kinds ol fantastic ideas.” said Roberta Hotinski,
a science communicator at CMI who helped
develop the game.

Aldong with the guide and game. tcachers al
the town hall received a copy of AAASS new
videoon climate change, which focuses in part on

the Alaskan village of Shishmare!, and a ketter of

participation reflecting three hours” worth of pro-
fessional development. To receive a copy of the
Project 2061 waching guide, contact Mary Kop-
pal ar( 202 ) 326-6643 or mkoppal @ anas.ong.
—fecky Ham
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A Route to the Brightest Possible

Neutron Source?

Andrew Taylor,™ Mike Dunne, Steve Bennington,® Stuart Ansell,’ lan Gardner,’
Peter Norreys,! Tim Broome,* David Findlay,? Richard Nelmes?

We review the potential to develop sources for neutron scattering science and propose that a
merger with the rapidly developing field of inertial fusion energy could provide a major step-
change in performance. In stark contrast to developments in synchrotron and laser science, the
past 40 years have seen only a factor of 10 increase in neutron source brightness. With the advent
of thermonuclear ignition in the laboratory, coupled to innovative approaches in how this may be
achieved, we calculate that a neutron source three orders of magnitude more powerful than any
existing facility can be envisaged on a 20- to 30-year time scale. Such a leap in source power

would transform neutron scattering science.

cutron scattenng provides a powerlul
probe of the structure and  dynamics of

condensed matter, complementary o xX-ry

and other techniques, across a wide range of

science rom solid state physics to biology (f, 2).
Although there have been remarkable advances
in the sensitivity and scope of neutron scatter-
ing experiments, there has notl been the tans-
formation that can come from
the multiple orders ol magni-
tude increase in source power

techniques are intnnsically more effective than
x-rays in locating hydrogen atoms in structures,
in resolving detail of atomic thermal motion and
structural disorder, in studying collective exei-
tations like phonons, and in determining
magnctic structures, The most powerful source
for which a design study has been funded is the
5-MW Europcan Spallation Source (ESS),

action . much greater detail; or to study
miaterials al more extreme pressurcs and temper-
atures, under conditions similar o those found
deep inside Eanh: or o study more complex

matenals —the kinds of matenals that we use in
the real world mther than the dealized samples
that we study in the laboratory; or to study
smaller microstructures or the action ol [asier
catalysts,

The prospect of these advances is exciting.
but they are essentially incremental. Here, we
deseribe a way in which it might be possible 10
create a neutron source three or more onders of
miagnitude brighter by using foreseeable develop-
mients i inertial fusion energy (IFE) wechnologies
to take neutron scattering into completely new
arcas. These could include problems like the
dvnamics of molecular motors, protein folding,
diffusion through membranes, and proton rns-
fer mechanisms; and, given thal even at these
fluxes there s no measurable beam heating,
much of this biochemical work could be done in
vivo, As well, such a large gain in source power
would completely transform neutron scaltering
sudics of materials. condensed matter physics.
chemical reactions, engincering, and geoplane-
Lary scicnce,

Present Limits

Figure | illustrates how curreni-
Iy available neutron sources

3

seen in x-ray synchrotron [a-
cilitics. The 20 years from
1980 o 2000 brought an in-
crease in fux of 10* in gpoing
trom the second-gencration syn-
chrotron  sources 1o the thind-
generation machines, and there
is every prospect ol a further 10
onders of magnitude increase
with the consiruction of x-ray
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. are reaching the limits of ox-
2 isting technologies, There are
two distinet approaches: pulsed
spallation sources, i which
accelerated protons smash or
“spall” neutrons out of a heavy-
metal target, and nuclear fission
PeaCLons.

A neactor designed 1o provide
beams for scatlering  experi-

free-electron lasers (3, ). In
contrast, the source power of
neutron scatiering facilitics has
only cnjoved gains of only abou
one order of magnitude over
the past 40 vears, with at most
another factor of 10 or so cur-
rently in prospecl.

MNeutron scatiering can be
used 1o sudy the siructure and
dynamics of almost any solid or

liquid, and as such it spans the whole range of

condensed matter research from electron corre-
lations in quantum critical systems 1o the
hydration of biopolvmers in solution. Neutron

Youndl for the Central Laboratory of the Research
Councils, Rutherford Appleton Laboratory, Chilton, Dideot,
Oxon OX11 0QX, UK. “Scottish Universities Physics
Alliance, School of Physics and Centre for Scence at
Extreme Conditions, The University of Edinburgh, Mayfield
Road, Edinburgh EH9 3]Z, UK.

*Ta whom correspondence should be addressed. E-mail:
andrew.taylon@rl.ac.uk
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Fig. 1. Neutron source flux versus year. A comparison between reactors, spallation
sources, and the proposed inertial fusion source. “Effective flux” values are notional
equivalent reactor core fluxes that provide an accepted approximate comparison
between the different types of sources for many classes of experiments [adapted
from (14)]. The figure includes the Intense Pulsed Neutron Source (IPNS) at Argonne
and the new high-flux reactor FRM-Il in Munich. The other named sources are
identified in the text.

which would provide Mux 10 w0 20 times as
high as the ISIS facility in the United Kingdom
(5) (for many years the world's most powerdul
spallation neutron source). This full order-of-
magnitude increase in neutron Mux would allow
experiments o be performed with far greater
spatial or temporal resolution (or momentum
and energy resolution in conjugate space) and
provide aceess to measurements that have so lar
been impossible because the samples are 100
small or exist for too short a time, For example,
it would make it possible 1o study cnzyme

menis has 10 have a compact
high-Mux core 1o maximize ther-
mal source brightness (see Fig.
2). The limiting factor is the
degree w which a large amoum
ol heat can be extracted from
a small and highly confined
volume. Reactor-based lacili-
tics already began o approach
their maximum power in the
1970 with the 58-MW Institul
Lauve-Langevin (ILL) in France (6), and the (un-
funded) Advanced Neutron Source’s ~330-MW
sactor ( 7) would have reached the water-cooling
limit for a compact reactor corne,

Spallation sources also have o use com-
pact target assemblies w0 provide high-Nux
beams for experiments, but the crucial factors
are the density of power deposition and radia-
tion damage rather than wotal power, The effect
of depositing the power in a shont pulse (on the
order of a ps) 15 10 induce stress in the targal
material for a solid target or in the container for
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Fig. 2. Schematic of a high-flux reactor core.
To maximize the flux brightness of the thermal
neutron beams, it is necessary to make the core
as small as possible, typically less than 1 m.
The limiting factor then becomes the maximum
achievable rate of cooling. Current high-flux
reactors like the ILL produce 58 MW of power,
which is cooled by fast-flowing D;0. The design
of the (unfunded) 330-MW Advanced Meutron
Source in the United States took reactor sources
close to their practical limit.

a liguid metal taget (see Fig. 3). The 1-MW
Spallation Meutron Source (SNS), which is cur-
rently in s commissioning phase (8), uses a
liquid mercury target to remove the heat de-
posited by the proton beam and cope with the
pulsed power and mdiation damage. The ESS
design (2) is close 1o the accepiable limit for
these effects,

In assessing the prospects for future neutron
scaltening science, we wm o another field of
rescarch that could be adapied 1o the benefit of
the neutron community. As shown, the conven-
tional approaches are reaching the limits of the
survivability ol their core or target. In the ficld of
IFE, this issuc is neatly sidestepped by allowing
the target 1o be destroved and then replacing i,
several times a sccond, This field s likely o
maiure over the coming decade, such that it s
now timely 10 consider how it might affiect
neulron scallering scicnee.

Inertial Fusion

In IFE research, lasers are used to compress a
very small mass of deuterium (*H) and tritium
(*H) 1o sufficiently high densitics and temper-
atures 10 initiate a propagating thermonuclear
reaction in which these nuclei combine w form
an energetic alpha panicle (3.5 MeV) and a
high-cnergy neutron (14 MeV). The achievable
neutron yickd is considembly higher than can be
envisaged from any reactor- or aceelerator-basod
approach, and there are no limitations imposed

by target survivabilitv. The means by which this
high-enengy neutron source could be adapted 10
provide low-energy neutron beamlines lor
scattenng apphications 15 explored n the next
seetion.

The history of IFE is long, with many prob-
lems having being encountered along the way.
The initial concept, suggested in the 1960s and
developed through the 19705 (9), caleulated that
a laser with energy on the order of | KJ would be
sulficient to implode a fuel pellat o the degree
required Tor fusion to self-initiate (a threshold
known as “igniton™). 10is now believed that this
estimate was wrong by three orders of magni-
twde because of an incomplete treatment of
hvdrodynamic and plasma mstabilitics, Conclu-
sive demonstration expenments were performod
in a classified program by the United States in
the 19805, which defined the energy required 1o
drive a small capsule to ignition, What now re-
mams is 1o demonstrate this process with a lab-
oratory driver and 1o develop the teclmology
associated with a lusion energy power plant, The
next major milestone along this path is almost
upon us, with a new generation of lasers with
cnergy ~2 MJ being constructed in the United
States and France to fnally realize the goal of
ignition (), with cvery anticipation ol success
in the period 2000t 2015,

As a result of this upcoming demonstration
of ignition, there has been much research into
the technigques by which IFE can be developed
into a viahle high-repetition source for a fulure
power plant. The current generation of fusion
lasers has a woelully low repetition rate, with the
time between shots measured i hours. The rate
requined for a viable power plant is on the order
of 3 He. The capital invesument and techno-
logical hurdles associated with a high-repetition-

Moderator

Target

REVIEW

rmic laser capable of delivering encrgy in the

i -3 regime has been a principal concem of

the Tusion commumity formany years. To address
this ssuc, an mnovative approach o IFE—"last
ignition”™—has been suggested (M, 12). This
approach has the potential 0 reduce the Fser
enenzy requirements by an order of magnitude,
thus lowenng the facility costs and casing the
route to high repetition rites,

In fast ignition, a capsule is lirst compressed
to modermely high density at low temperature,
creating an isochoric (uniform density) rather
than isobaric (uniform pressure) fucl assembly,
Ten nanoseconds Iater, at the point of maxi-
mum compression, a second high-imtensity short-
pulse beam is used 10 1znie this compressed core
(Fig. 4), resulting i an intense, isotropic burst
of 14 MeV neutrons. For this 1o be effective, it
iy be necessary 1o insert a metallic cone (Lyp-
ically gold) in the pellet o allow the ignition
pulse access 1o the center of the compressed
plasma. With this method, the gain is limited
only by the size of plasma that can be assem-
bled. Experiments to venfy the physics under-
lying fast ignition are well under way with very
encouraging results (£7), such that it is now

reasonable to explore the likely applications of

this scheme. 1 successful, <300 kJ of laser en-

erey is calculated 1o produce some 30 M) of

total fusion energy, of which 22 M) is in high-
energy neutrons (/3). This would open up the
potential for adaptation of fst-ignition fusion
to alternative science applications.

The potential for application 1o neutron sources
arises because a 22-M) vield ranslates into a
remarkable 10" neutrons per pulse, and the
replacement ol the source for cach shot means
that there is no longer any source-conscrving
limit. That is, the principal limitation of the

Thermal
noutron
boam

|
' 1 meter

Fig. 3. Schematic of a high-power spallation neutron source. The latest designs of spallation
neutron source, such as the SNS at Oak Ridge in the United States or the as-yet-unfunded ESS, are
designed to run at powers in the 1- to 5-MW range. The thermal shock is too great for a solid
target; liquid mercury is used instead and flows at high speed to remove the deposited heat. The
limiting factor for the target design is the material erosion caused by the shock wave when the
proton beam hits the target and its container. This liquid mercury design is close to the practical

limit on power.
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Fig. 4. Schematic of a conceptual design for an inertial fusion neutron source, Compression laser
beams are focused on the millimeter-diameter Deuterium-Tritium capsule. The ignition short-pulse
beam enters ~10 ns later via a gold cone through the compressed plasma. Some of the 14-MeV
“fast” neutrons that are produced enter a moderator through a moving, sacrificial Pb converter. A
flowing water moderator =15 cm long, ~15 cm high, and =5 cm wide provides sufficient moderator
efficiency and a pulse width suitable for neutron scattering experiments. Several such moderators
are placed in the equatorial plane, 1 m from the target. Moderated “thermal” neutrons are emitted
from each 15-cm-by-15-cm face to provide beams that interact with experimental samples, as
shown. Several neutron-beam instruments can view each moderator. The moderator assemblies
occupy only ~£2° about the equatorial place, easily clear of the incident laser beams, which can be
removed from a region up to £30° about the equator and still retain adequate symmetry to drive

the implosion in this fast ignition geometry.

reactor and spallation approaches would be
completely remioved.

Several more years of rescarch are needed
before there can be confidence that fast ignition
represenis a vigble route for energy production
or for alicrnative applications such as those pro-
posed here. However, IFE research in this arca is
proceeding at a very fast pace, both on driver
technology development and in the construc-
tion of a number of new facilities to test the
physics undempinning the basic target design for
fast ignition. These facilities (in Japan and the
United States) will demonsirate in the next 5
yvears whether it is possible to heat highly com-
pressod matter w the iemperature required for
hot spark formation, I this is proven, then the
construction of Jasers designed to provide high
repetition rate and high-cnergy gain through
thermonuclear burn propagation should begin,
along with accelerated development of the
engineering solutions required for a practical
high-throughput facility. One might expect ex-
perimental programs studying the physics of
high-gain fusion 1o stan in the middle of the
next decade.

A Conceptual Design

To be useful for scattering studics ol struc-
tures and cxcitations in condensed matter, the
mitnal 14-MeV noutrons need o be slowed 1o ¢n-
crgics of less then 1 eV (14, 15). This can be
achieved by allowing the neutrons o reach

themmal equilibrium with a cool (300 K) bath of
matenal in a process known as moderation (Fig.
43, In a collision with a proton, a neutron will on
average lose hall its energy, so the most
effective moderator materials are those with
the highest density of hydrogen atoms. Waier is
particularly effective, not only because ol its
hydrogen content but also because its liguid
nature allows heat w be removed quickly
through mass transport. A pulse of neutrons
from the target quickly moderates in the waier,
and the slowed neutrons then diffuse out over a
period of time (typically a few tens of micro-
seconds). The time constant of the process is
determined by the size of the moderor and the
diffusion constant of the neutrons within the
material, Therefore, it is possible to control the
time width of the thermal neutron pulse by
changing the dimension of the moderator along
the direction of the emitted neutron beam.
Water moderation is ineflicient at 14 McV
because the baih is semitransparent 1o such high-
energy neutrons, bui the moderation efficiency
can be considerably enhanced by placing a layer
of lead (<30 mm thick ) on the leading surface of
the water container to [irst conven the 14-MeV
neutrons o lower energies, around 2 MeV,
through inelastic reactions in which cach inci-
dent neutron gives nise o two or more cmitted
neutrons, Moving from 14 MeV o 2 MeV, the
scattering efficiency (cross section) of walter
more than doubles; for our 15-cm-long moder-

ator, more than 200 of 14-MeV neutrons will pass
through without interacting, whereas at 2 MeV,
this drops 10 2 10 3%,

This lead layer on the leading surface of the
moderitor contamment also serves o protect the
modertor assembly, A convevor system that
moves the sacrificial lead layer past the fromt
wall of cach moderator will be necded so that a
cool and unablated surface is presented for cach
pulse. This will reduce heating of the moderator,
counter the problem of shockwaves in the water
that is otherwise likely o be caused by the fast
neutron and gamma Nux, and protect the mod-
erator assembly from ablation by high-enengy
x-rays and charged ions,

In practice, there are likely 1o be several mogd-
crators, cach viewed by a number of expen-
miental beamlines. To achieve the highest neutron
brightness, these moderators need o be as close
e the fusion source as possible. However, this
has o be balanced with their ability to survive the
hostile wmdiation envionment and allow access
for the lasers.

To explore the feasibility of the scheme, we
have designed a notional target and moderltor
assembly using a Monte Carlo neutron transpon
code (fi) This models the moderation process
to provide values w within 5 to 10 for the neu-
tron flux, mdiation damage, and heat deposition.
In our conceptual design (Fig. 4), we placed four
moderators 1 m from the fusion target. with a
width of water (5 cm) chosen 1o produce shon
pulscs of neutrons similar o those found m ex-
isting spallation sources, By using these Monte
Carlo calculations, it is also possible 10 show that
the heat deposition will be comfonably within
the cooling limit of fsi-Nowing water. The
overall moderating process is a factor of 20 less
cificicnt than it is in optimized spallation designs,
but despite this, the uselul Mux per pulse will still
be more than 1000 times as high as that from an
ISIS water moderator (7 7), primarily because the
initial newron vicld is so high.

Al most neutron sources, the Mux of low-
encrgy neutrons is enhanced by the use of cold
modemtors: a moderator at 20 K can provide
gains in excess of a factor of 30 below 1 meV,
comparcd o one at room temperature, The cur-
rent state-od=the-an design on a pulsed source 15
to sumound the hydrogen with a water premiod-
crator 10 boost efficiency (/8) and protect the
hvdrogen from excessive heat deposition. The
heating will stll set limits, but we estimate that
by nunning a water-protecied cold moderator al
its cooling limil, it will be possible to achieve
acold neutron Nux at least 100 times that from
a comparable ISIS modemtor. However, the
cooling limit is mostly govemed by the mass
transport achievable with currem circulator
technology and, because this has never been a
limiting factor before, very linle effon has been
invested in obtaining higher performance. There
is plenty of room for improvement over the come-
ing decades w match the 1000-fold gain cstimated
lor water moderators,
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We envisage the source running at a repe-
tiion rate of 10 He, which is ideal tor neutron
scattening experiments and only a factor of wo
greater than the 5 He typically planned for IFE
power plant designs (/9), Progress is such that
operation at 10 Hz is likely 1o be achieved with-
in the 20- to 30-year ime frame, with the limil-
ing factor being the reactor chamber dynamics
(e, cooling) rather than provision of the laser
source. On a longer time scale, it also appears
probable that a funher factor- 10 inercase in neu-
tron Mux could be envisaged by making use of
bascling (300 M) IFE reactor designs and'or
more closely coupled modemtors. This would
mainly require detailed design of the vacuum
system and an efficient cooling and remote re-
placement capability for the converter'moderator
assembly.

Design and Operation Issues

There are, ol course, many difficult challenges to
confront, but these are prncipally ones that
already need to be overcome for IFE power plant
designs.

As well as the deposited heat, the moder-
ator assemblies have o cope with the materials
damage caused by the neutron, fast ion, and
thermal x-ray Mux from the fusion reaction. The
capsule implosion releases an energy equiv-
alent to 7 kg of high explosive, but instead ol
producing a shock wave, this energy mostly
gocs into producing neutrons with relatively
low momentum. However, the reactions
produce a large number of x-rayvs and high-
energy clarged ions that, ilthey were allowed 1o
hit the moderator assembly, would cause sub-
stantial radiation damage and would rapidly ab-
late away surfaces. Experience shows that this
begins 1o occur if the flux exceeds | to 3 Vem®,
and. because the current IFE power plant de-
signs typically predict 5 10 20 Jent® in fast jons
and 0.5 1o 1.5 Jent® in x-rays at the chamber
wall, sophisticated fux mingation techniques
will need 10 be developed by the fusion com-
munity (2. The estimated fluence on our Ph
neutron converter is ~30 Jiem?® in fast ions and
-3 Jem? in x-rays, or within a factor of 2 {0 3
ol the problems already faced by the IFE com-
munity, s0 that we can reasonably expect o
adopt similar mingating procedures,

To cope with this highly hostile cnvironment,
we proposc to use the lead layer as a saerifi-
cial shicld as well as an cnergy converier, We
estimate it will be ablated at about 100 mmhour,
s0 it will need 10 be a moving sinp as shown in
Fig. 4. In practice, we would envisage a thin
plastic layer on the front of the lead, because
replacing as much as possible of the ablaed
lead with ablated plastic is preferable with
respect 10 waste management, The level of
ablation from the converter equanes 1o - 10%!
atoms per pulse, which is comparmble w0 the
debnis associaed with IFE anget designs, so we
can adopt similar vacuum and waste-collection
technology,

As well as ablation, the radiation wall weaken
materials through mdiation damage. The neu-
tron [luence at the front face of the modertor
assembly (~1 m from the fusion target) 15 ~ 8 =
10" n/'em® per shot. Over a lifetime of | month,
the modermtor has therefore o withstand ir-
radiation by ~107" nlem?®. This is sulficient 10
induce on the order of 100 displacoments per
atom, which is beyond the limit of structural
survivability for the assembly, Put another way,
this means that cach atom is displaced on average
once every 7 hours, We estimate that the effects
of radiation damage will require a design in
which the whole modemtor assembly can be
routinely replaced cach month—an operationally
acceptable Irequency,

The facility would hikely consume =10 kg a
vear of tntium, which is equivalent to 50% ol the
world’s current inventory, However, techniques
are being developed in the Tusion progrm that
will make n possable 1o “breed™ all the tritium
required by reacting neutrons with a laver of
lithium and lead built ino the walls of the outer
containment vessel. This will capture 14-MeV
neutrons and generate the tritium required for
subsequent fuel pellets through the reaction
®Li + n—*He + *T. Because the neutron caplure
cliciency is only ~80%., there is a need 10
compensate through neutron multiplication in
this blanket. This is achieved by inclastic re-
actions in the lead atoms ( 21). For our purposes,
the neutron scattering infrastructure resulls in
only a small addiional reduction in the total
neutron population (=1-2%), such that it is rea-
sonmable 1o assume the intium breeding schome
can absorb this perturbation. Interestingly, the
last ignition scheme adopied here may cven
permit the use of designs in which only trace
amounis of tritium are required within the
capsule, so the complexity of extemal breeding
can be avoided or minimized (22).

The tritium requirements and the materials
survival are all difficult issucs, bui they are
alrcady being addressed very actively by the
fusion energy community. Considerable pro-
gress in this ficld is expected in the next decade
as a result of the decision o proceed with the
ITER fusion project (23-25).

Concluding Remarks

The merging of neutron scatiering science with
IFE rescarch offers the potential for a revolu-
tionary increase in neutron-source brightness,
Although a source of this kind poscs consider-
able challenges, we have not discovered any
barrier. technical or physical, that would make it
obviously unfeasible. The great challenges are
balanced by the huge gains that such a source
would offer. This suggestion anticipates the dem-
onstration of thermonuelear ignition within the
next few vears and builds on innovative work
from the fusion community inte how such a
demonstration could be developed mo a viable
high-repetition source, The IFE community has
a long history of tving a broad range ofsciemific

REVIEW

applications inte s long-tenm goal of energy
production. and the advent of ignition now opens
up these amtalizing prospects lor neutron scal-
fCnng scicnce.

W believe it is timely for the neutron scatter-
ing community 1o pay close atiention to develop-
ments in IFE and to imagine the rich possibilitics
presented by such an incrcase in source power.
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Electrical Activity During the 2006 Mount
St. Augustine Volcanic Eruptions

R. ). Thomas,™ P. R. Krehbiel,® W. Rison,* H. E. Edens,® G. D. Aulich,* W. P. Winn,®

S. R. McNutt,? G. Tytgat,® E. Clark?

can prodhuce vigorous lightning, Early investiga-

tions of volcanic lightning were made durng the
Suntsey and Heimay cruptions in leclind m 1963
and 1973 (/, 2). Despite increasing interest (3-5),
volcanic hghining contmues o be poorly undersiood,
becawse there are fow direct scientilic observations
ol the phenomena. We repon observations of light-
ning duning the recent enplions of ML Augustine
i Alaska that provide a more detmled picture of
volcanic lightning than heretolore available,

Aller the initial cruptions of Mount St Augus-
tine on 11 and 13 January 2006, two of which
producad  lighining, we deploved two time-of-
amival mapping stations on the east coast of
Cook Inlet 100 km cast of Augustine (fig. 51).
The stations constituted a minimal network caga-
ble of determining the wamuthal dircction of impul-
sive radio emissions from electrical discharges (6).

Within 2 days of the stations being set up Au-
gustine crupled again, producing four explosive
cruptions dunng the night of 27 1o 28 January 2006
(7). Ahhough not observed visually because of
stomy weather, the data showed that the first and
largest of the eruptions produced a spectacular

II has long been known that volcanic eruptions

WHF Lightring Data. Mt Augustine, Alaska, January 2008

lightning sequence (Fig. 1), Seismic data indicale
that the eruption lasted about 11 min, from 035:24
to 03:35 UTC, with a particulardy encrgetic ex-
plosion occurring between 05:31 and 05:33.
The main explosion, and a smaller explosion
-3 min carlier, were accompanied by continuous
backgrounds of strong. impukive mdiation and by
soveral embodded  lightning-like bursts (Fig. 1AL
The bursts were detected by both mcasurenient sta-
tors and ongmated Fom the diection of Augudne’s
summit {Fie. 1B) The background radetion, although
strong. was not deteetod at the northem station and is
believed 10 have orginated at low altitude Fmme-
diately above or within Augustings vent [1s presence
is indicative of a nyniad of small discharges within
the superheated cjecta as it exited the volcano.
The main explosion wis followed afier a delay
of =3 min by a sequence of about 300 well-defined
lightning discharpes between 05:34: 11 and 05:45:31
UTC. The discharpes dified southward from Au-
sustings summit (Fiz 1B), i the same dircciion as
the Nexrad-detecied mdar plume, One of the fial
discharges bisted 650 mes and had a rmsverse exient
ol 15 ki, extending o 22 km away from the vol-
cano (Fig. 1C). The discharges undoubtedly

EA | Firs onuption, 824838 pm local, January 27,
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Fig. 1. Overview of the electrical activity during the initial eruption on 27 January. (A) Peak radiated
power values at the southern station, with azimuthally located events shown in magenta. VHF, very high
frequency. (B} Transverse distance of the located discharges relative to Augustine. (C) Temporal
development of a final lightning discharge near the end of the activity. (D) Vertical projection of an

upward discharge during the main explosion.

occurmad within the volcano's plume, which devel-
oped up o 8 1o 10 kmm alonade,

Adbough pot planned, the southem staton for-
tuitously functionad as a sersuroe mierdaomcien, n
which dincct and waerretloctad  signals mserfonsd
constructively or destructively at the nocciving e
dopending on the height of the mdition source above
the voleano, The interfrence effocts wene clear for a
rciation burst at 05:32: 14 during the main explosion
(lig. S3) Together with the mdmuthal dat, the results
show that the burt was pradocsd by an upwand-
miiated, ~d-km-long discharge from Augustings
amuml that developed hortaontally o e down-
wind phame (Fiz. DL The mdiation was damctertsoe
ol nemtivepoknty brerkdown mio net positive dige
m the phume (8) [Supportmg Onlmne Material (SOM)
text | Some dischanpes of the ddavad Eghining sequence
nry banve boen indtiated upwward from e st o
st were undoubtedly intmclowd discharpes,

Overall, the observanons of the 2728 Jamery
eruptions mdicate that Augustinds clectncal activity
had two modes or phases: first, a newly identificd
explosive phase in which the gjecta trom the explo-
sion appearad o be highly charged upon exiting the
vokeano, mesulling in numerows apparently  disor-
ganized discharges and some simple ightning (Fig.
1D). The net charge exiting the voleano appears 1o
e been positive, the same polanty observed for
the leelandic voleanoes involving direct contret with
s water (F, 21 In the second phase, conventional
lightming discharges occumed within the plume clowd
procucad by the explosion. Alihougl the plume was
undoubtedly charged as a result of the explosion, the
£t that the plume lighining was delaved and con-
tinued afier and well downwind of the cruption
mdicates that in situ charging also occurmed within
the plume, for example a5 a wsul of particke nier-
actions. mvolving iephr, ash, and ioe hvdrometeors.

Volcanoes are known 10 release copious amounts of

waler and may behwwve as “dirty” Bundergoms (9),
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Nuclear Activity of MLA Immune
Receptors Links Isolate-Specific and
Basal Disease-Resistance Responses

Qian-Hua Shen,* Yusuke Saijo," Stefan Mauch,” Christoph Biskup,® Stéphane Bieri,? Beat Keller,?

Hikaru Seki,™* Bekir Ulker,

Imre E. Somssich,” Paul Schulze-Lefert's

Plant immune responses are triggered by pattern recognition receptors that detect conserved
pathogen-associated molecular patterns (PAMPs) or by resistance (R) proteins recognizing isolate-
specific pathogen effectors. We show that in barley, intracellular mildew A (MLA) R proteins
function in the nucleus to confer resistance against the powdery mildew fungus. Recognition of the
fungal avirulence A10 effector by MLALO induces nuclear associations between receptor and WRKY
transcription factors. The identified WRKY proteins act as repressors of PAMP-triggered basal
defense. MLA appears to interfere with the WRKY repressor function, thereby de-repressing PAMP-
triggered basal defense. Our findings reveal a mechanism by which these polymorphic immune

receptors integrate distinct pathogen signals.

lants have evolved two classes of immune
Pn.\wrum.\-. cach of which recognizes non-

sell’ molecular structures, One class in-
volves membrane-resident pattem  recognition
receptons { PRRs) that detect pathogen-pssociated
molecular pattems (PAMPs) such as bacterial
agellm or chitin, a component of fungal cell
witlls (/). Dunng interactions with virulent para-
sites, PRRs conler weak immune responses that
attenuate pathogen growth and contribute 1o
basal defense (£) Reduced PAM P-mediated de-
fense probably results from suceessful host de-
fense suppression by pathogen effectors (/).
Resistance (R) proleins represent a second,
mainly intracellular, immune receptor class
having the capacity 1o direetly or indirectly de-
et isolate-specilic pathogen ellectors. encoded
by avirulence (AFR) genes (1), PRR-triggencd
imumune responses ane tightly linked o mitogen-
activated protein Kinase signaling, the accumu-
lation of reactive oxygen species (ROS), and the
activation of defense-rclated genes involving
WRKY tmnscription factors (TFs) (20 Immedi-
ate signaling components of elfector-activated R
proteins are unknown. However, B proten
mggered immune responses are also linked to
ROS accumulation and defense-gene activation
but differ quantinatively and kinctically  from
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basal defense, often leading to hosteell suicide at
invasion sites (3). This points 10 a convergence
of PRR- and R protein-triggered signaling, but
the nodes and mechanisms enabling plants 10
integrate signals from these two receplor classes
remain clusive,

The polymorphic badey mildew A (ML) R

locus encodes allelie receplors contmimng an N-
temminal coiled-coil (CC) structure, a central
nucleotide-binding (NB) site, and a leucine-rich
repeal (LRR)Y region. MLA  receplors share
% sequence wdentity but recognize 1solate-
specific Blumeria graminis §sp. hovded efliectors
(4-T) MLANMLAG hybrid analyses revealed
that recognition spocificity is detenmined by
different but overlapping LRRs and a C-
terminal non-LRR region (CT) (6). MLA
steadlv-state levels are critical for effective re-
sistance and are subject o control by cylo-
solic heat-shock protein 90 (Hsp20) and the
co-chaperone-like protans RAR] and SGTI
(&, 9). Recently, the 8. graminis ellfector AVR 44,
which is recognized by MLA 0, was isolated and
shown 10 belong 1w a diversified gene Tamily
comprising more than 30 paralogs (5, /). The
availability of the cognate MEAFD and AVE 40
gene pair, as well as the cell-autonomous nature
of MLA resistance to 8 gramminis upon transicmt
gene expression in single epidermal cells, cn-
abled us 1o clucidate eflector-dependent receptor
functions (5, 7, 1),

Nuclear activity of MLA receptors. Bio-
chemical Imactionation of leal protein exiracts
from transgenic bardey lines expressing epitope-

tagged MELAT or MEAG detected the majority of

the receptor in the soluble fraction (&), To
examine the subcellular distnbution of MLA,
we  biolistically delivered a DNA  plasmid
encoding MLALD tageed with vellow fluones-
cent protein (YFP) into leal epidermal cells and
recorded YFP Muorcscence by confocal imaging

(Fig. 1A, upper panel). MLATO-YFP localized
te the cyvtoplasm and the nucleus. Biolisuc
delvery of wild-type MEAIO or MLATO-YFP
constructs into single epidermal cells compara-
bly restnicted B graminis growth in an AVR 400
dependent manner (Fig. 1B) demonstrating
activity of the MLALO-YFP fusion protein. To
determine the functional role of the nuclear
MLALD pool, we fused a nuclear export signal
(NES) 10 the C tenminus of MLALOYFP (1)),
Expression of the MLATO-YFP-NES construct
revealed undeeaable nuclear Muorescence sig-
nals in the majority (=80%) of epidermal cells
despite clearly visible evtoplasmic YFP fluorcs-
cence, In the remaining cells, nuclel were m-
directly marked by a YFP halo i Fig. LA, muddle
pancl). If this difference in the subcellular
distribution  between MLATO-YFP-NES- and
MLALO-YFP-expressing cells were duc 1o a
functional NES, then amino acid substilutions
predicted to render the NES nonfunctional (nes)
i) should restore nuclear accumulation of a
comreponding MLAT0-YFP-nes tusion protein.
Indeed, the subcellular YFP Nuorcscence distri-
bution pattems of cells expressing MLATO-YFP-
nes of MLATOSYFP were indistinguishable (Fig.
1A, bottom panel). Inoculation with 8. graminis
expressing AVR g0 showed that the MLATO-
YFP-NES receplor variant was inactive, whereas
MLALO-YFP-nes restored activity 1o MLALO
wild-type-like levels (Fig. 1B). Together these
data strongly imply that the nuclear pool of
MLALD is cssential for its discase-resistance
function. This is unexpected because MLA lacks
known nuclear local ization signals.

We next analyezed stable transgenic barley
lines containing a single copy of functional
epitope-tagged MELAT driven by native 5° regu-
latory sequences (8). We punfied nuclei from
leaves of T-day-old seedlings before and aficr
inoculation with B. graminis isolates expressing
or lacking the cognate AVR , effector. Immuno-
blot analyses detected MLAT-HA in both nuclear
extracts and nuclei-depleted soluble fractions
(Fig. 1C) A time-course expeniment revealed
an apparent increase of the nuclear MLAL-HA
pool in the meompatible interaction (12, 18, and
24 hours aller spore moculation) as compared 1o
the compatible imteraction (Fig. 1C; similar
results were obtained with protein extracts from
leal’ cpidermal tissuc). This demonsumies the
existence of a nuclear pool for a second MLA
receplor, is indicative of dynamic changes of the
nuclear pool dunng the immune response, and
suggests that the immcellular distibution of
MLALO-YFP observed in the single-cell system
probably reflects its physiological locations,

HvWRKY1/2 TFs interact with the MLA CC
domain. We constructed veast two-hwbnid baits
encoding single or muluple domains of MLAI
or MLAG6 CCONB-LRR-CT receptors and
screened @ barley prey cDNA libmry derived
from healthy and 8 graminis-challenged leal
epidermal tissue (Fig. 2A) (8, 12), The bait MLA
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CCyas (an invanant sequence in all known
MLA receptors) wdentilied four interactors. Two
were disnussed because of ther predicted local-
aation i chloroplasts and mnochondra. One
identificd prey cDNA encoded an N-temminally
truncated version of a WRKY domain- comaining
TF, designated HvWRKY 2 (Hv, Hordewnn vl
gare) (Fig. 2A; GenBank accession number
AJESIRIR) A highly sequence-related homolog,
designated MyWREY D (GenBank  aceession
number AJS3666T), sharing 72% sequence sim-
ilarity and identical domains and motils (fig, 52),
was subsequently isolued and also found 1o
interact with the MLA CCy.46 bait by targeted
veist two-vbrd experiments, To charmctenize
MLA and FVWRKY 172 TFs imcractions, we
performed directed veast two-hybnd assays using
tuncated and full-length receptor and TF van-
ants, Although imeractions were found with trun-

the full-length MLAG bait failed to interact with
all tested AYWRKY D or MAWRKY2 prev vari-
ants despate the presence ol comparable amounts
of the LexA-MLA fusion proteins (fig. S1). This
might indicate requircments for intr- and inter-
molecular interactions in vivo,

To examine whether MLA directly interacts
with AvyWRKY 12, we performed in vitro pull-
down assays. A hemagglwtinin (HA) epitope
tagged MLAT CC) 56 Magment was expressed
in a wheat gemm in vitro translation system and
subsequently  incubated with glutathione S-
transferase (GSTY-FYWRKY2 107310 o GST
alone purified from Eschericfia coli lysaes,
Immunoblot analysis of GST pull-down precip-
iates with HA anubodics revealed the presence
of MLAL CC). 66 in GET-HWWRKY 2 07.319 but
not GST precipitates (Fig. 2B). This is con-
sistent with a physical imeraction between the

catad forms of the receptor and the TFs (Fig. 2A),  MLAL CC and the MAYWRKY2 TF.

A B AVRAT + * + = =
AVRa1p - = * + + + +
MLA1Q-YFE 809
£F
i«
MLA10-YFP-NES E "
BaE 151
2 u-i o Sl
S & 2 u ¥
SEEREE
Tunlglﬂl% ; ; 3 o
3
c nuclear soluble
€ incompatible compatible @ incompatible compatible
18 12 18 24 12 18 24 18 12 18 24 12 18 24 hpi
MLAT-HA | = - il —~ g e =
HSP3S0 el e .
e [—————
RubisCO
(CB staining) LR e R ey (Al e

Fig. 1. The nuclear MLALO fraction mediates race-specific resistance. (A) Confocal image of a
barley leaf epidermal cell expressing MLA10-YFP [upper panel, three-dimensional (3D)
reconstruction], MLA10-YFP-NES (middle, 2D z plane), and MLA10-YFP-nes (lower panel, 2D z
plane). Cytoplasmic strands traversing the vacuole are also visible. Arrowheads mark the nuclei,
Scale bar, 10 pm. {B) Haustorium index in leaf epidermal cells upon biolistic codelivery of the
indicated plasmid vectors and GUS reporter. Bombarded leaves were inoculated with B. graminis
isolates expressing AVRaq or AVRyp. Fungal haustoria were microscopically scored 48 hours after
inoculation. Data were obtained from three independent experiments. (C) Western blot of MLA1-HA
in nuclear and soluble fractions of healthy or B. graminis—challenged leaves. Purified nuclear and
nuclei-depleted soluble fractions were prepared from leaves of a transgenic line expressing MLAL-HA
(8) at the indicated time points [hours post inoculation (hpi)] after inoculation with B. graminis
isolates expressing or lacking AVRsy (incompatible or compatible). All fractions were subjected to
immunoblot analyses. This loading represents an approximately 16-fold overrepresentation of
nuclear proteins on a per-tissue amount basis. ©, non-inoculated controls. Histone H3, cytosolic
Hsp90, and Coomassie blue (CB) staining of ribulose-1,5-bisphosphate carboxylase-oxygenase
{RubisCO) were used as fraction markers.
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HvWRKY1/2 repressor functions. To cluci-
date the functional role of HvIFRKY! and
FvIFRRY2 i immune responses o B, graminis,
we lirst examined their contnbution to basal de-
fense mechanisms by vinus-induced gene silenc-
ing (VIGS) duning a compatible interaction,
Barley scodlings were moculated with a barley
stnpe mosaic virus (BSMV) vector harboning
antisense fragments of AvIVRKY! (BSMV-
WERKY las) or FVIFRKY2 (BSMV-WREY 2is)
or control vectors (Fig. 3A) (/3% Two weeks alter
BSMVY infection, leaves were inoculmed with a

viulent B, grameinis isolate, and the frequency of

fungal microcolonics on the Jeall surface was
microscopically scored 48 hours later, Whercas
leaves moculmed with the control vectors
supporied a frequency of 15 £ 2% and 19 + 2%
microcolonics, respectively, significantly reducad
levels were found with BSMV-WRKY las and
BSMV-WRKY2as [7 + 2% and 9 = 3% (Fig. 3JA)
the fourth leal was used for VIGS experiments
that show a higher level of basal defense than
did the first true leal used for single-cell gene
expression studies]. This is consistent with and
extends previous data showing heightened
resistance W a dilferent viralent B, graminis iso-

A 1)
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a-HA

Ponceau
shamneng

Fig. 2. FWWRKYL/2 TFs interact with the MLA CC
domain. (A) Results of yeast two-hybrid assays
between bait fusions of the LexA DNA binding
domain and prey fusions of the B42 activation
domain containing either MLAL/6 or HYWRKY1/2
sequences as indicated. Blue, detected inter-
actions; yellow, undetectable interactions; nd.,
not determined. (B) Immunoblot analysis of GST
and GST-HYWRKY 2447.319 pull-down precipitates.
GST or GST-HVWRKY2,47.315 were incubated with
HA epitope—tagged MLAL CC,.,4¢ before GST
pull-downs. Ten ul of the mixtures was subjected
to immunoblot analysis with antiserum to HA as
an input control. MLAL CC,y.444 was detected by
antiserum to HA, GST-WRKY2107.319, and GST by
Ponceau staining.
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late upon AvIVRKYT single<cell silencing in the
leal epidenmis (/4). suggesung that FHWRKY'
and FAYWRKY2 act as repressors of basal de-
tense o virulent B, graminis.

We testad this hypothesis through FvlFRKY2
overexpression experiments duning compatible
imteractions. Bioliste delivery of a MvlPRKY2
construct, driven by the strong ubiquitin
promoter, into single leal’ epidemmal cells resulied
in supersusceptibility in different genetic back-
grounds harboring MLAI-HA, MEAG-HA, or
wild-type MLAN) (Fig 3B: similar results were
obtained with MelVRKY!D. Overexpression of
SUSIRAZ, a barley WRKY TF functioning in
sugar signaling ( £.5), did not alter the B, gramings
infecuon type (Fig. 3B), indicaung that sequence
modils other than the shared WRKY DNA bind-
ing domain (/6) contribute to the HvIVRKY12-
dependent supersusceptible  phenotype. The
contrasting infection phenotypes observed upon
overexpression or gene silencing of MellBKY ]2
are consistent with ther presumed roles as
repressors of basal defense. HvIPRKY! and
HyIVRKY2? expression was strongly (220 lold),
rapidly (within 3 hours), and transiently activated
upon 8. graninis challenge in both compatible
and MLA-=specilied incompatible imermctions (lig.
S3A) approximately 10 hours before differential
infection phenotypes became  microscopically
visible, This, and the observation that a similarly
strong and even faster HvWRE YT and HvWREY2
activation occurred upon treatment of leaves with
the bacterial Ng22 PAMP (lig. S3B), suppont our
hiypothesis that both genes are componats of
PAMP-tnggered hasal defense.

Next we investigated the  imponance of the
physical association between the mvariant MLA
CC domain and AMWRKY 12 during incom-
patible interactions. We rcasoned tha il MLA
receplors  function through interference  with
HyWREY 112 repressor activity in basal defionse,
then single-cell overexpression of FvHRKY]2
might block MLA function because of inappro-
priate timing and'or TF levels. Indeed, single-cell
FvilRKY2 overexpression fully  compromisod
tested MEAT-HA -, MEATE, and MEA 1 2-spocifiod
Immune responses o B graminis solates express-
ing cogmate vy effectors (Fig. 30 similar nesults
were obtained with AvllRKY ). We previously
showed that MELAT2 single-cell overexpression
alters the resistance Kinetics, but not specificity,
s0 that the growih of a larger proportion of
fungal germlings is terminated carlier in com-
parison o AL 2 wild-type plants (6). To tesi
whether overexpression of the receplor can ne-
gate the effect of overexpressed HvIFRKY2, we
co-delivered HvIFRKY2 with MLAJ0 or MLAL2,
This still compromised both MLA-specified
imumune responses (Fig, 30), indicating that in
wild-tvpe plants AelPRKTY2 expression must be
tightly controlled 10 ensure proper MLA fune-
tion, SUSIEAZ WREKY overexpression did not
imtertere with ested MLAT-HA-ggered immu-
mity, again ilustrating that only  particular
WREKY TFs can interfere with immune responses
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to B. oraminis (Fig. 3C). HvWRK' Y2 overexpres-
sion also falad 10 compromise MWLG-ingeerad
race=specilic as well as mlo-medimed race-
nonspecilic resistance to B graminis (Fig, 3C)
(17, I8). This is consistent with previous results
demonstrating sepamite genetic pathways lor
race-specific and mlo-mediated resistance (/9)
and revealing the existence of am least one
HvIVRKY2 independent R gene-triggencd im-
mune response o B gramings.
Effector-dependent association between MLA
and HYWRKY2. To dircctly test associations
between the MLA receptor and SAAWRKY2 in
plants. we labeled the proteins with the yellow
(YFP)- or blue |evan (luorescent protein
(CFP)]-shified varints of the green luorescent
protein (GFP), respectively. Upon  biolistic
delivery of the corresponding DNA plasmids
it epidennal cells, functional MLATO-YFP
and functional CFP-FAAWRKY 2 fusion proteins

colocalised i epidenmal nuclen (lig. 54, A and
B: CFP-HvWRKY2 exclusively localizes 1o the
nucleus in all expenments desenbed below). To
fest protein associlations o the presence or
absenee of the cognate AVR 40 pathogen ellec-
tor (/1) we monitored for Forster esonance
cnergy transfer (FRET) between the (Tuores-
cence tags of MLALG-YFP and CFP-HyWRKY 2.
In this study, we adopted a quantitative non-
invasive Nuorescence lifetime imaging (FLIM)
approach 1o detect FRET (fig. $5). To cal-
culate FRET efliciency (E) the lifttime of the
donor in the presence of the acceplor (tpa)
only necds 1o be compared with its lifetime in
the absenee of the acceplor (tpk £= | - tpa/Tp.
This approach has the advamage that FRET
and control measurements can be performed
n difterent cells because Nuorescence Lifetimes
are independent of the actual Muorophore
concentrtion,
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Fig. 3. AIWWREYL/Z TFs repress basal and interfere with MLA-triggered immune responses. (A) B.
graminis microcolony formation on barley leaves after BSMV-mediated AHvWRKYI or HVRKYZ2
silencing. BSMV empty vector (BSMV-EV) and BSMV-Talr10as were used as controls. BSMV-Talr10as
harbers an antisense fragment of the 3" untranslated region of wheat Tolr10 that is of similar length to
BSMV-WRKY1las or BSMV-WRKY2as. Mean values of microcolony formation are based on the
microscopic analysis of at least 600 interaction sites at 48 hours after inoculation with B. graminis
conidiospores of virulent isolate Ab. Asterisk indicates significant difference at P = 0.05. (B) Haustorium
index in leaf epidermal cells after inoculation with B. graminis conidiospores of virulent isolates A6 or
K1 Empty DNA vectors (EV) or plasmids expressing AvIWVRKYZ or HvSUS/IBAZ were biolistically
codelivered with the GUS reporter into epidermal cells of the indicated genetic backgrounds. (C)
Haustorium index in leaf epidermal cells after inoculation with B. graminis conidiospores of avirulent
isolates A6 or K1. EVs or plasmids expressing the indicated transgenes were biolistically codelivered with
the GUS reporter into epidermal cells of the indicated genetic backgrounds.
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We measured the lifetimes of free CFP and
CFP fusion proteins as a control. The average
lifetime of free CFP was 2.53 = (002 ns (mean =
SEM, n = 8 nuclen) (g, S6F) Unexpectedly,
the averige CFP hlctme m nucler expressing
the CFP-AAvWRKY2 fusion was reduced 1o
212 £ 0,02 ns (n = 24; Fig. 4A and fig. 56F),
indicating possible  homo-FRET between  the
CFP tags of associated CFP-FAYWRKY2 Tusion
proteins (20), In comrast, the average CFP
lifetime of CFP-SUSIBA2 (2,47 « 001 ns, »
5 fig. 56, C and F) was close 1o that of uniused
CFP (2.53 0.02). To dircctly 1est for
FHYWREKY?2 dimerezation, we pencrated a YFP-
HYWRKY2 construct and co-delivered it with
CFP-HAYWRKY2 into epidennal cells, A dra-
matie reduction of the average CFP hifetime 1w
1.29 = 0.4 ns (0 = 7) was recorded m nucla
cooxpressing the fusion proteins (g, S6, A and
Fi. To rule out the possibility that CFP lifetime
reduction was due 1o unspecilic assocmlions
between the luorsscent tags, we coexpressed as
a control CFP-AHWREY2 and unfused YFP
Nuclei coexpressing these two proteins showad
an average CFP lifetime ol 2.03 £ 001 ns{n = 12;
fig. S6. B and F). which is close 1o the average
CFP lifetime of CFP-WREKY2 alone (2.12

Lifetime image Fluorescence decay

0.02 nsp Collectively, this provides strong in vivo
evidence for homomene FMYWRKY 2 asociations,
In the cocxpression expeniments, a mea-
surcd lifetime was considered to be sigmificant-
Iv (7 = 0.003) shorter when it was more than 3
5D lower than the respective control values,
For CFP-WRKY'2, the threshold was caleulaed
o be 1.92 ns. Thus, upon coexpression with
potential interactors, lifctimes <1.92 ns can be
atnbuted w FRET. For CFP-SUSIBA2, the
calculated threshold was 2.39 ns, We measuncd
the CFP lifetime upon coex pression of function-
al CFP-FWWREKY2 and MLALO-YFP (2.00
0,03 ns, n = 12: Fig. 48 and fig. S6F) and found
that it did not differ significamly (2 < 0,01) from
the average CFP lifetime of nuclei coexpressing
CFP-HvWREY2 and free YFP (2.03 = 0,01 ns).
Thus, there is no evidence for constitutive as-
sociations between the immune receplor and the
TF. which is consistent with undetceciable
mieractions between  full-length MLA  and
HyWRKY /2 i the veast two-hvbnd expen-
ments (Fig. 2). However, cells subjected 10
cotrns formation of CFP-FAWREKY 2, MLALD-
YFP, and the B. graminis AVRyp effector,
which is recognized by MLAIO, produced a
broad CFP lifetime distribution not scen in any

Lifetime distribution  Lifetime histogram
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Fig. 4. (A to D) HvWRKY2 and MLA10 association is AVRzyg-dependent. FLIM measurements in
barley epidermal nuclei expressing the indicated protein(s) are shown. (Left column) CFP fluo-
rescence lifetime image of the nucleus of a representative cell expressing the indicated protein(s).
The average fluorescence lifetime obtained for each pixel is encoded by color as indicated by the
scale in the middle right column. (Middle left column} CFP fluorescence decay curve measured for
the pixel marked by the red arrowhead in the left column. The decay curve was approximated by a
mono- of biexponential function as described in the supporting online material. (Middle right
column) CFP fluorescence lifetime distribution throughout the nucleus shown in the lifetime image.
(Right column) Histogram of mean CFP fluorescence lifetimes obtained for all measured nuclei
expressing the indicated protein(s). Bar heights represent the number of nuclei whose mean

lifetime falls within the indicated 0.1-ns range.
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other tested combinations, ranging from 1.32 to
217 ns (Fig. 4C and fig. S6F). Ten out of 27
(37%) CFP hieume measurements yviclded life-
times that wene sigmilicantly shorter than that of
the CFP-FAvWRKY2 control (Fig, 4A), indicat-
ing AVR, oestimulamted associations between
MLALO and AAyWRKY 2. That a portion of the
measurcd CFP lifetimes does not differ from
the control measurements could indicate that
the stoichiometry between the three proteins and
putative auxiliary factors is critical and'or that
the association between receptor and WRKY TF
is only trnsient by nature,

When we coexpressed CFP-HhWWREY 2,
MLAIOYFP, and the B grominis elfector
AVRi |an AVR a0 homolog recognized by
the MLK R proten (/] the average CFP
lifcume (2.06 « 003 ns, w = 14) did not differ
significantly from the lifctiime found in nucle
coexpressing CFP-FAWWRKY2 and MLAITO-
YFP (Fig. 4D and fig. S6F). Furthermore, ne-
placament of CFP-HWRKY2 by CFP-SUSIBA2
in combinations with MLATO-YFP and AVR 0
or AVRy; lailed o generate a pronounced broad-
ening of the CFP lifetime distribution [lifetimes
were 242 £ 003 ns (v = 11)and 243 = 0.02 ns
(e = 11k respectively: fig. 56, D to F|. Together.
this comoborales the ability of MLA immune
receplors o imteract with panticular WRKY
family members in the nucleus and supports
the notion of an AVER , jp-dependent physical
association between MLALD and AvWRKY 2.

The FLIM-FRET data were substantiated by
using the conventional acceptor photobleaching
micthod (APB-FRET) To cstimate the extent ol
FRET, the donor [Muorcscence inlensily is
micasured before and after the acceptor chromo-
phore is bleached. Donor Huorescence intensity
increases in those cases where FRET has oc-
curred before bleaching. Such an increase in CFP
intensity was observed only in nuclei coex-
pressing CFP-HYWREY 2, MLAITO-YFP, and
AVER , 1o (lig. 5T) but not in nuclei coexpressing
CFP-HvWREKY2 and YFP, or CFP-HWRKY2,
MLALO-YFP, and AVRy, (fig. 57). This inde-
pendently confinms the AVR  g-dependent phys-
ical association between MLATD and Ay WRKY2
m nuclel.

AHWRKY18/40 repressor functions. WRKY
TFs belong to large gene Fomlics in Arabidopsis
and in mee (21, 220 Arabidopss ATWRK YIS,
AWREYA0, and AdVRKYo6O (Ar, Arabidopsis
thafiana) and noe CsWRKY2Y and OsWRKY?]
((x, (dza sative) show the highesi sequence
rclatedness w0 HvWPRAY! and HvHRKY2 (fig.
52) The deduced proweins form a distinet sub-
group of group [T WRKYs containing a leucine
zipper (L) domain thought 10 be involved in
homo- and'or heterocomples formation (23, 24).
AWRKYIS, AGVRKYH0, and ATWRKYS) have
been recently implicated in repressing basal
detense o virulent hemibiotrophic Psendomenas

siwingae (24), We wsted mutamt lines of these

Arabidapsis WRKY family members by inoc-
ulation with the vinulent powdery mildew
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Crodenvinosnvees ovontii (24 (and our collec-
tions L. Although single Anveky £8, Anvicky 40, or
Atirkve? mutanmt plants and Anrkyef 860 or
Arvrkyd 0060 double mutants retamned Col-0
wild-type-like susceptibility, the Ak /890
and Anwrked 890060 riple muant lines were
almost fully resistam (Fig. 5, A and B). This
reveals redundant AAWRKY I8 and ArWRKY 40
activitics and points 10 a conserved repressor
function of the dicot and monocot homologs in
basal defense.

Although Amvrked 8490 double mutants do
not constitutively express defense-associated
genes (24), genome-wide gene expression pro-
filing experiments upon inoculation with viru-
lemt P svringae DO3IO0O revealed that a subsct
of 23 genes accumulates cardier and 15 3.5-fold
or more up-regulated in the Anerke /840 double
mutant but not in Adtwrked 8 or Aneek <) single
mutants (lable 51). This subsct contains 21
PAMP-responsive genes, meluding the 6-fold
up-regulated 5102, which encodes  1sochons-
mate synthase 1, required for salicy lic acid bio-
synthesis, and is a major contributor to basal
defense against G, orentif (25, 26). Thus, mu-
tants lacking the AWREY IR/440 repressors
retain the ability 10 execute stimulus-dependent
defense-gene expression and the response ap-

ars 1o be exaggerated. These lindings imply
the existence of an AMWRKY 18/40-dependent
feedback repression syslem as an intrinsic con-
trol Teature of basal defense.

Conclusions. Few host factors have been
identified that dircetly interact with intra-
cellular NB-LRR proteins and participaie in
receplor Tunction. A subset of these, including
eyviosolic Hsp90, determines R protein steady-

Col-0

wrky18/40

Fig. 5. Atwrky18/40 double mutant plants are
resistant to G. orontii. (A) Infection phenotypes
of Arabidopsis plants 10 days after inoculation
with virulent G. orontii. Plant genotypes are
indicated. (B) Macroscopic leaf infection pheno-
type of a representative Col-0 and Atwrky18/40
plant shown in (A).

23 FEBRUARY 2007

state levels, possibly by repulated folding of

monomeric B proteins and'or preactivated R
protein-contaimng complexcs (271 Arabidopsis
RIN4 mmteracts with the NB-LRR type R
proteins RPMI and RPS2, forming a preactivi-
tion receplor complex at the plasma membrane
that permits indireet recognition of the cognate
£ sringae eflectors AviRpml and AsvrRpa2,
respectively (28, 29, Whether AVRA 0 is
dircetly or indirectly recognized by the cvio-
plasmic and/or nuclear MLAID pool nemains

unknown, However, unrestricted growth ol

AVR jporexpressing B graminis afier coexpres-
sion of MELATO and AvIFRRY2 (Fig. 3C) is
difficult 10 reconcile with a scenario in which
the TF serves as the effector mnget than indircctly
activates the receptor. We could not detect
association of the functional, Muorochrome-
tagged MLALO and HVWWREKY2 by FRET-
FLIM in the absence of AVR 4 g This suggests
that the specific, AVR, p-stmulated nuclear
association belween receptor and TF 15 a
postrecognition event involving activated
MLA. Alered intramolecular interactions in
the NB-LRR R proteins Rx and Bs2 probably
accompany their effector-dependent activation
(30, 3. Because MLA recognition specificily
is determined by the sequence-divergent LRR-
CT region (6), dircet or indireet effector-induced
modulmions of the MLA LRR-CT may sim-
ilarly lead 1o intramolecular interaction changes,
in tum pemmitting an association of the invariant
CC domam with HiWRKY 172,

Our data suggest that the transeriptional
machinery of PAMP-trigeered basal defense is
a direct tanget of MLA, thereby providing a link
between PRR- and R protein-triggened immu-

nity. Although wanscriptional reprogramming of

the host during incompatible versus compatible
interactions dilfers only quantitatively and kinet-
ically (3, it is difficult w determine whether the
typically weaker andior less susiained defense-
related gene expression during compatible
inicractions is the conscquence ol effector-
mediated defonse suppression or is an intrinsic
lfeawre of PAMP-trigeered basal defense. The
retained  pathogen<dependent but exaggerated
activation ol a subsct of defenseaclmed genes
in Arabidopsis Anwrkvl® wrekvdd) double mu-
tants s consistent with the existence of at least
one negative feedback system operating i
PAMP-mediated basal defense, Because cn-
hanced defense against vinlem € ovoni in
Anmwrky 1840 planis was accompanied by exicn-
sive leal cell death (Fig. 5), A/WRKY 18/40-

dependent repression might nestrict the output of

PAMPArggered basal defense below a detri-
mental threshold and, at the same time, function
as a hair wigger of the primed immune system
for R protein-dependemt delense potentiation
driving host cells o suicide. Given  that
AWRKYISAN are functionally homologous 10
HeWRKY 2, 0t is reasonable to hypothesize that
the observed genetie mterference (Fig. 3C) and

physical association (Figs. 2 and 4) botween

VOL 315 SCIENCE

MLA and FAYWRKY 12 duning incompatible
interactions with B graminis result in de-
repression of PAMP-tnggered basal delense
(hg. 581 This regulatory logie of MLA function
could explain why, after biolistic delivery of
AVR 50 o host epidermal cells of MEATO
genotypes (that s, i the absence of PAMPs),
most cells remain alive (/). Direct targeting off
PAMP-activated FAWRKY 12 repressors by
MLA receplors also implics a shon signaling
pathway that may not require genuine R gene

specilic signaling components,

Plamt and animal innate immune systems are
thought w have evolved independently from
cach other (32), Accordingly, biochemical con-
strants might have connbuted w the engage-
ment of structurally  related components  for
mmmune functions in both phyla, including the
CATERPILLER superfamily, which ¢ncom-
passes plant NB-LRR R and mammalian NOD
proteins (33, 34) CATERPILLER proteins have
cither demonstrated or anticipated roles as
microbial component sensors o control immune
and inflammatory responses. In this context,
dircet targeting of MWRKY 12 repressors by
MLA R proteins in the nucleus is reminiscent ol
the nuclear CATERPILLER CHTA  function,
which acts through direct association with DNA
binding proteins to regulate the expression of all
nujor histocompatibility complex class 11 and
ollwr penes imporant i antigen presentation
(34). Domain fusion events between a WRKY
and MB-LRR domain in two Arabidopsis
proteins, including the RRS1-R R protein
- Ralstonia solamaccanom inlectiion (35), sug-
gest similar transenplion machinery-associated
functions of plant immune receplors.
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The Triple-Ring Nebula Around
SN 1987A: Fingerprint of a

Binary Merger

Thomas Morris™? and Philipp Podsiadlowski*

Supernova 1987A, the first naked-eye supernova observed since Kepler’'s supernova in 1604,
defies a number of theoretical expectations. Its anomalies have long been atlributed to a merger
between two massive stars that occurred some 20,000 years before the explosion, but so far
there has been no conclusive proof that this merger took place. Here, we present three-dimensional
hydrodynamical simulations of the mass ejection associated with such a merger and the subsequent
evolution of the ejecta, and we show that this accurately reproduces the properties of the

triple-ring nebula surrounding the supernova.

upernova [95TA inthe Large Magellanic
S Cloud wias one of the major astronomical
events of the 19805, but it was highly un-
usual. The progenitor star, Sk 697202, was one
of the surpnises. Massive stars similar 1o the pro-
genitor of SN 1987A are expected 10 end their
evolution as red supergiants, but Sk 697202
was a blue supergiont. Morcover, the outer liyers
of the star were highly enriched in helium (1),
suggesting that some nuchear processed ma-
terial from the core had been mixed into the
envelope by a nonstandard mixing process (7).
Most notably, the supernova was surroundoed
by a complex triple-ring ncbula (3, 4) consist-
img of material that was ¢jected from the
progenitor some 20,000 years belore the ex-
plosion n an almost axi=symmetric but very
nonspherical manner, Together, this evidence
indicates that a dramatic evemt affected the
progenitor some 20,000 years before the ox-
plosion, most likely the merger of two massive
stars ().
A merger was first suggested 1o explain some
of the asymmetries of the supemova ¢jecta (6).
Later it was realized that a binary merger would
also explain the blue progenitor and its main

' Department of Astrophysics, University of Oxford, Oxford
0X1 3RH, UK. *“Max-Planck Institut fir Astrophysik, Garching
85741, Germany,

*To whom correspondence should be addressed. E-mail:
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chemical anomalies (7-9). This hypothesis has
sinee been conlirmad by detailed stellar, hydro-

dynamical simulations of the slow merger of

Fig. 1. Schematic dia- A
gram showing the for-
mation of the triple-ring
nebula. The system ini-
tially consisted of a bi-
nary with two stars of
=15 and -5 Mz with an
orbital period longer than
=10 years. Mass transfer
is dynamically unstable,
leading to the merger of
the two components in
(A) a common envelope
and (B) the spin-up of the D
envelope. M5, main-
sequence companion;
CO, carbon-oxygen core,
(€} The release of orbital
energy due to the spiral
in of the companion
leads to the partial ejec-
tion of the envelope. (D)
After the merging has
been completed, the
merged object evolves
to become a blue super-

N\ | /
g un twind,
i

two massive stars (f), However, the ongin of

the triple-nng nebula has so far not found a
satisfactory explanation.

The triple-nng nebula consists of three over-
lapping angs in projection. The supernova oc-
curred at the center of the nner nng, and the
outer rings are in plancs almost parallel to the
central ring plane but displaced by 0.4 pe above
and below the central ring plane. Notably, these
outer rings do not form the limb-brightened pro-
jection of an hourglass nebula, as in some of the
carly models lor the nebula (/- 13), but lorm
instead dense. ringlike density  enhancements
i), Previous attempts 1o model the nebhula have
involved interacting winds ina binary (14, 15),
a photoionization-dnven instability (J4), mass
gjection during a binary merger (73, or magnel-
ically controlled cjection (185), but none of these
has been able o fully explain both the detailed
geometry and the kinematical propertics of the
nebula.

unstable mass transfer

s G
@9 €

spin up of common envelope

partial envelope ejection

4

T
mass shedding

red-blue transition and
sweep-up of ejecta by
blue-supergiant wind

giant, shedding its excess angular momentum in an equatorial outflow. In the final blue-supergiant
phase, the energetic wind from the blue supergiant sweeps up all of the previous structures, producing

the triple-ring nebula.
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The axisymmetric but very nonspherical
structure immediately suggests that rotation
may have playved a mole in the formation. How-
simple
arguments show that any smgle star that 1s ro-
tating rapidly in its carly evolution could rotate

CVLT, Angu lar-momentum  conservation

slowly only afier it has expanded by a factor of

100 1o red-supergiant dimensions. On the other
hand, a binary merger provides a simple and
clfective means of converting orbital angular

Imomenium into spin JII'I_L’[IIHI momentum and of

producing a single, rapidly rotating supergiant,
A typical binary merger model for SN
198 TA (V) assumes that the Vsl ||'|i[1';|E|:~ con-

Fig. 2. Three-dimensional hydrodynamical (SPH)
simulations to model the various phases shown in
Fig. 1. (A) Cross-section of the rapidly rotating
red-supergiant envelope, containing 2 x 10° SPH
particles, following the spin-up in the initial
common-envelope phase (Fig. 1B) after a total
amount of arbital angular momentum of L = 8 x
10°* erg s has been deposited in the envelope. In
these units, the red supergiant had an initial
radius of 1. (B} Image of particles in the merid-
ional plane approximately 3 years after the orbital
energy has been injected in the central part of the
common envelope (Fg. 1C), showing the forma-
tion of the enhancement at mid-latitudes. Red
particles are unbound. (C) The mass enhancement
in the ejecta plotted as a function of time {con-
tours) and distance from the center of mass, as a
function of latitude, The herizontal axis shows the
equatorial plane where no mass is ejected, and
the color scale beneath the plot shows the in-
crease of ejected mass over the value expected in
spherical symmetry. The contours show the mean
radius of the ejected material at the time shown, in
units of 0.8 years (21). The axes are in the same unit
system as those of (A) and (B). (D) The final particle
distribution (10° particles) plotted in the meridional
plane at an age of 20,000 years. The density and
mean velocity of the material in the equaterial ning is
~2 x 10* em™ and 10.3 km 57, respectively. The
density and mean velocity of the material in the
outer rings is 10° em™? and 31 km s, respectively.
Wind particles are shown in black and the nebula
particles are shown in dark blue through pale green
based on a legarithmic density scale as indicated.
The axes are in units of 3 x 10™® em. (E) Simulated
emission measure at -2000 days after the
supernova in the 656-nm Ha line for our best
model. The total flux from the outer rings is 4 =
10** photons 5™, comparable to the observed
flux (4). LY, light year; 0, the inclination of the
symmetry axis with respect to the observer; v,
the direction of the velocity kick measured in the
equatorial plane. The star indicates the location
of the supernova. Simulations are available on-
line (movies 51 and 52).
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sisted of two massive stars with masses of ~15
and =35 solar masses (Mg) ina lairly wide orbit
with an orbital period longer than ~10 vears.
Ciiven these parameters, the more massive com-
ponent stanted o ransier mass W its companion
only alter it had completed heliuvm burning in the
core, Because of the large mass ratio, mass trns-
fer was unstable, leading o a common envelope
phase dunng which the sccondary star was
engulfed within the primary star’s envelope
(Fig. 1) In this phase, most of the orbital angular
momentum of the binary was deposited i the
common envelope, spinning the envelope up in

|]l\,‘ PrOCess, ']!u,' I'|In.'1iu1l uilh 1]|1.' ;.'IH-|.'|.u|'|»;,'

caused the secondary star’s orbit to decay (i.c.. to
spiral in) inside the common envelope. Because
the density mercased mward, the spiral-in
process accelerated until enough orbital cnergy
had been released and deposited in the envelope
o alleet the envelope dynamically. The ume
scale of this energy ¢jection is comparable to the
dynmamical time scale of the envelope, meaning
that the energy imjection into the envelope was
csentially mmpulsive: this lad 1o
expansion ol the envelope and substamial mass

a dynamical

giection. After the envelope expanded, the spiral
in of the sccondary st
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all of the orbital energy released was trnsported
1o the surface. where it was radiated away.
Ulumately, the secondary star inside the enve-
lope merged with the core, and in doing so
dredged up core material from the primary star
core (/). The whole menger process is expected
to have taken a few hundred years, Afterward,
the star was initially an oversized red supergiant,
but it shrank over the course of a few thousand
years—the time scake on which the envelope lost
its excess thermal energy—and became a blue
supergiant, In this phase, the fast, energetic wind
from the blue supergiant swept up the ejecta
associated with the merger and shaped the whole
nebula,

To simulate the mass cpection during the meng-
er and the subsequent evolution of the gjecta
(Fig. 2). we used GADGET (19), a threc-
dimensional, particle-based hydrodynamics
code that uses the smooth-particle by drodynam-
1cs (SPH) method. We split the simulations mto
two parts. First, we simulated the mass ejection
associated with the merger. and then we ook
the output from this model to start a second
caleulation to simulate the subsequent evolution
ol the ¢jecta as they are being swept up by the
blue-supergiant wind.

We modeled the red supergiant as a poly-
trope with a central poim source ol 8 W, rep-
resenting the compact core of the star and the
immersed companion, and an envelope mass of
12 Mg the initial radius of the star was taken to
be 1500 R, We then mimicked the initial spin-
up phase by adding agular momentum o the
envelope over a period ol =6 vears untl all ol'the
angular momenium from the initial binary was
deposited in the envelope (20). Because of this
spin-up, the envelope became highly non-
spherical and wok on a disklike shape (Fig.
2A). Most of the orbital energy was injected
impulsively when the orbital energy released was
comparable to the binding energy of the envelope
(24). This produced an inner region of over-
pressure that started 1o expand and drive a shock
in the overlving lavers, gecting some of the ouler
lavers in the process. Because of the highly
Matiened envelope structure, mass cjection wis
casicsl in the polar dircetion and occurred there
{irst. Whether mass was ¢jected in the equatorial
dircction depended on the amount of cnergy
mjected. IF it was less than about one-third the
binding energy of the envelope, the large mass
concentration in the equatorial plane inhibited
cquatorial mass cjection (20): particles that tried
o escape in the equatorial direction were de-
Mected by the large equatorial mass concen-
tration toward higher lamudes (Fig. 2C)L This
produced a large density enhancement in the
ejecta at roughly 43° Indeed, it is the over-
density at mid-latitude that would ultimanely
be swept up w0 form the outer nings in the SN
1987A nebula.

In our best model, no matter was ¢jected in
the equatorial dircetion. However, because the
merged object has much more angular momen-

tum than a more compact blue supergiant could
have, the merged obpect has 1o lose this excess
angular momentum, most likely in the oo of a
slow equatonial outflow (22), as it shrinks to be-
come a blue supergiant, We estimated that, for
typical paramcters, most likely severl solar
masses would need 1o be lost in this tansition
phase (21). Once the menzed object has become
a blue supergiant, its energetic blue-supcrziant
wind will stan 1o sweep up all the structures
ciected previously.

To model the blue-supergiam phase, we
started a second SPH caleulation in which we
only simulated the ejecta. For the initial model
of this calculion, we wok the output from the
fimst simulation once the gpecta expanded freely,
This gives the mass and the velocity of the ejecta
as a function of latitude. We then ballistically
extmpolated the evolution of the ¢jecta Tor 4000
years, the assumed tme of the red-blue transi-
tion. We modeled the equatonal mass shedding
by including an cquatorial outllow, lasting for
2000 years (21). We then imroduced a spheri-
cally symunetric bluc-supergiant wind (with a
mass-loss rate of M = 2 % 1077 M, vear ' and
wind velocity vy, = 500 kms ") and observed the
subsequent evolution.

In a typical simulation, after 20,000 years
(Fig. 23, the density enhancement al mid-
latitude had been swept up into two well-defined
rings, which together with the swept-up equato-
rial outfllow produced the main atures ol the
triple-ring nebula when obscrved at an inclina-
tion of ~45% (Fig. 2E). The Hubble Space
Telescope image (4) of the nebula shows that
the symmetry center of the outer rings is slightly
displaced from the svmmetry axis of the central
ring. This asvmmetry can be casily explained if
the cjecia associated with the merger are given a
small velocity kick of -2 km s ' in a direction to
the northwest of the nebula, at an angle of 117
out of the equatorial ring plane. This was done 1o
produce the model shown in Fig. 2E, which
almost perfectly reproduces not only the main
features of the triple-ring ncbula but also the
small asvmmetnes of the outer Angs (such as
their deviations from perfect ellipses and their
displacement from the central svmimetny axis).
To generate this cmission model (2/) we
assumed that the nebula was fully jonized by
the supermova explosion and that the emission
was optically thin. This best model also
reproduces the kinematics of both the inner ring
(23) and the outer rings (4). In this panicular
maodel, the inner ring comtains 0.4 Mg of mass,
whereas the outer rings contain a total of (.02
Mg, each.

The physical ongin of this small Kick is not
entirely <lear. It could be associated with a
nonradial pulsational mode excited during the
carly spimal-in phase: alhematively, it could be
due 1o the orbital motion caused by a more dis-
tant low-mass thind star in the system,

In addition 1o the three rings, the model pre-
dicts several other structures, The outer rings
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formm the ends of two bipolar lobes that, com-
bined with the bow-shock structure around the
mner nng. are remimscent of an hourglass
nebula (Fig. 2D). This structure is presumably
the origin of the hournglass structure that has been
inferred from light-ccho studics (24), Further
hight echoes have also been detected from be-
yond the triple-ring structure (25); these were
most likely formed during the eadier red-
supergiant phase of the primary star before the
merger or in the phase immediately preceding the
merger, where aceretion on the companion may
produce a bipolar owtllow (26), These phases
were nol included in our simulations,

The hydrodynamical model we present here
provides an excellent it w e observed nple-nng
nchula around SN 1987A. Notably, this model
docs not require any physically ad hoc assump-
tions, and all of the input paramcters are compatible
with the values expoctad from sin
the vanous phases of the merger (apat from the
phvsical origin of the small kick given to the ejecta,
which is presently not explained).

The model also makes several predictions,
specilically about the mass in the different Angs
and other structures. These may ultimately be-
come visible when the supemova cjecta begin
destroyving the nebula or when the emerngzent x-
ry fux resulting from the supemova-ring
interaction re-1onizes the nebula, In our favored
micdel, the outer Angs are ejected before the core
material is dredged up, whercas the inner ring is
cjected afterward. This distinction suggesis
some chemical differences between the inner
ring and the outer rings—namely, that the inner
ring should show a larger helium enhancement
and more evidence for CNO processing than the
outer rings. This may already have been ob-
senved (27) but needs to be confinmed ina more
detailed comparative study.
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Decagonal and Quasi-Crystalline
Tilings in Medieval Islamic Architecture

Peter . Lu'* and Paul ). Steinhardt?

The conventional view holds that girih (geometric star-and-polygon, or strapwork) patterns in
medieval Islamic architecture were conceived by their designers as a network of zigzagging lines,
where the lines were drafted directly with a straightedge and a compass. We show that by 1200
C.E. a conceptual breakthrough occurred in which girih patterns were reconceived as tessellations
of a special set of equilateral polygons (“girih tiles”) decorated with lines. These tiles enabled
the creation of increasingly complex periodic girih patterns, and by the 15th century, the
tessellation approach was combined with self-similar transformations to construct nearly perfect
quasi-crystalline Penrose patterns, five centuries before their discovery in the West.

irth patterns constitute a wide-ranging

decorative idiom throughout Islamic

art and architecture (f-6). Previous
studies of medieval Islamic documents de-
scribing applications of mmbematics in ar-
chitccture suggest that these girih patterns
were construeted by drafting direetly a net-
wink of zigeageing lines (sometimes called
strapwork) with the use of a compass and
straightedge (3, 7). The visual impact of these
wirih patterns is typically enhanced by rota-
tional symmetry. However, periodic patiems
created by the repetiion of a single “wnit cell”
molif can have only a limited set of moutional
symmeines, which western mathematicions first
proved rigorously in the 19%ih century C.E.: Only
two-fold, three-fold, four-fold. and six-fold
rotational svmmetrics are allowed. In particular,
five-fold and 10-fold svimmetrics are expressly
forbidden (&), Thus, although pentagonal and
decagonal motls appear frequently in Islamic
architectural ulings, they wypically adom a unit
cell repeated i a pattern with erystallographical-
Iy allowed symmetry (3-6),

Although simple perodic zinh pattemns in-
corporating decagonal mon|s can be constructed
using a “direct strapwork method™ with a
strightedge and a compass (as illustrated in
Fig. 1, A w D), far more complex decagonal
patierns also occur in medieval [slamic archi-
tecture, These complex paiterns can have unil
cells comaining hundreds of decagons and may
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repeat the same decagonal motils on several
length seales. Individually placing and drafting
hundreds ol such decagons with straightedge
and compass would have been both exceedingly
cumbersome and likely 1o accumulate geometric
distortions, which are not observed.

On the basis of our examination of a large
number of ginh panems decomting medicval
Islamie buildings, architectural serolls, and other
forms of medieval Islamic an, we suggest that
by 1200 C.E. there was an important break-
through i Islamic mathematics and design: the
discovery of an entircly new way 1o conceptual-
ize and construct ginh line patiems as decorated
tessellations using a set of five tile types, which
we call “girih tiles.” Each girih tile is decorated
with lincs and is sullicicnily simple 10 be drawn
using only mathematical tools documented in
medicval Islamic sources. By laving the tiles
edge-to-cdee, the decorating lines connect 1o
form a continuous network across the entire
tiling. We further show how the girth-tile
approach opened the path to creating new wpes
of extraordinanly complex pattems, ncluding a
ncardy perfoet quasi-crvstalline Penrose pattem
on the Darb-1 Imam shnne (Islaban, lran, 1453
C.E.), whose underlying mathematics were not
understood for another live centunes in the West,

As an illustmtion of the two approaches,
consider the pattem in Fig. 1E from the shrine of
Khwaja Abdullah Ansari s Gaeargah in Heran,
Adghanistan (1425 10 1429 C E.) (3, 9, based on
a periodic ammay of unit cells containing a
common decagonal motl i medieval Islamic
architecture, the 1073 star shown in Fig, 1A (sce
fig. 51 for addivonal examplesy (f, 3-5, [,
Using technigques documented by medieval
Islamic mathematicians (3, 7), cach motill can

be drawn using the direct strapwork method
{Fig. 1, A w D) However, an alternative
geomelric construction can generate the same
pattern (Fig. 1E. rdght). At the intersections
between all pairs of line segments not within a
1073 star, bisecting the larger 108° angle vields
line segments {dotied red inthe ligure that, when
extended untl they imersect, form three distinet
poly zons: the decagon decorated with a 1003 star
line pattern, an clongated hexagon decorated
with a bat-shaped line pattern, and a bowtie
decorted by two opposite-lacing quadrilaterals.
Applying the same procedure 10 a ~15th-
century pattern from the Great Mosque of
Nayriz, lman (fig. 52) (1) yields two additional
polvgons, a pentagon with a pentagonal star
pattern, and a rhombus with a bowtie line
pattern. These five polyvgons (Fig. 1F). which
we term “girih tiles.” were used 1o construct a
wide range of patterns with decagonal motifs
(fig. 83)(12). The outlines of the five girih tiles
were also drwn in ink by medieval [slamic
architeets in serolls dealted to transmit architee-
tural practices, such as a 15th-century Timund-
Turkmen seroll now held by the Topkapi Palace
Muscum in Istanbul (Fig, 1G and fig. S4)(2, 13),
providing direet historical documentation of
their use.

The five zinh tles in Fig. |F share several
geometric featunes. Every edge of cach polygon
has the same length, and two decorating lines
intersect the midpoim of every edge at 72° and
108 angles. This ensures that when the edges of
two tiles are aligned in a tessellation, decorating
lines will continue across the common boundary
without changing direction (/4). Because hoth
line imersections and tiles only contain angles
that are multiples of 36°, all line scgments in the
final ginh strapwork pattem fonmed by ginh-tile
decorating lines will be paralle] to the sides of
the regular pentagon: decagonal geomalry is
thus enforced in a ginh pattern formed by the
tessellation of any combination of ginh tiles.
The tile decorations have different internal ro-
tational symmetries: the decagon, 10-fold sym-
metry; the pentagon, fve-fold: and the hexagon,
bowtie, and rhombus, two-fold,

Tessellating these girib tiles provides several
practical advantages over the direct strapwork
method, allowing simpler, faster, and more ac-
curale execution by amisans unfamiliar with
their mathematical propertics, A fow full-size
ginh tiles could serve as templates o help po-
sition decorating lines on a building surface,
allowing rapid, exact patterm generation. More-
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over, girih tiles minimize the accumulation of

angular distortions expected in the manual drafi-
mg of mdividual 1073 stars, with concomitant
CITOrs I si2ng, position, and oncntation

CGinh tiles further enable the construction of

periodic decagonal-motif patterns that do not
arise naturally from the dircet strapwork methad.
One class of such pattemns repeats pentagonal
motifs but entirely lacks the 10V3 stars that
establish the initial decagonal angles needed for
dircet drafiing with straightedge and compass.
Patterns of this type appear around 1200 C.E. on
Scliuk buildings, such as the Mama Hatun
Mausolcum in Tercan, Turkey (1200 CE.;
Fig. 2A) (5, 15, 16), and can be ereated casily
by wessellating bowtic and hexagon girth ules 1o
create perfeet pemtagonal mouls, even in the
absence of a decagon star (1.¢., lacking decagon
girih tiles: see fig. S5). Even more compelling
evidence for the use of girih tiles occurs on the
walls of the Gunbad-1 Kabud in Maragha, Iran

(1197 C.E) (41, 17, 18), where seven of cight
extenior wall panels on the octagonal tomb tower
are lilled with a uling of decagons, hexagons,
bowtes, and rhombuses (Fig. 2, B and C)
Within cach wall panel, the decagonal pattem
docs not repeat; rather, the unit cell of this
periodic tling spans the length of twoe complete
pancls (fig. S6) The main decormtive raised
brick pattem follows the gidh-tile decorating

lings of Fig. IF. However, a second sct of

smaller decorative lines conforms to the internal
rotational synunetry of cach individual girih tile
without adhering to penagonal angles (Fig. 2, C
and D) Within cach region occupied by a
hexagon, bowtie, or rhombus, the smaller line
decomtion has a two-fold, not five-fold, rotmion-
al symmetry, and therefore could not have been
generated vsing the direet strapwork method. By
contrast, constructing both patterns 15 strmight-
forward with girih tiles. Two sets of line dee-
oration were applicd to cach ginh ule: the

& e S

Fig. 1. Direct strapwork and girih-tile construction of 10/3 decagonal patterns. (A to D) Generation
of a common 10/3 star pattern by the direct strapwork method. (A} A circle is divided equally into 10,
and every third vertex is connected by a straight line to create the 10/3 star that (B) is centered in a
rectangle whose width is the circle’s diameter. In each step, new lines drafted are indicated in blue,
lines to be deleted are in red, and purple construction lines not in the final pattern are in dashed
purple. (E) Periodic pattern at the Timurid shrine of Khwaja Abdullah Ansari at Gazargah in Herat,
Afghanistan (1425 to 1429 C.E.), where the unit cell pattern (D) is indicated by the yellow rectangle,
The same pattern can be obtained by tessellating girih tiles (overlaid at right). (F) The complete set
of girih tiles: decagon, pentagon, hexagon, bowtie, and rhombus. (G) Ink outlines for these five girih
tiles appear in panel 28 of the Topkapi scroll, where we have colored one of each girih tile according

to the color scheme in (F).
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standard line decoration of Fig. 1 F, and a sccond,
nonpentagonal set of motifs with an overall two-
fold symmetry (Fig. 2, C and D). The ginh vles
were then tessellated, with the regular ine pattem
expressed in large raised brick on the tower and
the sccond set of lines expressed in smaller
bricks. The dual-layver nature of line pattems on
the Marmgha wower thus adds strong evidence that
the pattem was generated by wssellating with the
girih tiles in Fig. |F,

Perhaps the most striking innovation arising
from the application of girih tiles was the use of
sell=similarity ransformation (the subdivision of
large girih tles into smaller ones) 1o create over-
lapping pattems at two ditferent length scales, in
which cach pattern is generated by the same
ginh tile shapes, Examples of subdivision can be
found in the Topkapi scroll (e.g.. Fig. 1G: sce
also fig. S4A) and on the Frday Mosque (17)
and Darb-1 Imam sheine (1453 C.E)(2, 2. /%
Isfahan, Iran. A spandrel from the Darb-1 Imam
shrine is shown in Fig. 3A. The large, thick.
black line pattem consisting of a handful of
decagons and bowties (Fig. 3C) is subdivided
ino the smaller pattern, which can also be
perfectly generated by a tessellation of 231
girih tiles (Fig. 3B: line decoration of Fig. IF
filled in with solid color here). We have
identified the subdivision rule used to gencrate
the Darb-i Imam spandrel pattern (Fig. 3, D
and E}. which was also used on other patierns
on the Darb-i Imam shrine and Isfahan Friday
Mosque (Mg, 87},

A subdivision mle, combined with decago-
nal symmetry, 15 sullicient w0 construct perfect
quasi-crystalline tilmgs—patierns with infinite
perfect quasi-periodic translational order and
crystallographically forbidden rotmional sym-
metrics, such as pentagonal or decagonal
which mathematicians and physicisis have come
to understand only in the past 30 vears (20, 21).
OQuasi-peniodic order means that distinet tile
shapes repeat with frequencies that are income
mensuraie; that is, the mtio of the frequencics
cannol be expressed as a mtio of integers. By
having quasi-penodicity rather than periodicity,
the svmmetry constraints of conventional crys-
tnllography can be violated, and it is possible
have pentagonal motifs that join together in a
pattern with overall pentagonal and decagonal
symmetry (2/).

The most famous example of a quasi-
crystalline tiling is the Penrose tiling (20, 22), a
two-tile tessellation with long-range quasi-
periodic  translational order and five-fold
symmetry. The Penrose tiles can have various
shapes. A convenient choice for companson
with medieval Islamic architecturl decoration is
the kite and dart shown on the leli side of Fig, 4,
A and B, As onginally conceived by Penrose in
the 19705, the ulings can be constructed cither
by “matching rules™ or by scli-similar subdivi-
sions, For the matching rules, the Kite and dan
can cach be decorated with red and blue stripes
(Fig. 4. A and By, when tiles are placed so that
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the stripes continue uninterrupted, the only pos-
sible close-packed amangement is a five-told
symmetne quasi-crystalline pantem m which the
kites and darts repeat with Irequencies whose
ratie s rmational, namely, the golden e t=
(1 + /3)2 = 1618, We see no evidence that
Islamic designers used the matching-rule ap-
proach, The second approach is o repeatodly
subdivide kites and dans into smaller kites and
darts, according to the rules shown in Fig. 4, A
and B. This sell=similar subdivision of large tiles
into small tiles can be expressed in terms of a
transformation matrix whose cigenvalues are ir-
rtional, a signature of gquasi-penodicity; the
cigenvalues represent the ratio ol'tile frequencics
in the it of an imfinie tiling (23),

Our analysis indicates tha Islamic designers
had all the conceptual clements necessary
produce quasi-crystalline girih patterns using the
scelf-similar tansformation method: girh tiles,
decagonal svmmetry, and subdivision. The
pattern on the Darb-1 Imam shone s a remark-
able example of how these principles were
applicd. Using the self-similar subdivision of
large girih tiles into small ones shown in Fig. 3,
D and E, an arbitrarily large Darb-i Imam pattem
can be constructed. The asvmplotic mtio of
hexagons to bowtics approaches the golden ratio
1 (the same ratio as Kites to dars in a Penrose
tiling), an urational ratio that shows explicitly
that the pattern i quasi-periodic.

Moreover, the Darb-i Imam tile pattem can
be mapped directly into Penrose tiles following
the prescription lor the hexagon, bowtie (22),
and decagon given in Fig. 4, Cto E. Using these
substitutions, both the large (Fig. 3C) and small
(Fig. 3B) ginh-ule patierns on the Darb-1 Imam
can be mapped completely into Penrose tiles
( fig. S%). Note that the mapping shown in Fig. 4,
C 1w E, breaks the bilateral symmetries of the
girih tiles: as a resull, for an individual tile,
there is a discrete number ol choices for the
mapping: 10 for the decagon, two cach for
hexagon and bowtic. Therelore, the mapping is
completed by using this Mrecdom to ¢liminate
Penrose tile edge mismatches to the maximum
degree possible. Note that, unlike previous
compansons in the literaure between Islamic
designs with decagonal motls and Penrose tiles
(£4&, 24). the Darb-1 Imam tessellation 1s not
embedded in a peniodic framework and can, in
principle, be exiended into an infinile quasi-
periodic pattern,

Although the Darb-i lmam patiem illus-
tralgs that [slamic designers had all the clements
neaded o construct perfect quasi-crystalline pat-
tems, we nonetheless find indications that the
designers had an incomplete understanding of
these elements. First, we have no evidence that
they ever developed the altemative matching-rule
approach, Second, there are a small number of
tile mismatches, local imperfections in the Darb-i
Imam tiling. These can be visualized by mapping
the tiling imto the Penrose tiles and identifving
the mismatches, However, there are only a few
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of them—11 mismaiches ot of 3700 Penrosc
tiles—and every mismatch is point-like, nemov-
able with a lecal rcarmangement of a lew tiles
without aftecting the rest of the pattem (Fig. 4F
and fig. S8) This s the Kind of delect that an
artisan could have made imadvertently in con-
structing or repainng a complex pattern. Third,
the designers did not begin with a single ginh
tile, but rather with a small armangement of large
tiles that does not appear in the subdivided pat-
tem, This arbitrary and unnccessary choice
means that, stricily speaking, the tiling is not

sell-similar, although repeated application of
the subdivision rule would nonetheless lead
o the same rmational t ratio of hexagons 1o
bowlies.

Our work suggests several avenues for fur-
ther investigation. Although the examples we
have swdied thus far fall just shon of beng
perfect quasi-crystals, there may be more inter-
esting examples vet 1o be discovered, including
perfectly quasi-periodic decagonal patierns, The
subdivision analysis outlined above establishes a
procedure for identilying quasi-periodic patterns

Fig. 2. (A) Periodic girih pattern from the Seljuk Mama Hatun Mausoleum in Tercan, Turkey
(~1200 C.E.), where all lines are parallel to the sides of a regular pentagon, even though no
decagon star is present; reconstruction overlaid at right with the hexagon and bowtie girih tiles of
Fig. 1F. (B) Photograph by A. Sevruguin (~1870s) of the octagonal Gunbad-i Kabud tomb tower in
Maragha, Iran {1197 C.E.), with the girih-tile reconstruction of one panel overlaid. (€} Close-up of
the area marked by the dotted yellow rectangle in (B). (D)} Hexagon, bowtie, and rhombus girih
tiles with additional small-brick pattern reconstruction (indicated in white) that conforms not to the
pentagonal geometry of the overall pattern, but to the internal two-fold rotational symmetry of the

individual girih tiles.
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and measunng their degree of perfection. Also,  tile outlines for nondecagonal patterns appear in- made by 1200 C.E., exactly when the shift from
analogous ginh tiles may exist lor other non-  the Topkapi scroll. Finally, although our analysis — the direct stmpwork 1o the ginh-tile paradigm
crystallographic symmetries, and smilar dotted  shows that complex decagonal nhngs werebaing  list occurned 15 an open question. as 15 the
wentity of the designers of these complex
Iskumie pattems, whose geometneal sophistica-
tion led the medieval world.
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Fig. 4. (A and B) The
kite (A) and dart (B)
Penrose tile shapes are
shown at the left of the
arrows with red and blue
ribbons that match con-
tinuously across the edges
in a perfect Penrose tiling
Given a finite tiling frag-
ment, each tile can be
subdivided according to
the “inflation rules” into
smaller kites and darts (at
the right of the arrows)
that join together to form E
a perfect fragment with
more tiles. (C to E) Map-
pings between girih tiles
and Penrose tiles for
elongated hexagon (C),
bowtie (D), and decagon
{E). (F) Mapping of a re-
gion of small girih tiles to
Penrose tiles, cormespond-
ing to the area marked by
the white rectangle in Fig.
3B, from the Darb-i Imam
shrine. At the left is a re-
gion mapped to Penrose
tiles following the rules
in (Q) to (E). The pair of
colored tiles outlined in
purple have a point de-
fect (the Penrose edge
mismatches are indicated
with yellow dotted lines)
that can be removed by
flipping positions of the
bowtie and hexagon, as

SR

Irap. 2 s\

shown on the right, yielding a perfect, defect-free Penrose tiling.
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Ex Situ NMR in Highly Homogeneous
Fields: 'H Spectroscopy

Juan Perlo, Federico Casanova, Bernhard Blimich*

Portable single-sided nuclear magnetic resonance (NMR) magnets used for nondestructive studies
of large samples are believed to generate inherently inhomogeneous magnetic fields. We
demonstrated experimentally that the field of an open magnet can be shimmed to high homogeneity
in a large volume external to the sensor. This technique allowed us to measure localized high-
resolution proton spectra outside a portable open magnet with a spectral resolution of 0.25 part
per million. The generation of these experimental conditions also simplifies the implementation of
such powerful methodologies as multidimensional NMR spectroscopy and imaging.

(NMER) sensors have been used for over
two decades w0 characterize arbitrarily
large samples (/). In contast w conventional
NMMR appamius, where the sample must be

Singk:—sidu.i nuclear magnelic resomnee

adapied 10 fit im0 the bore of large supercon-
ducting magnets, single-sided NMR experiments
use portable open magnets placed on one side of
an object to detect NMR signals ex si, This
conliguration is convenient for the nondestruc-

tive inspection of valuable objects from which
fragmentary samples cannot be drawn, but it does
not allow generation of the high and homo-
geneous magnetic fields that afford spectml
resolution in conventional NMR swudics. Given
these detrimental conditions, the standard tech-
niques of conventional NMR do not work, and
new sirategics need o be developed in order o
extmct valuable information from the NMR
signal (2-8).

Starting from simple relaxation-time  mea-
surements, more sophisticated methods ol ex situ
NMR have been developad, such as Fourier
imaging (5), velocity imaging (6), and muli-
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Chemie, Rheinisch-Westfilische Technische Hochschule-
fachen, D-52056, Germany.
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sensitive
volume

shim pair

Fig. 1. (A) Magnet array used to generate a volume of highly homo-
geneous magnetic field external to the magnet. The main magnet
consists of two magnet blocks with antiparallel polarizations arranged
in a U-shaped configuration. The arrows show the direction of
polarization of the magnets. The size of the sensor is 28 x 12 x 28
cm®, The four pairs of shim magnets placed in the gap compensate for
the inhomogeneity of the magnetic field of the main magnet. A
surface rf coil with an outer diameter of 7 mm placed at 3 mm from
the magnet surface is used for excitation and detection. The sensitive
volume has lateral dimensions of about 5 % 5 mm® and a thickness of
0.5 mm. It is located 5 mm from the surface of the magnet. (B) The
effect of moving the top shim magnets in the directions indicated by
the arrows is shown by means of maps of the magnitude of the
magnetic field. Field strength increases are indicated by color changes

from black (stronger) to white (weaker).

dimensional relaxation and diffusion comrelmion
exchange maps (7). A remarkable achievement
15 the use of nutation echoes generated by a

electrical single-sided shims can be replaced by
pairs of magnet blocks with opposite polariza-
tion, suitably aranged with respect 1o the main

Table 1. Shim components and required mag-
net displacements.

combination of static and radio-lrequency () magneL Shim Magnet
magnetic fields with matched inhomogeneitics We used this strategy 1o shim the field of a component 1 2 3 4
to resolve the chemical shifl in inhomogencous  conventional U-shaped single-sided magnet (5) ;
= y ; s : ‘ . . s x Ax A Ax Ax
fields. Proposed in 2001 (8), this approach was  (Fig. 1A). The shim unit consists of four magnet y Ay Ay Ay Ay
recently implemented using a portable single-  block pairs placed inside the gap of the main % Az i et Az
sided sensor (). magnet. Two pairs are fixed at the bottom and o Ax Ax o AX
Magnetic fields generated by open magnets  produce a strong grmdient along the depth 2 Az A As i
are believed w0 be inherently inhomogeneous,  direction », and two futher pairs on the top are 2y ~Ay Ay Ay Ay
precluding the acquisition of chemical-shift re-  movable. Together they generate a total of eight 2y Ay Ay Ay Ay
solved NMR spectra. This perception is the rea-  shim components. The lirst-order shim compo- = Ax A Ax 7

son for designing such ingenious iricks as
nutation cchocs (8) and shim pulses (0, 1) w
measure the chemical shil ex situ. We broke with
that assumption and demonstrated  experimen-
tally that highly homogencous magnetic ficlds
{the degree of homogeneity is of a few parts in
107y can be eenerated external w the magnet in a
very simple way, Conventional NMER magnets,
which cenclose the sample, are equipped with
shim coils 1o wne the shape of the polanzing
magnetic field o exireme homogeneity  for
narrow lines in the NMR spectrum. The
strmightforward adaptation of this approach 1o
shim the stmy lield of an ex situ sensor must be
discanded because of excessive requirements for

the shim cumrents. However, a current loop of

10 A can be replaced by an approximately
l-mm-thick NdFcB penmancent magnet block,
and single-sided shimming can be achieved
simply by a suitable amangement of such blocks,
We found that the current distribution needed for

nenis v, 3, and = are generated by displacing the
two movable pairs along the x, v and = directions,

. = L 2
respectively, The sccond-order temms 1 and =
are adjusted by varving the distance between the
pairs while keeping their centers fixed with
respect o the maim magnel. Morcover, cross
terms xy, Az, and vz can also be generied by
displacing the magnets as descrnbed in Table 1.
An imponant issue o be taken into account when
magnets are built from small permanent magnet
blocks is the inaccuracy in their fabrication.
Although the size of the magnet pieces can be
defined with good precision, their remnam
polarization varics typically on the order of a
few percent [= 10,000 parts per million (ppmi],
which s onders of magniude larger than the
desired homogeneity (<1 ppm). In spite of this
source of uncenainty, the effect of these im-
perfections can be eliminated by setting the shim
unit in a configuration that cancels the unwanted
ficld vanations. The shim unit also includes three

single-sided coils generating x, v, and = gradient
ficlds used for fine wning ol the ficld ino shown
in Fig. 1),

The magnetic ficlds generated enther by
conventional closed magnets or by the open
sensor presented here possess the required degree
of homogencity only in a limited volume. In
conventional NMR, this limittion is ofien not
impariant because the sample size is resiricted o
fit into this volume, but the main motivation for
ex situ NMR is 1o investigate arbitrarily large
samples. Hence, the sensitivity of the sensor must
be limited to the region of homogencous ficld.
We achieved this spatial selection by combing a
90 soft pulse for excitation with the natural
lateral selection of a surface ricoil (Fig, 1AL The
selected volume was 5 = 5 mm® along the lateral
directions and 0.5 mm across, and it was situated
2 mm above the f coil surface (/2). Figure 2
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1112

Fig. 2. 'H NMR spectra
of water. Solid line: mag-
nitude spectrum of a wa-
ter sample much larger
than the sensitive vol-
ume, placed on top of
the rf coil. The spectrum
is the Fourier transform
of the Hahn echo signal
from 64 scans acquired

with a repetition time of g
5 s to improve the SNR. T T Y T T . -
The full width at medium 60 40 20 0 -20 -40 -60
height of the line (inset) & [ppm]

is 0.25 ppm at a proton

resonance frequency of 8.33 MHz. Dashed line: best spectrum obtained by ex situ spectrescopy following
the nutation-echo method. The linewidth is 8 ppm (9). Both data sets were obtained in the same
measuring time, using sensors of the same size and working at comparable depths. Therefore, spectral
resolution and sensitivity can be compared quantitatively.

shows the spectrum of a water sample much
larger than the sensitive volume {an arbitrarily
large sample) placed on top of the sensor. The
linewidth is 2.2 He, corresponding 1o a spectral
resolution of about 0.25 ppm (/3). For compar-
ison, the state-o-the-art spectrum for single-sided
MMR. measured recently by nutation echoes in
the presence of spatially matched static and of
liclds (), is shown as well. The spectral nes-
olution has been mproved by a factor of about
30 with a concomitant fivelold extension of
the excited volume. Together with a sensitivity-
opltimized surfice i coil, the inereased size of the
sensitive volume leads o an appreciably higher
signal-to-noise ratio (SNR).

The sub-part per million resolution achicved
in this work allowed us to resolve diflerent mo-
lecular structures, such as wluene and acetic acid
(Fig. 3) (/4). The toluene "H spectrum exhibits
two lines at 7.0 and 2.1 ppm, with relative
intensitics of about 5:3, comesponding 1o the
aromatic and the methyl protons, respectively
(Fig. 3A). Inthe case of acetic acid, the two lines
comespond o methyl and carboxylic protons,
which appear at 2.3 and 113 ppm, with intensity
ratios of 3:1 (Fig. 3B} These results prove that ex
situ NMR can be used to determine the molecular
composition of liquids by "H NMR spectroscopy.
Figure 3C shows the 'n spectrum of a mixture of
water and crude oil. From the line mtegrals, the
water'oil ratio can be guantificd, a result of n-
terest for well logging in the oil indusiry,

The generation of highly homogeneous ficlds
with single-sided magnets considerably expands
the methodologies available for open NMR sen-
sors, Ex situ "H spectroscopy can be used for
noninvasive screening for mokecular composi-
tion, the control ol chemical reactions, and the
identification of target compounds. The most
important advantage of having high Hield homo-
geneity available for ex situ NMR i that the os-
tablished techniques of multidimensional NMR
spectroscopy and imaging can now be imple-
mented in a staightforward way for the non-
destructive testing of large objects,

An important limitation on the ficld use of
such a mobile sensor concerns the strong lemper-
ature dependence of the remnant polarization of
permanent magnets. This property imposes a
large resonance frequency drifl of up to 1200
ppm©C tor NdFeB magnets. Conventional so-
lutions 1o this problem combine the use of large
thenmal nsulation chambers with NMR ficld-
frequency locks. However, these solutions are far
oo complicated to be of pmetical use for mobile
open sensors. An ideal solution would be the
construction of a lemperalure-compensated mag-
net. We addressed this issuc by combining
matenals with different temperature coellicients,
kg and xy,, chosen o fulfill the condition B,/B,, =

K/, Where 8, and 8y, are the contributions of
cach matenial o the total field. In the case of the
magnet presenied here (Fig. 1), the ficld 8,
generated by the main magnet and the ficld By, by
the shim wnit oppose cach other with an am-
plitude proportion of B8, = 4.2, A ratio o 4.0
of the temperature coeflicienis can be achieved
by building the main magnet from SmCo and
the shim unit from NdFeB. The combination of
these two materials would reduce the wemper-
ature drift in the present magnet geomeiry from

1200 ppm™=C w17 ppm~C. This performance
can be further improved by slightly modifving
the size of the shim unit.
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Structure of the Polycrystalline
Zeolite Catalyst IM-5 Solved by
Enhanced Charge Flipping

Christian Baerlocher,? Fabian Gramm,” Lars Massiiger, Lynne B. McCusker,

Zhanbing He,? Sven Hovméller,? Xiaodong Zou®

Despite substantial advances in crystal structure determination methodology for polycrystalline
materials, some problems have remained intractable. A case in point is the zeolite catalyst 1M-5,
whose structure has eluded determination for almost 10 years. Here we present a charge-flipping
structure-solution algorithm, extended to facilitate the combined use of powder diffraction and
electron microscopy data. With this algorithm, we have elucidated the complex structure of IM-5,
with 24 topologically distinct silicon atoms and an unusual two-dimensional medium-pore channel
system. This powerful approach to structure solution can be applied without modification to any
type of polycrystalline material (e.g.. catalysts, ceramics, pharmaceuticals, complex metal alloys)
and is therefore pertinent to a diverse range of scientific disciplines.

s a result of impressive methodological
Aud\u.rm:s in recent years, the determina-

tion of a crystal structure from powder
diffrmction data is no longer a rarity (/. 2)
However, some problems have remained in-
tractable. The prospect of dealing successlilly
with such cases has been improved recently by
two developments, First, the charge-ipping
structure-solution algorithm  introduced by
Oszlianyi and S0 in 2004 for single-crystal daa
(3. 4) has been adapted o accommodate powder
diffraction data (5). The resulting powder charge-
lipping (pCF) algorithm implemented in the
progerun Superllip (6) has been shown o work

well with both organie and inorganic matenals of

varving complexitics. The second advance
invalves the inclusion of cryvstallogrmphic phascs
obtained from high-resolution tansmission clec-
tron microscopy (HRTEM) images in the input 1o
the zeolite-specific program FOCUS (7). This
approach led 1o the solution of the extremely
complex structure of the polvervstalling zeolite
TNUS (8). We reasoned that by including crvs-
tallographic phases from HRTEM images in the
pCF algorithm, a powerful and generally appli-
cable approach 1o stucture solution for poly-
crystalline materials could be developed. We
were particularly eager o apply this method 1o
the polyerystalline zeolite catalyst IM-5, whosc
structure has eluded dewermination for almost 10
yedars,

The synihesis of the high-silica zeolite IM-3
was reporied in 19495 (9), and the general features
of its pore system were deduced from catalyiic
test reactions in 2000 (/. Although the material
has proven 10 be an imponant thermally stable
catalyst Tor hydrocarbon cracking and NO
reduction (//-16), its propenies cannot be Tully
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understood without detailed crvstal structure
information. Like many zeolitic materials, IM-5
is polverystalline, but this alone dos not account
for the particular challenge posed by its structure
analysis. [t has an unusually large unit cell (C-
centened orthorhombic with ¢ = 14.299 A b
57413 A, and ¢ = 20,143 A) with a volume
almost triple that of ZSM-5 (17), one of the more
complex known zeolites, There ane also approx-
imate relmionships between the axes (6 - 4a and
¢ ~ v2a), which means that svmmetrically
unrelated reflections (eg., 200 and 080 or 022
and 060) have very similar o spacings. These
factors resull inoan enommous degree of reflee-
tion overlap, which is the key hindmnee w
structure solution from powder diffraction data
(). Funhermore, impuritics, which complicate
any powder diffraction data analysis, are com-
mon in IM-3 symtheses. We overcame these
diflicultics by combining powder dillraction and
clectron microscopy  techniques in a charge-
Mipping structure-solution algorithm.

This study builds on our prior adapation of
the charge-flipping algorithm © accommodate
powder diffmaction data (5). The algorithm itself
i5 a deceptively simple one. Structure  factor
amplitudes (Fge ), derived from the measurcd
diffraction intensiics (fgyh, are assigned random
crystallographic phascs (dyy). and the comespond-
ing (rndom) clectron density map [pioz)] is
generated with the cquation

|
plaz)= =% |Faylcos(2rfix + kv + [2) — dyy)
Vig

(1

Then the signs of all ¢lectron density pi.*u:]::
below a user-delined threshold value & (a small
positive number close o zero) are reversed
(hence “charge Nipping™) to produce a modilicd
clectron density map. Essenuially, all negative
clectron densitics (which are not physically
meaningful) are made positive. From this map,
a new set ol structure factor amplitudes and
phases is calculated. The new phasces are then
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combined with the measured amplitudes 1o
produce a new electron density map, This cvele
ts repeated until convergence (caleulated ampli-
tudes matching measured ones) is reached. An R
value comparing the caleulated and measured
amplitudes provides an estimate of the reliability
of the lmal map,

In a powder diffmetion patterm, reflections
with similar o spacings (or dilfraction angle 20)
overlap, obscuring their individual imensitics, To
improve the initial estimate ol these intensitics
fusually a simple cquipantitioning) during the
course of a pUF mun, we inroduced a periodic
repartitioning within cach overlap group. In our
implementation, this repartiioning  procedure
involves an addiional density modilicanon based
on histogram matching (/&) and is performed
after a user-defined number of eveles of chage
fhpping. Wu and co-workers use the charge-
Mipping modilication msell for this repartitioning
step (19). The advantages of the charge-llipping
algorithm are twolold. Fimst, all caleulations are
perdommed without any assumptions about the
symmctry, thereby side-stepping space  group
ambiguitics, common in powder diffraction data.
Sccond, no chemical information {e.g. bond
distances, bond angles, atom connectivilty) is
required, so the echnique can be applied to any
class of material, The question was whether or
not this algonthm could handle a problem as
complex as the structure of IM-5.

In parmllel to the development of the pCF
algorithm, we were explonng ways of combin-
ing the complementary aspects of powder dif-
fraction and clectron microscopy technigues lor
structure determination. In the case of TNU-S
(8 mentioned earier, intensities extracted from
high-resolution powder diffaction data were
combincd with crystallogrmphic phases obtained
from HRTEM images in the zcolic-specilic
program FOCUS (7). We reasoned that a similar
approach could be used for IM-3, except that the
information from the two echniques would be
combined in the pCF algorithm rather than in
FOCUS. Because the pCF algorthm operates in
both real (electron density ) and reciprocal { phasc)
space, it is relatively casy 1o add supplementary
nfommation in cither realm. For example, a par-
tial or approximate model can be introduced n
real space @ a starting clectron density map,
instead of the usual mndom phase map; a (partial)
pore svsiem in a #colite can be defined in real
space in tenms of a structure envelope (20); or
phase information from HETEM images can be
added in reciprocal space.

High-resolution powder diffraction data were
vollected from several different samples of IM-3
ab the Swiss-Norwegian Beamlines (SNBL)
the Ewropean Syvnchrotron Radiation Facility in
Cirenoble, France, and the Swiss Light Source
(SLS) m Villigen, None of the samples were
ideal. All contained impuritics, none had partic-
ularly sharp peaks, and difltaction imensity
decrcased rapidly with diffracuon angle. Indead,
the main ditference between IM-5 and TNU-D in
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terms of the difficulty of the structure determina-
tionn lies in the mfenior quality of the IM-3 powder
diffmction data, Nonetheless, by companing the
diflerent IM-5 patterns, the peaks comesponding
o the IM-5 phase could be distmguished from
those of the vanous mpuntics, and a enative
imdexing of the pawerms achieved. In some
patterns, the mmpunty peaks could be assigned
to known matenals, but in others they remained
unidentified. Because of the relationships be-
tween the axes mentioned cardier and the quality
of the data, the indexing was uncertain and the
cell difficult 1o refine. Generally, determining the
unit ecll from a powder diffraction pattern is a
stmightforward and accumte procedure. How-

Fig. 1. HRTEM images taken along different zone
axes of IM-5. (A) [100], (B) [001], and (C) [010].
Insets show the corresponding selected-area
electron diffraction patterns (left), the symmetry-
averaged images (middle), and the simulated
images from the structural model (right). The

ever, when reflection overlap is extrame and'or
when unidentified impurities are present. clectron
diffraction 15 a valuable complanentary tech-
niue. Because electrons interact much more
stromgly with atoms than do x-rays, a smgle-
crystal electron diffmction pattem can be ob-

tained from a very uny crvstallite idimensions of

20 nm versus =20 pm for x-rays). Unforu-
natcly, this strong mteraction generally resulis in
imtensitics that are difficull or impossible 10
interpret dircetly. However, the single-crystal
natwre of the diffmction pattems allows impu-
ritics 1o be discriminated from the main phase
and reflections with similar o spacings o be
distinguished from one anoher,

We therefore collected series of selecied
arca clectron diffraction (SAED) patterns on
different erystallites of IM-5 as they were nlied
around various axes. The SAED pattierns rom
cach ull senes were combined with the pro-
grams ELD (27} and Trice (22) o consiruct a
throe-dimensional (3D) reciprocal lmtice, rom
which approximate latice parameters could be
determined. These results conlinmed the powder
indexing. The systematic absences in the SAED
paterns indicated that the most probable space
groups were Cme2y, Cem, and Cinein,

The powder dilfraction pattern exhibiting the
sharpest peaks and the langest mnge in o spacings
(20) was selected for further analysis, First, the
analeime impurity peaks were subtracted rom
this pattem, and then a set of rellection intensitics
were extracted assuming the space group Crrcn,
OF the 4120 rellections in the pattern (g,
105 A, 3499 were within (0.2 = FWHM (full widh
at hall maximum) of another reflection, orming
862 overap groups. To opumize the relative
intensities within the overap groups, the FIPS
(fast ierative Paticrson squanng) moutine was
appliad (23) These intensities were expanded 1w
the space group Pl (no symmetry within the unit
cell) and wsed as input w0 the pCF program.
Although some of the resulting electron density
maps showed feasible pore svatems, none could
be interpreted o a level sullicient for structure
determination. There were indications in these
maps that the assignment of a mimor plane
perpendicular 1o the a axis (in Carem) might be
CITONCOUS,

To resolve this issue, we ook high-guality
HRTEM images of IM-5 along the three man
dome axes at 300 KV on a JEM-30110 transmission
electron mucroscope (Fig. 1) A Fourer tmnslorm
was calculated from a thin arca near the crystal
odge in cach mmage, and structure factor am-
pliwdes and phases were extracied with the
program CRISP (24). Note that erystallographic
phases, which are lost in diffaction experiments,
can be retrieved from HRTEM images., These
phases were analyzed 1o detenmine the symmetry
of cach projection, and the combination of the
three different projections supported the assign-
ment of the noncenrosyIMmeIric space  group
e (standard scting Ama2) Consequently,

the phase relmions and phase westrictions of the
space group 2em were mposed on the am-
plitudes and phases extracted from the HRTEM
images of each projection. The contrast ransfer
function was determined from the Founer tans-
form of cach mage and compensated with the
program CRISP, afier which the projected
potential maps (inscts m Fig. 1) were caleulated.

The structure factor amplitudes and phases
from the three HRTEM projections were com-
bined 1o produce a 3D set ol 93 structure (actors,
Common reflections were used to scale the am-
plitudes and 1o determine the common origin of
the ditTerent projections (251 A 3D potential map
wias then caleulated by inverse Fourier trans-
formation with the program eMap (26). In this
potential map, 36 unique Si-atom positions were
located and then adjusted w produce a four-
connected framework structure. Oxvgen bridges
wiere added between the conneeted 51 atoms, and
the peometry was optimized with the distanee
least-squares program DLS-T6 (27). However,
the R value of the oplimization (comparison ol
calculated and ideal distances) indicated that the
framework was highly sirained. Furthermore, the
powder diffraction pattern gencerated from this
model did not it the memsured one very well,
even afler structure refinement

The 95 phases derived from the HRTEM
images were then included in the pCF routine.
along with a structure envelope (20) defining the
channels along | 100] and [001 ] (Fig. 1. A and B).
The structure envelope was used o climinate
clectron density within the channcls. However,

Fig. 2. Electron density map from pCF that was used to derive the structure of IM-5. A stick model
of the final refined structure of IM-5 has been superimposed for comparison. The image was
produced with the UCSF Chimera package (30).

crystal thicknesses for the simulations were 50,
50, and 750 A, and the defocus values were
-500, —400, and +1500 A, respectively.
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the resulting electron density maps were not
mmproved sulliciently over the carlier ones Tor
mcaningful mterpretation. Speculating that the
midel derved from the HRTEM data was prob-
ably partially correct, we used ot to caleulme
altemative starting ¢lectron density maps 1o

replace the mital map generated by the use of

random phases. The phase ol each reflection
calculated from the structure was varied by up w

25% in random fshion, thereby generating 10K

differemt starting points for 1000 distinet pCF
runs. During the course of cach run, the channel
system was entorced periodically by applymg the
structune envelope restnction. The resuling maps
were symmetry averaged assuming the space
group C2em, and then the five best maps (lowest
pCF R values) were combined to vield the one

shown m Fig. 2.
"o
(1 ] ]
o
* -
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9 11 13
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Interpretation of this map was almost tnvial.
The positions of 35 of the 36 51 atoms and 61 of
the 79 O atwoms could be located direetly in the
top 106 peaks. The posinon of the nussing 51
atom could be deduced quite casily trom the tour
surrounding S atoms. Two of the other 51 atoms
had 1o be shifted by ~0.1 A along the ¢ axis w
complete the four-connected framework stuc-
ture, The positions of the missing oxygen brndges
were then generated, and the geometry was
optimized with DLS-76 (27). This time, the
DLS R value was indicative of an unstrained
geometry, and the calculamed powder diffrc-
Lo patterm |t1;1['..;]lu:|,| Ih-,' msin |-\..‘."|1I,II'|.,"':'|- of the
measured ong.

The framework structure appeancd © be con-
sistent with the centrosymmciric space group
Cmem, so we began Rictveld relinement off
the structure assuming this svmmetry. To sim-
plify the refinement, we used data eollected
on a caleined sample (1., one in which the
organic molecules in the pores had been re-
moved by heat treatment) [a = 14.2088(3) A,
b= 51.2368(13) A, ¢ 19.9940(2) A, cven
though the peaks were nol as shamp as those m
the patern used for the structure determination,
Soft geometric restmints were placed on the
bond distances and angles of the atoms of
the framework, and the refinemem converged
with the structure factor, weighted profile (Ryp).
and statistically expected R values 0,075, (LI5S,
and 0,142, respectively (Fig. 3). Strong aniso-

5 10 15 20 25 30 25
2 theta

Fig. 3. Observed (top), calculated (middle), and difference (bottom) diffraction profiles for the
Rietveld refinement of calcined IM-5 (i = 0.99995 A). The higher-angle data have been scaled up
by a factor of 4 to show more detail. Tick marks indicate the positions of the reflections. A small
section of the low-angle data has been expanded in the inset to illustrate the high degree of
reflection overlap even in the large d-spacing range. Three clearly separated impurity peaks are
marked with asterisks.

40 45 a0 85

ropic peak broadening along two cervstallo-
graphic directions (e.g., peak widths ol 0.026,
0,060, and 0068728 tor reflections with similar
20 values, but orthogonal onentations) was
observed and could only be modeled approxi-
mately. The high R,
this complication, as well as a particularly
irregular background that was dillicult 10
cstimate and the presence ol an unidentified
impurity. Nonetheless, the refinement of the
structure itsell was extremely stable. Although
12 of the 24 Si atoms in the asvmmetric unit lie
on the mimor plane pempendicular 1o the @ axis.
the geometry remained reasonable, with the
possible exception of the 180° Si-0-5i angle at
(X25)., which liecs on a center of symmelry.
Reducing the symmetry 1o one of the non-
centrosymmetne C-centered subgroups of Cocm
(C2em, €222y, or Cmic2 ) did not resull in any
substantial improvement in either the profile it or
the geometry, so the higher space group Corem

value stems mainly from

was retained. 11 is possible that the calcined form
of IM-3, which was used for the refinement,
adopts a symmetry lugher than that of the as-
synthesized form. which was used for all the

other analyses.

Fig. 4. The unusual 2D 10-ring channel system of IM-5. (A) Projection along [100], showing the With 24 topologically distinct Si atoms, the

connections between the channels running parallel to [001]. The walls between channel systems are
marked with arrows. (B) A single 2D channel system [between the walls marked in (A), showing more
detail of the connectivity. The details of the shape and size of the structure envelope (generated from 21
reflections) used to depict the channel system are only approximate and should not be overinterpreted.
The envelope is only meant to indicate the approximate arrangement of the channels within the
framework structure. The image was produced with the UCSF Chimera package (30).

framework structure of IM-3 (see data file S1 for
IM-3 ervstallographic imformation) is as complex
as that of TNU-9, the most complex zcolite
hitheno solved (&), For comparison, the next
most complex zeolite, ITQ-22 (25), has only 16

topologically distinet (51,0Ge) atoms, The [001]
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projection (Fig. 1B) of IM-53 is very similar to
one found in several other high-silica zeolites
|Fermierite, Z5M-5, Z5M-11, Z5M-57, SUZ4,
Theta-1, and TNU-92 (29)). However, the con-
nectivity along [001] is different and leads to an
unusual pore system (Fig. 40 As suggested by
the catalytic tests (J0), IM-5 has a 2D 10-ring (10
Si atoms and 10O atoms in the ring describing
the pore opening) channel system with effective
pore widths mnging from 4.8 o 5.5 A, Whan is
unusual is that this channel system also has a
limited third dimension. Three 2D channel
systems running perpendicular 1o the b axis are
connected 10 one another 1o form a -2.35-nm-
thick pore svstem. Single walls of four, five, and
six nngs (Fig, 4A) separate these nanoslabs from
one another. This distinctive pore structure (Fig,
4B) gives IM-5 the character of a 3D channel
system with complex channel mtersections that
can accommodate bulky intermediates o a
catalvtic reaction, while retaining the overall
effect of a 2D one with long-range diffusion
restricted to just two dimensions.

Because no symmetry is assumed, the num-
ber of atoms per unit cell mther than the number
per asymmetric unit is the prme limitation ol the
pCF algorithm. For IM-5, this number is 864
(28% Si atoms + 376 O atoms), Therefore, the
structures of other polvervstalline materials with
similar numbers of atoms per unit cell, whether
they be other catalysts, ceramics, phammaceuti-
cals, or complex metal allovs, should also be
accessible via a similar route, provided that

HRTEM images can be obtained, All of the en-
hancements o the charge-Mlipping approach
discussed here have been implemented in the
frecly available program Superflip (Superilip
input file for IM-5 is given in data file S2) (6).
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Shaping of Elastic Sheets hy
Prescription of Non-Euclidean Metrics

Yael Klein, Efi Efrati, Eran Sharon®*

The connection between a surface's metric and its Gaussian curvature (Gauss theorem) provides the
base for a shaping principle of locally growing or shrinking elastic sheets. We constructed thin
gel sheets that undergo laterally nonuniform shrinkage. This differential shrinkage prescribes non-
Euclidean metrics on the sheets, To minimize their elastic energy, the free sheets form three-
dimensional structures that follow the imposed metric. We show how both large-scale buckling and
multiscale wrinkling structures appeared, depending on the nature of possible embeddings of
the prescribed metrics. We further suggest guidelines for how to generate each type of feature.

hin sheets are common in natural and

I man-made structurcs, are shaped w a
huge vanety of diverse three-dimensional

(3D} structures, and span many length scales (/).
Nawral slender structures, such as flowers, li-
chens, and marine inverniebrates, attain claborate
configurations during their unconfined (free)
growth, One wonders what mechanisms lead 1o
shaping of Iree sheets and whether they can be
implemented with arulicial materials. Thin
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sheets can form nontrvial 3D structures in many
different ways, Conlinement of flat sheets can
lead 1o buckling (2), wrinkling (3}, and crump-
ling (). The construction of layered material can
result in both bending (5, #) and wankling ( 7, 8).

Recent studics of wavy pattems along edges of

tom plistic sheets (9-10) have shown that 3D
wavy patterns can resull from inplane deforma-
tions, Mathematically, a structure made of a thin
sheet can be viewed as a iwo-dimensional (2D)
surface i a 3D Euclidean space. Intrinsically, a
surface s characterized by its metric, a tensor
that specifies the local distances between points
across the surface (/23 The shape of a surface,
ils configuration in space, is a realization, an cm-

bedding, of the metrie in space. In many cases,
there would be many possible embeddings of
a given 2D surface (metric) in space; that is,
the metric alone does not determine a con-
figuration. To select a specific shape (a specilic
ambedding), one needs 1o determine, in addition
to the metric, the local curvatures on the sur-
lace (43).

We present a shape selection principle based
on two main ideas: The first is Gauss theorem
{Theorema Egregium), which states that the
metric tensor of a surface locally detenmines its
Craussian curvature Ax,v). The sccond principle.
known from the study of crumpling (/4-146),
shell collapse (173, and wnnkling (/8), states
that equilibria of thin clastic sheets mvolve only
small amount of inplane strain. Combined, these
two principles lead to a novel shaping mecha-
nism: Rather than aiming at a specilic embed-
ding. one prescribes on the sheet only a 2D
metric, the “arget metnc™ gy, one that results in
a nongero Gaussian curvature (a non-Euclidean
metric ). A sheet adopting a conliguration (em-
bedding) satisfyving g would have been com-
pletely free of inplane strain, that is, stretching
energy. The free sheet will senle w a 3D con-
figuration that minimizes s clastic energy. In
this mechanism, the selected configuration is sct
by the competition between bending and siretch-
ing encrgics, and its metric will be close 1o (but

VOL 315 SCIENCE www.sciencemag.org



different from) 2. We show that the construc-
tion of clastic sheets with vanous targetl metncs
15 possible and resulls in spontancous fommation
of 3D structures. These structures exist in both
large-scale buckling and small-scale wrinkling
forms, We further suggest guidelines Tor how to
generate each type of feature. Being free in
space and not locked onto a specific embedding,
these sheets undergo morphological transitions,
drven by global constraints on possible embed-
dings ol their larget metrics.

We used N-isopropylacry lamide (NIPA) gols
1o construct sheets with inducible non-Euclidean
far. The gels are produced by mixing NIPA
monomers with bisacrylamide (BIS) (6% by
weizht of NIPA) cross-linker in water. The addi-
tion of catalysts imitiates polvmenzation of a
cross-linked clastic hvdrogel [Supporting Online
Material (SOM ) wext]. This gel undergocs a sham,
reversible, volume reduction tramsition at T, =
33°C (19), above which its equilibrium volume
decreases considerably. Calibration expenments
(fig. S1) using various homogencous (cach of a
different fixed NIPA concentration) gel discs pro-
vide the relation between the monomer concen-
tration and n, the shrinkage mtio ofthe "activated”
gel. These measurements show that dilue gels
shrink a lot, whereas gels with high monomer
concenrations underzo moderate shrinking.

To impose nontavial target metrics, we con-
structed sheets with internal lateral gradients in
NIPA concenmtration, e, n = nir). We used
programmable actuated valves o inject solu-
tions with gradients in monomer concentration
mto a mold (Fig. 1) Polymenzation takes place
within a minute, and the imposed gradients are
thus frozen within the gel. The constructed
sheets are flat below T bt are programmed to

High concentration Low concentration
solution solution

MNon uniform gel disc

shrink differentially, with ratio nir), upon
activation at T > T, Indeed. the sheets adoptad
a non-Euchidcan metne and underwent large
reversible shape transformations (Movie S1). To
cast radially symmetne discs, we used a Hele-
Shaw cell configuration, The solution is injected
o the gap between two (lat glass plates
through a central hole in one of them (Fig. 1),
Gl ubes were cast by injecting the solution into
the gap between two concentric glass wibes,

The differemtial shrinking changes distances
between points on the surface; that is, itdefines a
new target metnc on the dise. Because the sys-
tem is radially symmetric, we consider a closed
circle of radius r on the cold dise. Afer the
shnnking, both perimeter and mdios of the circle
arc modificd. The perimeter is now 2y, and
the radius is pir) = o). Thus, the perim-
eter of a circle of mdius p on the shrunk dise 15
now fipi2mp, where f(p) s determined by nip).
With use ol a radial coordinate system (p, 0). the
lincar element determined by g, is df* = dp® +
P fipVad?, and the presaribed target Gaussian
curvature reads

PP )y

. (1)
prip)

Klp) =

The p-dependent monomer concentration is thus
a knob with which we can sat [pfiph]pe and
determine a target Gaussian curvature. When
[pfip)]pp does not equal 0, Ky, also does not
cqual 0, implying that any cmbedding of g,
cannot be Nat. This is demonstrated in Fig, 2A,
where ineressing and decreasing monomer con-
centrations result in Ky < 0and K = 0, espee-
tively. The resuliant configurations of the shoets
are nonflat, comesponding 10 g (Fig. 2A insets).

Fig. 1. The experimental system. High (~ 30%) and low (~ 10%) monomer concentration solutions
are mixed in a programmable mixer and injected into a Hele-Shaw cell (left). Polymerization leads to
the generation of a flat disc having internal lateral gradients in monomer concentration (center). Once
this programmed disc is activated in a hot bath of temperature T = T, = 33°C, it shrinks differentially,
adopting a new, non-Euclidean target metric (right). As a result, it attains a 3D configuration.
Illustrated is a surface of positive Gaussian curvature, generated by increasing monomer concentration

during the injection.
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The sheets are not ideal 2D surfaces, and
their equilibrium confligurations are determined
by balancing stretching and bending energics:
The stretching encrgy, which vanishes only in
embeddings that fully follow gy, scales lincarly
with the sheet thickness, ¢ (2). The bending
encrey, which is 0 only in flat conligurations
(because the sheets are uniform across their
thickness), lcads o0 deviations from gy, and
scales as . Thus, as r — 0 the stetching term
dominates, and, therelore, a sheet will be willing
to bend a lot in order 1o reduce its inplane strain.
Therefore, equilibrium conligurations will in-
volve only small amounts of inplane strain, and
the metnic of the selected configuration g is ex-
pected wapproach g To cheek thisconjecture,
wi compared the metrics of curved dises 1o their
target metrics, The topography of the discs z(x,v)
was measured by using an optical profilomder
(Conoscan 3000, Optimet, Jerusalem, Isracl)
(SOM text). Radial geodesies (the equivalent
of radial lines on a curved disc) were plotted lor
azimuthal angles 0 (Fig. 2B, inscts), enabling the
identification of circles of mdius p on the curved
surface (in geneml, the projections of these
curves are not circles in the x plane). We mea-
sured the peameter of such circles and compared
it to fipRrp, the perimeter sel by gy This

comparison is shown for two types ol discs of

positive and of negative target Giussian curva-
twre (Fig. 2B). In both cases, the perimeter at p
closely follows the prescribed one, and indeed
the sheets’ metric (averaged over B) is very close
to their target metnc,

When averaged over 8, the two types of discs
follow g2 however, they present two qualita-
tively difterent physical behaviors. The surfaces
of Kyx = 0 preserve the radial symmetry of g,
generating surfaces of revolution (Fig. 2, lower
inscts). The surfaces of Ky, < 0 break this sym-
metry, forming wavy structures (Fig. 2 upper
inseis). To understand the nature of this qualita-
tive dilierence, we compared the magnitude and
the distribution of bending and stretching encrgy
densities across the sheets. The sireiching encrgy
density resulis from inplane stmin, that is,
differences between o and g, Thus (according
to Gauss' theorem), local differences between
Kip iy and K dp) indicate a nonzero streiching
cncrgy density, The bending energy density is
Enip) = DBip). where 2 15 the bending
stiffness of the sheet (SOM 1ext) and Bip ) =
41 (p.0) Kip.B), with Hip.) the local mean
curvature. Thus, the bending energy density can
be studied by analyzing Bip.0).

The distributions of H(p.0) and Kip.B) are
presented in Fig. 3. For discs of K, = 0 (Fig. 3.
Aand B, left), both K and 1 arc distributed in a
mdially symmetric manner and are of the same
magnitude. The symmetric distribution of K
indicates that g, 15 obeyed locally and not just
on average (Fig, 23 This indicates that the sur-
faces' configuration is very close o an embed-
ding of gue and thus its stretching encray s
close to 0. H(p.0) = K(p,0) implics that B is
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close 1o its minimal locally possible value, B =
IN(SOM text). Thus, the bending cnergy den-
sity is minimal as well. The selected config-
uration locally minimizes both bending and
stretching enerzy densitics, thus forming a very
low enenzy solution. In contrast, Tor surfaces
with Ky < 0 (Fig. 3, A and B, right), H* attains
large values (larzer than (K, and the condition
for minimal bending energy density [Hip.@) = 0]
is far from being Tulfilled, resulting in high
bending energy. Indeed, the avermge of Bip.b)
over this surlace is twice as large as that of the

surface of K = 0 (whereas its minimally
possible value, £ = K. s three times smaller
than that of the surface of Ky = 0).

A more surprising observation is the asym-
metric distnbution of the Gaussian curvature,
Instead of the negative, rotationally symmgtnc
K (Eq. 1), K(p.0) varies periodically in 0,
attaining positive and negative values (Fig, 3B,
right), The comparison with Ky, at a lixed p
(Fig. 3C) shows that K oscillates, with ampli-
tudes larger than its mean (A,). These Nuciua-
tions imply a periodic deviation from g, i<,

significant modulations in streiching  energy
densiy, Compared with the case of Ky = O,
the sclected conliguration is not successful in
reducing both bending and stretching encrgies.

Intnnsically, the dises in Fig. 2 differ only by
the sign of K What s the mechanisim that
causcs the dise with Ky < 0 1o break the sym-
metry, bend a lot, and localize inplane strain?
Because the discs are free in space and energy is
minimized globally over the entire dise, limi-
tations on possible global embeddings of g,
play a central role in setting the shape ol the disc.

A 3p B
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- 25
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10 15 20 25
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Fig. 2. Shaping of non-Euclidean elastic discs. (A) A radially decreasing
monomer concentration (red line) prescribes a positive Gaussian cur-
vature on the disc, which adopts a dome shape (lower image). When the
monomer concentration profile is inverted (blue line), it prescribes a
negative Gaussian curvature, leading to an azimuthally oscillating shape
{upper image). Discs’ initial thickness t; = 0.5 mm. (B) Disc perimeter as

a function of p (solid lines) compared to the perimeter prescribed by gey
(dashed lines). Both positive (red) and negative (blue) Gaussian curvature
dises follow, on average, gy,,. The dashed black line indicates a flat disc
for which the perimeter equals to 2mp. (Images) Measured disc
topography zlry) with a semigeodesic coordinate system. Lines of
constant radius p = 15 mm on the curved discs are highlighted in bold.
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Gaussian and mean cur-
vatures on the discs. (A)
The squared local mean
curvature on discs of
Kw = 0 (left) and K“ =
0 (right). The first is
radially symmetric {ex-
cept for few defects),
whereas the other oscil-
lates. (B} The measured
Gaussian curvature on
the positive curvature
disc (left) is radially
symmetric and of mag-
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15 2 25 3
Angle (Rad.)

0.5 1 nitude similar to that of

HZ. In the case of Ky, <

0, the Gaussian curva-

ture oscillates, breaking the radial symmetry. (C) The local Gaussian curvature along a line
of p = 15 mm is plotted versus the angle for the discs with K, > 0 (red) and Ky, < 0 (blue).
The dashed lines indicate £, at p = 15 mm. For the disc of K;,, > 0, the generated Gaussian
curvature is positive and closely distributed around its mean. In contrast, the Gaussian
curvature of the disc of Ky < 0 oscillates with amplitudes larger than its mean, in
correlation with surface undulations.

VOL 315 SCIENCE www.sciencemag.org



For metrics with Ky dp) = 0, radially symmetric
global embeddings with small bending do exist
(240, Such theoretical conligurations are good
minimizers of the sheet's encrgy: they fully fol-
low g (are free of stretching) and would pos-
sess low bending energy. The physical sheets
seleet such embeddings as a basis for their equi-
librnum configurations, The finite thickness of
the sheets will lead to configurmtion that are
close 1o the mathematical (2D) ones, with both
bending and swretching energies small, as we
have shown. In contmst, embeddings of mdially
symmetric matrics, with Ky = O (hyperbolic
metrics ) are nontnvial, do not preserve the radial
symmetry of the metne, and must include small-
scale structure (22, 23). The Jarger the sheet is,
the smaller this scale gets, Such embeddings ol a
physical sheet would have large (bending)
encrgy and thus are not candidates for sheets'
equilibrium shapes. Indeed, the substantial lo-
calized stretching energy, together with the
large bending energy (Fig. 3, A and B. right),
indicates that the sheets do not sclect an
embedding of g, as a basis for their equilibrium
configuration but follow a wrinkling-type be-
havior. In wrinkling, stressed small-scale (/8)
and multiscale (24) wavy structures are lormed
because of the inability o lacilitie siretch-free
configurations with low bending encrgy. Our

Fig. 4. Different struc-
tures of sheets with radi-
ally symmetric target
metrics. (A) A thick sheet
it = 0.75 mm) with rel-
atively flat hyperbolic
metric adopts a configu-
ration with only three
waves. Thinner (t = 0.3
mm} sheets with larger
gradients in monomer
concentration form two
generations of waves
(B). Symmetric surfaces
of positive curvature,
such as in (), can be
combined with negative
curvature margins to ob-
tain a wavy sombrero-like
structure (D). Axially sym-
metric metrics can be
applied to cylindrical
sheets. (E) A tube with
K < 0 preserves the radial
symmetry because the
amount of Gaussian cur-
vature integrated over the
tube & less than —2m.
When too much negative
curvature is accumulated
over a tube, it develops a
wavy edge. Tubes with
two (F), four (G), and six
(H) waves are obtained,
depending on the sheet
thickness and the metric profile.

A < %

"

e

experiments show that such conditions can
occur with free sheets, depending on their target
melric,

The prescription of smooth symimetric met-
rics can thus lead 1o the formation of both sym-
metric large-scale and oscillating  small-scale
structures. This ool can be used as a basis for
a shaping principle. Differemt types ol shapes arc
constructed (Fig, 4) by combining regions of
different curvatures and controlling sheat thick-
ness and sheet wpology. In contrast to the disc
topology, in evlindrical topology, symmetnc,
low bending embeddings off K < 0 do exist
(22, 25} in a trumpet form. A physical sheet will
thus be able o select such an embedding as a
basis for its equilibnum configurmtion, resulung
(Fig. 4 E} m a conliguration that 1s symmeing
and [eature-free. However, such a symmetnc
surface can accommedate only up to —2x neg-
ative Gaussian curvature (22, 25). Beyond this
limit, the symmetne solution no Jonger exisis.
This is seen in Fig, 4. F 1o H, where evlindrical
sheets with Ky, < 0 adopt wavy configurations,
as with the radial discs,

We suggest that large-scale buckling of
unconstrained elastic sheets occurs when a
non-Euclidean target metnc g, can be symmet-
rically embedded, with low associated bending
cnergy. When no such embedding exists, energy

REPORTS

minimization of the sheet is achieved via a
wrinkling-type behavior This shaping principle
might play a role dunng developmental pro-
coesses in naturally growing tissues, where the
local nature of the growth provides a mechanism
for the formation of non-Euvclidean metries. In
our expenmental system, 2., can be wrned "on™
and "ol by environmental conditions, having
an applicative potential, This approach can be
implemented by using other anificial materials
that undergo large volume reduction. Such new
materials are being developed 1o respond 1o
different external stimuli, such as light (26), pHl
127) glucose level (2%), and other chemical
signals (29, Funther study of the principles of
shaping by metnie prescaption can extend the
types and varicty of structures that can be formed
by using thin sheets. & well as improve our
understanding of developmental processes.
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Focusing Beyond the Diffraction
Limit with Far-Field Time Reversal

Geoffroy Lerosey, Julien de Rosny, Arnaud Tourin, Mathias Fink*

We present an approach for subwavelength focusing of microwaves using both a time-reversal
mirror placed in the far field and a random distribution of scatterers placed in the near field of the
focusing point. The far-field time-reversal mirror is used to build the time-reversed wave field, which
interacts with the random medium to regenerate not only the propagating waves but also the
evanescent waves required to refocus below the diffraction limit. Focal spots as small as one-thirtieth
of a wavelength are described. We present one example of an application to telecommunications,
which shows enhancement of the information transmission rate by a factor of 3.

ubwavelength information about an ob-
S_i-.'ci is carricd by evancscent waves. As

they decay exponentially, these evanes-
cent waves are gencrally lost before reaching the
far-Nield image plane. which is the origin of the
dilfraction limi. One approach 1o recover eva-
nescent waves in near-ficld microscopy is to
place a subwavelength scatterer in the near ficld
of the object 1o be inaged. By diffmcting ofl the
sCilterer, cvancscenl wiaves can convert il'l['.'l- prop-
agating waves, which can then be detected inthe
far ficld. In the past decade, several schemes for
detecting cvanescemt waves were introduced

Laboratoire Ondes et Acoustique, Ecole Supérieure de
Physique et de Chimie Industrielles, Université Paris VI,
Centre National de la Recherche Scientifique, UMR 7587,
10 rue Vauquelin, 75005 Paris, France.
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8-antenna TRAM
-

o o

12345678

A B-channel micro- B C
structured array

Fig. 1. Experimental setup. (A} A TRM made of eight commercial dipolar
antennas operating at 2.45 GHz fi.e., k = 12 cm) is placed in a 1-m?
reverberating chamber. Ten wavelengths away from the TRM is placed a
subwavelength receiving array consisting of eight microstructured
antennas /30 apart from one another. (B} Details of one microstructured
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(1. 2). They use cither a subwavelength-sized
aperture or a sharp stylus that samples the ficld
very close (<) to the specimen o be imaged.

More recenily, superlenses have been pro-
posed for imaging bevond the diffraction limit
(3-5). These discoveries followed the original
descriptions of negative refmction and perfoct
imaging of quasistatic line sources (6, 7). Such
superlenses consist of thin slabs of materials
with negative pemmittivity, permeability, or both
(4, 5, 8-11). Recently a cyvlindrical lens relving
on amsotropic metamaterials has also been theo-
retically proposed (/2). Superlenses transmil
cvancseent waves with enhanced amplitude, in
contrast o conventional matenals. Thus, evancs-
cent components mdiated by an objea can be
recovered in the image plane. In contrast with
near-fickd microscopy, which requires a point-
by-point scanning, superlenses lorm the whole

image at once. One drawback is that in all ex-
isting experimental verifications, the image still
lorms in the near-ficld zone ol the supedens and
ascanning near-fickd microscopy technique must
be used 1o create the far-ficld image (/3)

Our approach lor subwavelength focusing
uses a focusing aperture placed in the far ficld.
The ideais 1o build a microstructured medium in
the near field of the point where one ntends o
focus and 1o use a time-reversal miror (TRM)
placed in the far field w build the tme-reversed
wave field that will focus at the wrget without
beimng subjeat o the diffracton limit.

The time-reversal technigue is well known in
acoustics and has led 1w a number of applications
in ultmsound and underwaier acoustics, such as
brain therapy, lithotrpsy, and nondestmctive
testing, as well as in wlecommunications (f4).
In a wypical time-reversal experiment, an acous-
tic source is placed at the location where one
intends to focus, First, this source sends out a
short pulse. The wave ficld propagates and is
recorded with a set of ransducers located on a
surtice. Second, the recorded signals are flipped
in time. Third, the Mipped signals are tmnsmitted
back by the same sct of transducers acling as
transmuitiers. The resulting wave is found to con-
verge back to its initial source, At best, il the
transducers are located on a closed surface sur-
rounding the onginal source, forming a closed
TRM, the time-reversed wave converges from
all directions. However, even if the onginal
source s pointlike, the focal spot is not. Indeed,
as the amplilude of the evanescent waves decays

antenna. It consists of the core of a coaxial line that comes out 2 mm from
an insulating layer and is surrounded by a microstructure consisting of a
random distribution of thin copper wires. (C) Photo of the eight-element
subwavelength array surrounded by the random distribution of copper wires.
Antennas 3 and 4 are indicated by the red and blue arrows.
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Fig. 2. Focusing beyond the diffraction limit. (A and B) show the signal
received at one antenna of the TRM when a 10-ns pulse is sent from antennas
3 and 4, respectively, of the microstructured array. The signals in (A} and (B)
look considerably different, although antennas 3 and 4 are only 4/30 apart.
(C and D) show the time compression obtained at antennas 3 and 4,
respectively, when the eight signals coming from antennas 3 and 4 are time-

exponentially, a closed TRM located in the far
licld cannot sense and retransmil the evaneseent
components. Therefore, the time-reversed field
produces a A/2 focal spot in agreement with the
diffraction limit,

In practice, a closed TRM is ditTicult 1o re-
alize. The tume-reversal opertion is usually
performaed on a limited angular arca, but if the
time-reversal experiment is conducted inside a
revetberant chamber, the diffraction limit can
actually be reached, even with a small-aperiure
TRM (/3). In this case, the ume-reversad wave
focuses Trom all direetions because of reverber-
ation ofl boundaries. Recently, experimental
demonstrations of phase conjugation and broad-
band time reversal were reporied for micro-
waves (6 [8) In our microwave time-reversal
experiments. a TRM made of cight antennas
operating at a central frequency of 243 Gz
with a bandwidth of 150 MHz was able 1o focus
on a &2 focal spot inside a reverberant chamber,

Owr approach to recover evanescent waves is
to place a mndom distnibution of subwavelength
scaiterers i the near field of the source, By dif-
[racting ol the scatterers, evanescent waves can
convert into propagating waves, which can then
be detected by the far-ficld tme-reversal mirror,
These propagating waves are ime-reversed in the
far ficld and transmiticd back. Because ol the
theorem of generalized reciprocity beiween eva-
nescent waves and propagating waves (/9). the
parnt of the far-field time-reversed wave originat-
img from the evanescent waves of the sounce 1s
converted back imo the initial evanescent com-
ponents, which thus participate in the refocusing
process. In contrmist 1o superlenses, evanescent

waves are not enhanced here but, as a resull of

reciprocity, are recovered in the back-propagation
step of the tme-reversal process.

We have applied this idea to microwaves, A
source consists of a wire antenna operating at a
central frequency of 245 Gz (e, & = 12 em).

-200 0 200 400-400
time(ns)

-200 0 200 400 0 0.05

Fig. 3. Transmission of a
color image. Transmission of
a color image between a
three-antenna TRM and a
three-antenna receiving array.
The original image is encoded
on three RGB channels, and
the three corresponding bit-
streams are sent from the
three antennas of the TRM.
With a classical receiving ar-
ray, the image is gray after
decoding (A) because the
three antennas coding for the
red, green, and blue channels
receive the same signal. With
a microstructured receiving
array, the red, green, and blue
signals are focused indepen-
dently on the three receiving
antennas, although these lat-
ter are »/30 apart from each
other. The relative weights be-
tween the RGB channels are
thus preserved and the color
image is restored (B,

To convert the evancscent waves inlo propagat-
ing waves, the amnenna s surrounded by a
microstruciure consisting of a mndom distribu-
tion of thin copper wires located in the near ficld
of the antenna (sce details of one antenna in
Fig. 1, B and C}. In our experiment, we con-
sider cight possible focusing points placed in a

0.1
position in &

0.15 0.2

reversed and sent back from the TRM. {E) In full line are shown the focusing
spots obtained around antennas 3 and 4. Their typical width is A/30. Thus,
antennas 3 and 4 can be addressed independently. The focal spots obtained
when there are no copper wires are shown for comparison (dashed-dotted
line). All maxima have been normalized by scaling factors in the ratios: 1 (red
and blue dashed-dotted lines), 2.2 (red full line), 2.5 (blue full line).

RGB encoding

M0 3 microstructured
antennas

3 classical
AI2- anlennas

strongly reverberating chamber (Fig. 1 A). Eight
microwive sources surrounded by a mndom
microstructure are placed at these cight locations
5o that they can be used in the initial siep of the
time-reversal process. The distance between two
adjacem antennas is &/ 30, These cight antennas
form an array that will be referred 1o as the re-
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ceiving amay. A TRM made of cight commer-
cial dipolar antennas is placed in the far ficld,
10y wavelengths away from the receiving armay.
{ The clectromic part of the setup 1s desenibed in
fig. S1.) When antenna 3 sends a short pulse
(10 ns), the cight signals received at the TRM
are much longer than the initial pulse because of
strong reverberation in the chamber (typically
500 ns). An example of the signal received al
one of the antennas of the TRM is shown in Fig,
2A. When antenna 4 is wsed as a source, the
signal received at the same antenna in the TRM
(shown in Fig. 2B) is considerably diflerent,
although sources 3 and 4 are /30 apart. When
these signals are ume-reversad and trnsmitted
back, the resulting waves converge respectively
to antennas ¥ and 4, where they reercate pulses
as shont as the initial ones (Fig. 2. C and D).
Measuring the signal received at the other
anftennas of the receiving army gives access to
the spatial focusing around antennas 3 and 4
(Fig. 2E). The two antennas can now be
addressed independently, because the focusing
spots created around them are much smaller than
the wavelength (typically /300, The diffraction
limit is overcome, although the focusing points
are in the far ficld of the TRM.

The origin of the diffmction limit, and the
way to overcome it, can be revisited by using the
time-reversal concept and the Green’s function
tormalism, without the explicit use of the evanes-
cent wave concept (20-22), The time-reversed
wave, gencrated by a closed TRM, which con-
verees 1o its source, i alwavs followed by a
spatially  diverging wave due 1w energy ux
conservation. Because the focal spot resulis from
the interference of these two waves, the time-
reversed field can always be expressed (for a
monochromatic wave) as the imaginary part of
the Green's function (22). In a homogencous
medium, the imaginary pant of the Green's
function oscillates typically on a wavelength
scale. To creaie focal spots much smaller than
the wavelengih, one introduces subwavelength
scatterers in the near ficld of the source. There-
fore, the spatial dependence of the imaginary pan
ol the Green's tunction is modified to oscillate on
scales much smaller than the wavelength.

A promising application of time-reversal
subwavelength focusing is iclecommunications,
One way that has been proposed 1o increase the
data rate of a communication syslem is 1o use
multianienna arrays at both transmitier and re-
ceiver (23): different bitstreams sent from cach
antenna of the tmnsmitting array can be decoded
at the receiving amay under the condition that the
medium creates sullicient scattering. It is also
generally stated than the spacing between the
receiving antennas must be larger than 42 (23).
If these wo conditions are fulfilled, the global
maximum  eror-free data rate, or “Shannon
Capacity,” is at best muliplicd by the number
of tmnsmitting antennas, Such methods are
refermred 10 as MIMO (muluple input-muluple
output), However, from a practical perspective,
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it is dillicult to ensure that the distance between
antennas can be made large enough for this re-
quircment 1o be sansticd. This difficulty s typ-
cally encountered when antennas are placed ina
laptop and the telecommumication wavelengths
are on the cenumeter scale (e.g. Bluctooth or
Wi-Fi). An illustration of the benefit of time-
reversal subwavelength focusing o overcome
this dilliculty is given in Fig. 3, A threc-antenna
TRM is used 10 tmnsmit a color picture o a
threc-antenna receiving array. The original
picture is encoded omo three RGB (red-green-
blue) color channels. Each comesponding ligure
is represented by a bit series giving the gry
levels of each pixel on that panicular channel.
Then the simplest modulation s used (a positive
pulse for bit 1, a negative one for bit () 1o create
three bistreams with a data rate of 50 Mbiv's
cach. The imended global data mte is thus 150
Mbivs, Time reversal is used to focus cach bit-
stream onto one of the antennas (one antenna for
each color of the receving army. Then the three
bitstreams are decoded and mixed 1o reconstruct
the color image. The communication is per-
formed with two kinds of receiving armays. The
first is “classical™ it consists ol three dipolar
antennas with a /30 spacing. The second is a
microstructured antenna amay analogous o the
one previously described (Fig. 1 Iowiens out that
the image reconstructed with the elassical amay is
gray-scaled: lts colors are lost. Indeed, subwave-
length spaced antennas are strongly coupled, that
is, they essentially reccive the same signal.
Hence, cach transmitted pixel is gray bocause
the three different antennas comesponding 1o the
three different color channels receive the same
gray levels. However, when the microstructuncd
receiving amay is used, cach color siream focuses
independently at cach antenna. Consequemly. the
relative weights of the RGB components of cach
pixel are preserved and the image s tmnsmitied

without major losses, This expenment shows that
our approach allows one W increase the mfor-
miation transfer mte W a given volume ol space.
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Redefining the Age of Clovis:
Implications for the Peopling

of the Americas

Michael R. Waters™ and Thomas W. Stafford Jr.?

The Clovis complex is considered to be the oldest unequivocal evidence of humans in the Americas,
dating between 11,500 and 10,900 radiocarbon years before the present (**C yr B.P.). Adjusted **C
dates and a reevaluation of the existing Clovis date record revise the Clovis time range to 11,050 to
10,800 **C yr B.P. In as few as 200 calendar years, Clovis technology originated and spread throughout
Morth America. The revised age range for Clovis overlaps non-Clovis sites in North and South America.
This and other evidence imply that humans already lived in the Americas before Clovis.

thought that small bands of humans cary-
ing a generalized Upper Paleolithic wol kit
entered the Americas around 11,500 radiocarbon
years before the present ("*C yr B.P) and that

Fur nearly 30 years, 1 has boen generally

these first immigrams raveled southward through
the ice-free corndor separating the Laurentide
and Cordilleran Ice Sheets (1), These people
developed the distinetive lithic, bone, and ivory

5

tools of Clovis (2, 3) and then quickly populated
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the contiguous United States. Clovis humans and
their descendants then rapidly populated Central
Amenica and reached southemmaost South Amer-
ica by 10,500 v vr BP ([}

Identifying when the Clovis complex it
appearcd and knowing the complex’s duration is
critical 1o explaining the ongin of Clovis, eval-
wating the Clovis-first model of colonization of
the Americas, determining the role of humans in
the extinction of lae Pleistocene megalauna,
and assessing whether people inhabited  the
Americas before Clovis. We determined a more
accurate time span for Clovis by analyzing the
revised existing Clovis MO date record and
reporting high-precision aceclertor mass spec-
romelry (AMS) "C ages from previously dated
Clovis sites. Our AMS "C dates are on
culturally specific organic natter—bone, ivory,
and seeds—that acecleralor mass spectromelers
can date accurately (4, 5) to precisions of <30
years at 11,000 ¢ yr BP

Clovis technology has stong Old World an-
tecadents, but Clovis-specific trits (eg., uted
lanceolate projectile points) probably originated
in the New World, south of the continemal ice
sheets (3). Clovis wols and debitage identify
and unify archacological sites over a broad geo-
graphic range. Clovis sites and artitacts cluster
in North America, cspecially in the contiguous
United States (). A small number of Clovis
artifacts have been recovered from Mexico and
possibly as far south as Vencaucla (6). Even
though Clovis covers a broad geographic range,
only 22 Clovis sites in North Amenca have been
dircetly "C-daed (Fig. 1, Table 1, and table $1).
The " dates from these sites traditionally place
Clovis between 11,500 and 10900 "C yr B.P
(1. 7, %). However. the "*C dates from 11 of these
siles are problematic and do not provide accurate
or precise chronological information 1o determine
the age of Clovis (5).

Three sites (East Wenatchee, Washington:
Blackwater Draw. New Mexico; and Cactus
Hill, Virginia) have Clovis diagnostic anifacts
but lack precise ages (5). Three sites ( Lubbock
Lake, Texas Kanorado, Kansas: and Indian
Creck, Montana) fall within the Clovis age
range bt lack diagnostic Clovis anifacts (5).
The site of Shenden Cave, Ohio, provides only
bracketing ages for Clovis antifacts (5), Ques-
tions exist about the accuracy of the "C dates
from Aubrey, Texas (.5), where diagnostic Clovis
antifacts were found. We obtained three dates
from the Sheaman site, Wyoming, that aver-
aged 10,305 £ 15 e vr B.P. These dates in-
dicate that the Clovis context at Sheaman is
mixed with younger cultural materials (5). Final-
Iy, associations between Clovis artifacts and
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Lalayette, CO BOO26, USA.
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Y dated faumal remains at two sites iWally's
Beach, Canada: and Union Pacific, Colorado)
are unresolved (5) Bocause of these problems,
we excluded the dates from these sites m assoss-
ing the age of Clovis,

This leaves 11 sites with a 1otal of 43 ¢
dates (Table 1 and table 513 (3). These sites
have assemblages of Clovis anificts in secure
geological contexts, Existing ages from  live
sites (Ameick, Momana; Paleo Crossing, Ohio;
Lehner, Arieona; Mumay Springs, Ameona; and
Jake Blulf, Oklahoma) already have high-
precision "C dates on credible materials. We
obtained nine new ages from seeds and highly
purificd bone amnd ivory collagen for five
improecisely dated sies { Lange-Ferguson, South
Dakota; Dent, Colorade; Domebo, Oklahoma;
Shawnee-Minisink, Penmsylvania; and Colby,
Wyoming) (4, 5) In additon, we obained five
ages on human remains from the Anack site,
Momtana (5. We antempted 0 date samples
from Sloth Hole, Florida, but the samples
contained no collagen.

REPORTS

These 43 MC dates place the beginning of
Clovis at ~11.050 "C vr B.P. (reducing former
calimites by 430 = yvears) and 115 end a1
~10.800 "¢ yi B {younger than previous
estimates by 100 ¢ vears). Accurate calendar
comelation of "¢ ages from the Clovis time
peniod s not currently  possible because of
comrclation uncertainties (9. The Clovis-period
segment of the INTCALO calibration is based
on MC-dated marine foraminifern and is not
accurate for the Clovis time period (/0). The
most accurate calibration for this time penod s
provided by a floating European tree-ring
chronology  that is provisionally anchored 1o
INTCALOD (1), Using this temative calibration
(20, we esimated that Clovis has a maximum
possible date mnge of 13,250 10 12,800 calendar
yr B.P—a span of 450 calendar years (Fig. 2).
By umking the voungest possible calibrated age
lor the oldest Clovis site and the oldest possible
calibrated age for the voungest Clovis site, a
minimum  mnge for Clovis is caloulated as
13,125 10 12925 calendar yr B.P.—a span of

8 301000 2000km

Fig. 1. Map showing the location of Clovis and other early sites. The numbers correspond to those

found in Table 1. Other sites are 31, Monte Verde
33, Broken Mammoth, Alaska.

, Chile; 32, Nenana Complex sites, Alaska; and
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200 calendar years. The ages for all Clovis sites
overlap within this 200-vear penod, and this
tme span probably represents the ree rnge of
Clovis. However, the absolute calendar place-
ment of the floating tree-ring record is disputed
(12). By an aliemative calibration (/2), the
maximum tme range for Clovis 5 13110 w
12,660 calendar yr B.P, and the minimum time
range is 12,92010 12,760 calendar yr B (Fig. 3),
Regardless of the exact calendar dates, the 200-
vear duration for Clovis nemains secure because
the Moating dendrochronological sequence pro-
vides calendar-year separations between two
HC-dated sites.

The oldest Clovis sites (v = 3 siles) are
located in Momtana, South Dakota, and Florida;
younger Clovis sites are located i the imterior
{nr = 35) of the United States and in the South-
west i = 2) and East (n = 1), The distnbution
ol dated sites shows no clear indication ol north-
south or cast-west age dillferences that would
indicate movement of people in one direction or
another. Instead, Clovis technology seems 1o
have appeared synchronously across the United
States at ~11,050 "*C yr B.P. This pattem of "*C
dates is compatible with two contrasting
hypotheses.

First, this patiern could support the idea thal
there was a mpid spread ol Clovis people across
an emply continent. Demographic models sug-
gest that people exiting the ice-free corndor
could have occupied the contiguous United
States within 100 vears or less (/3). Although
there s much speculation about a coastal mi-
gration of the first Americans from both Asia
and Europe ( /4, 15), the revised date range for
Clovis reopens the possibility of a Lawe Glacial
migration through the iee-free comdor that sepa-
rated the Laurentide and Cordilleran lee Sheets.
People could have casily traveled through the
ice-free corridor after ~11.500 "C yr B (/)
at least 200 calendar years before the oldest
known Clovis date. The biface and blade in-
dustiry of Nenana (/6) was well established at
the Broken Mammoth site, Alaska, to 11,770 ¢
210 MC yr BP. (WSU<351)—at least 300
calendar vears before our oldest  recalibrated
Clovis date. The Nemana lithic assemblage
shows strong similantics w0 the Clovis lithic
assemblage (/7). It s possible that enther
Nenana people or others with a biface and blade
industry traveled through the comridor, and once
south of the ice sheets, they developed the
technological hallmarks characienistic of Clovis
and spread mpidly across the continent.

An altemative interpretation is that the in-
stantancous appearance of Clovis across North
America represents the mapid spread of Clovis
technology through a preexisting but culurally
and genctically undelined human population in
North America (/8). In this case, Clovis
technology could have been introduced to this
population through a Late Glacial migration of
Clovis or Clovis progenitors or developed in
situ from a pre-Clovis technology already in the
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Americas. Regardless of which hypothesis s
comect, our revised chronology indicates that
Clovis technology spread rapadly.

Faunal remans associated with dated Clovis
sites constrain the timing of the extinction of
Proboscideans at the and of the Pleistocene,
Mammaoths and mastodons were an important
source of food and raw materials wsed 10
manulacture bone and ivory tools (3), as well
as perishable items from solt tissues, Probosci-
dean remains are associated with seven of the
well-dated Clovis sites (Lange-Ferguson, Sloth
Hole, Dent, Domebo, Lehner, Murmy Springs,
and Colby), and the last occurrence of mam-
moth in the United Sites is dated at ~10,90K)
M yr BP. Affier this time, Clovis and sites of
other complexes (eg., Goshen and Folsom)
contained only bison and other extant specices.

The extinction of mammoth and masiodon
coincides with the main lorescence of Clovis,
Ouwr revised ages Tor Clovis overlap dates
from a number of North American sites that are
technologically or culwrally not Clovis. The
carlicst dated sites of the Goshen complex (Mill
Iron, Montana; and Hell Gap, Wyoming) (/9)
overap the age rnge of Clovis (Figs, 2 and 3,
and Table 1, and table S1). This indicates that
Goshen is either coeval with the entire range ol
Clovis or briefly overlaps the later stages of
the Clovis time period. Clovis also overlaps
the date for the Arlington Springs human skel-
eton from Santa Rosa Island, California (Figs.
2 and 3 and Table 1) (20). Mo anifacts were
found with the Arlington Spnngs human re-
mams, and his culwral atfiliation 15 unknown,
The presence of human remains on Santa Rosa

Table 1. Summary of **C dates from Clovis and Clovis-age sites. Single **C dates, date ranges, and
averaged dates are reported, If multiple **C dates were available from a single-component site, the
dates were averaged with the method in (28). All dates are given at 15 SD. n, number of dates.

Site Date
(**C yr B.P.)
Clovis sites (credible ages and Clovis diagnostics)
1. Lange-Ferguson, SD (n = 3) 11,080 £ 40
2. Sloth Hole, FL (n = 1) 11,050 = 50
3. Anzick, MT lforeshalt ages) (n = 2) 11,040 + 35
4. Dent, CO(n = 3) 10,990 = 25
5. Paleo Crossing, OH (n = 3) 10,980 = 75
6. Domebo, OK (n = 1) 10,960 + 30
7. Lehner, AZ (n = 12) 10,950 = 40
8. Shawnee-Minisink, PA (7 = 5) 10,935 = 15
9. Murray Springs, AZ (n = 8) 10,885 = 50
10. Colby, WY (n = 2) 10,870 = 20
11. Jake Bluff, OK (n = 3) 10,765 = 25

Clovis sites (indirectly dated and Clovis diagnostics)

12. East Wenatchee, WA (n = 1)

=11,125 = 130

Clovis-age sites (credible ages but no Clovis diagnostics)

13. Indian Creek, MT (n = 1)

14, Lubbock Lake, TX (n = 2)

15. Bonneville Estates, NV (n = 1)
16. Kanorado, K5 (n = 2)

17. Arlington Springs, CA (n = 1)

10,980 = 110
11,100 = 60
11,010 = 40
10,980 = 40
10,960 = B8O

Problematic Clovis and Clovis-age sites

18. Sheriden Cave, OH {above artifacts, n = 5)
Sheriden Cave, OH (below artifacts, n = 2)

19. Blackwater Draw, NM (n = 3}

20. Cactus Hill, VA (n = 1)

21. Wally's Beach, Canada (n = 4)

22. Union Pacific,t WY (n = 1)
23, Aubrey, TX (n = 2)
24. Sheaman, WY (o = 3)

10,600 = 30
10,920 = 50
11,300 + 235
10,920 = 250
11,350 = 80 to
10,980 = 80
11,280 = 350
11,570 £ 70
10,305 = 15

Ages from other early sites

25. Mill lron, MT {Goshen) (n = 4)

26. Hell Gap, WY (Goshen) (n = 1)

27. Cerro Tres Tetas, Argentina
(pre-Fishtail, n = 5)

28. Cuevas Casa del Minero, Argentina
(pre-Fishtail, n = 2)

29. Piedra Museo, Argentina (pre-Fishtail, n = 2)

30. Fell's Cave, Chile (Fishtail, n = 1)

10,840 = 60
10,955 + 135
10,935 = 35

10,985 = 40

10,960 = 45
11,000 = 170
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Island is unequivocal evidence that water crafts
were used duning Clovis time and that a Pacilic
mantme=coastal adaptanon was probably con-
tempomancous with Clovis. At Bonneville Estates
Rockshelier, Nevada (24), the carliest date from
a series of heanhs is cocval with the Clovis time

period and is associated with stone artifacts,
Diagnostic anifacts have yvet to be found at this
level, and i 15 unknown whether this carly hor-
2o 15 associated with Clovis or stemmed points.

Several sites in South Amenc have vielded
"¢ dates that are coeval with Clovis (Figs. 2
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and 3). These include the carly archacological
honzons at Cerro Tres Tetas, Cueva Casa del
Minero, and Predra Museo, Argentina, and the
carliest Fishtal pomt horieon at Fell's Cave,
Chile (Fig. 1, Table 1, and table S1) (8, 22), The
actual calendar dates of these South American
sites may be slightly more recent because
Southem Hemisphere samples have a lower
initial "¢ content than contemporneous sam-
ples in the Morthern Hemisphere, This latiwdi-
nal difference causes Southern Hemisphere
terrestfial materials 1o be 5 w0 80 MC vers
older than contempormancous samples in North
America (23). The extent of this interhemi-
sphere offset in MC years for the Clovis time
penod s unknown, but it s probably less than
80 vears. Even with an 80-vear comection to the
M dates from these four sites, Clovis, Fishtail,
and other carly complexes in the Southem Cone
of South Amenca are stll comemporanceous,

The presence of non-Clovis sites that are
contemporneous with Clovis in both North and
South America implics that Clovis does not
represent the carliest oceupation of the Amer-
icas. It would probably have taken a minimum
of 600 1o 1000 vears for the irst Palcoamericans
and their descendents 1o travel by land from the
southerm limit of the ice-free corridor 1o Tierra
del Fuego (13, 24)-—a distance of over 14,000 km
(Fig. 1). However, at most 300 to 350 calendar
wears separate the oldest possible date Tor Clovis
and the voungest possible ages from the well-
dated unequivocal sites in southemmost South
America (Figs, 2 and 3). The difference s ne-
duced 1o 200 calendar vears, when the mini-
mium date for the beginning of Clovis in North
America and the yvoungest dates for the sites in
South America are considerad. It is highly im-
probable that within 2000 1o 350 calendar yvears,
people entered North Amenica; adapted 1o biomes
rnging from anic wndm to grasslands, desents,
and rainforests; increased in population; and
rcached the southem tip of South America within
the span of 10 1o 18 human generations. This
suggesis that human populations already exisied
in the New World before Clovis.

There is an emerging archacological record
that supports a pre-Clovis human occupation of
the Amencas. Stone wols and butchered mam-
modh remains dating o ~12,500 M yr BP.
have been found at the Schacfer and Hebior
sites in Wisconsin (23, 26) Older butchered
mammoth remains dating to ~13.500 “C yr B.P.
have been recoverned from the Mud Lake site.
Wisconsin (25, 26). In South America, humans
appear 10 have been present at 12,300 ¢ yr
B.P. m Monte Verde, Chile (27). The archae-
ological dma now show that Clovis does not
represent the earliest inhabitants of the Amer-
icas and that a new model is needed 10 explan
the peopling of the Americas.
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Quantitative Phylogenetic Assessment
of Microbial Communities in
Diverse Environments

C. von Mering,’" P. Hugenhult:,i ). Raes,! S. G. Tringe,z T. Doerks,’

L. ). Jensen,* N. Ward,? P. Burk"r

The taxonomic composition of environmental communities is an important indicator of their
ecology and function. We used a set of protein-coding marker genes, extracted from large-scale
environmental shotgun sequencing data, to provide a more direct, quantitative, and accurate
picture of community composition than that provided by traditional ribosomal RNA-based
approaches depending on the polymerase chain reaction. Mapping marker genes from four
diverse environmental data sets onto a reference species phylogeny shows that certain
communities evolve faster than others. The method also enables determination of preferred
habitats for entire microbial clades and provides evidence that such habitat preferences are

often remarkably stable over time.

Icroorganians are estimated 10 make
up more than one-third of Earth’s
biomass (1), They play cssential roles

in the cycling of nutrents, interact intimately
with animals and planis, and direcily influence
Earth’s climate. Yet our molecular and physio-
logical knowledge of microbes remains sumpris-
ingly fragmentary, largely because most naturally

LEuropean Molecular Biology Laboratory, Meyerhofstrasse 1,
69117 Heidelberg, Germany. "DOE Joint Genome Institute,
2800 Mitchell Drive, Walnut Creek, CA 94598, USA, *The
Institute for Genomic Research, Rockville, MD 20850, USA.

*Present address: University of Zurich, Winterthurerstrasse
190, BOST Zurich, Switzerland.

1To whom comespondence should be addressed. E-mail:
peer.bork@emblde

23 FEBRUARY 2007

occwring microbes cannot be cultivated in the
laboratory (2),

For charecterizing this “unseen majonty™ of

cellular life, the first step is o provide a tax-
onomic census of microbes in their cnvironments
(3-f1) This is usually achicved by cloning and
sequencing their ribosomal RNA (rRNA) genes
{most notably the 165185 small subunit riRNA).
This approach has been extremely successlul in
revealing the overwhelming diversity of micro-
bial lifie (7). but it also has some limitions duc o
gquantitative errors: The polvmerase chain neac-
tion (PCR) step intoduces amplilication bias,
and it genermtes chimeric and otherwise emo-
neows molecules that hamper phylogenctic anal-
yais (8, ¥).

Shotgun sequencing ol community DNA
(*metagenomics”) provides a more direet and
unbiased aecess W unculiured organisms (/0 /3
No PCR amplification step is involved, and be-
cause no specilic primers or sequence anchors are
neaded, even very umisual organisms can be cip-
red by this wechmique. Although cument metage-
nomics data are sl nod entirely free of quaniative
distortions (mostly duc to sample preparation),
remaining biases are bound o diminish further
with the optimization of vicld and reproducibility
of DNA extrmaction protocols (14 16),

To make use of metagenomics data for
taxonomic proliling, we analveod 31 protein-
coding marker genes previously shown o
provide sullicient miormation for phvlogenctic
analysis [they are universal, occur only once per
genome, and are mrely transferred horizontally
(/7). We extmcied these marker genes from
metagenomics sequence data (9), aligned them o
a setof hand-curated reference protcins, and vsed
maximum likelihood 1o map cach sequence to an
extermally provided phylogeny of completely
sequenced organisms [ree of hife; we used the
tree from (£ 7), although any reference tree canbe
used as long as the marker genes have been
sequenced for all its taxa). Our procedure pro-
vides branch length information and confidence
ranges for cach placement ( /8) (Fig. 1), allowing
statements such as “This unknown sequence
evolves relatively fast, is lrom a proteobacierium
(95% confidence), and more specifically, prob-
ably from a novel clade related 1o the Campylo-
bacterales (65% conlidence)”™ The procedure
weighs the number of informative residucs that
are found on each sequence fragment, then ad-
Justs the spread and conlidence of its placemen
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i the tree accordingly Jafier alignment, concat-
enation, and gap removal, the number of
remaining informative residucs ranges from 80
to more than 300 per sequence Iragment (V)]
We have implemented the entire phylogenctic
assignment protocol as an automated soltware
pipcling with a Web interface that allows sub-
mission of sequences online (hatp:/MLircemap.,
cmbl.de),

Jackknife validation of our method [ic.,
leaving out varous parts of the refercnce tree
and measuring the consequences on placement
accuracy (Y] showed that the performance of our
method depends on the completeness and balance
of the reference tree: The larger the phylogenctic
distnce w0 any known relative of an environ-
miental sequence, the less precise is its placement,
Overall, the mapping precision is remarkably
good, as long as cach sequence has some relative
fromy the same phvlum among the reference
genomes (Mg 82). In contrmst, BLAST-based
assignments of taxonomy based on “best hit” a
frequently used method, are more ermor-prone:
For example, more than 10% of the sequences
change o a different domain of life (c.g.
changing assignment from Bacteria 10 Archaca)
upon removal of the phylum to which they orig-
inally mapped: with our method, such changes
arereduced w0, 19% iz, S2). Morcover, because
the best BLAST match always assigns a single
organism as the most likely phylogenetic neigh-
bor, it does not specily the level of relatedness
.z, class-, order-, or phylum-level), which s
necded 1o trace onzanisms in their prefemed
habitms and through tme.

In one of the recent, large-scale metagenomics
sequencing projects (/2), waditional PCR-based
assessmentof 165 rTRNA molecules was excouted
in parallel w the shoigun sequencing. This en-
abled us 1o compare our approach to this currently
most widely used expenmenial method for phy-
logenetic profiling of environments. Overall, the
relative abundances of phyvla as reponed by both
mcihods were broadly similar, alihough ithe
melagenomics approach appears  quantitatively
closer to the tuth, as can be measured by come
parison 1o tRNAs that are containad directly in the
PCR-independent shotgun reads (9. The PCR-
based approach presumably sullers (rom ampli-
tication biascs and from copy number vanations
among rRNA genes in bacteria (/9) but benelis
from an exhaustive coverage of phyla among
known RNA sequences. In contrast, the ap-
proach we present here requires far more re-
sources in terms of sequencing and computation,
but, at least for phyla already represented among
fully sequenced penomes, it is noticeably more
quantitative. Our approach should essentially be
seen as a by-product of metagenomics sequencing
prajects, which are usually conducied for Tune-
tional purposes [soc (Y) for a discussion of the
strengths, weaknesses, and complementantics of
both approaches|,

We applicd our procedure to four kirge, hat-
crogencous data scts of microbial community se-

quences derived from distingt and geographically
separate environments (/7 -13). The consistemt
treatment of the data allowed us 1o quamtatively
compare habitat preferences in the context of the
tree of life (Fig. 2 and g, S$1; see also fig. 53 for
robusiness estimales).

Overall, we observed a remarkably uncven
representation of previously sequenced genomes
in naturally occurning communitics, Some parts
ol the tree of itk (such as the Sireptococe or the
Enterobactenales) are well covered by published
genome sequencing projects, but they represent
only a small fraction of nawmally occurring mi-
crobes, Conversely, entire phyla such as the
Acidobacteria or the Chloroflexi are poorly
represented among the sequenced genomes but
are widely abundant in natural communities,

In agreement with (20, we found Proteobacte-
ria 1o be the most dominant phy lum of microbial
lifie in both manne and soil environments (Fig, 2).
However, as is the case with other phyla, marked
differences within the Proteobacteria were appar-
ent: relatives of the Rickattsiales, for example |in-
cluding the marine genus Pelagibacter (21)), were
mostly found in the surface-water sample, whercas
relatives of Rhizobiales or Burkholeriales were
mostly found in the soil sample. We observed
sumprisingly few endospore-fonming organisms
in the community sequences: Both Bacilli and
Clostridia were quite rare; their largest combined
abundance was a mere 1% (in soil). Similarly,
Actinobacteria (many of which have a spore stage)
ranged from being virtually absent in the acidic
mine dminage biolilm o only 6.2% in the soil
sample. It s conacivable that spores are under-
represenied i the dma (they may withstand the
DNA extraction protocols), but, at least among the
vegetative, actively growing cells, spore-fonmers
appear o be a minoity.

identify phylogenetically
informative marker genes in
environmental DNA fragment

¢

align markers to reference genes
from sequenced genomes

¢

test all possible phylogenetic
positions (in a reference tree
of completely sequenced species)

4

place the DNA fragment
probabilistically, using maximum
likelihood (resulling in a weighted
confidence range)

REPORTS

Quantitative analvses of relatvely rre phyla
as, Tor example, in the case of the spore-fonmers
menbioned above—<can potentially suller from
lmted sampling. Although our approach used
31 marker genes with a total ofabout 7500 amino
acid residucs per genome, low-abundance orga-

misims might be represented by only a kew of

these (the total number of sulliciemly complete
marker genes usable for our approach mnged
lrom 247 for the smallest data set 10 15,741 for
the langest data set). We quantified the potential
undersampling ermors by jackknife and bootstmp
analysis (fig. $3). These wests showed tha, for the
worst case ol a low-abundance clade in the
smallest data set, the quantitative emror due o
undersampling was on the order of 50% (g, S3).
However, such emors are bound to decrcase with
the expected nse in sequencing depth facilitated
by technological advances. In addition, even fora
low estimate such as the 1% abundance men-
voned above for Bacilh and Clostndia, the
current data support a 95% conlidence interval
of 0.995 w 2.153%, meaning that endospore-
lormers are indeed rare in soil and ane not just
undersampled. Generally, none ol the resulls
reported here would change much it all data sats
had as many as 15,000 marker genes sampled (in
paticular because we do not comment on
diversity, and because we discuss antire clades,
not individual specics).

Almost all placements ol environmental
sequences occurred at relatively deep, intemal
nodes in the reference tree; only a few could be
placed toward the tips as close relatives of the
culured and sequenced genomes. Indeed, the

average sequence similarity of the “best hits™ off

environmental sequences 1o soquenced genomes
was usually less than 60% (for soil, the median
identity was only 47%). This dissimilarity was

Fig. 1. Assessing com-
munity taxonomy from
metagenomics sequence
data. The diagram de-
picts how a restricted set
of marker genes can be
used for phylogenetic
characterization of com-
munity microbes from
poorly assembled se-
quence data. Instances of
the marker genes are
sgpught in the sequences
and assessed refative to an
external tree-ofife phy-
logeny with the use of max-
imum likelihood scoring. A
central step in the map-
ping procedure is the as-
signment of a confidence
range for each placement,
thereby avoiding over-
confident placement of
sequence fragments that
are short or othemwise
uninformative,
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Fig. 2. Habitat-phylotype associations and their
stability in time. (A) Four microbial communities
are mapped onto the same reference tree. Pie
charts represent the wvarious environments in
which a particular tree clade has been observed.
If there is a clearly preferred habitat, lines are
colored accordingly (9), (B and C) Habitat prefer-
ence over time. (B) Comparison of rRNA sequences
from public databases, indicating the similarity
of habitats from which they were sampled. (C)
Comparison of cultured microbial strains, plotting
habitat similarity against their level of relatedness
in the NCBI taxonomy. For the taxonomic level of
order, and all closer relations, the difference i
highly significant (P < 107%). The tree-drawing
algorithm is implemented for public use at (34).

reflected in the maximum likelihood branch
lengths: On average. more than 0.3 substitu-
tions per site have occumed since the branching
from the reference tree. This corresponds roughly
to the sequence divergence between B- and -
proteobacteria, which has been tematively dated
at mone than 500 million years ago (22-24),
clearly enough time for functional capabilines
and lifestyles 10 have changed. Thus, the closest
sequenced relative of an envionmental microbe
should generally not be considered as a reliable
wuide for its phenotypes and functions,

The envionments we analyzed contained a
tiew sequences that were placed unusually deep in
the tree (i.e., basal to the three known domains of
life: Archaca, Bacteria, and Eukaryoin). Upon
closer inspection, we detenmined that mosi of
these deep placements in fact originated from
lincages not vet represented among sequenced
genomes. Therefore, it is likely that the remaining
deep placements will also find a home as soon as
more lincages are included in the reference ee,
rather than belonging 1o a hypothetical “fourth
domain” of life.

The maximum likelihood branch lengths, as
measured by our method, provide detailed
information on the community=wide distnbution
of evolutionary ritcs (that is, the rates at which
mutations occur and are fixved). We therefore

Fig. 3. Distinct evolutionary rates of
environmental communities. Orga-
nisms found in the surface waters of
the Sargasso Sea have accumulated,
on average, the largest number of
mutations (i.e., evolved fastest), those
in the agricultural soil the fewest. For
each data set, the branch lengths of
the placements are plotted as dots.

Each branch length is expressed rela- branch length - eyl
tive to the median of branch lengths (indicates relative rate of change)] "HINTL
of known genomes in the same phy- : i . ;

lum, or against all phyla in the sister referance branch length -05

clade in the case of very deep place- {median of known relatives,

ments. The quantiles 5%, 25%, 50% S0me phykin / Supephyany (== slowor rates of change

(median), 75%, and 95% are indi-

cated. All data sets differ highly significantly (two-sided Kolmogorov-Smimov
tests, P < 107, except for the comparison of acidic mine drainage with whale
bone: P < 0.05). The number of data points underlying each distribution is as

assessed, for cach sequence fragment placed imo
the tree, the cumulative branch length from the
tp of its branch down 1o the base of the comre-
sponding phylum, and compared these o the
branch lengths of all known reference organisms
in that same phylum, measured for the very gene
familics found on the fagment (Fig. 3: very
deeply placed fragments are compared o all
phyla in their sister clade). Although notall 31 of
the marker genes wene present for cach onganism
in the metagenomics data, the measurements of
relative mtes ineach gene Baimily revealed distinet
branch length distributions for the four en-
vironmental communitics tested. These indicate
that organisms at the ocean surfice evolve the
fastest, whereas organisms in the soil evolve the
slowest (Fig. 3). Large-scale trends like this,
involving entire communitics, were previously
observed mamly for multicellular organisms ...
a dependency between latitudinal geographic lo-
cation and mutation rates in plants (25)). In the
case of microbes, fast-cvolving species were
previously known in the context of symbiotic or
pathogenic sellings or in cascs of exireme ge-
nome “streamlining” (24, 26). The more subtle,
global variations in mutation rates reported here
may be caused by differences in population siees
or generation limes, or by the abundance of
extemnal mutagens (such as the strong uxes of
ultraviodet light in ocean surfice water), Notably,
the ocean surface communily is nol only
evolving the Gastest, it is also the one with the
smallest genomes (27). In the case of soil, the
apparent evolutionary stability at the sequence
level is also consistent with intermittem periods
ol dormaney (for example, during winter and/or
under desiceation ).

Our wee-based mapping (with an implicit
molecular clock) also allowed w 1o wace the
habitat preference of microbial organisms through
time, and thus enablad us 10 ctimate how fre-
quenily lincages change their preferred  environ-
ment. Al shon o intenmediate evolutionary time
scales, we observed a noticcable stability of hab-
itats: Many of the closer relatives in the trec
showed the same environmenial preference, indi-

REPORTS

cating that microbial lineages do not very ofien
change (or specialize) their lilestyles and habitats
(Fig. 2). Converscly, at longer time scales, we did
obsenve notable changes of prefemed habitats— for
example, within diverse lincages of al last two
phyly namely Proteobacteria and Cyanobacieria;
this is consistent with the observed morpholog-
ical and ceological vanability of cultured isolates
from most phyvla, In the case of Cvanobactenia,
we identified relatives ol the Tast-cvolving and
widespread  Prochlorococei in the ocean sample,
whencas more basal, slower-evolving Cyvanobac-
teria such as Gloeobacter were mostly found in
the soil sample,

Even though molecular methods wend 1o find
most phyla ubiquitously, Baas-Becking and
Bevermek postulated decades ago that microbial
taxa have prefemed environments: *for microbial
taxa, everything is everywhere— but the environ-
menl selects™ [(28) and references therein). The
hypothesis posits that microorganisms are fre-
quently dispersed globally, and that they are only
subsoquently selected by the environments on the
basis of their functional capacitics. Existing
communitics would thus constantly be chal-
lenged by intruders from nonspecialist phyla that
may occasionally survive simply by chance, ac-
quiring the necessary functionality through hori-
sontal gene trnsfer (29-37) Our observations
provide quantitative support for this hy pothesis,
showing strong environmental preference along
lincages, but with a time-dependent decay. We
confimed and extended this finding by also
analyzing habiat information available for
cultivated strmins in culre collections, as well
as the large body of publicly available rRNA
sequence data. Both daa sets provide infonma-
tion about hundreds ol habis and allow an
approximate ranking of lincage separation cvents
in time. In the case of MRNA sequence data,
branch length information can be analyveed using
a global phylogeny of small subunit BNA sc-
quences, whereas in the case of cultivaied simins,
taxonomic assignments can be parsed for the last
taxonomic mnk still shared (). Indeed, we ob-

serve a remarkable tme-dependent stability of

b Y

branch length compared 10 known reialives

fasior rades of change =)

follows: ocean surface water, 15,741 genes on 9,286 contigs; acidic mine
drainage, 275 genes on 148 contigs; deep-sea whale bones (three subsamples
pooled), 630 genes on 362 contigs; agricultural soil, 598 genes on 395 contigs.
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habitats and show that for any two microbial
isolates, the similanty of their annotated habit
{as measured by automated keywond compar-
1sons) 1s strongly comelated o ther evolutionary
relatedness (Fig. 2, B and C), We observe such
common habital preferences surpnisingly Far back
in wme: Even strains related only ot the level of
taxonomic order are still significantly more fre-
quently found in the same environment than a
random pair of isolaws (Fig. 2C). Thus, most
microbial lincages remain associated with a cer-
tain environment for extended time perods, and
successful competition in a new environment
seems o be a rare event, The latter might require
more than just the sequisition of a few essential
functions: probably only a lmited number of
funcuonalmes are sell-sufficient enough, and
provide sullicient advanmtage, to be pervasively
tmnslemed (220, For most other adaptations, line-
tuned regulation and/or subtle changes i the
majonty of protems may be needed. Because this
is ditficult to achicve, well-adapted specialists
might m fact rarcly be challenged in their envi-
ronment. This does not rule out the presence ol a
“long taill” of rre, atyvpical organisms in <ach
enviromment (33), but most microbial clades do
seem 0o have a preferned habitat.,

Taken wogether, our altemative approach of
taxonomic profiling of complex communities has
sufliciem resolution o uncover dilferences
evolutionary rates of entire communities, as well
as long-lasting habitat preferences for bacterial
clades. The latter mises the question ol how
many distinet environmental habitats there are on

Eanth—a factor that might ultimately detenmine
the true extent of microbial biodiversity,
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Staphylococcus aureus
Panton-Valentine Leukocidin
Causes Necrotizing Pneumonia

Maria Labandeira-Rey,” Florence Couzon,”™ Sandrine Boisset,”™ Eric L. Brown,'*
Michele Bes,”* Yvonne Benito,”® Elena M. Barbu,” Vanessa Vazquez,* Magnus Hook,!
Jerome Etienne,>™ Francois Vandenesch,*t+ M. Gabriela Bowdent1

The Staphylococcus aureus Panton-Valentine levkocidin (PVL) is a pore-forming toxin secreted
by strains epidemiologically associated with the current outbreak of community-associated
methicillin-resistant Staphylococcus aureus (CA-MRSA) and with the often-lethal necrotizing
pneumenia. To investigate the role of PVL in pulmonary disease, we lested the pathogenicity of
clinical isolates, isogenic PVL-negative and PVL-positive 5. aureus strains, as well as purified PVL,
in a mouse acute pneumonia model. Here we show that PVL is sufficient to cause pneumonia
and that the expression of this leukotoxin induces global changes in transcriptional levels of genes
encoding secreted and cell wall-anchored staphylococcal proteins, including the lung
inflammatory factor staphylococcal protein A (Spa).

he combined actions of many vinulence

I lactors enable Staplivlococcus airens 10
cause disease (1, 7). Depending on these
factors and on the immune status of the host,
staphylococei can cause discases ranging from
superficial skin infections 1o deep-scated and
systemic conditions such as osteomyelitis, septic

23 FEBRUARY 2007

shock, and necrotizing pneumonia. Staphylo-
coccal necrotizing pneumonia can allect young,
immunocompetent patients. This discase, char-
acterized by leukopenia, hemoptysis, and ex-
tensive necrosis of the lung tissue, is caused by
8. anrens strains that produce Panton-Valentine
leukocidin (PVL) (3). 8. awens PVL-positive

siruins are often methicillin-resistant (MRSA)
and, in the USA, they are the predominant cause
of community -associated infections ().

PVL is a bi-<component, pore-forming ¢xo-
toxin (5 ) that targets cells of the immune system
such as polvmorphonuclear neutrophils (PMXNs).
The active fomm of PVL requines the asscmbly of
two polvpeptides, LukS-PV and LukF-PV, into a
heterooligomeric pore, Although PVL has potent
cviolviic and inflammatory activitics in vitro
ifi, 7)., its role in necrotizing pneumonia has not
been demonstrated. To analvec the molecular
pathogenesis of PVL-cxpressing S0 awrens
strains, we have established a murine model of
acule primary pneumonia,

We infected mice with strains isolated trom
necrotizing (PVL-positive) or nonnecrotizing
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Fig. 1. Expression of PYL enhances the virulence of isogenic 5. aureus strains. (A, B, E, F, I, and ])
Lung histology of mice infected with PVL-positive and PVL-negative strains or inoculated with PVL toxin,
The sections are representative of at least three separate experiments, Scale bar, 100 um. (€, G, and K)
Line graphs indicate weight loss in grams. (C) Parental versus PVL phage; "P < 0.001. (G} Parental
versus APVL phage; no statistical difference observed. (K Animals inoculated with 3 pug of LukS+F-PV
versus 5 g LukS-PV; *P < 0.01 on day 1. (D, H, and L} Mouse survival. (D) Parental and PVL plasmid;
(H) PVL phage, APVL phage, and APVL phage PVL plasmid; (L) 20 pg or 10 pg of LukS+LukF-PV
versus 3 ug LukS+LukF-PV or 5 pg Luk5-FV, "P < 0.0001.

(PVL-ncgative) staphylococcal pncumonia pa-
tients (table S1). PVL-positive strains caused
murine necrolizing pncumonia with manifesia-
tions resembling human discasc (flig. S1). In the

PVL-positive strains, the lkS-P1V and kP17

senes are organized as an operon withina phage
(9SLT, or other similar phages) that could po-
tentially contribute 1o the virulence of these
strains. To define the role of PYL, we developed
several isogenic strains (8). A PV0L-negative,
transformable S, arrers stmin was lvsogenized
with ¢SLT or with a mutated o5SLT in which the
PVL operon (fuk-PFy was deleted. We com-
plemented the PYVL-negative strains with a plas-
mid containing the lwk-P1 operon under the
control of its own promoter (table S1).

Mice nfected with PVL-positive strains
showed symptoms of severe illness: Kthargy,
hunched posture, ruffled fur, and significant
weight loss, Lungs from infected mice were ¢x-
amined 48 hours postinoculation. Tissue sce-

tions from lungs infecied with PVL-positive
strains revealed a strong recruitment of neu-
trophils and significant inflammation in the
lung parenchyma, bronchial epithelial damage,
tissuce necrosis, and hemomhage (Fig. | and
table 82). The lungs infocted with PVL-negative
strams showed nommal lung structures,  despite
some leukocyie infilwation. By contrast, when
the PVL-negative stmins were complemented
with a plasmid cncoding PVL, we obscrved
massive tssue damage and 35 1w 80% mortality
within 24 hours after inoculation (Fig. 1 and fig.
§2). We stained Jung sections using antibodics
against LukS-PV (fig. S3) and showed that the
toxin was detected in tissues infected with PVL-
positive bacteria,

Administration of mcreasing  equimolar
amounts of native Luk5-PV and LukF-PV re-
sulted in concentration-dependent localized le-
sions, weight loss, and, at concentrations higher
than 3 pg, high rates of monality (Fig. 1), The
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prodein-moculated mice recovered the lost weight
after 24 hours, whereas those miccied with PVL-
positive bactena were still ill at 48 hours (Fig. 1C
compared with Fig. 1K) these findings demon-
strted that an active bactenal infection is
required 1o cause severe morbidity,

Previous studies have demonstrated that
PV L-positive strains had increased adherence to
injured airway epithelium (.3, 93, To examine the
expression of surface proteins in these strains, we
examined by SDS-polyacry lamide electrophore-
sis (SDS-PAGE) cell wall extracts and super-
natants from cultures waken at both the exponential
growth phise and the stationary growth phase
(Fig. 2) Samples from a PVL-positive strain
showed an enbanced expression of a least two
cell wall-anchored polypeptides sdentified as
Sdrld and protein A (Spa) by N-terminal se-
quencing and Western analvsis (Fig. 2, C w E,
and fig. S4). The SdrD and Spa overexpression
was nol observed inoa strun camyving the phage
with the deletad fuk-P1 operon, which indicated
that this effect was not mediated by products
encoded by other phage genes or by its insertion
in the chromosome of S. arercns. PYL-negative
strains complemented with the fuk-PVoperon in a
multicopy plasmid (table S1) also showed an
increased expression of Spa during both loga-
rithmic and stationary growth phases (Fig, 2F). A
group of polypeptides with apparent molecular
masses between 32 and 47.5 kD (Fig. 2B, dos)
were present in the supematants from the PVL-
negative, but not the PYL-positive, strains. Some
of the seereted polvpeptides were identified as
proteases by using zymograms (Fig, 2G). Thus,
expression ol the fuk-P1 operon resulted m an
altered repulation of cell wall-anchored and
secreted protein production.

Spa is a known virulence facior in mouse
models of 5. aweny infections, including pneu-
momnia (f0, 11 therefore, we examined the role
ol Spa in necrotizing pneumonia, Animals in-
fected with the spa-deleted isogenic strains had
less severe svmpioms of discase (Fig. 3A). How-
ever, the lungs from animals infected with spa-
deleted, PVL-positive stmins showed localized
lesions with massive leukocvie infiliration (fig.
55). which demonstrated that PVL alone was
sulTicient to cause pncumonia, Complementation
of Spa=positive strains with PVL rendered them
lethal, whereas the Spa-ncgative, PVL-plasmid
strains did not cause morality (Fig. 3B). These
data suggesied that PYL and Spa may act w-
gether to cause the overwhelming inflammation
and tissue damage that are secen in necmtizing
preumonia,

PVL-positive strains expressed Spa during
both exponential and stationary growth phases
{Fig. 2). To analvee the effect of PVL on spu
transcription, PYL was introduced imo mutants
deficient in spa regulators, The Spa production
was abolished in a sarS-deletion mutant (fig. S6),
whether PVL was present or not, which mdicaed
that PVL acts upstrcam of SarS, To evaluate the
transcriptional profile of a PVL-positive strain

www.sciencemag.org SCIENCE VOL 315 23 FEBRUARY 2007

1131



REPORTS

1132

Fig. 2. PVL alters the expression pat- A
tern of cell wall-anchored and secreted
proteins. (A to E) Lanes 1, 2, and 3 1
represent extracts from parental, APVL
phage, and PVL phage strains respec-
tively; samples were isolated from
bacterial cultures grown at exponential
(EXP) and stationary (STAT) phases of
growth. (A) Lysostaphin extracts ana-

4T 5=

EXP
n
x5 % 53 1

ﬂijl.

lyzed by SD5-PAGE. The arrows point to P s

overexpressed proteins. (B} Exoproteins
from culture supernatants harvested
from bacterial cultures analyzed by
SDS-PAGE. Arrows point to overex-
pressed proteins; dots indicate exopro-
teins reduced or absent in PVL-positive
strains, (C and D) Western blot analysis
of lysostaphin extracts and supematants
using a monoclonal antibody against
Spa. Complete gels shown in fig. 54 (8).
*Samples were diluted 1:100. (E) Western

c,

E ;4

blot analysis of lysostaphin extracts using polyclonal antibodies against SdrD.
SdrD is detected as two polypeptides because of the proteolytic cleavage of an N-
terminal subdomain. (F} Western blot analysis of supemnatants from parental
PVL plasmid stationary phase (7-hour) cultures (lane 1) and APVL phage PVL
plasmid (lane 2) using monoclonal antibodies against Spa. (G) Zymogram
analysis of exoproteins from cultures grown at stationary phase. Lanes 1, 2,

3
Ly = |

STAT
Th

EXP STAT
Ih Th
2 212 3

= aBdrD

'HIH Hdﬂpﬂ 682- |
—1 |- 475

« = =

e i
— .

1 2. ¥
g
2 3

31
O

47 5-

and 3 represent proteins extracted from parental, APVL phage, and PVL

phage, respectively.

comparcd with the PVL-negative strain, we
used microamay analysis: 28 genes showed a
distinet expression pattermn during exponential
growth (table 53 ), whereas, during the station-
ary phase, 133 genes showed difterential ex-
pression (table 543, The agr transcnpts and
several exoprotens were repressed, whereas
penes encoding for cell wall-anchored pro-
teins and the spa activator sars (12) were up-
regulated (Fig. 4A). Elevaied expression of the
spa and sdfrdd transcripts correlated with the
enhanced production of Spa and SdrD ob-
served in Westem blot analysis (Fig. 2 and hig.
S4). The repression of exoprotein transcripts
paralleled the absence of the 32- w0 47.5kD
exoprotcins in the supematants of PVL-positive
strmins (Fig. 2). This pattem of transciption im-
plicated PVL in an interaction with a factor (or
factors) that controls gene expression during the
transition from the logarithmic growth o station-
ary phase,

The regulatory model proposed here was
inferred by using sirains derived from RNG390,
a strain harboring a deletion in rxhl, which en-
codes aregulator necessary for the activity of the
stress sigma factor . Strains with a reduced o
{13y activity display, among other traits, a de-
creased production of cell wall-anchored pro-
teins and an increased production of exoproteins,
We subsequently generated isogenic PV L-positive
and PVL-negative strins i the SHI000 (J4)
bl background and observed overexpres-
sion of Spa during the stationary phase of growth
(g, STA) The SHI000-denved PVL-positive
strin wis more vinulent than its PVL-ncgative
isogenic pair(fig. 57, Cand D). When compared
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with RNG390, the SHIOM lincage showed an
increased expression of Spa, but produead =200
PVL, although some vanability was seen (fig.
STA)([5). This suggested that RsbU/a® pantially
regulates PVL.

Wi show here that PVL is a significam 8. auerenes
virulence factor and that PVL-positive strains
can cause muring necrolizing pnewmonia with
manilestations that resemble those observed
in human patients. Our resulis demonstrate
that the expression of the genes that encode
PVL (fukS-P1V and fukF-PF)y or direct inoculation
with mative toxin is sullicient 1o induce pncumo-
nia in mice. The expression ol the fuk-P1Foperon
also resulied in an aliered expression of multiple
proteins, including the tightly regulated ( /6, 17)
proinflammatory factor Spa.

In PVL-positive strains, many secreted pro-
teins are downeregulated (Fig. 4B) similady to
data reported by Vojtov e al. (15), who dem-
onstrated that two staphylococcal superantigens,
toxic shock syndrome toxin=1 (TSST-1) and
enterotoxin B (SEB), strongly repressed produc-
tion of scereted proteins, I is possible that these
toxins act similarly o PVL, intcmcting with
unknown factors that interfere with regulatory
networks,

Several genes encoding putative and known
microbial surface components recognizing adhe-
sive matrix molecules (MSCRAMMS) (including
SdrDd) are up-regulmed in the PYL-positive strains
(Fig. 4A). The up-regulation of MSCRAMMs
may lead 1o enhanced tissue adberence and colo-
nization of PYL-expressing stmins, thereby con-
tributing to the vinlence potential of these stmins
(9, 20}
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Fig. 3. Spa enhances the virulence of PVL-
positive strains. (A} line graph indicates weight
loss in grams, *P < 0.01 ASpa versus ASpa PVL
phage or ASpa PVL plasmid. (B} Percent survival
of animals infected with ASpa, ASpa PVL plasmid,
ASpa PVL phage, PVL plasmid, and APVL phage PVL
plasmid, *P < 0.001 ASpa, ASpa PVL phage and
ASpa PYL plasmid versus PVL plasmid or APVL
phage PYL plasmid.

Spa is highly expressed in PVL-positive
strains. Our in vivo data underscore the doe-
umented role of Spa as a proinflammatory fac-
tor in pncumonia (/7). Increased production of
Spa, coupled with the ability of PVL 1o lyse
PMNs and macrophages (6), could lead 10 a
vicious cyvele of cell recruitment, Iyvsis, and re-
lease of inflammatory mediators (7). result-
ing in overwhelming tissue inflammation and
NCCrosis.

Here, we show not only that PVL is a key
vinlence factor in pulmonary infections but also
that expression ol the luk-P17 genes interferes
with global regulatory networks, which may
also enhance virulence, A detailed analysis of
such dysregulation will be useful w denuly
targets for the potential development of novel
therapics 1o real 8. aurens micotions,
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Regulation of Drosophila Life Span by
Olfaction and Food-Derived Odors

Sergiy Libert,™* Jessica Zwiener,” Xiaowen Chu, Wayne VanVoorhies,?
Gregg Roman,® Scott D. Pletcher™*>*

Smell is an ancient sensory system present in organisms from bacteria to humans. In the
nematode Caeonorhabditis elegans, gustatory and olfactory neurons regulate aging and
longevity. Using the fruit fly, Drosophila melanogaster, we showed that exposure to nutrient-
derived odorants can modulate life span and partially reverse the longevity-extending effects of
dietary restriction. Furthermore, mutation of odorant receptor Or83b resulted in severe olfactory
defects, altered adult metabolism, enhanced stress resistance, and extended life span. Our findings

indicate that olfaction affects adult physiology and aging in Drosophila, possibly through the
perceived availability of nutritional resources, and that olfactory regulation of life span is

evolutionarily conserved.

s in many species, reduced nutnent avail-
A:lhilit_ﬁ.- (dictary restriction) increases life

span in the fruit My, Drosopfiila melana-
gaster, and leads 1o alterations in age-dependent
patierns of gene expression, physiology, and be-
havior (4. Acute nuinent manipulation causcs
sudden and rapid changes in age-specific mor-
tality (5, A), Whole-genome expression data,
containing  age-dependent pattems of gene ex-
pression in dict-restricted  long-lived flics and
fully fod control flics (/') revealed that expression

of genes encoding odorant-hinding proteins was
strongly aflected by both age and nutrient avail-
ability (fig. S1)

Te determine whether detection of food-
related odors is sullicient o atfect Oy life span,
we measured the life spans of lies in the presence
and absence of odormnts from live veast, Yeast
odorants were wsed because demographic and
gene-expression data suggested that veast avail-
ability 15 a major component of the longevity
response W diet in Dresopdiila (7-9), Exposure 1o

veast odorants reduced life span in long-lived
fies from wo labortory [y strins (Canton-S
and wvw) that had been subjected o dictary
restriction (Fig. 1. A and C). Lifc span was
lurther reduced when flies were allowed 1o
consume yeast pasie. The magnitude of the odor-
ant effiect was variable and usually small, relative
tor thant cansed by the consumplion of veast pasie;
odorat-mediated life-span reductions minged
from 6 10 18% in Canton=5 lics and from 7 o
8% in yw (lies (Fig. 10). Such varability is
reminiscent of the dictaryrestnetion response in
Mhes, which depends on genetic back ground (&),
Odorants are thercfore sullicient o modulate life
span, and currently unidentilied odors may alter
longevity with greater potency.

We tested whether dict-restricted flies might
exhibit alicred feeding behavior or aliered in-
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vestiment in reproduction when exposed 1o
nuirient-related  odors, therehy accounting  for
the longevity ellect. Increases in the intensity of
cither of these behaviors would reduce life span
by compensating for our dict-restriction pro-
cedure or by augmenting the costs of re-
production, respectively. In our experiments,
neither food consumption (as measured by the
rate of dye ingestion, proboscis extension, and
tecal ouput) nor fecundity was allected by veast
odorants (Fig. 1D and figs. 52 and $3). Be-

haviorl aliertions leading 10 increased nutrient
intake or reproductive effon are theretore not re-
sponsible for reduced longevity upon exposure o
yeast odorants,

The effects of veast odorants on y life span
depend on nutrient availability. Longevity was
not aflected by veast odorants when flics were
fully fed (Fig. 1, B and C). Thus, the odor effect
is a regulated biological response, and veast
odorants are not a generalized wxin that shonens
life span. Our data suppont the hypotheses that

dict- and odomnm-mediated regulation of aging
act at least partly through the same molecular
pathway and that nuinent-related odors can nes-
cue, alben meompletcly, the extension of lon-
gevity through dietary restriction. Consequently,
the beneficial effects of dictary restriction may be
duge in pan 1o the decreased perception of nutrient
availability.

We next asked whether the loss of olfactory
function is sullicient o increase life span. In ver-
tebrates and insects, cach olfactory neuron ex-

Fig. 1. Exposure to yeast odorants alters life span in
Drosophila. (A) Canton-S female flies were maintained under
dietary restriction (5% SY medium) (triangles), with the addition
of odorants from live yeast (crcles) or yeast for consumption
(squares). Sample sizes: contral, n = 206; + odorant, n =
247; + live yeast, n = 193. (B) Canton-S female flies were
unaffected by yeast odorants when fully fed (15% SY medium).
Sample sizes: control, n = 269; + odorant, n = 267; + live yeast,
n = 266, Error bars in (A) and (B) represent 95% confidence
intervals on observed survivorship. (C) The effect of yeast
odorants on longevity & repeatable and depends on diet.

e -
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Replicate experiments showing mean life span (and SEM) for
female Drosophila maintained under dietary restriction (5% 5Y,
yellow symbols) and fully fed conditions (15% SY, blue sym-
bols). Yeast odorants had no effect when flies were maintained
in fully fed conditions (P > 0.05 in all cases). Each point
represents life spans of 5 to 10 cohorts and a minimum of 206
{maximum of 403) animals. (D) Food consumption is unaffected
by yeast odorants. Mean food consumption (and SEM) as
measured by dye uptake (see the supporting online material) is
shown. Multivariate profile analysis reveals no significant
treatment effects (P = 0.05), The decline in dye uptake at later
time points is a consistent finding that may reflect diurnal
patterns of feeding and the dynamics of dye uptake and
excretion. For survival data, block effects were adjusted for by
analysis of variance (based on yeast paste treatments) to allow
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for comparsons across multiple experiments. P values were
determined by means of a log-rank test.
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Fig. 2. Mutation of Or83b increases life span. (A and B) Both female and
male flies carrying the Or836° mutation are long-lived. Sample sizes
(females): +/+, 0= 326; +/—, n = 314; =/, n = 320. Sample sizes (males):
+/+, n = 317; +/=, n = 346; =/=, n = 305. Error bars represent 95%
confidence intervals, and statistical comparisons by means of a log-rank
test and Cox regression yielded P < 1 x 107° for all paired comparisons
except (B) (males) where P = 0,001 for +/+ versus +/—. (C) Or836° homo-
zygous mutant flies expressing UAS-GFP:0r83b under control of the Or83b-

Age (Days)

50 60 70 80 90

Gald driver (bicolor triangles) have comparable life spans to those of
background control animals (w***®, open circles). Controls for the trans-
genic constructs had no effect on life span (compare solid red and blue
lines to green triangles). Data are presented for females and are
qualitatively similar for males (fig. 57). Experiments were carried out with
the use of 15% SY media and were repeated by means of independent
transgenic insertions with identical results. Error bars represent 95%
confidence intervals on observed survivorship.
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presses a small number of odorant receplors
that impan response characteristics of the neu-
ron o spectlic odors (F0-13), OF the 62 putative
odorant receplors i Dvosophila, COr830s atypreal
in that it is broadly expressed throughout of-
factory tissucs (/4. 15, Or83h ineracts with
conventional odorm receplors and is required

for their localization to the neuronal dendrite
(14-16). Loss-ol-lunction mutations in Chr83h
limit spomtancous  activity i many  odorant-
receplor neurons and severely reduce physio-
logical and behavioral responses 1o a wide range
of odorants (4, 16), including nutrient-related
odors (lig. S4).

Table 1. Life-span data for female Or83b mutant Orosophilo. Mean life spans of or836°
homozygous mutant and wild-type control females. The Or83b7 allele was backcrossed into each of
three genetic backgrounds. For all comparisons, longevity extension in the mutant was calculated
with respect to the wild-type hatlt‘?mund to which it had been backcrossed. All increases are
statistically significant (P < 1 x 107), determined by means of a log-rank test and Cox regression.
*¥P represents live yeast paste added to the vials.

Genetic Mutrient level  Control longevity Or83b longevity  Absolute
% Increase
background (% SY) n Mean (SE) n Mean (SE) change
Canton-5
3% 319 501 0770 311 616 (0.88) 11.5 23.0%
5% 319 501 081 304 625 (0.78) 12.3 24.6%
1.5% 324 439 (0.80) 315 589 (0.83) 15.0 34.1%
10% 313 44.8 (0.82) 318 58.46 (0.92) 13.8 30.7%
15% 314 416 0.69) 329 556 (0.76) 14.0 33.7%
yw
3% 249 SBO (085 234 761 (D.63) 13.1 31.2%
5% 244  60.0 0.83) 239 765 (0.60) 16.5 27.6%
71.5% 254  62.0 0.74) 236 76.0 (0.78) 14.0 22.6%
10% 241 619 (0.74) 238 756 (D.81) 13.7 22.1%
15% 242 505 057) 246 694 (0.60) 189 37.4%
Yp* 237 429 (084) 243 657 (0.73) 228 53.1%
w‘.l.‘.l.!.l
3% 315 519 (0.89) 318 75.6 (0.86) 237 45.6%
5% 326 53.2 (0.90) 320 76.0 (0.81) 22.8 43.0%
71.5% 333 496 0.83) 319 78.0 (0.77) 28.4 57.3%
10% 316 511 079 317 77.6 (0.84) 26.5 51.9%
15% 314 493 0.79) 319 727 (0.78) 23.4 47.3%

Table 2. Life-span data for male Or83b mutant Drosophila. Mean life spans of Or83b? homozygous
mutant and wild-type control males. The Or83b° allele was backcrossed into each of three genetic
backgrounds. For all comparisons, longevity extension in the mutant was calculated with respect to
the wild-type background to which it had been backcrossed. All increases are statistically significant
(P < 1 x 107%), determined by means of a log-rank test and Cox regression.

Genetic Nutrient level  Control longevity Org3b longevity  pbsolute A,
background (%5Y) n  Mean (SE} n  Mean (SE  change
Canton-5%
3% 22 521 {0.83) 317 &6.8 (D.75) 14.7 28.2%
5% 315 53.2 {0.67) 282 66.3  (0.80) 131 24.6%
7.5% 331 523 {0.71) 313 &8.7 (0.77) 16.4 31.3%
10%: 330 52.0 {0.76) 296 &7.5 (0.82) 15.6 30.0%
15% 325 472 (0.74) 301 47.1 (0.85) 19.9 42.1%
yw
3% 257 63.6 (0.81) 238 73.8 (0.57) 10.3 16.2%
3% 242 639 {0.89) 243 75.2 (0.57) 11.4 17.8%
7.5% 251 644  (0.75) 240 743 (0.72) 9.9 15.4%
10% 246 653 (092) 246 75.8 (0.67) 10.5 16.0%
- 15% 244 601 (0.73) 222 T0.3  (0.69) 10.1 16.8%
W
3% 317 63.2 (0.80) 328 691 (0.72) 6.0 9.5%
5% 314 639 {0.77) 322 695 (0.77) 5.6 B.7%
7.5% 322 63.6 (0.BO) 329 73.6 (0.74) 10.0 15.7%
10% 317 65.2 077 310 746 (0.77) 2.4 14.5%
15% 317 644 {0.80) 305 73.8 (0.71) 9.4 14.5%
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We measured the life span of [lies carrving

1 37 H & - - .
the Or&3H allele, in which the list five of

seven trnsmembrane domains were replaced
with the w™ marker (/4) (g, S6). Ord3h” homo-
aypous (Mies lack detectable levels of (r83h
mRNA and protein, which suggests that it is a
null allele (/4). Fully fed female Or&3b" mu-
tant flies exhibited a 56% increase in median
life span when compared 1o appropriate wild-
type animals (Fig. 2A). Males were also sig-
nilicantly long-lived, but the magnitude of the
extension was generally smaller (Fig. 2B).
Heteroeygous Nies exhibited imermediate lon-
gevity in both sexes, and heterozygous adult
lemales showed a similar deficiency in attrac-
ton 1o live veast paste (ig. 54, B and C), We
found no evidence of such impaimment
heterozygous mutant males (lig. S4D). It may
be that odor-evoked behaviors are less al-
lected or that different classes ol odorants are
critical for male longevity. Longevity was also
extended when olfactory signaling was sup-
pressed in OkS3h-expressing neurons  through
the disruption of guanine nucleotide binding
protein (G protein) signaling (fig. 55). Because
the (Or83h mutant also disrupts G protein ac-
tivity, it is possible that G protein function in
olfactory neurons, rather than perception per se.
influences lile span.

To werily that the extended life span of

Or83h Mies was not due to heterosis or 1o com-
panson against 2 relatively weak control stock,
we backerossed the 8307 allele into two ad-
ditional laboratory stocks (Canton-5 and vw In
all cases, the longevity of mutam ics was con-
siderably greater than that of their wild-wype
controls (Tables | and 2). The degree of lile-span

extension was independent of the longevity of

the corresponding wild-type stock, establishing
that loss of Cy8 30 function extends life span in
healthy animals (/7).

Expression of a rescuing Ov83h transgene
(1.5 under the control of an Or83b-Gal driver
(/4) restored normal life span to the Or83H°

mutant flies (Fig. 2C). The cffectiveness of

this construct was verilied by genomic poly-
merase chain reaction and visually (fig. 56),
and it rescues most (but not all) olfactory
phenotypes (14, 15). The Ors3b-Gald driver
and the upstream activaling scquence-green
fluorescent protein Q8 3h transgene (LA5-
CGFP:Ord3b) were inserted into diflerem ge-
nomic positions and none aftected life span on
their own (Fig. 2C and fig. 57). These rescue
data and the persisience of the longevity phe-
notype through extensive backerossing 1o three
different genetic backgrounds provide com-
pelling evidence that loss of function in rS83h
is the cause of increased life span in these
animals,

Olfactory signaling modulaes life span pri-
marily by altering the onset of demographic
sencscence (Fig. 3). Morality analysis sug-
gests that olfaction shifts the monality curve 1o
carlicr (in the case of veast odorants) or later (in
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Fig. 3. Olfaction modulates the onset of demographic senescence. (A) Age-
spedfic mortality rates for flies exposed to yeast odorants expressed on the
natural log scale. Corresponding survival data are presented in Fig. 1A. (B
and C) Age-specific mortality rates for Ov83b mutant (B) females and (C)

Fig. 4. Or83b° flies exhibited al-

=]

O 4+ (W)

-

males and their controls (see also fig. 58). Corresponding survival data are
presented in Fig. 2, A and B. Points represent observed mortality rates. Lines
are obtained by smoothing hazard rates (3-day window) by means of a
kemel smoother prior to log transformation.

tered physiology and enhanced Au B c P

stress resistance. (A) Total repro- 28 W 19—t

ductive output through day 14 is % ,, i - Petie-1l os{ . .

not different between Or83b mu- 4 z Q0 33

tant and control females. Datarep- > | 5 % i 0 1

resent average daily egg production = ¥ i E i)

per female (n = 60 females per = | ‘E

genotype). Emor bars represent E » PR 6% T g

95% confidence intervals on the . - W, oo | A :

. 0r836° mutants had signif- RN ERE LT 0O 0 6 9 120 15 180 D 20 40 60 80 100 120

icantly lower egg production over Age (Days) Starvation Time (hrs) Starvation time (hrs)

the first observation period (two-

tailed Student’s t test, P = 0.0005) D E F

and higher levels of egg produc- 50 R o 0.9 _ 24

tion at age 8 and 12 days (wo-  _ i s 225 E’ 'i

tailed Student’s f test, P = 5.7 x 2% B % 1 7] R— p | &

1{1—5 and P= u-m?r T‘E’SPHIiV’E'i'j'J'. 3 30 4 EQJ }b 5 1.2 1 o Y

(B and €) Or836° homozygous £ “% g | | Tan

mutant flies are starvation resist- } 204 ina g S5 o

ant. Sample sizes (females): +/+, +& A iy 8 7 ..:

n=79:—/— n=179.5amplesizes =~ 10 a3 2 E_“ %ﬁg a

(males): +/+, n = 100; +/- n = o) oA - Enu o

94, Statistical comparisons and P W' O W' OBl Wit Orlap W't OmIb W't Ol W' Ol
Male Female Male Female Male Female

values were determined by means
of a log-rank test. Error bars rep-
resent 95% confidence intervals

on observed survivorship. (D) Or83b6° homozygous mutant flies have
increased triglyceride levels. Triglyceride levels are presented after
normalization to total weight. Error bars represent 95% confidence
intervals. TAG, triacylglycerol. (E and F) Weight and CO; production for

the case of CGr83h mutation) ages. In females,
the rate of incrcase in mortality with age was
largely umaflected (Fig. 3. A and B, and fig.
58). an eflect that is similar to diet restriction
(1. 3). In males, the impact of olfaction on
monality rate was reduced kaer in life; mor-
tality trajectories converge at the oldest ages
(Fig. 3C).

We next mvestignted whether olfactory
function was required for longevity exten-
sion through diet manipulation. We measured
male and female life span in dilferem nu-
tritional regimes mnging from severe nutrient

the data.

resiriction [3% sugar'veast (8Y) media] o
nuirieni-replete conditions (15% 85Y media).
Flies homozvgous for the Or836° mutation
were consistently longer-lived than those of
appropriate control stocks (Tables 1 and 2).
Despite their exceptional longevity, life span
was further increased in the Or83h7 mutants
by dictary restriction, €835 s therelore not
required for dict-mediaed longevity, Con-
sistent with the veast odomnt results, however,
we do find evidence for inleraction between
the olfactory and dict pathways, The relative
increase in median and mean longevity in

0r83b° homozygous mutant and wild-type flies. Each point represents one
fly (m = 15 for each sex and genolype}. Box plots represent the median
(horizontal line), 95% confidence intervals (box), and range (whiskers) of

(836 Mies was significantly greater when
flics werne maintained in well-led  conditions
{Tables | and 2), and muiant animals were par-
tially resistant o changes in diet (g, 59). Thus,
the (r¥3h mutation extends longevity largely,
but not exclusively, through a dict-independent
pathway,

Reduced carly reproductive output is not
required For extended longevity in Or8 3l mu-
tants. We observed the largest lifc-span ex-
tension in very high nutrient conditions where
Mies were provided access o live yeast pasie
{soe Table 1), and, under these conditions, homo-
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zygous (r836 mutant females had equal or
greater reprodluctive output than comtrol  fe-
males (Fig. 440 We consistently observed that
Or83h° mutants showed moderately reduced
cgg production from 24 1o 48 hours post-
cclosion, but the reason for this is unclear,
Feoding mtes are not reduced in mawre Nies
(fig. S10), but reduced reproduction may be
due 10 a delay in the onset of adult feeding,
because the chemotaxis ability of mutam ies
is compromised.

Or835 fMics exhibited a range of pheno-
types indicative of aliered physiology and en-
hanced stress resistance.  Females were more
resistant o hvperoxia (mean longevity = 110 ¢
2,04 hours and 123 + 10O hours for control and
Or836° mutant females, respectively; < |
1%, determined by means of a log-rank test).
Mutants are resistant o starvation (Fig. 4, B and
C), and females have significantly elevated levels
ol riglveeride, the primary hipid-storge molecule
in Drosoplila (Fig. 4D), despite their similar
overall size and weight (Fig. 4E). Mutant males
have higher but statistically indistinguishable
levels of triglyeeride. which suggests that lile
span and fal conmemt are separable in this sex.
The observed increases in longevity and stress
resistance do not result from decreased meta-
bolic mie (Fig. 4F).

Aging and bongevity in Caenorfialndits edegans
are regulated by sensory function through an-
tagonistic effects of specific gustatory and ol-
factory neurons (/8. 17, Although the specific
environmental cues that regulate longevity in
C. elegans are unknown, sensory regulation of
aging largely mvolves msulin/lGF  (insulin-
like growth factor) signaling (/8). Modulation
of aging by pustatory neurons is entirely in-
sulin signaling (i.c., daf-16)-dependem, whereas
longevity extension by the ablation of olfactory
neurons has a large daf=f6-independent com-
ponent (189,

Sensory systems and  insulin-medioied  lon-
gevity  negulation are evolutionarily  conserved
(20, 20). Thus, as in € efegans, ollfction may
affect aging in Dvosophifa through alicred in-
sulin signaling and subsequent modulation of
trnscription factor dFOXO (the fy onholog o
daf-16). However, expression levels o Dio-
sophile msulin=like peptides show no consistent
differences i O30 ot lies (. 511D,
Consistent with nomal levels of insulin signal-
ing, we found that expression of Thor—the
Dvosophila homolog of mammalian 4E-8 and
a pamary target of dFOXO (22) is no ele-
vated in the body of mutant animals (fig. SI11).
Olfactory regulation of aging in Drosaprifa may
therelone contain a substantial component that is
independent of insulin signaling.

We have identified a nurient-related ol-
factory cue {(odomants from live veast) and a
gene involved in olfaction (Or83h) that limit
Ny life span, Olfactory-receptor function con-
strains the beneficial effects of dictary restric-
tion, indicating that consumption is not the

www.sciencemag.org SCIENCE VOL 315 23 FEBRUARY 2007

only way that nuirient availability modulates
longevity (4} Genetic dissection of the roles
of conventional odoramt receptors i the life
span of Dresopdila may reveal addinenal can-
didate odors and neural circuits for longevity
regulmion,
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Redirection of Silencing Targets
by Adenosine-to-Inosine Editing

of miRNAs

Yukio Kawahara, 1 Boris Zinshteyn,t Praveen Sethupathy,” Hisashi lizasa,’

Artemis G. Hatzigeorgiou,’? Kazuko Nishikura®*

Primary transcripts of certain microRNA (miRNA) genes are subject to RNA editing that converts
adenosine to inosine. However, the importance of miRNA editing remains largely undetermined.
Here we report that tissue-specific adenosine-to-inosine editing of miR-376 cluster transcripts
leads to predominant expression of edited miR-376 isoform RNAs. One highly edited site is
positioned in the middle of the 5-proximal half “seed” region critical for the hybridization of
miRNAs to targets. We provide evidence that the edited miR-376 RNA silences specifically a
different set of genes. Repression of phosphoribosyl pyrophosphate synthetase 1, a target of

the edited miR-376 RNA and an enzyme involved in the uric-acid synthesis pathway, contributes to
tight and tissue-specific regulation of uric-acid levels, revealing a previously unknown role for RNA

editing in miRNA-mediated gene silencing.

any developmental and cellular pro-
Mcs:.w:n are regulated by microRNA

(MIRNA) mediated RNA - interfer-
ence (RNAD (1-4) Alter incorporation into
the ENA-inducaed silencing complex, miRNAs
guide the RNAI machinery 1o their target genes
by foming RNA duplescs, resulting in sequence-
speeilic mRBNA degradation or translational
repression (£, 2, ). The gencration of mature
miRNAs requires the processing ol primary
transeripts (pri-miRNAs) (5 and A — [ RNA
editing occurs 1o cenain pr-miRNAs (6-4).

Human chromosome 14 and syntenic re-

gions of the distal end of mouse chromosome 12
harbor the miR-376 cluster ol miIRNA genes (¥),
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The six human miR-376 RNAs (miR-376a2,
=3T6h, <368, -Bl, and -B2) (Fig. 1A) and three
miose miR-3T6a-¢ RNAs (Ng. S1A) have hghly

All of the miR-376 RNA cluster members
are transenbed into a long primary transcript
cncompassing the entire region and (except

similar sequences (fig. 820 Expression of miR-
376 RNAs i1s detected in the placenta, developing
cmbrvos, and adult tssucs (Y, 1),

human miR-B1) undergo extensive and simul-
tancous A — | editing at one or both of two

A pri-miR-376b specific sites (+4 and +44) in select human and
{1*:% mouse tissucs and specific subregions of the
pri-miR-376a2 2 prmimoreas D (Fig. 2.:"{;;"" :‘ ok o '4: o
{,mi: iR ess “cﬁu-l#‘m SOMTIC PO .'- C I.Ihli.rlj._!l..l"ll;‘h (... I.E.'I'IEI.I"I.
e b-A Yoia-c b -376b and -368) is genomically encoded as G
pri . €-ag E% g_—i‘“ 'ﬁ.;:} and thus not subject 10 A — L editing (Fig. 1A).
primiRB2 ¢ U - % o A0 rearap  Certain miR-376 members, such as pri- miR-
il 3‘“”; o u&' 2-A 78ad-3p ::t - o- 376a2, -376b, and -368, are nearly 1007
E:_ A {;ﬂu ?:‘?E EEE &5 EEE ug_ i edited at the +44 site in the human cortex and
c';rﬁ A-U AT i 28 A0 "“u,:’" u-A medulla (Figs. 1B and 2 and able S1), whercas
- oty ‘E:E. 15_5.“ L n::: “:E c-e no editing was detected in other tissucs (e.g.,
L v ﬁi-" &8 | "&n ‘o the +4 site of human pri-miR-376al in liver
G- Pl TS A [ e 58 and the +44 site of mouse pri- miR-376a in all
ﬁé%’“ ;,E‘“ L o f._-..{ "'izg u‘} tissues). In select members of the cluster, sub-
%-a E_;E AU-Ap "f:g “ec g e 3eatSpd & stantial editing (~20 to 55%) occurs at the -1
3 g-a 0 rsazsp :cf g-a -] -1 site, and infrequent editing occurs at several
E-t‘u {-n“' ‘4"1 ,{_;f' 548 o5 BT e additional sites (table STk In contrast, no edit-
A A2 p= A A F -2 By ing was detected in human pri-miR-654 and
* & : = B :Il:u E:E g:i a-a II!II:. Wis .I..ll..\'l:fll.. N Numan rll"l ni 3 a i
== '&E a8 11;} Ay u-A a0 mouse pri-miR-300. Although these two pri-
*:'33 nf} %Zﬂc g;g gﬁg:;‘i -:‘;gﬁ o, EEE miRNA_s are located within the n:nil_l-.ﬂﬁ a.tlusf-
c-6 e s o0 G-c s U-A ter, their sequences are very different from
y— e " ma M ma e Cmm Va2 those of mik-376 family members (lig. $2).
Human mIRNA-376 cluster indicating the strict selectivity of the editing
machinery for pri-miR-376 family members
B - priqniﬂ-irh1 and for specific A residues (14 or +44 sites)
within their foldback hairpin structures.
""I’ A ,..'J& ) (llt Al AW ."'n-ﬂ MW ,.1. s Two adenosine deaminases acting on RNA
"rl M‘_ﬁhﬂ.ﬁ_ﬁ‘_{ﬂr { (ADARs), ADARI and ADAR2, are known 1o
R ummaintﬁnﬂmﬂﬂnﬂmtmﬂnﬂhmﬂumzww be involved in A — [ editing (12-15). ADARZ"
(medulla)| mIR-376a1-5p mleTﬁah‘!p mice are viable (/6), whereas ADARI™ mouse
embryos dic at embryonic day 12,0 (E12.0)
pri-miR-376b (17, 15). Analysis of RNA extracted from the
IO R (T e T WM;MWW¢ AW brain cortices of ADAR2 "~ mice and ADARI ™
= TATTTAAMACOTGGATATTCCTTCTATGTTTACATGATTCCTOUTTAATCAT mouse E11.5 embryos revealed differences in
mIR-:?Eh 3p :'II:B ‘I:rRijn';EiE‘-:i?ﬁ :}nel; ccliil-:‘d h;, AD}\;‘: 1‘ ;1;::1
= iR-376a 2. Editing of the -1 site of pri-miR-376a,
""":r I' pri- miR-376b, and pri- miR-376¢. as well as the
j' f'|,r M; TIT [w!,l ,rﬂlﬁ I' E 3 "'M".‘“rl":'l"'l A\ li ﬂrm"“[ ﬂH‘Hﬂ!E t4 site of pri-miR-37ba. is almost eliminated in
ADAR2+
T L L ooyt Mgt
d (A) MHairpin structures of six human pri-miR-376
Mouse TATTTAAMCGTAGATT CTCCTTCTATGAGTACAATATT AR TGACTAA TCGTAGAGGANAR TECACGTTTTE RNAs are shown. Editing sites (red A') are numbered
(cortex) miR-376a-5p miR-376a-3p with the 5" end of the human miR-376a1-5p sequence
pri-miR-37T6b counted as +1. Regions processed into mature
wr miRNAs are highlighted in green. The two most
‘{C”-l highly edited A's (+4 and +44 sites, red As) are
highlighted in black. The genomically encoded G at
MfL " I . +4 & also highlighted in black. The genomic distance
ff n A between miRNA genes is indicated by the numbers at
(U f [I_Ik M ﬂl:! ’lﬁnmll'm “ 1“JM m-ﬂl'l W.[ﬂ W ﬁ the bottom. (B) ﬂi'iﬁs of p-l"r-ﬂligﬂﬁai and pri-
AR L e o T AL e miR-376b RNAs in human and mouse brains (wild-
s miR-376b-5p ﬂ‘llﬂ 376b-3p type and and pri-miR-376c RNAs in
pd;;m-zm mouse E115 embryos (wild-type and ADARI™) by
o | arAM N B e S
(E11.5) reaction (RT-PCR) products. Thus, an A — | RNA
mm*‘- editing site is detected as an A — G change in the
ﬁnmrmm'lﬁlﬂmwhmmm ﬁﬂﬂ’wwllnr]"ﬁﬂnlﬂlﬂm ¢DNA sequencing chromatogram. Editing of human
& -ﬁmum;mamumr pri-miR-376b at the +44 site is almost 100%, as
-1 seen by the presence of a sole G peak without an A
miH-:ITﬁc-ap peak. Editing sites are indicated by red armows,
1138 23 FEBRUARY 2007 VOL 315 SCIENCE www.sciencemag.org



the cortex. of ADARZ™ mice. In contrast, the
frequency of editing at the +44 site ol pn-miR-
I76b and -376¢ 15 higher m ADARZT nice,
whereas edimnng of the +44 site was chiminated
m ALARS embrvos (Fig. 1B and table 51).
The results indicate that the -1 and +4 sites are
mainly edited by ADAR2. The +44 siwe is sclec-
tively odited by ADARL ADAR2, il coexprassed
with ADARI, appears to suppress ADARI
activity,

Editing of pri-miRNAs could be biologically
important by virue of an effect on ¢ither the

level of expression or on the function of

miRNAs (6-8, [3). Characterization of com-
plementary DNA (¢cDNA) sequences corre-
sponding 1o miR-376 cluster members revealed
that the edited forms of mature muR-376 RN A=
are highly expressed in certain tissues (Fig. 2).
For instance, 41% of the miR-376al-5p and
92% of the miR-368-3p molecules were edited
at the +4 site and at the +44 site, respectively, in
human medulla oblongata. In wild-type mouse
cortex, 56% of miR-376¢-3p molecules were
edited at the +44 site. whereas 54% of the miR-
3T6a-5p molecules were edited at the +4 site in
wild-type mouse Kidney. As expected from the
editing frequency of pri-miR-376a2 RNA
(98%%), only the edited version of mature miR-
3T6a2-5p was detected in the human medulla,
Thus, editing docs not aflect the processing steps
required for expression of mature miR-376 RNAs
(Fig. 2).

Both of the major editing sites in pri-miR-
376 RMNAs (#4 and +44) are located within the
functionally entical 3-proximal “sced” sequences
of mR-376-5p and -3p, suggesting that edined
mature miR-376 RNAs may target genes
different from those targeted by the unedited
miR-376 RNAs. To investigaie whether a
single A = [ basc change at the +4 siwe of
miR-376a-5p (which has identical human and

mouse forms) would affect the selection of its
target genes, we used an in-house computa-
tonal algorthm, Diana-Micro T2, that predicts
miRNA-to-target interactions, lollowed by
the application of a species-conservation [il-
ter. We further Niltered the predictions to retain
only genes with muliple 3" untranslated-region
(UTR) target sites, with at least one of the sites
being conserved, This filter yielded 78 target
genes for unedited miR-376a-5p and 82 target
genes for edited miR-376a-5p (conserved
between human and mouse), with only two in
common (fig. S3A and table 52). We ran-
domly selected three unedited-version targets
[SFRSI] anginineserine-rich  splicing  factor
1), SLCI6AT (solute cammer family 16-Al),
and TTK (threomne and tyrosine kinasc)| and
three targets of the edied version |PRPSI
iphosphonbosyl pyvrophosphate synthetase 1),
ZNF513 (zine linger protein 513), and SNX19
{sortmg nexin 19} for experimental verification
(fig. S3B).

Luciferase expression was examined in
Hela cells cotransfected with reporter con-
structs containing the target sites for unedited
or edited miR-376a-5p in their 3UTRs (fig.
S3C). weether with unedited or edited miR-
3T6a-5p RNAs, First, we used the edited miR-
3Toa-5p RNA that had a G residuc substituted
for A at the +4 site. Specilic repression of the
edited-version and unedited-version target genes
by edited and unedited miR-376a-5p RNAs,
respectively, was observed (Fig. 3A). This

selective silencing must be due 1o binding of

edited (or unedited) miR-376a-5p RNAs specil-
cally 1o their predicted 1areet sies, because re-
ciprocal cotransfoction experiments resulted in
no signilicant silencing (Fig. 3A ). Experiments
with the edited miR-3T76a-5p RNA that had an |
residue at the +4 site again resulied in specific
repression of the edited-version targets (Fig.

REPORTS

3B}, revealing an equivalent contribution of 1:C
and G:C base pairs for hybridization of miRNAs

o therr targets. The A residue at the +4 sie of
uncdited muR-376a-5p pars with U residues ol

the wunedited-version targets, whereas the |
residue of the edited isoform pairs with ¢ resi-
ducs of the edited-version targets (fig. S3B), Our
results suggest that a single A — | base change is
sufficient to redirect silencing miRNAs 10 a new
set of largets.

To conlirm the in vivo effects of miR-376
RN A editing, we measured endogenous expres-
sion levels of unedited-version (TTK) and
edited-version (PRPS1) miR-376a-5p targal
genes in wild-type and ADARY™ mouse cortices.
The +4 site of miR-376a-3p is edited by ADAR2
almost exclusively (Fig. 1B). No edited mature
miR-376a-5p is expressed in ADARZ™ mice,
whereas both unedited and edited miR-376a-5p
is expressed in the bram cortex, hean, and kid-
ney of wild-type mice (Fig. 2A). Only unedited
mature muR-3Toa-5p RNAs were detected m
the liver of wild-type mice because of an
almost otal lack of pri-miR376a RNA editing
in this tissue (Fig. 2A and table S1). PRPSI,
which contains multiple target sites for the edited
version of miR-376a-5p within its 3'UTR, had
levels that were almost two times lower in the
wild-type mouse cortex than in the ADARY™
mouse cortex. In contrast, no dilference in
PRPS1 expression was detected between the
wild-tvpe and ADAR2™ liver (Fig. 3C). We

also conlirmed that the expression level of

total miR-376a-5p is not significantly differemt
between wild-type and ADAR? ™ tissues by
primer-extension analysis. Thus, the edited
mil-376a-5p, expressed only in sclect tissues
of wild-type mice, docs indeed repress this
targel gene in a tissue-specilic manner (Fig. 3C).
Mo signilicant difference in TTK expression was
detected between wild-type and ADAR2™ conti-

A miR-376a1 [ B
haman medulla
R N —
m-:u'm, — miR-17T6a2 1
hasman medulla miR-3T8b
mouse corer n-n-:ul
miR-376a ;
mouse corex (ADARI) miR-3T6a
- MoUEs COMax
miR -1TEa
mouss haart milR-1T8a
; MOUSE COMex mmr*‘-p
miR-3Tha
miR-178b
PP v “ﬂm,_
miR-1T8a [ primary miR 3T ] peimary
mouse liver B e e B mature
0 2 40 60 80 100 0 20 40 60 80 100

Editing of miR-378a-5p al the +4 site (%)

Fig. 2. Characterization of edited pri- and mature miR-376 RNAs in various
tissues. (A) Editing frequency of pri-=and mature miR-376a RNAs (Sp strand)
at the +4 site from various human and mouse tissues, (B} Editing frequency of
pri— and mature miR-376a-c and miR-368 RNAs (3p strand) at the +44 site
from subregions of human and mouse brains. The human mature miR-376a1-
3p, miR-376a2-3p, and miR-376b-3p are not distinguishable in our assay, so

Editing of miR-376-1p & miR-368-3p at the +44 site (%)

the observed editing frequency represents the average of these three isoforms.
[(4) and (B)] The editing frequency of pri-miRNAs is the ratio of the G peak
over the sum of the G and A peaks of the sequencing chromatogram of RT-PCR
products. Two separate measurements resulted in identical values. The editing
frequency of mature miRNAs is a ratio of the ¢cDNA clones containing the A — G
change over the total cDNA clones examined (=50 isolates).
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Fig. 3. Physiological effects of

A Ovector only e miR-376a RNA editing. (A) Confir-
14 W+ unedited miR-378a-5p Olvector ony - mation of the edited miR-376a
u- 'mm;:‘:t:ﬁﬂ o 12 | B+ control cel-miR-67 M EI| targets. Relative luciferase activ-
a |'? -1 I+ edited miR-T6a-5p F_H.ﬂ r ities in Hela cells cotransfected with
gt = A=e lated) L e unedited miR-376a-5p (black bars)
g | . A 3 .  IN A4 IR and edited miR-376a-5p (A — G
3 1 | 1 B : 1 at the +4 site) (blue bars), respec-
_% o tively. Reciprocal experiments were
= = 0.8 also conducted; for example, miR-
E 05 - 2 376a-5p edited-version target sites
< $ o4 - challenged by unedited miR-376a
506 4 § and vice versa. (B) Luciferase
3 = activities were examined in Hela
E"-" Eu - cells cotransfected with a negative
- Raal 2 control cel-miR-67 (gray bars) and
E E edited miR-376a-5p (A — | at the
6 0.2 4 692 +4 site) (red bars), respectively.
= - [(A) and (B] The luciferase activities
~ Ul " : ! il NiC R JF Ere ﬁmpareg stalis;jpal!l:.ir by
" 3 5 S . = n + ~ I nn-Whitney U tests. Significant
n}ﬂf’ ﬁ-«.‘* & QQ'?B 1.,{:" :;e-“" é& o < s @ﬁ" ‘fr differences are indicated by aster-
N a . 5 = . isks, P < 0.05. Error bars, SEM (n =
Unedited Targets Edited Targets Unedited Targets Edited Targets 3, where n is the number of
independent measurements taken).
- D e (€) Western blot analysis of TTK and
1 2 3 4 6 & Bioans PRPS1 expression levels in the wild-
——————TTK -ﬂu'r: i type and ADARZ™™ mouse cortex
Cortex NSNS SN SRS PRPS! (cortex) ] L and liver. Significant differences
| —— e e g, |+ BA 1T e 2 i are indicated by asterisks, P <
s B e 48 — ¥l 2, 1 0.05. Ertor bars, SEM (7 = 3). (D)
r— g 3 Uric-acid levels in the wild-type and
Liver I —————— . :_‘:::; -“ =7 ADARZ™ mouse cortex and liver.
[ T i : " 1 -~ ] 3 3 Significant difference is indicated
wr ADARZ" Normaltzed target gene sxpression g 2. by an asterisk, P < 0.01. Error bars,
. 5 SEM (n = 6).
ol [
Cortex Liver
ces. The resulis indicate that unedited miR-  estimate may be o low (6): In vitro editing 12 B L Bass, Aanu. Rev. Blochem. 71, 817 (2002).
376a-5p RNAs arc suflicient to regulate this  studies of mndomly selected pri-miRNAs pre- 1% m“““* Nat. Rev. Mol. Cell Biol 7, 919
particular target gene, despite a threefold dif-  dict that as much as 30% of all pri-miRNASMOY 14 8 8 Reenan, Trends Genet. 17, 53 (2001,
ference in expression between wild-type and  have specific A — [ editing sites (¥). Although 15, p. K. Seeburg, Newron 35, 17 (2002).
ADAR2™ mice (Fig. 2A). expression of only one edited virl miRNA 16, M Higuchi ef ol, Noture 406, 78 (2000).

PRPS1 is an essential housckeeping enzgyme  [miR-K12-10b (Kaposi sarcoma-associated virus 17 ) € Hartner ef al, . Biol Chem. 279, 4854 2004).
involved in purine metabolism and the uric-  MiRNA)| has been reported previously (20), ::‘ a;";adﬂﬁlf ﬁ’fﬂ_ﬂ"ﬁ:‘?}ﬂﬁizﬁgﬁj}_ i
acid svnthesis pathway, An X-<chromosome we predict that many additional edited isofomms Chem, 274, 7482 (1999).
linked human disorder characterized by gout ol cellular miRN As are likely to be identificd in 20, 5. Pleffer ef ol Not. Methods 2, 269 (2005,
and neurodevelopmental impairment with hy-  the future, 21. This work was supported in part by grants from NIH,

peruncemia s caused by a two- o lourdold
mcrease of PRPSI levels, indicating the re-
quircment for tight control of PRPSI levels
and activities (/9). In order to conlinm the bi-
ological imporance of miR-3T76 editing, we
examined uric-acid levels and found that tissue-
specilic repression of PRPS | levels was indeed
reflected in a twoldld increase in wric-acid
levels in ADAR2-null conex (Fig. 3D). Thus,
editing of miR-376a appears o be one of the

mechanisms that ensure tight regulation of

uric-acid levels n select tissues such as the
brain conex.

A systematic survey of human pri-miRNA
sequences identificd A — 1 editing sites in ~6%
of all pri-miRNAs examined (6). However, this
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Gene Body-Specific Methylation on
the Active X Chromosome

Asaf Hellman and Andrew Chess

Differential DNA methylation is important for the epigenetic regulation of gene expression,
Allele-specific methylation of the inactive X chromosome has been demonstrated at

promoter CpG islands, but the overall pattern of methylation on the active X (Xa) and
inactive X (Xi} chromosomes is unknown. We performed allele-specific analysis of more than
1000 informative loci along the human X chromosome. The Xa displays more than two

times as much allele-specific methylation as Xi. This methylation is concentrated at gene
bodies, affecting multiple neighboring CpGs. Before X inactivation, all of these Xa gene
body—methylated sites are biallelically methylated. Thus, a bipartite methylation-demethylation
program results in Xa-specific hypomethylation at gene promoters and hypermethylation

at gene bodies. These results suggest a relationship between global methylation and

expression potentiality.

NA methylation s essental for many
developmental processes, meluding main-
taining the silenced Xa stawe (1 3) X

specilic methylation is seen at CpG islands (4-9),
but the global distibwtion of Xi-specific meth-
vlation along the chromosome s unknown.
Although silenced chromatin regions are usually
hyvpermethviated, eviogenetic studies have sug-
gested a global hypomethylation of the Xi (J0);
also, studics of mammalian hypoxanthine-guanine
phosphoribosy ransferase (HPRT) genes have
shown that a least one site within the tran-
scribed region of the gene is methylated only
on Xa in opposition 10 the Xi-specific meth-
viamon ol the 5 CpG shind (6, 9, /7). Ths
unexplamed  divergence lad ws to conduct a
comprehensive analysis of the Xa and Xi allele
specilic methylation pattems of the human X
chromosome.

We modified the Affvmetnx 500,000 (S00K)
single-nucleotide polvimomhism (SNP) mapping

armay (12} 1o allow allele-specific analysis of

DNA methylation (/3). We digested genomic
DNA with a cockiail of live methyl-sensitive
restnction enzymes (MSREs) (/4). Together,
these frequent cutters recognize ~40% of all
CG dinucleotides in the genome ((/5), allowing
an ¢lliciont analysis of regions with both high
and low GO content. Aflar this pretreatment,
ragments of 200 to 1100 base pairs contain-
mg the polymorphic sites were polymerase
chain reaction (PCR) amplified, and the re-
sulting amplicons were then labeled and hy-
bridized to the array. Thus, an unmeihylated
MSRE site present on a given amplicon will
lead 1o allele-specilically reduced imtensity cor-
responding 1o the resident SNP (Fig. 1AL This
allowed us 10 wse cither genotype calling or
copy-number algorithms w0 identify transitions
from a heterozygous state 1 a hemizvgous state

Center for Human Genetic Research and Department of
Medicine, Massachusetts General Hospital, Harvard Med-
ical School, 185 Cambridge Street, Boston, MA 02114,
Usa. E-mail: hellman@chgr.mgh.harvard.edu (AH.);
chess@chgr.mgh.harvard.edu (AC)

after the MSRE treatment. The assay is robust

replicate analyses of the same DNA never
reveal allele-specific methylation status chang-
ing from one allele to the other [supporting

Fig. 1. Hypermethyla- o
tion of the active X chro-
mosome. (A) An example
of hybridization intensities
{brighter yellow indi-
cates higher signal) for
the six probe sets que-
rying a particular SNP
(rs16999756). When

GII‘IM :ﬂl
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online material (SOM) text 1], Single locus
vahidation included DNA sequencing of spe-
cilic PCR products belore and aller MSRE
treatment (table 519, and also bisulfite analy-
ses (hg. 52),

Genotyping individuals from three gencra-
tions of Centre d'Ewde du Polymorphisme
Humain (CEPH) pedigree 1332 (fig. 53) re-
solved the parcntal origins of 1948 heterozy-
gous SNPs in the mother GM 10849 and/or her
daughter GMI13130. Sequence analysis sug-
gested that 1269 (65.1%) of them were suit-
able for our methvlmion assav, in that they
had at least one methyl-sensitive restriction
sile on their respective amplicons (table 52).
These mformative SNPs were  distributed
along the chromosome (g, S4) with an aver-
age distance ol 12001 kb between succeeding
SNPs. Morcover, 351 SNPs mapped o 135 dif-
ferenmt genes (for an avermge of 2.6 SNPs per
genel, representing 9% of the known X-lmked
genes (lable 52).

We nesolved the active and inactinve X copees
in clones onginated from single cells of GMI0349

Clone13130-7
MSRE treated

Clone 13130-16
MSRE treated

mm A
i B

Probeset: 1 2 3 4 5 6

1S B

f::t’::‘;";:fn}“:ug";‘; Clone: 10849-1 108493 131307  13130-16
3 gbsetve. botl ﬂilﬁ'lff- Active X: Maternal Paternal Maternal Paternal
in genomic DNA, but 12 17 a5 49
only one allele in each Nsp |
clone after MSRE treat- array
ment. This is due to meth- 42 a5 86 82
ylation differences at an
MSRE site present within
the amplicon (fig. S1). Xi 3 26
Mismatch (mm) probes  Sty! n/a n/a J ‘
contain a single mismatch array

gl Xa 83 93

at a site distinct from the
polymorphic site and serve
as controls. (B) Presenta-
tions of Xa (black) and Xi
(yellow) moncallelic meth-
ylation fractions in four
clones from two indhvidu-
als. The parental ongin of
¥a for each done i indi-
cated, and the numbers
of occurrences of mono-
allelic methylation are
marked blue (paternal)
or red (maternal). Results

Percentage switching ©
M & e 3

1 2 3 4 5 67 68 9 10MIZ2NIMUMISWHBITIBENWH2IEX

Chromosome

from the Nsp | or the Sty | halves of the S00K array are presented. {C) Frequency of switching from
heterozygous to hemizygous call after MSRE treatment for each chromosome. Data are presented for all
informative S00K SNPs for GM13130 clone 7 and GM13130 done 16. Potential monoallelic methylation at
parentally imprinted regions, as well as technical artifacts resulting from MSRE site polymorphisms or
allelic bias of the genotyping algorithm, were filtered out by requiring at least one clone switch from AB
to AD, and one clone switch from AB to BO per each SNP.
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and GM13130 using reverse transcription (RT)
PCR o examine allelespecilic mRNA expres-
sion (table S3). Replication timing analyscs fur-
ther confirmed the direction of X inactivation,
We sclected our clones, one patemal active
{Xap) and one matemal active (Xam) lrom cach
individual, for funther analysis. By definition,
these clones must originate from four indepen-
dent X inactivation evenis,

As a prelude o detenmining which hetero-
ygous SNPs switch o a hemizgygous state alter
digestion with the MSRE cockiail, we first fil-
tered out SNPs that would show loss of hetero-
evgosity as a result of polvmorphism in their
linked MSRE sites (g, S1). We then analveed
the mathylation stats of the remaining 913 in-
formative SNPs (table S4),

A patiern appeared when we related the
SNPs to Xa and Xi: We always observed a sig-
nilicant excess of monoallelically  methylated
loci on the Xa. The average Xa:Xi ralio was
2.4 (Fig. 1B). The allele-specitic methylation
we observed is unigue 1o the X chromosome, as
shown by control analyses of autosomes, which
show a vastly lower level of switching and no
parcnt-of-origin cffects (Fig. 1C and fig 85).

Because this global Xa hypermethylation
is contrary 10 the reports of Xi-specilic meth-
viation at CpG islands, we sought 1o rule out
the possibility that the clones we analyzed
have unusual Xi methylation patiems. Two in-
formative SNPs reside on amplicons  that
overlap with CpG aslands: ms17139585 at phos-
phoglveerte kinase | and mB864570 at calcium/
calmodulin-dependent serine protein kinase. As
expected, these two SNPs are monoallelically
micthy lated on their Xi alleles, indicating that our
clones were not abnormal in their Xi methyla-

tion. Analysis of allele-specilic methylation of

the androgen recepior gene (/) funher con-
finmed nommal Xi promoier methy lation (lig. S6).

To sce il this methylation targets a unique
scl ol loci. we analyzed overlapping among
four clones by adding two more GMI13130
clones (fig. 53). The extent of overlap among
all combinations of three and four clones (table
S5) was significantly higher than expected
from a random distribution o Xa methylated
amplicons along the chromosome (7 < 0.001).
Thus, a set of chromosomal locations are con-
sistently Xa micthylmed,

We next examined whether these Xa-
methylated sites reloied 10 genes, Out of the
116 SNPs that were Xa methylated in ot leasi
one Xam and one Xap clone, 57 (49.1%) were
within known genes (Fig. 2 and table S6). This
ratio is significantly higher (£ = 0.0009) than
the occumence of gene SNPs in the enlire in-
formative set (251 out of 913 = 27.5%) (SOM
text 20, Considering overlap in three and in four
clones further highlighted gene exclusivity
(table ST). All 17 amplicons displaying mono-
allelic Xa methylation in all four GMI3130
clones were found cither within genes or <30 kb
from a gene (Fig, 2).

The Cpli frequency in gene-body amplicons
displaving Xa methyvlation s similar 10 the
genome-wide average (table S8), well below
the frequency seen in CpGooslands, Neverthe-
less, nearby CpGs within differemt amplicons
distantly present in the same gene (Fig, 2 and
table $4), and neighboring CpGs within indi-
vidual amplicons (fig. S7) wend to have the same
Xa-specific methy lation pattem,

Silencing tissue-specilic genes does not
explain Xa-specilic gene-body  methylation;
indecd, mining public databases for lissue spec-

tlicity and B cell line expression levels showed
that both expressed and silenced genes under-
go Xa-specilic methylation (table 59). Fur-
thermore, genes subjeet to Xa methylaton do
not share a common biological function or
expression pattern (F7), We cannot rule out a
specilic need for shutting down spurious tin-
scription (¢.g., from transposable elements) at
active regions (i.¢., genes), but the absence of
a methylation bias toward repetitive elements
embedded in genic amplicons (table 59) is a
probable hint against this hypothesis, The list

Fig. 2. Genes are prefer- 50
able targets for Xa-spedific 11913 informative SNPs
methylation. (Top) Envich- & o | W116 Xa methylated SNPs

ment of Xa-methylated
SNPs at gene regions.
The distributions of Xa- o

% SNPs

-

-4-4—.—-—-—&

methylated SNPs (black) <-10000 -500 -250 0 250 500 =10000
and all informative SNPs istence o nearsst gene ()
{gray) are shown. SNPs
were ranked according to Clone 13130-
distance from the near- SNP ID Poaitan Gene Gene relation (kb) 2 & T N
est gene (table 56).  mezesor BBOSI2NS o UOCRE upsirsam (40.3) T
{Bﬂ“ﬂm} ThE' Cﬂmp'lEt'E A0 | NS AL upstream [10)
list of the SNPs showing ™" o it _—
Xaspecific methylations ~ "ot el MRS =
in all four clones from .., FAEE i i
GM13130 is presented,  .irmeme = wmsem  Aeon cn
with the methylated allele a001 5850 wETReEAE DR it
indicated for each clone ARORS e [T nivan
(maternal in pink and ~ msan7e AL Durse inircn
I.'IﬂEITlal in bluel, SEEIT POS20T13 D nlon
Lt e =] 11000 AN rlron
[ e 12T S rivon
s N COUNE irircn
L iFiFs ] LEFITET PO apwrmiraaT (11 &)
s s 00 METPE2 dowhalraam (38T
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Fig. 3. Comparison methylation of the
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hES-H7 cells,
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of Xa-methylated genes contains several genes
shown 1o escape X mactivation (£8). However,
aiven that these genes stll have an ¢levated Xa
expression Jevel (18) the overall correlation
between genc-body methylation and expression
potentiality s maintained,

Male-to-female compansons showed a more
complete methylation kevel on the male X (Fig,
IA and Nig. S8) Furthermore, the sites that are
gene-body Xa-methylated in females are among
the most highly methylated sites in males,
highlighted even on the almost-complete mcth-
ylation background of the male X chromosome
(fig. S

An Xa-specific methylation present in
somatic cells could reflect enther methy lation
occurring only on Xa or demethylation oc-
curring on Xi. The human embryvonic stem
{ES) cell line hES-HT represents a stage of
development just belore X inactivation (/%)
and has been shown o stably mamtain the
appropriate characteristic methylation pattern
for this stage, including allele-specific meth-
ylation (20). At this stage of development, the
genome has presumably already undergone
global demethylation and the wave of de novo
methylation (2, 24). Hence, we analvzed these
cells using the 500K amray. Out of the 116
amplicons shown 0 be gene-body Xa meth-
viated, 50 also have a heterozygous genotype
in 17 cells. We found that all 50 are bi-
allelically methylated. When examining all 154
amplicons informative both for N7 and for
13130 clomes, we observed that only five are
monaallelically methylated in H7 cells, where-
as the expected one-third are monoallelically
methylated in the somatic clones (Fig. 3B).
Bisulfite sequencing funther venfied biallelic
methyvlation (g, S10). Thus. given that bi-
allelic methylation is the beginning state. de-
methvlation of the Xi must account for the
Xa=specilic monoallelic pattern observed in
somatic cells.

A simple model may explain both the Xa
versus Xi and the gene versus intergenic dil-
ferential methylation we observed: Constantly
inaclive regions, such as gene-poor regions
and the entire Xi, may be more prone o loss of
methylation maimtenance (even iF originally
highly methylated). The resulting methylation
decrease, for the entire Xi and for Xa imergenic
regions, would thus highlight Xa gene body
specific - methylation. At the same time,
promoter CpGi islands, which are protecied from
methylation on Xa, would remain more meth-
yiawed on Xi.

In contrast 1o the widely held view that X
chromosome  allele-specific methylaion s
restricted 1o CpG islands on the inactive X,
our global allele-specific methylation analy-
ses uncovered extensive methylatnon specili-
cally allecting transcribable regions (gene
bodics) on the active X whether it is in the
male or the female, One aspect of sex chro-
mosome dosage compensation is the roquire-

ment for a chromoseme-wide, likely epigenctic
mechanism with the abality w0 double X-linkad
gene expression when necessary (1e., In so-
matic cells but not in haploid germline cells),
Indeed, such a phenomenon was recently de-
scribed in mammals (22). Our linding of glohal
elevation of methy lation levels at gene bodies
of both male and female active X chromo-
somes hints at such a chromosome-wide cpi-
genetic control, Another example of'a possible
roke Tor methylation in (potentially) active chro-
matin_ regions necenly came from plamts, in
which extensive specific methylation of gene
bodies was discovered (23). These resulis, to-
gether with the findings introduced here, should
prompt reevaluation of the role of global DNA
methylation that occurs away from gene pro-
moters as well as the apparently complex rela-
tionship with chromatin activity.

Noie added in proof. A sccond manusenpt
reporting gene body methylation i plants was
recently published (29),
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Reversal of Neurological Defects in a
Mouse Model of Rett Syndrome

Jacky *&im‘.r,‘1 Jian Gan,? Jim Si;.lll‘rii.'lgps.l,1 Stuart Cobb,? Adrian Bird'*

Rett syndrome is an autism spectrum disorder caused by mosaic expression of mutant copies of
the X-linked MECP2 gene in neurons. However, neurons do not die, which suggests that this is
not a neurodegenerative disorder. An important question for future therapeutic approaches to this
and related disorders concerns phenotypic reversibility. Can viable but defective neurons be
repaired, or is the damage done during development without normal MeCP2 irrevocable? Using a
mouse model, we demonstrate robust phenotypic reversal, as activation of MeCP2 expression leads
to striking loss of advanced neurological symptoms in both immature and mature adult animals.

utations in the X-linked MECP2 gene
Mur-.' the primary cause of Rett syn-
drome (RTT), a severe aulism spec-
trum disorder with delayved onset that affects

1 in 10,000 gids (1), MECP2 mutations are also
found in patients with other neurological condi-
tions, including leaming disability, neonatal en-
cephalopathy, autism, and X-linked mental
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retardation (20 RTT patients show  abnonmal
neuronal morphology, but not neuronal death
(31 which mphies that it 15 a neurodevelopmen-
tal rather than a newrodegencrative disorder.,
MeCP2 15 expressed widely, but s most abun-
dant in neurons of the mature nervous syslem
() Condinonal deletion and neuron-specific ex-
pression of Mecgp2 o mice showed thm the
mutant phenotype s specifically due 1w absence
of MeCP2 in neurons (3-7), The persistent via-
bility of mutant neurons in RTT patients raises
the possibility that reexpression of MeC P2 might
restore (ull function and, thercby, reverse RTT.
Abernatively, MeCP2 may be essential for new-
ronal developmem duning a specific tme win-
dow, after which damage caused by 1ts absence
15 imeversible, To distimguish these possibilities,
we ereated a mouse i which the endogenous
Mecp2 gene is silenced by insertion ol a fox-
Stopr cassette (X), but can be conditionally
activated under the control ol 11s own pro-
moter and regulatory clements by cassene dele-
tion (9) (fig. S1). Western blos (Fig. 1A) and
m silu immunofluorescence (Fig. 18) con-
lirmed absence of detectable MeCP2 protein in
Mecp 2 PY (Sian/iv) animals. Like Meop2-
null mice (6), Stop’y males developed symp-
toms at ~6 weeks and survived for 11 weeks,
on average, from birth (Fig. 1C), We coneluded
that the Meep 2™ allele behaves as a null
mutation.

To control the activation of Meage2, we com-
bined a trmnsgenc expressing a fusion between
Cre recombinase and a modilied estrogen re-
ceplor (cre-ER) with the Mecp2¥SP gllele
(/. The Cre-ER protein remams m the cvio-
plasm unless exposed 1o the estrogen analog
tamoxifen (TM), which causes it 10 translocate
to the nucleus. To venfy that the Cre-ER mole-
cule did not spuriously enter the nucleus in the
absence of TM and cause unscheduled deletion

of the fox-Srop cassette, we looked for signs of

tox-Stop deletion in Mecp2®¥ 5P e  ER
(Stop't cre) Temales by Southern blotting. Even
alter 10 months in the presence of eyvtoplasmic
Cre-ER, there was no sign of the deleted allele
(Fig. 1D} The absence of spontancous deletion
of the fox-Stop cassciie was  independently
confirmed by the finding that Srepd males
showed identical survival profiles in the pres-
ence or absence of Cre-ER (Fig. 1C). There-
fore, in the absence of T™, the Cre-ER molecule
does not cause detectable deletion of the lox-Siop
CASECNC,

We next tested the ability of TM 1o delete
the lox-Stop cassetie in Meep2™ ™Y e ER
(Stopdiore) male mice. Five daily injections 3 1o

4 weeks after binh caused 735 10 8 1% deletion of

YWellcome Trust Centre for Cell Biology, Edinburgh
University, The King's Buildings, Edinburgh EHS 1R, UK
‘Neuroscience and Blomedical Systems, Institute of
Biomedical and Life Sciences, West Medical Building,
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the cassette in brain (Fig. 1E, lanes 3, 4, and 6)
and led o reexpression of the Meapd gene as
mcasured by Western bloting (Fig. 1A, lanes 4
and 5) and MeCP2 immunostaming of neurons
(Fig. 1B) Actvaton of Mecp2 i Stapiione
males at this stage [(Fig. 2A) bracket TM-1],
before symptom onsct, revealed 1oxicity asso-
ciated with abrupt Mecp? reactivation, as 9 out
of 17
and died soon after the daily TM injection se-

mice developed neurological symptoms

rics (g, S2). The remaining cight mice, how-
ever, did not develop any detectable symptoms,
showed wild-type survival (fig. 52), and were
able to breed. Four retained mice have survived
for =15 months, Death of abow half of ammals
was nol due 1o mnnsic TM toxicity, because
imjected controls, includimg mice that had either
the Stap allele or the cre-ER trmansgane (but not
both), were wnaflected. The twoxic elfects re-
sembled those caused by overexpression of an
Weep2 transgene in muce (7, 1), although the
reactivated Mecp? gene retuns ils native pro-

Stop 4 % A ™
CreER: =+ + = }Gmm STOP
i CraER

! = Stop (5. 1kb)
i - (4 3kb)

i (3 2kb)
m#ffT1
1234

moder. The data indicate that sudden widespread
activation of the Megp2 gene leads to cither
rapid death or complete phenotypic rescue,

We foumd that a more gradual Moop? act-
vation mduced by weekly TMW mpections tollowad
by theee daily booster tremments  climinmed
toxicity. Using this scheme, we asked whether
Stopyere male mice with advanced symploms
[(Fig. 2A), bracket TM-2] could be rescued by
restoration of MeCP2, To monitor the specilic
[catres of the RTT-like mouse phenotyvpe, we
devised simple observational tests for inentia,
gait, hind-limb clasping, vemor, iregular breath-
ing. and poor geneml condition. Each svmptom
was scored weekly as absent, present, or severe
(scores of O, 1, and 2, respectively). Wild-type
mice always scored zcro (Fig. 2B), wherneas
Sty amimals typically showed progression off
aggregale symplom scores (e.g., fmom 3 w 10}
during the last 4 weeks of life (Fig. 2, C and
E). By contrast, five oul of six symplomatic
Stopvere animals were rescued by TM treat-

-Mﬂ:ﬂ2
-DAPF
Stop-cre + TM

* % # 4 # % $

o =

satie A SRl }Gemtypo
= Stop (5.1kb)

:‘H;!‘qau.uu:
." ' B i (3.2xb)
1234 5§67

Fig. 1. Insertion of a los-Stop cassette into intron 2 of the mouse MecpZ2 gene creates an allele
that is effectively null, but can be activated by TM treatment. (A) Western blot analysis of MeCP2
protein (solid arrow} in brains of wild-type (wt), Stop/y. and Stop/y.cre mice before and after TM.
Antibodies against MeCP2 were from ). Pevsner (left panel) and Upstate (right panel). Internal
controls are nonspecific cross-reacting bands (asterisk) and bands generated by a histone H4-
specific antibody {open arrow). (B) Detection of MeCP2 by in situ immunofluorescence in dentate
gyrus of wild-type (wt), Stop/y, and TM-treated Stopy, cre mice. White scale bar, 50 um. Green cells
that did not stain with DAPI (4,6 -diamidino-2-phenylindole) in the upper Stop panel are
nonnucleate erythrocytes showing background fluorescence. The DAPI channel was changed from
blue to red using Adobe Photoshop to contrast with the green MeCP2 signal. (C) Comparison of the
survival of Stop/y mice with and without the cre-ER transgene. (D) A Southern blot assay for
deletion of the lox-5top cassette in brains of heterozygous Stop/+, cre females () aged 10 months
(lanes 2 and 3) that had not been exposed to TM. Restriction fragments from the Mecp2 lox-Stop
(Stop; see male Mecp2 5" |ane 1), Mecp2™ with Stop deleted (A, see lane 4), and the wild-type
(wt) alleles are indicated. (E) Southern blot assay for conversion of the 5top allele to the Mecp2®
allele (A) in male mouse brains after five daily TM injections. Lanes 2 and 5 show the wt allele.
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ment. These animals initially had symplom
scores of 2 or 3 and would be expected to
sunvive Tor up 1o 4 weeks trom the date of the
first myecton. Instead, they showed muld symp-
toms (see fig. S3 for examples of detailed scores)
and survived well beyond the maximum-
recorded life wp:m of Mecp2®“5°PY animals
(17 weeks) (Fig, 2, D 1o F, and fig. S4; sec
movies 51 and 'x"'.‘r The weekly T™ injection
regime, plus booster injections, gave the same
level ol fox-Stop cassette deletion as five daily
T™ injections (~80%) (Fig. 2G). The one
animal that died had reduced fox-Stap cassetie
deletion (~30% compared with ~807%), which
miay explain Bailure W rescue,

RTT results from mosaic cxpression of
mutant and wild-type MECP2 alleles in the
bram caused by the mndom inactivation of one
M-lnked MECP2 allele durimg carly female de-
velopment, Hetereygous female mice may be
the most appropnate model for human RTT
(12), because both Mecp2'™ (6) and Stop/+ fe-
males (Fig. 3. A, B, and E) devdop RTT-like
symploms, including inenia, iregular breathing,
abnormal gait, and hind-limb clasping, at 4 10
12 months of age. As in humans, the phenotype
stabilizes, and the amimals have an apparently
nomal lite span. The mice often become obese,
which is not a feature of the human condition,
In an attempt 10 reverse the newrological pheno-
tvpe in mature female heterozygotes, we TM-
treated Stop/s ore Temales with clear new-
rological symploms, These mice progressively
reverted 10 a phenoty pe that scored at or close W
wild type (Fig. 3, C 1o E, and fig. 85 and movie
§3; see fig. S3 for examples of deailed scores),
including nomalized weight (Fig. 3D and fig.

score close o the usual platcau level and was
obese at commencement of the weckly TM™M in-
Jection regime, but these features were both re-
versed (Fig. 3D On the other hand, Seap/
females lacking Cre-ER did not respond 10 TM.,
Southem blots showed levels of cissene deletion
in Stop't ore females that were consistently close
to 50% (Fig. 3F). As the great majority of neu-
rons became MeCP2-positive after TM treatment
(fig. 57), we suspect that recombination predom-
inantly occurs on the active X-<chromosome (sec
legend 1o fig. 87). The resulis demonstrate that
lne-onset neuralogical symptoms inmature adull
Stap/+wre heterogygoles are reversible by de
nove expression of MeCP2.

We also assessed the effect of Megp? acu-
vation on neuronal signaling. Long-term poten-

tistion {LTP) is reduced in the hippocampus of

Mecp2-mutant male mice (3, 14), bu hetero-
ygous females have not been tested. We per-
formed electrophysiological analysis of Meep2™
heteroezy gous females (6) before and aliar onset
of overt symploms using both high-frequency
stimulation and theta-burst (TBS) LTP induction
protocols. Stimulation-response curves showed
that the strength of basal synaptic transmission
did not differ between symplomatic or presymp-
tomatic Meep2™ female mice and wild-type
livermate controls (Fig. 4A) In addition, no
significant difference in hippocampal LTP be-
tween wild-type and presymptomatic Females
was detected. After svmplom onsel, however,
LTP was significantly reduced in Mecp2™
females with both protocols (Fig. 4. B and C).
The magniude of the defect was similar to that
reported i MeepZ-null mice (£3). To test for
reversal of this eftect, we measurad LTP in six

REPORTS

ing the appearance of symptoms. LTP was mea-
sured I8 w 26 weeks alter commencement ol
™ weatment. Conrol Skep't and  wild-type
animals were also TM-treated and analyveed. The
hippocampal LTP deficit was evident in symp-
tanatic Syt mice lacking the one-ER trans-
gene, but in TM-treated Stop't cre mice, LTP
was indistinguishable from wild tpe (Fig. 40,
which demonstrates that this pronounced
clectrophyvsiological defict is abolished i ma-
ture adulis by restoration of MeCP2,

Our data show that developmental absence
of MeCUP2 does not irmeversibly damage new-
rons, which suggests that RTT is not strictly a
neurodevelopmental disorder. The delayed onset
of behavioral and LTP phenotypes in Megp2™
females emphasizes the imitial functional mieg-
rty of MeCP2-deficient neurons and fits with
the proposal that MeCP2 s required 1o stabiliee
and mamtain the mature neuronal state (4, 6).
Consistent with the mantenance hypothesis, the
time taken [or major symptoms o appear post-
natally in females heterozygous for an MECP2
mutation is similar in humans (6 1o 18 months)
and mice (4 to 12 months), despite fundamental
interspecics differences in developmental matu-
Aty at this time. The restoration ol neuronal
lunction by ke expression of MeCP2 suggests
that the molecular preconditions  for nonmal
MeCUP2 activity are preserved in its absence. To
explain this, we propose that essential MeCP2
targel sites in neuronal genomes are encoded
solely by patierns of DNA methyvlation that are
calablishad and maimained nomully in colls
lacking the protein. According to this hy pothesis,
newly synthesieed MeCP2 molecules home 1o
their comect clmomosomal positions o dictaned

S6). Mouse 5, for example, had a phenotypic  Sop/t cre females that were Th-treated follow- by methyl-CpG pattems and, once in place, nc-
A B c
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Fig. 2. Reversal of the neurological phenotype by activation of the Mecp2
gene in Stopd, cre males. (A) Time course of the Stop4 phenotype. (B, C, and
D) Plots of the phenotypic scores (®) and weghts {x} of individual wild-type
(wt) (B), Stopy (Stap) (O, and Meq@2™ Y cre-ER (Stop-cre) (D} animals
after TM injections (vertical arrows). (See also fig. 52.) Stars in (D) indicate
when the clips shown in movies 51 and 52 were recorded. (E) Aggregate

symptom score profiles following TM injection of Stop/y,cre |
except *, which was a single animal) and Stop/y (&, n = 4 to 5; except ## and
#, which are 2 and 1 data points, respectively) mice. (F} Survival profiles of
TM-treated Stop/.cre mice and control Stopdy mice. (G) Southern blot
showing deletion of the lox-Stop cassette (lanes 3 and 5) after a weekly TM
injection regime + booster injections.

,A=31to6,
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Fig. 3. Reversal of late-onset neurological symptoms by Mecps gene induc-
tion in mature adult Stop/+ cre females. (A) Time course of symptom onset.
TM administration began during the bracketed period (TM3). (B, C, and D)
Phenotype (®) and weight (x) profiles for a Stop’+ female (B) and two
Stop'+,cre females (C and D). All animals shown were subjected to either five
daily TM injections or five weekly plus three booster TM injections (vertical
arrows). Animals subject to weekly injection regimes were scored blind as
part of a mixed genotype cohort. (E) Plot of average symptom scores for
females with wt (<, n =5 to 6), Stop/+ (&, n = 6 to 7), and Stop,+.cre

p -]

Fig. 4. Adeficit in long-
term potentiation (LTP)
accompanies onset of
symptoms in mature
adult Mecp? * het-
erozygous females and is
reversed by Mecp2 reac-
tivation. (A) Stimulation-
response curves in
symptomatic (blue} or
presymjtumati: (red)
Mecp2™ ™ female mice

0.75-

EPSP slope (%)

( .n =5 to 11) genotypes. Repeated measures analysis of variance
(ANOVA) compared Stop'+ and Stop'+ cre female scores in weeks 11 to 16.
(F) Southern blot analysis of the effects of TM treatment on a cohort
indluding six Stop/+ cre (lanes 5 to 10), six wi (lanes 11 to 16) and six Stop'+
(lanes 17 to 22) females. All three genotypes received TM. Restriction
fragments derived from Mecp2 lox-Stop (Stop), deleted Mecp2® (A) and wild
type (wi) are marked with arrows. Brain DNA from animals 32 and 5 shown
above are in lanes 9 and &, respectively. Lanes 1 to 4 show blots of wt male,
Stopy male, Stop/+ female, and MecpZ™* female, respectively.
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sume their canonical role as interpreters of the
DNA methylation signal (/5, [a6).

Our study shows that RTT-like neurological
deteats due to absence of the mouse Meep? gene
can be rectified by delayed restoration of that
gene, The experiments do not suggest an
imimediate therapeutic approach 1w RTT, but they
establish the principle of reversibility in a mousc
model and, therelore, raise the possibility that
neurclogical defects seen in this and related
human disorders are not imevocable,
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CLINICAL PROTEOMICS:
COMING TO TERMS WITH COMPLEXITY

Proteomics can explore what is going on {or going wrong) in a particular tissue
at a particular time. Such knowledge can help to develop diagnostics and to
select compounds and doses for clinical trials. But selecting the information to
use is a conundrum, Protein content varies from cell to cell and minute to minute,
Abundant proteins mask the presence of rare but key proteins. It is hard enough
to find reliable differences between disease and health or between patients likely
to be helped by a drug and those likely to be harmed by it. Even harder is homing
in on the differences that really matter. By Monya Baker

he early days of proteomics were characterized by optimistic naiveté

Large-scale study of the body's proteins promised to reveal new

drug targets plus markers that would diagnose disease and reveal

when and for whom a drug was working. The ease of generating
data, paired with inconvenient or inadequate techniques for controlling
variation, spawned poor experimental design.

Eventually, researchers looking for protein differences between
experimental and disease groups began to realize that what they were
finding either could not be replicated or could not be tied directly to diseases
or drug mechanisms. In 2004, sales of an early proteomics test to detect ovarian
cancer were halted following criticism that the protein profiling patterns could not
be tied down to a consistent set of proteins, Just last year, the journal Proteomics
issued a set of standards for submitted research and acknowledged that the rapid
expansion of the field had led to publications of questionable quality (Wilkins, M.R.
et al. Guidelines for the next 10 years of proteomics. Proteomics 6:4-8, 2006).

"There is a lot of exuberance when technologies do things that were previously
not attainable,” says Scot Weinberg, former head of proteomics at Ciphergen and
now CEO of GenNext Technologies, a company that trains scientists for translational
research. He thinks proteomics was harmed early on by “blinded enthusiasm™ that
has only recently started to listen to commaon sense.

For proteomics studies to yield applications for clinical research, companies
must master the science of smart trade-offs. Researchers must simplify complex
mixtures of proteins so that they can be analyzed reliably, but not so much that
they eliminate the very differences they hope to find. Conversely, scientists must
ensure techniques that collect data on hundreds of thousands of peptides don't
pull out differences that don't actually exist. And once protein differences are
identified, teams developing drugs and diagnostics must decide how, and how
well, to characterize them,

Lowered Expectations

Proteomics advocates never tire of describing how a protein-level view of biology
can reveal more than a survey of gene transcripts. “The mRNA levels might change,
but not be consistent with the protein changes,” says Yugiao (Jerry) Shen, vice-
president of research and development at Applied Biomics. He estimates that
transcripts and proteins are correlated less than half the time. “Proteins are harder
to analyze,” he says, “but they give you more direct information.” continued »
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Ultimately, researchers often choose
not the technique that enriches for a
biologically interesting set of proteins

but one that they can trust or afford.

The technology of proteomics is less mature than that of its cousin
genomics. Commercially available DNA microarrays can interrogate
the expression of every known human gene even in tiny samples,
but the most optimistic advocates estimate that a proteomics survey
will detect only one-fifth to one-third of the proteins in a sample. If
researchers want to monitor a set of proteins from sample to sample,
those fractions are even smaller.

One of the most significant advances in using proteomics o guide
drug and diagnostics development is that researchers have stopped
trying to be as complete as they can be with genomics, says Jenny
Harry. deputy CEQ of Proteome Systems in Sydney, Australia. “Initially,
people used to try to make the technology display every protein in
the proteome. That was an impossible task.” Mow, researchers tend
to ask more limited, pertinent questions.

Clinical proteomics works best as a “practical science,” says
Howard Schulman, vice-president of biomarker discovery sciences
at PPD, a large contract research organization. "You don't have to
define the entire systems biology,” he says. “You have to find enough
things that change reproducibly that turn out to be useful.” To do so,
researchers must first imagine how protein profiles might be altered
when a patient has a disease or when a drug affects a particular
pathway. Then, they look for the samples and proteins that could
reveal these differences,

Sample Collection and Protein Enrichment

Proteomics faces a strategic dilemma even before samples get near
a mass spectrometer, the workhorse of proteomics research. In
general, researchers must choose between less-informative samples
from many patients or more-informative ones from fewer patients,
Heart tissue might be ideal for studying cardiovascular disease, but
collecting biopsiesisdifficult. Blood and urine are the most accessible
but tend to be far removed from disease. Any proteins that leak from
diseased tissue into the bloodstream are vastly diluted within a
patient's body. Their presence will be masked further by much more
abundant plasma proteins, and their characteristics modified by
proteases and other substances in the blood or urine.

Even if diseased tissue can be sampled directly, as in a tumor
biopsy, lissues are heterogenous mixtures of cells; a tumor may
contain highly vascularized areas as well as other areas suffering
from hypoxia. Consequently, the signal from the most relevant cells
might be too faint to detect. Research teams can use avariety of tools
to refine what they collect. Flow cytometry can select for certain cell
types. Insome techniques, healthy and cancerous cells taken from the
same biopsy (and thus the same individual) can even be compared;
or laser capture microdissection can pull specific organelles from
cells, allowing researchers to focus on proteins associated with
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mitochondria, lysosomes, or other cellular fractions.

But these techniques are costly and time consuming. It can be
difficult both to collect enough tissue from one patient and to collect
samples from enough patients. Scott Patterson, executive director of
medical sciences at Amgen and a co-author of the recently published
proteomics guidelines (Proteomics 2006 as above), says that the
difficully of studying the individual cell types within tissues is the
biggest barrier for using clinical samples in proteomics.

Researchers steeped in molecular biology don't always realize just
how difficult it can be to find rare proteins with mass spectrometry
(MS), says Ruth Vanbogelen, who is in charge of helping researchers
at Pfizer incorporate proteomics studies into research programs
across the company. Since no equivalent of PCR exists for proteins,
they can only be detected il isolated in sufficient levels at the outset.
The difference in concentration between the most and least abundant
proteins in blood is around 10%.

Researchers deplete abundant proteins to boost signal from less
abundant proteins, but rare proteins are still hard to see. “If you
remove gg percent of the serum albumin, then most likely your most
abundant species is still going to be albumin,” observes Amgen's
Patterson. Moreover, the affinity columns typically used to remove
these abundant proteins introduce new sources of variation. Even if
the amount of abundant proteins removed from different samples
varies by only a fraction of a percent of the ariginal amount, the
concentrations left in the samples can vary by so-fold. Worse,
technigues to remove albumin and other abundant proteins tend to
remove less abundant ones as well, often in irreproducible ways.

After depletion, researchers need to concentrate a particular class
of proteins within a sample. Ideally, these techniques enrich proteins
based on hypotheses of which proteins are likely to be biologically
important. Techniques can pull out proteins that have been
glycosylated, polyubiquitinated, or phosphorylated, with varying
degrees of reliability and cost. Ultimately, researchers often choose
not the technique that enriches for a biologically interesting set of
proteins but one that they can trust or afford. Additional variation
is introduced during the analysis stage, since mass spectrometry
cannol simultaneously detect and identify every chemical species in
a sample.

Bringing Proteomics to the Masses

Standardized techniques could reduce variation across experiments.
So it's no surprise that kit and reagent companies are beefing up
their offerings. David Smoller, vice-president of R&D at Sigma-
Aldrich, estimates that his company's investment in proteomics has
probably quadrupled over the past five years. Bio-Rad acquired the
proteomics side of Ciphergen last year and hopes to “democratize™
the technology so that biologists rather than MS specialists can run
many of the experiments.

Part of Vanbogelens job at Pfizer is to work with commercial
suppliers and even competitors to disseminate proteomics tools,
“Clinical proteomics is one area where intellectual property is not
important and the freedom-to-operate concept is a key driver," she
says. In addition to making benchwork easier for users, gold-standard
kits and reagents would mean regulators are more likely to trust
results from proteomics experiments. Amgen's Palterson continued



says that kits could be very useful, particularly for standardizing
sample preparation, but that researchers have quite a wait before
such products will be bought and trusted by drug companies.
Vanbogelenismore optimistic. *How muchis available right now is
limited,” she admils, “but by 2010, we'll have seen that big shift.” Still,
she thinks it might take until 2050 before there's a way to measure
40,000 proteins, comparable to the number of transcripts that can be
measured today on commercially available DNA microarrays.

Saved by Statistics

In the early days of proteomics, few researchers understood just
how standardized studies needed to be during the discovery
stage. Mow, they are realizing that even rigorously standardizing
techniques won't eliminate variation. That does not make analysis
impossible, but it does mean that researchers must make sure that
the biologic variation can still be seen despite variation introduced by
experimental technigues.

To avoid finding artificial differences created by protein processing
and analysis, researchers can label proteins in samples differently,
then mix, process, and analyze them together. The ratios of the
differentially labeled proteins should reveal biological variation
between the samples. Avariety of techniques exists. Applied Biomics,
a certified service provider for GE Healthcare, labels proteins in
samples with differently colored fluorescent dyes, and dissimilarities
between samples show up readily in 2-dimensional difference gel
electrophoresis (DIGE). Other techniques include PerkinElmer's
ExacTag and Proteome Sciences’ Chemical Mass Tags, Sigma's AQUA,
and Applied Biosystems® ICAT, and can be used with gel or gel-free
separation systems. Still other methods require heavy isotopes to
be incorporated into proteins as they are produced, and so are not
always practical for work on human samples.

Labeling samples can make statistical analysis possible, says
Pfizer's Vanbogelen. Label-free methods, she says, tend to create
what her team calls “holey spreadsheets,” where information for
thousands of different proteins is simply missing. With a label-free

F N\
Featured Participants

Amgen National Center for Genome
WAALAMEEN.COM Resources
WA
Applied Biomics o
www. appliedbiomics.com PerkinElmer

www.perkinelmer.com
Applied Biosystems

www.appliedbiosystems.com Pfizer
www.pfizer.com

Bio-Rad

www.biorad.com PPD
www.ppdi.com

Ciphergen

Proteome Sciences
www. proteame.co.uk

www. ciphergen.com

GE Healthcare
www. gehealthcare.com Proteome Systems Limited
www.proteomesystems.com
GenNext Technologies
www.gennexttech.com Sigma-Aldrich
www. SigmaAldrich.com
% /

AN ()

Clinical Proteomics

method, she says, you can run the same sample through a mass
spectrometer six times, and only about 5 percent of the proteins will
show up in all six runs, a rate too low to run a statistical analysis to
find differences between groups. But if samples are labeled, several
can be run at once, and this allows enough datapoints to be collected
for multivariate statistics. However, better software to identify
proteins from MS data is making label-free methods more useful,
a development that will open up proteomics to broader groups of
researchers.

In Fact, the improvement of statistical techniques for both labeled
and nonlabeled proteins is one of the most substantial advances the
field has made, says Stephen Kingsmore, president of the National
Center for Genome Resources in Santa Fe, New Mexico. Particularly
useful are methods that can correct for the false discoveries that
crop up whenever computers crunch through mounds of data.
New enthusiasts don't always appreciate that they need Lo design
experiments that collect the right data to answer their questions.
“The idea that you can pull a mass spec into the room and have it
magically deliver the goods is naive,” says Kingsmore. “The error that
people make all the time is they gel their data set and then think,
"Now what am | going to do with it?""

Bringing in Biology

PPD's Schulman says that he's seen research and development
groups gel more sophisticated over his years working for proteomics
providers. Early on, he says, he would meet with protein chemists who
knew how o separate components in a mixture but were unfamiliar
with surveying large numbers of proteins within a sample. Now, says
Schulman, hes more likely to meel with broader biomarker teams
of experts who approach the problem from a clinical and biological
vantage, nol simply a technical one. They consider what kinds of
samples can be collected and what classes of proteins should be
enriched, not just how to generate the data.

Proteomic studies can indicate that a drug or disease has changed
the concentrations of particular proteins, but not why. Ideally,
additional literature and laboratory research will suggest biological
reasons for these results along with further ideas for study. In any
case, to translate proteomic studies into clinical decisions and other
applications, most researchers believe they must shift from profiling
proteins to validating the relevance of just a few.

That shift requires another exercise in trade-offs. Multiplexed
antibody tests are relatively easy to perform, results vary little from
test to test, and technologies to measure several proteins at once are
improving. However, creating such tests can take several months, and
cross-reactivity is a problem. On the other hand, a new advance in MS,
multiplexed reaction monitoring, is more sensitive and less variable
than other M5 profiling techniques. Yet, it only works for abundant
proteins and is still more variable than reagent-based tests,

But such debates are a sign of progress. Proteomics is littered with
work that stopped at the discovery phase, says Peter Schulz-Knappe,
chief scientific officer of Proteome Sciences. “The need is not just
to do discovery but to commit yourself after discovery to do proper
assays.” In other words, proteomics research can become useful only
when the study of the proteome shifts to the study of proteins,

Monya Baker is a freelance science writer based in San Francisco.
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Sample Processing Platform

QlAcube is a compact platform that incorporates novel and proprietary technologies to allow
users to fully automate the processing of almost all Qiagen consumable products. The platform
can be used with more than 100 spin column-based protocols for DNA, RMA, and protein sample
processing. The protocols are based on the same Qiagen consumable products that are used
manually in more than 40,000 laboratories around the world, enabling effortless migration to the
automated system. There are several hundred proprietary technologies incorporated into these
Qiagen consumables, so by running them on the QlAcube, users can free up time and enjoy even
higher levels of quality and performance, This compact system is designed for the low- to medium-

throughput range for laboratories engagedinresearch, applied testing,and moleculardiagnostics.

- .

www.giagen.com
Human Protein Microarray
The ProtoArray Human Protein Microarray version 4.0 enables rapid
profiling of thousands of biochemical interactions in as little as one
day. Users can screen biological samples or labeled probes against
8,000 unique human proteins from multiple gene families in
a single, rapid experiment. Full-length, native human proteins
from a broad range of prolein classes are arrayed in duplicate on
nitrocellulose-coated glass slides. These high-content protein
microarrays can be used for identifying disease-specific protein
biomarkers, mapping protein-protein  interactions,  profiling
antibody specificity, and performing target discovery and validation.
Invitrogen For information 800-955-6288
www.invitrogen.com

Proteomics-Grade Detergents

The Variety packs are high-purity detergents suitable for membrane
and total protein extraction. These proteomics-grade detergents
are purified to reduce levels of peroxidases, aldehydes, carbonyls,
heavy metals, and other contaminants. They are packed in a
glass vial under inert gas to maintain quality. The Variety packs
include 10 ml each of 10 nonionic, ready-to-use detergents.
G-Biosciences /[Genotech For information 314-991-6034
www.GBiosciences.com

Proteomics Standard

The Universal Proteomics Standard is a complex mixture of 48
human proteins designed to enable researchers to better assess
proteomics strategies, troubleshoot protocols, and normalize results
from day to day and lab to lab. The protein misture was evaluated
by more than 100 independent proteomics laboratories worldwide.
Sigma-Aldrich For information 314-286-7616

www.SigmaAldrich.com

Gel Documentation System

The CSL MicroDOC is a compact, transportable, and inexpensive gel
documentation system that produces high-quality images. Its integral
16-bit charge-coupled device digital camera provides resolution
of 8.0 megapixels. A wide wvariety of images from agarose, other

Advertisers of Proteomics-related Products:

Takara Reichert
www.takara.com www.reichertai.com

Biacore
www.biacore.com
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Qiagen For information +49-2103-29-11710

fluorescent gels, colorimetric gels, autoradiographic film, and blotting
membranes can be viewed from the system’s high-definition, 8-inch,
thin-film transistor liquid crystal display. Files can be saved in a variety
of formats, such as TIF, |PEG, RAW image, or QuickTime, ready for
transfer to computer systems for storage and further analysis using
the included USB cable. Images can also be printed directly from the
MicraDOC. A s5-mm ethidium bromide filter includes a buill-in safety
switch to turn off the ultraviolet transilluminator when the door is open.
Cleaver Scientific For information +44 (0) 1788 565 300
www.cleaverscientific.com

Crystal Imaging for Protein Crystallography

Designed to fit on a lab bench, the Desktop Minstrel is a modular and
expandable protein crystal imaging and analysis system. The Desktop
Minstrel can be configured to meet a range of applications. from low
throughput research to high throughput drug discovery programs.
The system automatically images crystallization experiments and
links images with crystallization conditions. The data are captured in
CrystalTrak, a complete virtual crystallization laboratory that provides
a chemical and crystallization database and data analysis tools.
CrystalTrak provides a powerful interface for viewing images and
conditions for evaluation and scoring. With a high-resolution imaging
system that can visualize hanging drop, sitting drop, microbatch, and
free interface diffusion experiments across most commercially available
plate types, the Desktop Minstrel facilitates scoring and reporting as
well as experimental design and project management. The instrument
is cold-room compatible and expandable to a 16o-plate capacity
Rigaku For information 281-362-2300

www.Rigaku.com

Dual Channel Surface Plasmon Resonance

Introducing the SRyoooDC Dual Channel SPR Instrument, a powerful,
flexible and affordable instrument for determining biomolecular
interactions. The SRyoooDC provides real-time, label-free, simultaneous
monitoring of sample and reference channels and is usefulin proteomics,
genomics, and antibody studies. Its modular design is easily configuredto
do customized research, Fluidic configurations range from manual to fully
automated with an optional autosampler. It is able to do kinetic studies
of small molecules up to 200 Daltons. Temperatures are programmable,
micro or macro flow cells are available for different surface work, and flow
rates can be run fast or slow.

Reichert For more information 888-849-Bgsg

www.reichertai.com
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POSITIONS OPEN

ASSOCIATE or FULL MEMBER
HIV Vacdne Trials Network

The Fred Hutchinson Cancer Rescarch Center is
currently recruiting a full-time faculty position ax the
Assogate or Full Member level who will be a central
figure in the leadership of the HIV Vacane Trials
Metwork (HVTN ) This is an opportunity to help di-
rect a global vaccine network, as well as build cither
a lhboratorv-based or infecnous  discase  epidem-
ology rescarch program in global health-related
vaccines, This person will work with the HVTN
leadership o facilitate interaction with other clinical
rescarch programs globally and locally,

The successful candidate will have an M.D.
{Board-cligible /Board-certified) or a Ph.D. with
expericnce as a climical investigator in HIV medicine
or viral vaccines, Expenicnce with establishing an
independently funded research program is desired.

Interested candidates may submit a letter of
interest, curriculum vitae, and statement of research
plans (o

Lawrence Corey, M.D.
HIV Vaccine Trials Network
Search Commirttee, Chair
Fred Huwhinson Cancer Rescarch Center
1100 Fairview Avenue N., D3-100
P.O. Box 19024
Scattle, WA 98109-1024

Or by e-mail: leorey@u.washington.edu. Appli-
cation review will continue untl the position is filled.

Ihe Fred Huchinon Camoer Reseawh Center is an Af-
fimative Action, Epual Opportinity  Employer. We are
dedicated o the goal of building a ouftsrally dfoere and
pluradisric Gy and sraffs commitred ro teachiong and wonking
i g mnltboeliral ewviremnent and  sirengly  encourage
dpplicttions frown womiewr,  auinon ties, andiidnaly ondy di-
alsfires, and covend ivienmng.

ASSISTANT /ASSOCIATE PROFESSOR
(Tenure Track)
Computer Science Morchouse College

The Division of Science and Mathemanes at
Morchouse College secks candidares for tenure-track
ASSISTANT and /or ASSOCIATE PROFESSOR
positions in computer science. We seck an individual
possessing a Ph.0D. in computer science and a strong
commitment to undergraduate teaching, The suc-
cessful candidate is expected o establish a research
program thar invelves undergraduares, Submit cur-
riculum vitae, description of teaching experience and
philosophy, description of rescarch interests and
carcer goals, and the names and contact information
for three references to: Dr. Kenneth R. Perry, Chair,

rtment of Computer Science, Morchouse
College, 830 Westview Drive, 5.W., Atlanta, GA
30314. E-mail: kperry@morchouse.cdu, Deadline
March 15, 2007,

Morchore 15 an Epial Olpporfimty/ Affimeatiee Activi
Employer,

The College of William and Mary invites ap-
plications for a full-time, one-vear teaching posi-
ton at the ASSISTANT PROFESSOR level in
microbiology. Previous teaching experience and/
or postdoctoral expericnce would be advantageous,
Teaching responsibilities will include one upper-level
microbiclogy course with hiboratories for one se-
mester, and another course in an area of the can-
didare’s expertise for the seccond semester. The
individual selecred will also be encouraged 1o su-
pervise undergraduate student rescarch. Review
begins on February 23, 2007, and will continue un-
til the appointment is made. Submit a letter of ap-
plication, curriculum vitae, a statement of teaching
expenience, and three names of references to: Dr. Paty
Fwollo, Department of Biology, Millington Hall,
The College of William and Mary, Williamsburg,
VA 23187-B795., The Collope n_lr' illnam and Mary i5 an
!;'.?u.n’ l'.l;lp-rrrmll]'.'.-!ﬂimmlnr .'!..rr.m f'.lrrl\'r_\l]’].'. ..1.Ilnrdl'1:1_-
of nnderrepresented groups (incloding peaple of alor, persons
withy desabelities, Boetman i, i pixwmen) e |'N.'|l.|rl,r_|FJ

& apply
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POSITIONS OPEN

UNIVERSITY OF CALIFORNIA, DAVIS
School of Medicine
Department of Physiology and Membrane Biology

The Depantment of Physiology and Membrane
Biology, at the University of Calitornia, Davis School
of Medicine, s recruiting a mid-carcer faculty mem-
ber for a state funded, tenure-track position ar the
ASSOCIATE/FULL PROFESSOR level as pam
of the Membrane Biology Initiatve. The Depart-
ment of Physology and Membrane Biology has
recently hired six junior faculty, one of whom was a
joint hire with the newly formed Shriner’s Hospital
Institute for Pediatric Regenerative Medicine. Can-
didates must posscss a 'h.D. and for M.D. degree
and have demonstrared academie leadership as ewi-
denced from superior investigative accomplishment,
sustained cxtramural funding, cducational excdlence,
and effective mentoring and service, The individual
sclected for the posiion is expected to maintain a
high gquality rescarch program and (o participate in
the weaching of medical and graduate students. The
most imporrant eritena in the consideration of appli-
cants are! (1) a record of rescarch excellence, cre-
ativity, and innovation; { 2) a demonstrated ability 1o
communicate ¢flectively as an educator, and (3) a
history of fostenng collaborative rescarch, The
rescarch interests of current departmental faculty
are focused in the arcas of cardiovascular phyvsiology
and neuroscience, with an emphasis on membrane
phenomena. It is expected thar the suecessful candi-
date will camplement and extensd the existing strengrhs
of the Department and integrate with one or more
of the 3chool™ strategic focus arcas (cardiovascular,
nevrosaence, infectious disease, and cancer). Indi-
viduals that posses the potential to interface with and
promate translational studics in partnership with clin-
ical scentists are encouraged e apply. The Depan-
ment web address is website: hupe/ Swww ncdme.
ucdavis.edu/physiclogy,/ and website: hup://
www.physiologyuedavis.edu /.

Letters of interest, curiculum vitag, up to three
represcitative reprints, synopsis of rescarch plans
{past, present, and future goab), summany of eaching
expencnce,/philosophy, and the names faddresses of
five references should be forwarded e Martha E.
O'Donnell, Ph.D., Chair, Search Committee, c¢/o
Department of Physiology and Membrane Biol-
ogy, 4136, Tupper Hall, East Health Sciences
Drive, University of California, Davis, CA 95616,
The position will be open until Alled; for full con-
sideration, applications should be reccived by No-
vember 30, 2007, Website: hitp://www.physiology.
wedavis.edu/. Tl Univsity of California s oo Dol
Oippornniry/ Affinnative Acion Employer,

AVIAN RESEARCH ECOLOGIST
U.5. Geological Survey’s
Patuxent Wildlife Research Center

The U.S. Geological Survey's Patusent Wildlife
Rescarch Center in Laurel, Marviand, websive:
http:/ Swww.pwreusgs.gov/, secks a full-time,
G5-12/13, Rescarch Ecologst with expericnce con-
ducting research in avian biology, ccology, and con-
servation. As lead investigator the Ecologist desgns,
conducts, analvees, and prepares repons on studies
that respond to regional and national conservation
goals, primarily in suppon of Deparmment of Interior
agencics missions, Applicanons must be complered
online at website: hup://www.usgs.gov /ohr/
oars/. The Delegated Examining Unit announce-
ment (epen ro all qualified US citizens) will be
vacancy announcement number ER-2007-0096; the
MP announcement (open to current and former
Federal emplovees) will be vacancy announcement
number ER-2007-0107 Announcements will open
on February 20, 2007, and close ar midnight EST
on March 19, 2007, Detaik on the position and
application provided on the websire,
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it NATIONAL INSTITUTES OF HEALTH

DIRECTOR, PSI STRUCTURAL GENOMICS KNOWLEDGEBASE
National Institute of General Medical Sciences (NIGMS)

NIGMS is secking an individual 1o serve as the Director of the PSI Structural Genomics Knowledgebase (SG-KB), a key component of the Protein Structure Initia-
tive (PSI). The PSlis a national research program in the emerging field of siructural genomics. The long-range goal ofthe P51 is 1o make the three-dimensional
atomic-level structures of most proteins casily obainable from knowledge of their corresponding DNA sequences. The PSISG-KB will serve as a headquariers
for scientific data and knowledge generaied by the PSI-funded centers. so that they may be widely available to the scientific community. Information about the
P51 may be found at: hup: swww.nigms.nih.gov/Initiatives/PS1Lhim.

Requirements: The position will be a part-lime emporary assignment. for up o two vears, with the possibility of an extension for up to two additional years,
Individuals at an accredited U.S. public or private college or university, or technical institution of higher leaming are eligible 1o apply. Students and employees
from foreign universities are not cligible for consideration. Individuals detailed 1o the NIGMS remain employees of the outside organization, and may only serve
in an advisory or consultative capacity.

Candidates must have a Ph.D. or cquivalent degree in'a field relevant to the position. The ideal candidate will have scientific knowledge and rescarch experience
in one or more of the following ficlds: molecular biophysics, structiral biology, genomics, bioinformatics, and computational biology. In addition, candidates
should possess experience in broad networking interactions and collaborations in the above rescarch ficlds, a proven track record in directing and/or managing a
large scientific database or lange research project, as well as strong leadership ability and effective communication skills.

How to Apply: To be considered for this position. send 1o the e-mail address below a CV, bibliography, and a vision statement (not to exceed three pages) that
presents your views on how 1o maximize the usefulness and impact of the Knowledgebase for the greater biological community,

NIGMSCVi@ mail.nih.gov

Applications must be received by the closing date: March 30, 2007. The National Institutes of Health inspires public confidence in our science by maintain-
ing high ethical principles. Individuals detailed to NIH are subject 0 Federal govemment-wide regulations and statutes, as well as agency-specific regulations
described at hup://ethics.od,nih.gov. We encourage you to review this information. You may contact Kimberly Allen with questions regarding this announcement

on 301-594-2755,

kL Staff Scientist
Pulmonary-Critical Care Medicine Branch

The Pulmonary Critical Care Medicine Branch { P-=CCMB) ofthe National Heart,
Lung, and Blood Institwte, National Institutes of Health, Department of Health
and Human Services is recruiting a Staff Scientist 1o work inthe Laboratory
of Dr. Stewart Levine. The Stafl Sciemist will play a lead role in conducting
clinical, translational, and basic studies. Climical and translational studies will
investigate diagnostic and therapeutic approaches to inflammatory lung dis-
eases, such as asthma. Basic studies are aimed at identifving and characlenizng
molecular mechanisms regulating the geneération of soluble cytokine receptors.
such as tumor necrosis factor receplors. The tdcal eandidate will have expertise
in proteomics, cell biology, biochemistry, flow eytometry. and murine models of
human disease. The successful candidate will work withminimal supervision 1o
successlully complete projects that result in published manuscripts. Responsi-
bilities will include performance of experiments, panticipation in.clinical trials,
trining of students and post-doctoral fellows, and mamagement of laboratory
and branch activities,

Candidates should possess a Ph.DD. (or equivalemt) degree, have successfully
completed postdoctoral traimng and have a strong publication record. The
suceessful candidate will be offered a competitive salary commensurate with
expencnce and quahfications. Appointecs must be US citizens, resident aliens, or
nonresident aliens with a valid employment visa. Applications must be received
by April 13, 2007.

To apply. submit a curriculum vitae, statement of research interests and amange
1o have at least three letters of recommendations sent 1o: Vineent Manganicllo,
MLIDG PhoIy, Chair Search Committee, Pulmonary-Critical, Care Medicine
Branch, NHLEL Building 10, Room SN307, MSC 1434, Bethesda, Mary land
20892-1434, Email: manganivia nhibi.nih.gov,

Tenure/Tenure-Track Position
‘ Laboratory of Persistent Viral Diseases
Rocky Mountain Laboratories, Hamilton, Montana

The Laboratory of Persistont Virl Diseases (LPVD), Rocky Mountain Laboratories, NIAID,
NIH, DHHS, in Hamilion, Montana, sccks applicanis for a tenured or tenure-track position
{full 1o assistant professor equivalent) to conduct independent research on host immune of
inflammatory responses in neuropathogenic viml discases. Candidates with a background m
adaptive or innate immunity, including nevroinflammation and gliosis are prefemed; those
interesied in neurobiol ogy, biochemistry or pathogenesis of CNS infections are also encouraged
to apply. Candidates must hold a Ph.D., D.AVM, or M.D. degree and have a minimum of 3
vears of relevant postdoctoral experience, Candidates must be able to develop an independent
rescarch progrem, supervise staff and fellows, and collaborate with other LPVD rescarchers
working on CNS viral or prion discases.

Rocky Mountain Laboratonies’ state-of-the-an facilities include an operational BSL-3 facility,
a BSL-4 lab and animal facility nearing completion, and in-howse core facilitics for genomics,
electron microscopy, and flow cytometry. Research programs (ocus on prions, murine relrovi-
ruses, HIV, Mavivineses, and numerous pathogenic prokaryolic organisms. The lab is located in
the scenic Bitterrood Valley of westemn Montana with easy secess 1o some of the finest ouldoor
recreational opportunities in North America. Additional information on the position may be
obtained by comacting Dr. Bruce Chesebro at behescbro@@niaid nib.gov.

Application Process: Salary depends on degree and qualifications. To apply, submil a cur-
ricubum vitae and bibliography, including a list of your five most significant papers, and a
2-3-page description of'a proposed rescarch program, via e-mail 10 Ms. Felicia Braunsiein
ot braunsteinfi@ nigid.nib.gov. In additon, three letiers of recommendation must be sent
directly from the referess o Ms. Felicia Braunstein, Committee Manager, NIAIDNTH;
10 Center Drive, Bldg. 10, Rm4A31, MSC-1356; Bethesda, MD 20892-1356. Applica-
tions must reference AD #0610 and musit be recerved by March 8, 2007, Applicanis will be
notified when their applications are received and then completed. All information provided
by applicants will remain confidential.

THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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Senior Scientist, Vaccine Research Center
6 ‘ National Institute of Allergy and Infectious Diseases
Mational Institutes of Health (NIH)

The National Institute ol Allergy and Infectious Discases (NIATD), Vaccine Rescarch Center ( VRO) 15 recruiting for a Senior Scientist {non-tenure)
to oversee preclinical research activities, investigate novel vaccine delivery methods, and serve as the head of the Laboratory of Animal Medicine.
The NIALD is a major rescarch component of the NIH and the Department of Health and Human Services (DHHS).

Due to the dual research and animal medicine functions ol the position, the VRC is secking candidates with a Ph.D. in virology, immunology or
arelated scientilic ficld, and a Doctorate in veterinary medicine. The position invelves a broad spectrum of seientilic rescarch, veterinary and
business management skills encompassing laboratory animal medicine research, animal program management, ability to develop, manage and
execute in=vive animal rescarch contracts for the VRC, linancial oversight, and eontract administration. The candidate will plan, manage and
analyze data from animal studies evaluating immunogenicity of vaccine candidates. Board certification in either Veterinary Pathology or Labora-
tory Animal Medicine, and experience in linancial oversight of a large program is preferred.

The ideal candidate will be experienced in vaceine development rescarch, non-human primate studies, and good laboratory practices (GLP) animal
studies, and will have a record of independent research and peer-reviewed publication.

[he Senior Scientist selecied for this posidon will bave committed resources (o support laboratory rescarch, and an allocaied annual budget w
cover serviees, supplies and salanes. Salary will be based on the individual’s qualifications and experienee. in the range of S140-180k.

Interested candidates may contact DinJohn Mascola via E-mail: YRC Positionsta mail.nih.gov [or additional information abow the position,
To apply for the position, candidates.must submit a curriculum vitae, bibliography. three letiers of reference. a detailed statement of rescarch
interests (limit 1o 3 pages) and reprints of up to three sclected publications to: National Institute of Allergy and Infectious Diseases, Vaccine
Research Center, /o Intramural Administrative Management Branch, Attn: Ms. Marie Hirsch: Building 40, Room 1118; 40 Convent
Drive: Bethesda, MD 20892-3013 or email hirschova niaid.nih.goy by April 12% 2007.

ARE YOU READY FOR AN EXCITING CAREER THAT COULD HELP IMPROVE
MILLIONS OF LIVES AROUND THE WORLD?

The National Institute of Allergy and Infectious Scientific Operations Manager or health sciences. The understanding of and ability
Diseases (NIAID), the second largest institute of the  The incumbent of this position serves as the to provide management for Biomedical research and
world-renowned National Institutes of Health (NIH), — principal advisor on scientific operational matters the ability to develop, evaluate, and direct operational
supports and conducts basic and applied research to the Laboratory Chief The Scientific Operations projects and activities to enhance program
to better understand, treat, and prevent infectious, Manager applies scientific expertise and knowledge  productivity are required.
immunologic, and allergic diseases that threaten of biomedical research methods and administrative - i : o
millions of lives around the wordd. procedures and concepts relative to health 0 apply tg e I O

P investigations in working closely with the Laboratory
The Division of Intramural Research (DIR) conducts ¢y jof o g mifate and implementlans and Vacancy number: NIAID-07-166412-DE & NIAID-07-

all of the in-house research undertaken by the NIAID
and is involved in scientific research programs that
cover a wide range of discplines. The Laboratory of
Viral Diseases (LVD), DIR carries out investigations

on the molecular biology of viruses, the interactions
of viruses with host cells, the pathogenesis of viral
diseases and host defense mechanisms. Applied areas
of research indude the development of recombinant
expression vectors, candidate vaccines and antiviral
agents. LVD is seeking applications from exceptional  Applicants must posses a bachelor’s or higher degree  DHHS and NIH are Proud to be Equal Opportunity
candidates for the following pesition: that included a major field of study in the biological  Employers

o Here Us HeLe MiLLIONS QT ﬂ?ﬂ;?i;";:::;i;ﬁmuﬂmy and

procedures for the effective conduct of laboratory 166412-MP; Salary: $79,397-$103,220; GS-601-13
scientific programs and to develop, evaluate, and
direct operational projects and activities including
budget and human resources for the efficient

and effective management and use of laboratory
resources. This is an interface role that translates and  wa jnvite you to explore our Institute and view
interprets scentific requirements into administrative  3dditional opportunities at:

and operational processes. iai

Specific application procedures apply. Applications
must be submitted 1o Human Resources by
March 14, 2007.
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Executive Director, Dauphin Island Sea Lab (Alabama)

The Marime Environmental Sciences Consortium/Dauphin Island Sea Lab (DISL) provides the admin-
istrative framework for a significant portion of Alabama’s marine research, education, and outreach
activities from 21 colleges and universities. In addition to involvement in undergraduate and graduate
academic programs funded by the state educational trust fund, DISL faculty members conduct a vanety
of research projects, funded in excess of 4 million dollars per year by competitive grants and contracts,
The Sea Lab also delivers instruction in one of the langest K-12 marine programs in the country.

Responsibilities: This position reports to the Board of Directors, which includes the presidents of 21
Alabama colleges and universities, through an Executive Committee. The DISL Executive Director
will administer all aspects of the Lab and its related facilities, and will advocate internally and exter-
nally for marine related research. Essential functions include facilitating marine related faculty and
academic program development; overseeing K-12 educational programming; developing marine related
research programs and projects; enhancing funding; providing general oversight for the DISL campus,
vessels, and other physical facilities; coordinating state and endowment funds and overseeing budgets;
supervising DISL administrative, vessel, and diving staff, increasing program visibility internally and
externally; representing DISL on relevant regional and national groups and commitiees; establishing
and administering policies on matters related to the programs; participating as a member on the DISL
Executive Committee and Boand of Directors. Effective state agency collaboration. and active promotion
of support from the state legislature, is essential fo the stability and success of the Lab.

Qualifications: Fh.D. in biology, life sciences, physical sciences, or engineering, with an emphasis
on Marine Science. Ten years experience in marine related research and development. Demonstrated
success in management of complex research and educational projects/programs ot several levels. Excel-
lemt oral and written communication skills. Ability to work with a variety of constituencies including
local, state, and federal agencies.

Salary: Competitive and commensurate with experience, This is a full time, 12-month position,
Application Review begins May 1, 2007 and will continue until position is filled. Stant date as early as
September 1, 2007, Applicants should send a letter of intent, statement of administration philosophy,
curriculum vitae, and the names, addresses, and phone numbers of 3 references (letters are not required
at this time) by e-mail to: G, David Johnson, djohnsoni usouthal.eduo.

If etectronic submission of applications is impractical, materials may be mailed 1w G. David Johnson,
Chair Executive Director Search Committee, Dauphin Island Sea Lab, 101 Bienville Blvd., Dauphin
Island, AL 36528, Potential applicants are encournged to visit the DISL website at: www.disl.org.
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%' synthetic genomics -

Careers

Synthetic Genomics, Inc. is a privately held
company dedicated 10 developing and com-
mercializing the latest advances in synthetic
eenomics for the production of clean and sus-
tainable biofuels that alleviate our dependence
on petroleum, enable carbon sequestration and
reduce greenhouse gases.

We are currently secking a talented and
highly motivated scientist lo join our
metabolic engineering team in La Jolla,
CA. Please send vour CV and cover letter 10
hria syntheticgenomics.com il vou are inter-
ested in applving for the following position:

Senior Scientist - Microbial Metabolic
Pathway Engineering

Successful candidate will conduct research
applying the latest advances in synthetic
genomics 1o the design and development of
microbes for the production of novel biofucls.
Candidate must have a Ph.D. in Microbiology,
Maolecular Biology, or Biochenucal Engi-
neering and demonstrated experience with
microbial molecular genetics, bivinformatics
analysis of metagenomic sequence data, gene
synthesis, cloning and expression in a variety
ol microbial hosts, and biochemical and ana-
Ivtical characterization of engincercd strains,
hitp:fwwwosyntheticgenomics.com
Svmthetic Genomics i an
Equal Oppovtunity Emplover

Hank Gardner and Marilyn Fiske Chair
of Physiology

University of Wyoming

Mekong River Commission

The role of MRC is to co-ordinate and promote co-operation
in all fields of sustainable development, utilisation,
management and conservation of the water and related
resources of the Mekong Basin. MRC is seeking an

ADVISOR, FISHERIES VALUATION

Fisheries Programme
Post level L-5

The Advisor, Fisheries Valuation will undertake a 3 year
study to determine the economic value of inland capture
fisheries and aquaculture in the Lower Mekong Basin
{South East Asia).

For information, job descriplion and application details,
please visit MRC's web site at www.mrcmekong.org or
send an email to mres@mremekong.org.

Closing date for applications: 12 March 2007

The Department of Zoology and Physiology at the University of
Wyoming invites applications for a full-time, nine-month, tenured
FACULTY POSITION at a senior level, starting 2008, We ane
sccking a biemedical physielogist who is conducting innovative
rescarch, and who will be able 1o complement and add to existing
physiology research strengths (cell physiology, comparative
physiology. neuroscience) in the depariment and university
{cardiovascular physiclogy). The successful candidate will have
a Ph.D.. an externally funded rescarch program, and be expected
o teach i the department’s physiology program which prepares
students for lurther training in physiology and the health sciences.
Start up and support for the chair is available. The department also
has active research faculty in animal ecology and wildlife/fisheries
biology. Ouistanding microscopy and macromolecular facilities, an
animal holding facility. the Nueleie Acid Exploration Facility, and the
Red Buttes Environmental Rescarch Laboratory are available.

Interested applicants should send a curriculum vitae, a statement
of research and teaching interests, three publications that repre-
sent their best work, and the names of three referees to: Gardner
Physiology Chair Scarch Committee, Department of Zoology
and Physiology, Dept. 3166, 1000 E. University Avenue, Laramie,
WY B2071. Fax: 307-766-5625. For lurther information by email:
zprequestia uwyo.edu or by Website: http:/fuwyvo.eduZoology.
Applications should be submitted by June 30, 2007,

The University af Weeming is a Carnegie Foundation Researcly
Doctoral Extensive Institution, and is an AA/EEQ Emplover.




PIONEER.
; A DUPONT COMPANTY

THE
WORLD DEMANDS
AND YOU DELIVER

Pioneer’s legacy
of excellence

is reflected

in its people.

www.pioneer.com

DuPont’s significant investment in its Agriculture & Nutrition Platform, including Pioneer Hi-Bred International, has created
challenging, cutting-edge career opportunities for you. Pioneer wants you to be a part of our industry-leading plant
genetics and biotechnology organization. You will join a team of talented, dedicated professionals. A large number

of research opportunities exist at our 90+ worldwide research facilities, including our headquarters in Johnston, lowa.

As the leading developer and supplier of advanced plant genetics, our international presence and affiliation with our
parent company, DuPont, will give you the opportunity to expand your career, join a growing industry and make a

positive, global impact.

The World Demands... Can You Help Us Deliver?
Learn more about Career Opportunities at hitp://www.pioneer.com/careers
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The DulPoet (hal Logo and The mirdes of science™ e radamarks o DePond or ils alliates. & Regestered rademarks and service marks of Pionear Hi-Beed lelemational, Ine. 2007, PHIL RADIZZ4A

F DIRECTOR
‘, International Institute for
[1ASA Applied Systems Analysis

The International Insttute for Applicd Systems Analysis (1TASA),
located near Vienna, Austria, is seeking a highly qualificd scientific
leader for the position of Director beginning 1 July 2008, The suc-
cessful candidate will oversee and guide a diverse research program
combining natural and social seience o produce scientifically based
policy guidance on issucs related 1o global change. Candidaves should
combine a vision for [IASA with scientilic excellence, management
and diplomatic skills, fundraising accomplishments, and broad
experience in interdisciplinary, policy-relevant research. The Diree-
tor should be an efective and active advocate o expand participation
in and membership of THIASA. The Director supervises approximately
200 scientists and support staff from 30 countries.

ITAS A is independent, governed by an international consortium of 18
Mational Member Organizations, Applicants should have excellent
written and spoken English, the working language of the Institute,
The Institute’s management and staff alike are committed 1o a work-
ing environment that promotes equality, diversity, and wlerance. The
Institute encourages applications from all qualificd candidates.

The post is a 3-year position with the possibility of renewal. Salary
and benefits are compelitive with comparable international organi-
zations, Review of applications will begin on 1 April 2007, Submit
letter of application, CV, bibliography. and contact information for
three references, to: Professor Pentti Vartia, Chairman of the
Search Committee, ¢/o Tiina Forsman, The Academy of Finland,
Vilhonvuorenkatu 6, PO Box 99, FIN-00501 Helsinki, Finland.

For more information about [TASA and this position, visit our web
site at: hupsfwww.iiasaac.at

VANDERBILT E? School of Medicine

Postdoctoral Positions in DNA Replication,
Repair and Damage Response Group

Walter Chamn ‘W are a group of faculty from a variety of
David Cortez  departments who are interested in the molecular
basis of DNA replication, repair and DNA
damage response. Interactions between our
Ellen Fanning  regparch groups are stimulated by our desire to
Dan Kaplan  understand how these processes are integrated.
jennifer Pietengol  WWe also share ideas, reagents and protocols. The
Fen Xia diverse approaches and experimental systems
used by the group provide unique opportunities
Sandra Zinkel  for collaboration, discovery and training.

grandi Eichman

For a full description of each position

and the research within the ndividual
laboratories, please visit hitps:ifmedschool,
mevanderbilt eduipostdoc_adidinde/,

Applcants should submit a leter of
intevest and curtiulum vitae directly o the
primary investigator of choice offering a
postdoctord fellowship in DNA replication,
repair, and damage response.
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UNIVERSITAT
BAYREUTH

At the University of Bayreuth the following position is open for applica-
tion at the Faculty of Biclogy, Chemistry and Earth Sciences:

Professorship (W2) Ecological Services

The position will be filed starting from 1" of July 2007, initially limited
until 30" of September 2011. The continuation after that is subjectto a
positive evaluation.

This professorship will contribute to the research focus on Ecology
and Environmental Science at the University of Bayreuth. The holder
of the position is expectad to cooperate closely with existing research
agroups (&.g. Baymith Center of Ecology and Environmental Raseanch
- BayCEER or Centre for Matural Risks and Development Bayreuth
- ZEMEB). Research topics that are expected address the services of
ecological systems to mankind in the contaxt of global change. The
position |5 knking the fisld of ecology with imterdiscipliinary msues of
human or social interests. The teaching will focus on the Elite Study
Program “Global Change Ecology™ (M.Sc.) within the Elite Network
of Bavaria, but courses wil also be offered for studies in Biclogy,
Geoacology and Geography. Teaching language is English.

The successiul candidate must hold a university degree; prove his/her
potential for research and teaching skills. Documented activities in
third-party funding are desired. Physically handicapped persons will
be favoured, if equally qualified. To increase the number of women in
science, women are explicitly encouraged to apply.

Applications including GV, university certificates, research projects,
publications should be sent before 31" of March 2007 o the:

Dean of the Faculty of Biology, Chemistry and Geosciencas
University of Bayreuth
D-95440 Bayreuth, Germany

INIVERSITY of IOUISVILLE,
e
Health Sciences Center

? Tenure-Track Faculty Position

Developmental Neurobiology
hitpyfwaww louisville.eduhsebirthdelfectscenter/index. him

The University of Lowbsville Binh Defects Center, a NIH-funded Center for
Biomodical Research Excellence. invites applicabions for tenune-track Taculty
appoiniment @i ibe level of Assistam, Associate, or Full Professor in the area of
Developmental Neumbiology, Candilates secking appoimtment at the rank of
Associste of Full Professor miost have cuivent extrmmural rescarch funding.
Candidates shoukl have o rescanch program n sormal and/or abnormal mammalian
prefpostnatal development with a focus on mechanisms of neurode velopment and for
cognition wiilizing contemporary molecular, genetic, eleamophysiological and for
functional imaging approaches. Preference will be shown 1o applicants whose
research program complements one of more of the Center’s existmg programs in
cramofacial and CNS development; human neurocognition, bebavior and lcaming,
developmental toxicolopy: compatational systens biodogy of the developing
organismy; and developmental regulation of gene expression. Candidates must have
a P degree or the equivalont, of keast two years of postdocion] traming and o
strong publication record. Successiul candidates will be expected 10 mabneabn an
independent and innovative rescarch program that attracts extrmmunml funding and
panicipate i interdisciplinery rescarch collabormions. Oppoftunities exist 1o
collaborate with faculty i numenos Depantments incliding the Depantments of
Psychological and Brmin Science: Anatomical Sciences and Neumbiology:
Psychiatry and Behavioral Sciences: and vaned Centers/Institutes including the
Center for Genetics and Molecular Medicine: the Spinal Cord Injury Rescarch
Center; the Eardy Childhood Rescarch Cender, the Center for Environmsental Health
Sciences; and the Instiuee for Public Health Research, among others. Salary and
Rank at appointment will be commensurate with expersence and qualifications.

Applicants must apply online at wwwlouisville.edujobs for Job 20998, ot which
ume a courricalion vitee must be uploaded.  In addition, a single PDF document
containing a leter of inent with a brel desonpion of currentplanned rescarch
activities and the names of three references should be sent via e-mail directly to: Dr.
M. Michele Pisano, Faculty Seanch Commuitiee Chairman, at Drmikeky & gmadl.com

Lecturers in Animal Behaviour/
Behavioural Ecology (x2) (Ref: 4861)

School of Psychology

Exeter University is currently building an enthusiastic, integrative,
interactive, and broad group in Animal Behaviour with the goal of making it
an imemational centre of excelence. The new group is lked by
Praf. John A Endler and the successful candidates will join hirm and thres
other colleagues, with at least one furher appoiniment to follow.
The foliowing questions indicate the role: What is the behaviour's purpose
in the: sense of what ane the problems that the behaviour solves? How does
solving the environmental or sodal problem maintain or enhance fitness?
‘Why and how does it evolve? Wa seek highly interactive individuals who do
at least some work on natural populations of verebrates or invertebrates.
‘We have a preference for those interested in animal signalling, mate choice,
habitat choice, and pray choice related to anti-predation mechanisms.
The successiul applicant will show evidence of an orginal and independent
research programme, high quality publications, and preferably some past
research funding. She'he wil develop teaching at the postgraduate or
undergraduate level in his’her area of research expertise.

The appointment salary will be from £29,139 pa to £32.796 pa dependent
upon qualffications, skils and achievements, with further progression
avadable to £35,837 pa dependent upon performance. Appointmeant may
be possible at a higher level for exceptionally wall qualified indviduals,

Application packs are avalable from www.exeterac ukfjobs2007 e-mail

jeor@emteracuk or answerphone (01392) 263100, quoting reference
number 4861, The dosing date for completed applications is 16 March 2007,

Equal opportunities employer

STATENS
SERUM
INSTITUT

4 Vacancies at
European Malaria Vaccine
Initiative, EMVI

The European Malana Vaccine Initiative, EMV] was
established in order to address identified structural deficien-
cies in public funded malaria vaccine development.

The mission of EMVI is to provide a mechanism through
which the development of expenmental malana vaccines can
be accelerated within Europe and in developing countries.
EMVI is facilitating and contributing financially and techni-
cally to nationally and internationally funded malaria vaccine
research and development, and it provides a mechanism fo
see candidate molecules through to limited industrial produc-
tion and ecarly clinical development phase

EMVI] secretariat is hosted by Statens Serum Institut in
Copenhagen, Denmark. EMVYI is seeking a Product
Manager, two Project Managers, and a Clinical Operations
Manager, The positions are for 2 to 5 years.

Salary: commensurate with experence, within current
“union/employer” agreements with the opportunity for a
qualifications supplement.

To see detailed information, please visit EMV] website:
hittp/fwww, emvi.org/via2 0. htmil
Positions will remain open until viable candidates are selected.




MOUNT SiMAI
SCHOOL OF
MEDICINE

ASSOCIATE/FULL PROFESSOR
TENURE TRACKS IN
GENETICS & GENOMIC
SCIENCES

The Department of Genetics and Genomic Sciences
of The Mount Sinai School of Medicine of New York
University invites applications for Associate and Full
Professor tenure-track faculty. Assistant  Professors
with track records of independent rescarch also may
apply, particularly those with an interest in Statistical
Genetics, Genetie Epidemiology, and/or Bioinformatics.
We seek PhD, MD andfor MD/PhD faculty to join
our active basic and clinical rescarch programs with a
focus on manslational eenetics. Individuals with
strong rescarch programs and a track record of funded
research and publications in the following areas are

CIC HIF.I:_':I..'LI (£ .Il"Ph'.

e Genomics & Gene Discovery: Geneties of Complex
Diiscases and Aging
e Statistical Geneties/Genetie Epidemiology &

Bioinformarics

Pharmacoeencrics & Pharmacopenomics
* Epigenetics & Chromosome Structure/Funcrion

® Treatment of Genetic Discases

Faculty positions include competitive salary/fringe
benefits, gencrous startup  package, excellent
ottice/laboratory space, and access to state-of the-an

genomic, proteomic, imaging, and animal facilities.

Applicants should forward their curriculum vitae, a
statement of present and future rescarch plans, current
erant support, and two or three references to: Robert .
Desnick, PhD, MD, Department of Genetics &
Genomic Sciences, Mount Sinai School of Medicine,
Fifth Avenue at 100th Street, New York, NY 10029-
6574, Email: robert.desnick@mssma.edu. Mount Sinai

15 20N QL il ¢ PpRortunmy l.'ll'l!"]l WeT.

Imperial College %7
London

Faculty of Nalural Sciences

Divisian of Molecular Bioscencas

2 X Lecturers/Senior Lecturers
in Systems Biology

Salary range: £37,740 - £42, 150 for Leclurers
£46,560 minimum for Senior Lectuners

Imperial College s ranked in the top ten
universibies of the workd, acconding to the 2006
Timas Higher Educaton supplement keague lables

Apphcations are imated for wo posts in
Syslems Biology al Lectureship or Senior
Lectureship level in the Division of Molecular
Biosciences within the Facully of Nalural
Sclences, Imperial College London.

The Division s housed in state-of-the-art
laboralones on the Sculh Kensinglon Campus.
Furthar information about the Division can be
found al the following websile:

hitpfwww. impanal ac.ukimolecularbiosciances

A major stralegic aim of the Division s to
understand al the molecular level cellular
processes as integrated syslems including
mechanistic details of individual components
thal constilule the system. The Division hosts
the newly-established Imperial College Centre
for Integrative Systems Biology (CISBIC;
www.impanal ac.uk/cisbic), which & supported
by BBSRC and EPSRC and led by

Professor Jarcslay Stark. CISBIC has exemplar
resoarch programmes focusod around analysis
of the innale mmune response (o bactenal
pathogen infection based on a sel of three
intarinked projects, each addressing
fundamental issues in syslems biology and
aach involving closaly inleracting leams of
bicdogical and numencal resoarchors.

To develop further the aclivities of CISBIC, we
are seeking (o recrul two highly motivated
Lecturers/Senior Lecturers in any area of
syslems biology. We are secking candidales
thal have an understanding of the chalenges
of inlegraling bictogical and numerical research
in the wider conlexl of biological problems

thal can be studied by a syslems biclogy
approach. One of the positions requires an
emphasis on experimental approaches bul the
olher could be filled by a scientist following a
maore Ltheorelical methodology.

A successiul applicant will also be expected fully
o participale in the teaching and administrative
aclivities of the Division. To make informal
enquines aboul the post please conlact
Professor Paul Freemont, e-mail:
pifreemont@impenal.ac.uk

An apphcation form and further details can be
found at hitps:iwwwimperial.ac.uk/
employment/acad emicindex. him

Completed applcation forms should be sent 1o
Ms Sandy Gray, Division of Molecular
Biosciences, Facully of Nalural SGences,
Imperial College London, Biochemistry Buiding,
South Kensington, London SW7 2AZ or e-mail:
s.egray@impenal.ac.uk

Closing date: T March 2007,
Interview date: Mid April 2007,

Valuing diversily and commitied 1o aguality
of opporiunily

ScienceCareers.org
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Careers with Mass Appeal
Assistant/Associate Professor

Department of Biological Sciences

The Univensity of Massachuserts Lowell Department in Biological Saences mvites apphcations for a full-time
tenure-track position, rank negotiable, to stare Fall 2007, The successful candidate wall be expected 1o buld a
vigorous, extermally funded research rr:w.lrn. and collaboration within this and other depanments 15 encouraged.
Corrent faculty research mterests include baoinformancs, genetics, plant science, nevrobsology, cancer biology,
mvertchrate bology, developmental hology, vimology, mscrobwal ecology, and bogeochempory. Our campus 15
located very near the vibrant academic and commercial biotechnology centers of Boston, Cambridgge and
Worcester,

We are seeking individuals with expentise in one or more of the following arcas Genetics, Population Genetics
andfor Evelunion, Teaching obligations include development of upper kevel undergraduate/graduate courses in
hwher expertise and pantcipation in the eaching of core undergraduate courses as needed.

MINIMUM QUALIFICATIONS:

* Famed docorate

* Demomstrated ability reaching at the undergradume and graduate levels

* Commitment to develop and sustain an externally funded research program

* Demomstrated povential for publications in scholarly journals

* Excellent communication and interpersonal skalls

* Demomsirated ability working with diverse student and faculty population

Applicants should submit the following matenials by both mail and electronic submission by March 16, 2007:

A carriculum vita, copies of several reomi research publications, a stavemant of rescarch and teaching mterests,
not to exceed three pages, and amange for three letters of recommendation to be sent 1o:

Biological Sciences Faculiy Saarch

Department of Biological Samees

University of Massachusons Lowell

One University Avenoe

Lowell, MA 01554

Job Reference #FCO4020701

Email marerials to biclogy_scarchl7@uml.edu

Please indude referonce number in subjeat line of c-mail.

The University of Massachisetts is an Equal OpportimsityfAffirmative Action Title IX, HA, ADA 1990 Emplover

Microbiology/Immunology

Assistant Professor

The Department of Biology at the
University of Tampa invites applications
for a full-time tenure-track position begin-
ning in August 2007, 1o wach microbiolo-
gy and immunology for science majors
and o participate in our intreductory
courses in Biology.

The department is interested in allracting a
broadly trained microbiologistimmunoclogist
o complement the existing faculty in biolo-
gy. The candidate is expected 10 engage in
research activities that involve undergradu-
ates. Start-up funds are available.

Phid required, prior weaching and rescarch
experience with undergraduates desirable.
Please include a cover letier, cumrent cur-
riculum vitae, statement of teaching philos-
ophy and a statement of research interests,
copics of transcripts and name and contact
information of three references.

To apply go o jobsuledu.

Review of applications will begin March 1,
2007 and continue until the position is lilled.

The University of Tampa
is an EOYAA emplover,

STATISTICAL GENETICS/GENETIC
EPIDEMIOLOGY
TENURE TRACK POSITIONS

MOUNT 3NAI
SCHOOL OF
MEDICIMNE

The Department of Genetics and Genomic Sciences ar The Mount Sinai School
of Medicine of New York University secks ourstanding applicants for several
renure-rrack taculey positions in stanstical generics and generic epidemiolosy as an
Assistant, Associare or Full Professor. Successful candidares will join our new
Cenrer for Statistical Generics and Genetic Epidemiology which was created w
complement and collaborare with Mounr Sinai’s strong research programs in the
generics of complex maits in cancer, candiovascular, merabolic, neurodegenerarive,
and psychiarnie disorders. Ouestanding opportunities are available for basic and
clinical rescarch as well as pamiciparion in educarional activiries,

Faculey positions include comperitive salaryffringe benefirs, generous startup
package, and excellent office/laboratory space and compurer tacilivies. Rank and
salary are commensurare with experience and research accomplishments,
Applicanes should forward their curriculum vigae, statement of present and furure
research plans, lereer of inferest, and two to three references toc Robert . Desnick,
PhD, MD, Department of Genetics and Genomie Sciences, Mount Sinai
School of Medicine, Fifth Avenue at 100th Street, New York, NY 10029-6574.
E-mail: robertdesnick@mssm.edu. Mounr Sinai is an equal opporunity emplover.

#® RMIT University

RMIT University
School of Applied Sciences

TWO POSITIONS: §61.043 - $86225 pa. AUD

Lecturer/Senior Lecturer in

Molecular Biology and Microbiology
Refl. No. 50001876

Lecturer/Senior Lecturer in

Ecotoxicology/Environmental Biology
Ref. No. 50021999

You will be expected o conduct collaborative
high-quality rescarch within the School of Applied
Sciences at RMIT University relevant to existing
school research strengths, to teach inlo relevant
programs and to supervise rescarch students in
vour arca of expertise. You musi possess a Ph.lh.
and preference will be given to those with post-
doctoral research and teaching expericnce. This
postion will be based al modern lacilities o the
Bundoora campus bul you will be required to
travel to other local School locations.

For further information please contact:

A/Prof Ann Lawrie on Tel: + 61 39925 71577100
or by e=mail adawrie@ rmit.edo.an

Closing date for applications is 16th March, 2007,
To obtain application details and a position
description plesse visit wwwormiteduaw/pejobs
and quote above rel no's applicable 1o position.




Imperial College
London

Faculty of Natural Sciences

Readership or Lectureship in Neuroscience

Lecturer: £37,740 - £42,150 per annum
Reader: Starting salary £46,560 per annum

100

Science(Careers.org

imperial College is ranked in the top ten universities of the world, according to the 2006 Times Higher Education Supplement
league tables.

We are seeking to make a new appointment to the academic staff of the Division of Cell and Molecular Biclegy in the field of
Meuroscence. The postion could be al the level of a Reader or a Lecturer, depending upon the candidate. A substantial area
of recently refurbished laboratory space on the South Kensington Campus is available. You should have a strong publication
record and the potential to direct a competitive independent research programme in Neurcscience. Applications are
encouraged from any area of Neuroscience mnging from the molecular and cellular levels o behavioural studies with whole
animals. You would also be expecled to contribule 1o our undergraduate teaching programme.

The Division of Cell and Molecular Biclogy was part of the Department of Biological Sciences at Imperial College graded 5°

in the 2001 RAE exercise. The Division, based at the South Kensington Campus, has state of the art fadilities for modern
biclogical research. Further datails about the Divison can ba obtained from

http:/fwww3.imperial ac.ukflifesciences/divisions/cellandmolecularbiology and an application form is available from the
College employment website: hitp:/fwwwi.imperial ac.uk/employment/academic

You should submit the completed application form with a cumiculum vilae, statement of research interests and names and
addresses of three referees lo Patricia Evans, Division of Cell & Molecular Biology, Biochemisiry buiding, Imperial College
London, London SWT 2AZ (pat.evans@imperial.ac.uk). Informal enquiries can be made to Professor Nick Franks
(Biophysics Section; n.franks@imperial.ac.uk) or Professor Murray Selkirk (Head of Division; m.selkirk@imperial.ac.uk).

Closing date 16 March 2007,

Valuing diversity and committed to equality of opportunity

HEAD, DEPARTMENT OF
ORAL MEDICINE, INFECTION
AND IMMUNITY
HARVARD SCHOOL OF DENTAL MEDICINE

The Diepastment of Ovd Malkine, Infoomn snad Insmunity
isn a el diciplioary dopartmene encompasing rosasch,
chimical and educational progems in six seaw  Dedormetics,
Inkection aad ||.'|||.'||||_‘ul:y. sl Medicime, Owal aad
Mavdlobsciad Raliology, Ural and Maxdbofacial Pachology
and Permdonmlogy. The Department Head will be locaed ae
the Harvand Sdhool of Denta Modiane and will have ropon-
whilitics. #or scaching. mwanch, and adminiscration. The
[epamment Hesd will lesd the Deparment i the realizsrion
of its miwion to crcite a tcam of highly motivaead and ralene-
od clinician scholars, clinical scientius, and haic wientisn
who dcover amd implemsent new knowledge and technolo
gies that significandy impace on the diagnoais, prevention and
iremimsent of oral discase, snd o aure thae dhin group werve
o role modeh asd memeon lor wudents and meidenes. The
saccewhul candidate munt be an oubtamdmg dlinician and /o
scienrive who ha made coaeributions m ong or mose of the
hecad dm,ipiul.n of Orsl Moliciee, el Paghology,
Periodonmlogy, bome momboliom andfor relaned ancas
Candidates may have the DS, DAMID, PR, of equiva
lent gy e shouk] have demonatraned oxccllona i eheir
wicnnihic comtriburons. Adminkrsive amd educational avpe-
e h-;il-unul given the e and abicaioasl mavon of
the deparemiene.  Service andlor laadenhip ospericnoe i onc
of the arxcas of the [epannuent’s governmce mdlor general

dentd medicine i highly desirable

Academic rank snd walary will be commensarite with the can-
didane’s C¥. Minoritios and womsen are encoursged 1o apply.

Insercued candidares may subsde thelr curficulam vitse roc

Bjom K. Olsen, ML, IPhID
Drean for Research
Harvard School of Dental Medicine
188 Lon d Avenue, Boston, MA 02115
E-mail: bjorn_elsen®hms. harvard.edu

Eidgendssische Technische Hochschule Zirich
Swiss Federal Institute of Technology Zurich

Professor in Plant Genetics

ETH Zurich invites applications for an associate or full professor position in
plant geneties. Candidates are expected to have a strong research program in
genetic networks of signal transduction pathways (e.g. defense mechanism,
stress ) and their impact on the genctic plasticity of developmental processcs
using a model plant system that takes advantage of available functional genom-
tes and biomformatics tools,

The Department of Biology and the Zunch Basel Plant Science Center. together

with the Swiss SystemsX.ch mituauve, offer excellent opportumities for col-
laborations. The position is supported by state-of-the-art laboratory and plant
growth facilities. The research program will benefit from close interactions
with the Functional Genomies Center Zurich. Life Science Zurich offers an
ideal scientific environment and opportunitics o participaie in new interdis-
ciplinary activitics.

Please submit applications together with the curriculum vitae, list of publica-
tions, and a detatled rescarch plan to the President of ETH Zurich, Raem-
istrasse 101, CH-8092 Zurich. Switzerland. no later than April 15, 2007,
With a view toward increasing the number of female professors, ETH Zurich
specifically encourages female candidates 1o apply.
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TaiGen Biotechnology

TaiGen Biotechnology is a rescarch-based and product-driven pharmaceutical company focused
on novel therapeutics for discases of serious medical necds. We are secking highly motivated
and qualified individuals o serve for the following positions,

Director — Discovery Biology

The Director for Discovery Biology will provide leadership and direction in the area of molecular
biology. biochemistry, in=vitro pharmacology and high/medium throughput screening. The
successful candidate will have a strong track record in drug discovery, solid expenence
assay design and development, and knowledge of infectious disease, cancer, and diabetic
related discase. The candidate must be self-motivated. collabomtive, and have excellent writing
and verbal communication skills, Ability 1o communicate effectively in TaiwaneseMandarin
and English would be advantageous. A Ph.D. degree with a minimum of 8 years of relevant
expenenee 15 requared.

Manager — High Throughput Screening

The High Throughput Sereening Manager will be expeeted to independently guide the day-
to-day rescarch activities of a rescarch team dedicated 1o developing and executing cell-based
assays for G-protein coupled receptors. The successful candidate will have sirong managerial
skills and will be able to communicate effectively in both Taiwancse Mandarin and English.
Occasional imemational travel, particularly to the United States, may be required. Experience
in programming, operating and troubleshooting lab astomation/robotics and liquid handling
equipment would be advaniageous, A Ph.D. degree with a minimum of 5 vears of relevani
expenence or a Bachelor's/Master’s degree with 8 years of relevant experience is required.

Please submit vour curriculum vitae, bibliography. and contaet information for three letters

of reference o

taigenrecruit(a taigenbiotech.com.tw
URL: hutp:/fwww.taigenbiotech.com.tw/site/

Texas AEM University Department of
Wildlife and Fisheries Sciences
Faculty Positions in
Mammalogy and Ornithology

The Department of Wildlife and Fishenes
Sciences at Texas A&M University seeks
outstanding individuals to join our faculty as
Assistant Professor of Omithology and Assis-
tant Professor of Mammalogy. These positions
are charged with building successful teaching
and research programs in their respective area
of emphasis and will also serve as Curator of
Birds and the Curator of Mammals for the Texas
Cooperative Wildhife Collection. In this role,
they will supervise and develop their respective
collections, including frozen tissue collections.
Successful candidates must have a PhD in an
appropriate field and demonsimted research
excellence in ecology, evolutionary biclogy,
systematics, genctics, or conservation binlogy
as evidenced by arecord of peer reviewed pub-
lications. Records of extramural research fund-
ing and experience in teaching are desirable.
Additional information on these positions, the
department, and Texas A&M University can be
found at httpsdwwwowse tamuedu. Toapply:
Indicate clearly the position you are applying
for (separate applications are necessary for each
position) and submit an electronic CV, state-
ments of teaching and research interests, and
philosophy regarding collections management
and curation, plus contact information for three
references to: D Michacl L. Morrison, Search
Committee Chair, mlmorrison e agtamuo.edu.
Electronic submission deadline is 31 March
2007, The Texas ARM Universitey Svstem is
an Egueal Cpportunite Emplover and stromgly
encenrages women and minorities fo apply,

University of California San Francisco
Department of Psychiatry
Basic Scientist/Psychiatrist
THE DEPARTMENT OF PSYCHIATRY AT
THE UNIVERSITY OF CALIFORNIA SAN
FRANCISCO invites applications for a Psy-
chiatrist with established skills in laboratory
research in areas of basic science penerally rel-
evant to psychiatric problems. This state-funded
position will be at an academic rank based on the
applicant’s qualifications and can begin on July
1, 2007 or thereafter. Applicants must be board
eligible or certified in Psychiairy and have a Cali-
fornia medical license at fime of appointment
and have a Ph.D. and/or postdoctoral training
m a laboratory science. A joint appointment in
the UCSF Meuroscience Program will be offered

il appropriate.

Applicants should submit their CV, brief state-
ment of research interest, three letters of refer-
ence and three representative journal articles
to: John Rubenstein, M.D., Ph.D., Search
Committee Chair, ¢/o Susan Yo, Department
of Psychiatry, Rock Hall, 1550 4 Street, 2
Floor South, Room RH 284C, University of
California, San Francisco, San Francisco,
CA 94143-2611. Review of applications is
ongoing.

UCSF ix an Affirmative Action/Equal Gppor-
fumity Emplover. The University sndertakes
affirmative action fo assure egual emplovment
appartunity for underrepresemied minorities
and women, for persons with disabilicies, and
for covered veterans. UCSF seels candidates
whase expericnce, feaching, research, ar com-
mnity service has prepared them to coniribote
o o commitment to diversity and excellence.

University of California, Riverside
UCR/UCLA
Thomas Haider Program
in Biomedical Sciences

Tenure Track Assistant Professor:
Molecular Mechanisms
of Pathogenesis

The Division of Biomedical Sciences at
The University of Califormia, Riverside
{www.biomed.uer.edu) is hiring 1o fill
a Tenure Track position at the level of
Assistant Professor. The Division secks
applicants with o strong research focus on
molecular mechanisms of pathogenesis who
employ interdisciplinary approaches that
complement existing research strengths
in the Division. The ideal applicant would
have demonstrated abality to explot mam-
malian models of human disease. The pre-
ferred areas of research imterest include, but
are not limited to:

* Mechanisms of host defense

= Emerging infectious diseases

* Mechanisms of nflammanon and chrome

disease

The Division of Biomedical Sciences is
home to the UCR/UCLA Thomas Hader
Medical Program. The Division has a strong
commitment to graduate traiming; it spon-
sors the Graduate Program in Biomedical
Sciences, which is developing an innova-
tive graduate curriculum which integrates
the core biomedical curriculum of the UCR
UCLA medical degree program with gradu-
ate traning and research. At the University
level, UCR has made the commitment to
support and expand Biomedical research
by recently lnunching the Health Sciences
Rescarch Instiute (www.hshueredu), and
the UC Regents have approved planning
for a proposed UCR School of Medicine,
projected to open in the Fall of 2012
{www.medschool.ucredu). UC Riverside
15 centrally located in Southern Cahfomea,
within a 90 manute drive of all the major
southern California biomedical research
institutions in Los Angeles, Orange, and
San Dicgo countics,

The tenure track position will inelude a State
Health Sciences salary, lnboratory space.
and start-up funds, commensurate with
expenence. Apphicants must have a Ph.D.,
M.D.. or equivalent graduate degree and
appropriate post-doctoral research experi-
ence. Participation in the graduate and medi-
cal curriculum will be expected but will be
phased in over the first few vears. Applica-
tions will be reviewed beginning March 15,
2007; the positton will remain open until
filled. Applicams should send Cumriculum
Vitae, statement of research interests, and at
least 3 letters of reference to: David D. Lo,
AMLD., Ph.D.. Faculty Search, Committee
Chair, Division of Biomedical Sciences,
University of California, Riverside, CA
92521.

The Universine of California, Riverside is
ant Equal Opporteniny/Affirmarive Action
Emplover,




The European Molecular Biology Organization (EMBQ)
invites applications and nominations for the position of

Executive Director

The Executive Director is responsible for the execution of the scientific, financial and organisational aspects
of EMBO's various activities. He/she reports 10, and works with, the EMBO Council in conceiving and
planning the long-term strategies of EMBO.
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Responsibilities include maintaining and further developing EMBO’s programmes, in particular the Fellow-
ship Programme, the Courses, Workshops & Conferences Programme, and the publication of EMBO's
scientific journals.

The Executive Director also maintains close interactions with the EMBO membership and partner organisa-
tions such as the European Molecular Biology Laboratory (EMBL); represents EMBO in dealing with other
scientific and political bodies, in particular EMBO'S intergovernmental funding body (EMBC), and acts as a
major voice of EMBO in shaping European science policy.

Candidates should have a successful scientific track record (including research expenence), scientific
vision and political skills. Managerial expertise and the ability to lead a professional staff are also expected.

The place of work will be the EMBO offices in Heidelberg. Germany. The appointment will be for five years
with the possibility of a single renewal. Compensation will be internationally competitive and commensu-
rate with the prestige of this position.

Applications should be sent to: Professors Gottfried Schatz and Hermann Bujard

EMBO
EM Bo _ Meyerhofstr. 1
E-mail; 69117 Heidelberg
hermann.bujard@embo.org Germany Appication deadline: 15 April 2007

FacuLty POSITIONS IN
MOLECULAR CARDIOLOGY

HOUMT $hA
SCHOOL OF
MEDICINE

The Center for Molecular Cardiology ar the Mount Sinai School
of Medicine invites applications for independent, tenure-track
faculty positions ar the Assistant or Associate Professor level in
molecular cardiology,  Exceptionally well-qualified candidates at a
more senior level may also be considered.

The successtul candidates will hoave ousonding  research
qualifications. Areas of study interest include (but are not limired
to): candiogenesis, vasculogenesis, candiovasculor stem cell biology,
gencric and systems level analyses of pathways involved in disease
and development in animal models. Individuals should be highly
interactive and receprive o multidisciplinany collaborations. Mount
:‘"ITI:II 111.1‘.L'r\ TULAITRCTOMS "‘I'Llf'n.'\] TL"‘#'-“'L'h 1;|L'||“|L"' ||1-';.'||.h!“'|1: TILHASL
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Applications should include a CV, a brief description of current
research and furure research plns, copies of no more than four
primary publicarions, and names of and conmer information for
three references. Please send applications to: Bruce D, Gelb, M.D.,
Dircctor, Center for Molecular Cardiclogy, Box 1040, Mount
Sinai School of Medicine, One Gustave L. Levy Place, New York,
NY 10029. Call: (212) 241-3302. Email: bruce.gelb@mssm.cdu.
Equal opportunity employer. We particularly welcome applications
from wormen and lJIhiEI'I'L'I".I'L"-IL':I'IiL‘J MNOTTes 11 sCWence.

THE SdmirrFs BLiEince INsTiveTi

Department of Cancer Biology
Faculty Positions

The Scripps Rescarch Institute-Flonda is seeking outstanding applicants for
tenure-track faculty positions in the newly formed Depantment of Cancer
Biology. The Depariment focuses on the molecular pathogenesis of cancer,
using state-of-the-ar., multi-disciplinary approaches and a variety of model
systems for target identification, validation and pre-clinical studies.

The Department of Cancer Biology currently consists of four faculty,
including Dr. John L. Cleveland (Myc, Apoptosis, Cancer Prevention

and Therapewtics), Dr. Nagi Ayvad (Ubiguitin Ligases in the Control of

Cell Cycle, Differentistion and Cancer), Dr. Michael Conkright (Cyelic
AMP Signaling and Transcriptional Regulatory Circuits), and Dr. Kendall
MNettles (Nuclear Receplors, X-Ray Crystallography and Targeting Steroud
Homones in Breast Cancer),

The Department is secking highly qualified and interactive investigators
who will take advamage of the unique high-throughput Core Services of The
Senpps Research Institute-Florida, including genomics, cell-based screen-
ing, proteomics, X-Ray crystallography, informatics and drug discovery,

Appointments are available at the Assistant, Associate and Full Profes-
sor levels. Scripps-Florida offers very altractive startup packages, unigue
core services, and the outstanding imtellectual environment of The Scapps
Research Institute for fostening top-tier basic and translational research.
Inerested candidates should submit their Corricwliom Vitae, a synopsis of
their past rescarch accomplishments, and of their current and proposed
rescarch programs, along with complete contact information for at least four
profiessional references, 1o Dr John L. Cleveland, Chairman, Depart-
ment of Cancer Biology, ¢/o Diane Wildman, The Seripps Research
Institute-Florida, 5353 Parkside Drive, RE-1, Jupiter, FIL 33458,




SCIENTIFIC CURATOR

ZFIN, the zebrafish model organism database, secks a scientific cura-
tor 1o join our dyvnamic, interactive team of biologisis and computer
scientists at the Umversity of Oregon in Eugene, OR.

Scientific curation is cmenging as an atractive, allemative cancer track
for creative scientists. As a ZFIN curator you will:
= read the lotest zebrafish ersture, and add imformation about
zebrafish genes, expression pattems and mutant phenodypes to the
ZFIN database
« work directly with research laboratones to facilitate the incorpora-
uon of their data into ZFIN
= integrate the emerging whole-genome sequence with data available
i ZFIN
« collaborate with other bioinformatics professionals (o create ools
(0 aid Cross-specics Compansons
« help design web anterfaces to facilifate aceess (o scientific daia

Required:
* Ph.D. or M.Sc. degree in the life sciences,
+ Strong written and verbal communications skills

Preferred:
* Experience in developmental genetics
« Familiarity with biological databases or bioinformatics.

Please visit the ZFIN website (http:Vefin.org'zl_info’news/ZFIN_
jobs.himl) for more mformation on this position

Send cumculum vitee and references to: Ellen MeCumsey, Institute of
Neurosciencee, 1254 University of Oregon, Eugene, OR 97403-1254
USA: Fax: 841-346-4548; Email: cllenmi@muoregon.cdu

Thre University of Ovegon is an Affirmative Action/Equal Cypportrmin
ADA Tnstintion committed to crltvral diversing. We imvite applica
rions from caneidarfos who share opr commitment o diversin Appli
catiens woeived by March 9 receive frest consiceration

Featured Employers

Search ScienceCareers.org for job postings
from these employers. Listings updated
three times a week.

Abbott Laboratories www.abbotl.com

Amgen www.amgen.com

Elan Pharmaceuticals www.elan.com/careers
Genentech www.gene.com

Kelly Scientific Resources
www. kellyscientific.com

Novartis Institutes for BioMedical Research
www.nibr.novartis.com

Pfizer Inc.
www.pfizer.com

Philip Morris
www.cantbeattheexperience.com

Pioneer Hi-Bred

WAL piC}HEE rL.Com
If you would Eke to be a featured
emplover, call 202-326-6543,

W Rnow Lrrence RV |

University of California Davis,
School of Medicine

.llh.[ I]u.‘

Shriners Hospitals for Children

Northern California

Postdoctoral Fellowship Openings

The Institure for Pediaric Regenerative Medicine
(IPRM), a collaborative initiative of The University of
Calitornia Davis School of Medicine and Shriners
Hospinals for Children Northern California, is recruit-

ing tor pmldm toral fellows in the laboratories of:

Paul Knoepfler, Ph.D. This opening is for a fellow to
study genetic and epigenetic regulation of murine and
human es stem cells. Postdocroral fellows will have the
opportunity  to oabrain experience and training in
molecular genetics, transgenic technology, genomics,
and ES stem cell biology. Candidates should have
experienced and publications in developmental and
stem cell biology, biochemistry, and/or molecular
biol gy are desired.

Wenbin Deng, Ph.D. 'The fellow will study molecu

lar mechanisms of nervous system developmenrt and
disease. Emphasis is on signaling mechanisms of
neuronal and glial cell death, excitoroxic, oxidative and
inflammatory forms of injury o the developing brain,
stem cell biology and regenerative medicine. Candi-
dates will have the opportunity to obain experience
and training in animal models of human disease,
neural culture rechniques, and biochemical/molecular

and morphological methods.

Candidates must have a Ph.D and/or M.D. Candi-
dates should forward a letter 'Ln-.{jc.u':n;: lab of interest
to the appropriate Pl describing their research, current
interest, curriculum vitae, reprints of 3 |'-||]1]iq;.niun~;.
names and addresses of at least 3 reterence to: Human
Resources, clo Paul Knoepler, Ph.D. or Wenbin
Deng, Ph.D. (depending on lab of interest), 2425
Swockton Blvd., Sacramento, CA 935817 or fax (916)

453-2388. The positions will remain open until filled.

University of California Davis &
Shriners Hospirals for Children are

EOL/Drug Free "';'"..».ni.}'-|.|..,-.,'
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EUROPE’S BRAIN GAIN

ith significant increases in funding, and the cre- :
ation of the European Research Council, Europe A | - 5
is quietly making its presence felt as a science 3 /
and technology hub. We track the expansion of funding -
and career opportunities as the European Union contin- : 4

-u

Y

ues to grow and strengthen as a global science leader.

Read the full story in the 2 March issue of SCIENCE.

UPCOMING FEATURES:

March 2 — International Career Report: Science in Europe

April 6 — Careers in Cancer Research
April 20 — Postdoctoral Careers: Transferable Skills

www.sciencecareers.org/businessfeatures

UNIVERSITY OF HAWALI'I
DEANM, COLLEGE OF NATURAL SCIENCES

The Umversily of Hawm®i at Minoa (UHM), a leading institution of higher
leaming in the Pacific Basin and one of the nation’s few land-, sea- and space-
grant institulions, seeks an innovative, entreprencunal and highly accomplished
leader as Dean of the College of Matural Sciences.

The College of Matural Sciences is part of an intermational community of
scholars in the physical and life sciences, mathematics and information and
computer sciences, including library sciences. The Dean serves as the foremost
academic and administrative leader forthe College. As the University celebmtes
s centenmal in 2007, the Dean will be called upon to develop an inspiring
cohesive vision and strategic plan 1o guide the College toward new levels of
excellence by building on the strong scientific accomplishments of existing
programs and by pursuing an integrated, comprehensive academic program
that balances scholarship, instruction and service. To implement this vision, the
Dean must be a passionate, collaborative, engaging advecale for the College
within the Universily, across the stale. and beyond.

Mominations and applications are being accepted for the position. First screcn-
ng of candidates will begin on Monday, March 19, 2007, and will continue
witil the position s filled. Candidates must submit a cover lelter summarizing
the candidate’s interest and qualifications for the position, a current resume,
and the names of five (5) professional references including postal and c-mail
addresses and telephone numbers. For more information about the University
of Hawai't at Minoa, please go to www.uhmhawail.edw. For a position
description, application and nomination requirements, and other information,
please visit University of Hawai*t web sites at http:ffworkatuh. hawaii.cdu
and www.hawaii.edu/executivesearch/naturalsciences,

Inquiries, nominations, and applications should be directed o Edward
W. Kelley and Partners at: Edward W, Kelley and Partners, Attention:
Sharon Tanabe, Principal, 1111 Corporate Center Drive, Suite 106, Mon-
terey Park, CA91754; Phone: 323-260-5045; Fax: 323-260-T889; E-Mail:
sharon.tanabefm ewkp.com. E-Mail cormespondence is strongly encouraged.

The University of Hawal T is an Equal OpportuningAffirmative Action
Instirution and enconrages applications from amd Bossinaiions of women
arel mivarity candidates

Yale School of Public Health
Yale University School of Medicine

Tenured Full Professor to Develop Program
in Bioinformatics, Statistical Genomics or
Genetic Epidemiology

Yale School of Public Health is currently secking a tenured full professor
to develop and lead programs in one of the related disciplines of biom-
formatics, statistical genetics or genctie epidemiology. Expertise in any
of these arcas 15 of interest, The person holding this position will also
assume @ leadership role in the imerface of their discipline with Yale's
broader initistives 1o expand genomic research in the Medical School
and at the Unmiversity, Further faculty recruitment in these genomic
disciplines s planned.

The successiul candidate will have an active reseanch and traming pro-
gram; an extensive body of mfluential publications; a history of service
o international national-level committees, professional organizations,
and scholarly joumals; a reputation for mentoring successful academic
carcers: and an cstablished imternational reputation in their chosen
discipline.

Applications, nominations, and inguiries are all invited. For full con-
sideration, applicamts should submit a letter of interest, a complete
curmiculum vitae, and copics of recent publications, by May 31, 2007,
in confidence
Michacl Bracken, Scarch Committee Chair
Yale School of Public Health
Yale University School of Medicine
P.O). Box 208034
Mew Haven, CT 06520-8034

Yale University is an Affirmative Action/Egual Opportnity Emplover
Men and women of diverse roacial/ethmic backeronmds and cuftures are
enconraged fo applv.,
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POSITIONS OPEN

INTRINSIC DISORDER RESEARCH
School of Informatics
Center for Computational Biology
and Bioinformatics
Indiana University, MPurdue University
Indianapolis

The Center for Computational Biology and Bio-
informatics and the School of Informatics at Indiana
University, Perdue University, Indianapolis ( IUPUL),
are welcoming applications for a TENURE-TRACK
POSITION at the junior level, The appointed -
ulty member will join our renowned intrinsic dis-
arder rescarch group, and will be expecred 1o
participate in ongoing rescarch projects in collabo-
ration with the other members of the group, as well
as start a strong, externally funded rescarch program.
The appointed candidate will abso be expected to
teach i the School of Informaties” graduate pro-
gram in bioinformatics. Candidates must have a
Ph.D). in computer saence with postdoctoral expe-
ricnce in bioinformatics, and a rescarch program
focused on the study of intrinsic disorder in proteins.
Ample experience in the computational prediction
and analysis of intrinsic disorder is essential. Candi-
dares must also have experience in the compurational
analysis of biclogical pathways and be able to weach
courses at the graduare level in structural bioinfor-
marics, pattern recognition and machine learning,
and theory of computation for bioinformatics stu-
dents. Letter of applicanon, curriculum vitae, state-
ment of rescarch, and the names and three letters of
reference (under separate cover) must be post-
marked by March 30, 2007, 1o: A. Keith Dunker,
Search Committee for Intrinsic Disorder Re-
scarch, Medical Information Sciences Building,
410 W. 10th Street, Suite 5000, Indianapolis, IN
46202, The Sdwol of hefsnmatics is eager fo angder ap-
plications fron wonen and peopde of alor, Ivdiane e
is an Affirmative Action/Equal Oppartmmity Emplayer.

TRACE ELEMENT/TRACE METAL
GEOCHEMIST (TENURE TRACK)

Stony Brook University's Marine Sciences Re-
scarch Center ( MSRC) announces the availability of
a tenure-track faculty position (nine-month academic
year salary) in trace element geochemistry of marine
systems. The position will be filled ar the rank of
ASSISTANT PROFESSOR, and candidates must
have a Ph.I». ar the time of appointment. More in-
formation on MSRC is available ar website: hup: //
www.msresunysb.edu and applicanion details may
be found ar website: http:/ M www.msrc.sunysh.
edu/mewsempops.html. Successtul candidates
will be expected to enhance and complement ex-
isting faculty and programs at MSRC, generate ex-
remal funding o develop an active research program
in marine science, and teach at the gradvare and
undergraduate levels. Applicants should submit cur-
riculum vitae, statement of professional goals, and
the names and contact information of at least three
references to: Chair, MSRC Trace Element Geo-
chemist Search Committee, Marine Sciences Re-
scarch Center, Stony Brook University, Stony
Brook, NY 11794-5000. Review of applications
will begin March 12, 2007, and continuc until the
pmitiun ii T-I“L.!d. The MSRC har a divere f.-h:r.rF]' il
memsbers of wnderrepresented grosps ane cipecally envonraged 1o
|Ir1'|rr

RESEARCH ASSISTANT PROFESSOR ar the
Center for Remore Sensing of lee Sheets (CReSIS),
University of Kansas, Full-time position. Required
qualifications: Ph.D). or equivalent in clectrical
engineering, computer engincening, computer sci-
cnee, geophysics, physics, gladology, or related ficld,
evidence of independent rescarch capabilities in
remote sensing and field obsenations, two years of
expenence collecting and analveaing data from re-
mote sensors, excellent wotten communication skills,
Review af applications begns March 1, 2007, Salary
commensurate with experience. Application in-
stuctions at website: https/ fjobs.ku.edu (position
NO00ES46) or c-mail Ms, Tommic Cassen ar e-mail;
teassen@cresis.ku.edu. Bl Opposnininy LAffionamse
Aimion,

1170

ADJUNCT ASSOCIATE PROFESSOR
University of California, San Francisco
Diabetes Center/Immune Tolerance Network

The Diaberes Center/Immune Tolerance Net-
work (ITN) of the University of California at San
Franciseo [ UCSF ) is secking to appoint a new faculey
member whose focus will be on evaluating new
technologies and develop core facilities for imple-
mentation of novel genetic and immunologic assays
to support the dinical rescarch of the TN,

The ITN is a collaborative rescarch project that
secks out, develops, and performs clinical trials and
biological assavs of immune tolerance, It is supported
by a seven-year contract from the National Institute
of Allergy and Infectious Discases (NIAID), the
National Institute of Diabetes and Digestive and
Kidney Disorders (NIDDE), and the Juvenile Dialbwe-
tes Research Foundaton. ITN-supported rescarchers
are developing new approaches to induce, maintain,
and momtor tolerance with the goal of designing new
immune therapics for solid ongan and islet transplan-
tation, antoimmune discases and allergy and asthma.

The successful candidate will cstablish new ap-
proaches for understanding the basis for immunolog-
ical disease and rolerance, including developing novel
protocols, approaches, and assays for implementation
at I'TN core faclities. The appointee will design ex-
periments and protocols, establish core facilities, and
oversee core directors as they carry out cxperiments.
The appointee will work in the Bethesda, Marviand,
oftices, and will be 2 member of the Diabetes Center
and an approprate academic department,

Candidates are expected to hold a Ph.D. in a
scientific ficld relevant to the I'TN with demonstraved
achievement in their ficld. The deadline for applica-
tion 1o be considered in a umely manner is April 1,
2007. Applicants should submit curriculum vitae, a
one o wo-page summary of rescarch accomplish-
MERnLs, 2 one [0 Wo-page perspective on future re-
scarch plans, and reprings of major publications, and
arrange to have three to five letters of recommenda-
tion forwarded to:

Diabetes Center/Immune Tolerance Network
Faculty Search Committee
¢/o Ms. Brigid E. Donnelly
3333 California Street
Suite 430, P.O. Box 1211
San Francisco, CA 941138
UICSE sevks aamdadiates wlaose cxpertise, teaching, researdh,
o ..ulmrmur]' AeIne .fr_b Iquurn! thiewii fo u'ulrrrflﬂl'r [T
conmritment fo diversity and exeflowe. UCSE o oan Af

Simnative Action/ Egnal lppostunity Engployer. The Univer-

sity nmdertakes affinnative adion to assure equal employnnem
opportmity for edennilized miontics and wowmen, for persons
with digehilirics, and for covered veterans. Al quadified
applicants aw envourgged fo apply. incliding minorivies and
HNNRCH,

BIOLOGIST /BIOINFORMATICS

The Department of Biological Sciences at Mar-
querte University has a tenure-track ASSISTANT
PROFESSOR position available August 16, 2007,
Applicants must have a Ph. D, with postdoctoral cx-
perience. The successful candidate is expected 1o
develop an extramurally funded rescarch program
that will complement existing arcas of research with-
in the Department (website: htp: //biology.
marquette.edu). Preference will be given to appli-
cants who can also provide expertise in biointor-
matics, genomics, of protein structure that enhances
ongoing programs campuswide. Teaching responsi-
bilities include an introductory biology course for
undergraduate majors and a graduate course in the
candidate s arca of expertise cach year. Review of ap-
plicanons until the position is filled. Candidares should
apply online ar website: http:/ /circers.marquette.
edu/applicants /CentraliquickFind=50566. Appli-
cabon process requires currsculum vitae and statement
of research and reaching interests. Three reference
letters are to be sent tor Dr. Robert Fitts, Chair,
Department of Biological Sciences, Marquette
University, WLS 112, P.O. Box 1881, Milwan-
kee, WI 53201-1881.

Get the experts
behind you.

www.ScienceCareers.org
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National Coordinator, Cooperative Ecosystem Studics Units.
8 The Department of the Interior is looking for a demonstrated

Cooperative

Ecosystem ¥ R ol leader in dinccting a mubti-disciplinary, multi-agency/institution
W h ] = PP martnership to provide research, techmical assistmce, and edu-
at S Hetwork m cation to natural and cultural resource and environmental

WENAECTs,
O u r n ext These umits, named Cooperative Ecosystem Studies Units (CESUs), provide research, techmical assastance,
y and education to Federal land managemeni, environmenial and research ALCHCICS, and their polential part-
ners. Cooperalive emphasiees that multiple Federal agencies and universities are among the partners in
C a re e r this program. Ecosystem stighies mvolve the biological, physical, social, and cultural sciences necded 1o

address resource issues and interdisciplinary problem solving at multiple scales and m an ecosystem conlext.

m ove ? Resources encompass natural and cultural resources.
[

Federal agencies contribute research scientists and'or other professionals located and working at CESUs
under formal agreements between their respective burcaus and universities. Federal personnel] are supervised
and supparted by their respective agencies, through existing adminsirative systems. Federal agencies provide

L] ]U b P(]5[fngg other scientific stafl. admimistrative suppont funds (for assistance beyvond the basic support provided by
the universities), and project funds for specific research projects and technical assistance. Federal agency
] ]ﬂ b Alerts participation in a {'.I-.'.';l:.dm:ﬁ not alter previous arrngements or cooperative agreements. CESUs create
addtional opportunitics for interdisciplinary and multi-agency rescarch, technical assistance. and education.

™ RESUmE;C\I More informaiion on the program can be found al www.cesworg.
DatabaEE Requirements include LS. cilizenship, an advanced degree in a natural, culivral, or social science, expe-
nence i management and'or scientific leadership, expenence in multi-agency coordination, ability 1o
™ CarEE’r Advice achieve an |||.ll:!:r:1.l|.':l T cuu]'n;'mli.\'c I.II[L‘PUI'L:.'H'I'i{.'I|.Ll.l'I'I:I| and interdisciplinary program that contribules
f W 1o the scientific and scholarly basis for federal agencies to achieve their resource stewardship and techmical
rom Next ave application mssions, broad professional knowledge and familianty with a wide range of professional and
technical disciplines and ability 1o apply this knowledge to cllectively develop, organize, and oversee CESU
. Career Fﬂrum activities. Also, a knowledge and understanding of how the principles of conservation biology, ecosysiem

management, social science, and cultural resource scholarship and their interrelationships nfluence ther
application by federal, state, and private land and resource managing agencics, universitics, and other
partner entitics that together form the CESU National Network 15 required.

Get h'El.FI from the experts. The position is a G5 14 or 15 (salary range 587,533 -5133,850) depending on qualifications and organi-
rationally located within the National Park Service in the Man Intenior Building i Washington DC. The
DO 15 an Equal Opportumity Emplover. To apply please visit www.usajobs.opm.goy (Announcement
NPS WASO-06-12). Applications will be accepled through March 15, 2007. For information about the
We know schence RV ans application process contact Keavett Nicholson at 202-354-1919. For infomation about the posilion contact

. Bert Frost, Deputy Associate Dircctor, Natural Resource Stewardship and Science at 202-513-T210
WWwWw.sClencecareers.org or bert_frost(a nps.gov.

MEETINGS

WHO HAS

~3,200
JOBS

UPDATED
DAILY?

ANNUAL MAIN MEETING
March 31 - April 4, 2007

SECC, GLASGOW, SCOTLAND

Visit our website for
more information:
www.sebiology.org
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PRIZES

KUWAIT PRIZE 2007

Invitation for Nominations

The Kuwait Foundation For the Advaneement of Sciences
(KFAS) institutionalized the KUWAIT Prize to recognize
distinguished accomplishments in the arts, humanities and
sciences, The Prizes are awarded annually in the following
categories:

A. Basic Sciences

B. Applicd Sciences

C. Economics and Social Sciences

D. Arts and Litcrature

E. Arabic and Islamic Scientific Heritage

The Prizes for 2007 will be awarded in the following ficlds:

1. Basic Sciences: lmmunology

2. Applied Sciences: Phammacology

. Economic and Social Sciences: Encrgy and Development
in the Arab World

4. Arts and Litersture: Andalosian Literature

5. Arabic and Islamic Scientific Heritage: Veterinary and

Zoology in Arab Heritage

ad

Forezround and Conditions of the Prize:

1. Two prizes are awarded in cach category:
= A Prize to recognize the distmguwshed scientific research
ol a Kuwaiti citizen, and,
= A Prize to recogmze the distinguished scientific research
of an Arab citizen.

2. The candidate should not have been awarded a Prize for
the submitted work by any other institution.
3. Nominations for these Prizes are accepted from individu-

als, academic and scientific centers, learned societies, past
recipients of the Prize, and peers of the nominees, No
nonunations are accepted from political entities.

4. The scientific research submitted must have been pub-
lished durmg the last ten vears,

5. Each Prize consists of a cash sum of K.D. 30,000/-
(approx. U.S.5100,000/-), a Gold medal, a KFAS Shicld
and a Cenificate of Recognition.

6. Nominators must clearly indicate the distinguished work

that qualifics their candidate for consideration,

The results of KFAS decision regarding selection of

winners are final,

8. The documents submitted for nominations will not be
returncd regardless of the outcome of the decision,

9. Each winner 1s expected to deliver a lecture concerning
the contribution for which he was awarded the Prize.

Inquiries conceming the KUWAIT PRIZE and nominations

including complete curriculum vitae and updated lists of
publications by the candidate with four copies of cach of

the published papers should be received before October 31,
2007 and addressed to:

The Director General

The Kuwait Foundation for the
Advancement of Sciences
PO, Box: 25263
Safat - 13113, Kawait
Tel: (+965) 2429780
Fax: 2403891
E-Mail: prizci kfas.orekw

GRANTS

Bridging Suppore for Plysical/Computational Scientiss Entering Biology

Deadline: May 1, 2007
$500,000 over five years for postdoctoral fellows

= Support up to two years of advanced postdoctoral training and first
three years of faculty appointment

* Must hold a Ph.D. in mathematics, physics, biophysics, chemistry
(physical, theoretical, or computational), computer science, statistics,
or engineering and must not have accepted, either verbally or in
writing, a faculty appointment at the time of application

* Propose innovative approaches to answer important biotogical
questions

= Degree-granting institutions in the LU.5. and Canada may nominate
up to three candidates

Complete program information, eligibility guidelines, and application
forms are available on BWF's website at www.bwfund.org.

The Burroughs Wellcome Fundd &
an independens privace fonndation

BURROQUGHS
WELLCOME

- dedicated to advancing ihe
FU N D biamedical sciences by supporting
919.891.5100 research and ather scientific
www.bwiund.org aned eelucarional aesiviries,

PRIZES

The Daiwa
Anglo-Japanese
Foundation

Daiwa Adrian Prizes 2007

Daiwa Adrian Prizes are awarded by The Daiwa Anglo-
Japanese Foundation on a triennial basis in recognition
of significant collaboration between Brinsh and Japanese
rescarch tcams in the ficld of pure science or the applica-
tion of science.

The Prizes were established 1n 1992 and subsequently
renamed to commemorate the late Lord Adrian, a found-
ing Trustee of the Foundation, atwhosc imtiative the Prizes
were established. Sinee their launch, £280,000 1 Prizes has
been awarded o 47 different institutions, 23 from the UK
and 22 from Japan.

All submissions will be judged on the basis of scientific
quality and past performance but take into account future
potential and the likely long-term contributionto UK-Japan
scicntificrelations. Applications arc handled by the Founda-
tion with an assessment conducted by a panel of Fellows
of The Roval Society.

Further information: www.dajf.org.uk/dap




Opportunities for Europe-wide Collaborations

The European Science Foundation (ESF), with offices in Strasbourg and Brussels, is the European association of
75 major national research funding and performing organisations and academies in 30 countries devoted to excellence in

scientific research. The ESF covers all research domains: physical and engineering sciences; life, earth and environmental

sciences; medical sciences; humanities; and social sciences. The mission of the ESF is to provide a common European
platform for its Member Organisations in order to advance research and explore its new directions at the European level.

In 2007 ESF announces the following Calls for Proposals

Proposals for ESF Exploratory Workshops (EWs)

small, interactive group sessions, EWs aim to open up new directions in
research and to explore emerging fields. Proposals should demonstrate the
potential for in'rtiatirhanl'ulhw-up research activities andfor developing future
collaborative actions. Interdisciplinary topics are greatly entouraged.

Awrards will be to a maximum of €15,000

Submission: open from 1" March 2007 m Deadline: 27 April 2007
Workshops must take place during 2008

Maore information: www.est.ong/workshops

Proposals for ESF Research Networking Programmes (RNPs)

RNPs are the platform for nationally-funded research groups to address major
scientific and research infrastructure issues. Proposals must deal with
high-guality science and demonstrate the added value of being carried out at
the European level with the goal to advance the frontiers of scence.

hwg;gs will be to a maximum of €120,000 annually, for a four or five-year
period.

Submission; open from 2 July 2007 m Deadline; 30 October 2007

Mere information: www.esl.org/programmes

For further information on the calls and all ESF activities,

Proposals for EUROCORES (European Collaborative Research)
The EURQCORES Scheme offers a flexible framework for researchers from
Europe to address questions which are best addressed in larger scale
collaborative research programmes.

Themes: Following the EUROCORES theme call around five new themes for
collaborative research in and across all scientific fields will be selected through
international peer review.

Submission: open from March 2007 m Deadline: 1° June 2007

Projects: Each year a call for Collaborative Research Projects (CRPS) i
announced, based on EUROCORES themes selected the previous year,
Publication for the Calls for the approved EURQCORES Programme:

March 2007 m Start of the research projects: May 2008

Meore information: www.esf.org/eurocores

Proposals for ESF Research Conferences 2009

The ESF Research Conferences Scheme allows scientists and young researchers to
meet for discussions on the most recent developments in their fields of research.
The Call for 2009 Research Conferences is addressed to leading European
scientists for events to take place in: Biology + (Biclogy at the Interface with
Other Science Discplines), Environmental Scences, icsBiophysics, Social
Sdiences and Humanities.

Submission: open from Spring 2007 @ Deadline: 1* October 2007

Mere information: www.esf.org/conferences or for enguiries to

please go to Www.esf.org

conferences-proposals@esf.org

CONFERENCE
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With Adcitional Support
Ercam

Europann Molecular Biology
Crganization (EMBOY
- Committoe on Publication
Ethics (COPE)

Portuguaso Minstry of
Scienca, Technology and
Higher Education [MCTES)
« Portuguasa Schonoe
Fourciation (FCT)

Calouste Guibankian
Fourdaton (FCG)

Uik Rosaanch iIntegnty
Office (LKIRIO)

RESEARCH INTEGRITY

FOSTERING RESPONSIBELE RESEARCH

A Portuguese European Union Presidency and European Commission Event, Initiated and Organized by the
European Science Foundation & the US Office of Research Integrity, in Partnership with the International

Council for Science,
Lisbon, Portugal * 16-19 September 2007

Resaarch reguiations and commonly accepted reseanch prachoes
vary sgnifcantly from country 1o country and among professional
orgaresations, Thiss & no common defrtion wordd-wile for mesaarch
misconduct, conflict of imenast or plagianem. Even when there
& general agreament on key alements of research behaviow, the
polces that implement Uhes agreement can vary widely from counéry
to courtry and orgarezation (o organization. The resesrch communty
wodidwide has (o address (hese problems n order 1o retan public
comfiiance and 10 establsh a caar best prachos rameworks at an
rlematonal vl | must 3o 50 al a bme when hene are Nncreassd
pressunes on the research system.

The September 2007 Conference mepresenis an nital effon o
estabish a famework for continued discussion of research integrty
on a giobd level R & the frsl giobal forum comvened 1o prowide
researchers, mesearch adminsimators, research sponsors, purnal
ediors, representalives from professional soceties, polcymakers,
and others an oppodunty 10 decuss strateges for hammonizing
research misconduct pohces and losiedng responsble condud
i research

Attendance wil be mited and by mvitation 10 ensure geographscal
and expenence babinces. A maxdmum of 350 places wil be available,

Confrmed Speakers wil include;

Beni Andersson, Chief Becutive, Euopean Scence Foundation;
Chaistine  Boeszr, Inspector General, US Matioral Science
Foundasion; Jose-Marano Gago, Minister of Scence, Porfugal;
Manuel Hedtor, Minstry of Scence, Podugal Motoyuki Ono,
President, Japan Society for the Promotion of Scence; Chris Pascal,
Drector, Office of Research Integrity; Janex Potodnick, European
Commissionsr for Reseanch,

Pre-Registraton Form & Conlerence Programmae,
avalable from

www.esf.org/conferences/researchintegrity
Closing Date for Applications 27 April 2007

www.esf.org
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POSITIONS OPEN
DARWIN POSTDOCTORAL FELLOW

I'he Earth Svstems Initiatve at MIT secks Post-
doctoral scientists to develop and explore cross-scale
mendels of marine microbial communitics, occan
biogeochemical eveles, and climate. Through the
development and application of novel mosdeling ap-
proaches we seck to undemstand and samulate the
coological, biogeochemicl, and physical regulators
of manne microbial communitics from the genomic
and cellular scales, through metabolic nerworks, 1o
emergent global biogeography,

Successful candidates will join a new, inter-
disciplinary effort which links several Depariments
at MIT (Eamth, Armospheric and Mancrary Scicnoes;
Civil and Environmental Engineering; and Compu-
tational and Systems Biology) under the auspices of
the Earth Systems Initianve (website: hup:///esi.
mit.edu). This interdisciplinary project provides an
opportunity for motivated candidates o drive for-
ward and explore cutting-cdge and novel approaches
to modeling marime microbes and their interactions
with global biogeochemical cvdes.

Candidates must have or must be close o com-
pleting a doctoral degree in a relevant scientific dis-
cipline. Predocroral candidares must complere their
doctoral degree prior to commencing employment.
Candidates should have a background in one or more
of the following ficlds: environmental genomics,
ecology, svstems biology or manine biogeochemistry
with expericnce and interest in mathe matical and /or
numencal modeling.

Additional informaton may be obtained by
contacting Dr. Mick Follows (e-mail: mick@mit.
edu; telephone: 617-253-5939), Prof. Penny
Chisholm (e-mail: chisholm@mit.edu), or Prof.
Bruce Tidor (e-mail: tidor@mit.edu). Application
material should include curriculum vitae and one-
page statement of your rescarch intercsts.

Intercsted candidates may apply online ar website:
http:/ fweb.mit.edu fjobs.  Please reference job
number mit-00003798 .

MIT g an Egead Opportund iy /A firmanioe Aetion Enigdayer,
Applecations froun svonncn, inimontics, voosig, slder iankers,
and indivdoals wirh disshilines e strongly enconrsged.

FOSTDOCTORAL FELLOW POSITION

The Depantment of Anatomy and Physiology in-
vites applications for the position of Mostdoctoral
Fellow m the Tumor Physiology Laboratory en-
gaged in studving lung caranogenesis and the ther-
apeutic applications of stem cells in lung cancer. A
I'h.D, in cancer biology or biochemistry is required,
Ideally, the successful candidate will have expenence
with basic biochemistry and molecular biology
which include Western blotting, real time polymer-
ase chain reaction, and Northern bloming. Isolation
of epithelial cells and stromal fibroblasts as well as
primary culture of these cells will be a part of the
laboratory's daily work. Experience with immuno-
histochemistry and immunocvtochemistry is desir-
able, Computer literacy s also essental. Applicants
must submit clecrronically curficulum vitae, a short
cassy that deseribes their scientfic experiences and Jor
future study, and the names of two to three refer-
ences 1o Dr, Masaaki Tamura {(e-mail: mtamura@
vet.k-state.edu). Screening of applications will begin
February 26, 2007, and continue unnl position is
filled. Kangw Sewe Universiry s an Egual  Opportiiry,
Affnmative Actron Engplojer. Kansg Stabe Unmveenily aotfiely
secks divemity danonng its eimployees

STAFF RESEARCH ASSOCIATE 11 (53045
to 54900 per month). The Universaty of California,
Davis, is secking a spedalist 1o work in is Murine
Crvopreservation and Recovery Laboratory in the
Murtant Mouse Regional Besource Center. Must have
expercnee i in vitro fertilization, crvopresenation,
and resuscitation. For details and required application
materials call telephone: 530-752-1760, TDD
530-T52-T140, or applv at website: http: ///www,
hr.ucdavis.edu/Emp /Careers, VL 7401. Final
ﬁ'l:]g dare: March ?. 2007, Ll Olpportaanity Employer,
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POSITIONS OPEN
FOSTDOCTORAL FELLOW MOSITION

A IM'ostdocroral position is available to study the
role of the RUNX transcription factor familv in
prostare and ovarian cancers, This position is availa-
ble immediately. The selected individual will work
within a Feist-Weiller Cancer Center-supported
group of scentists studving the role of aberram
transcrption and chromatin structure as it relates 1o
cancer. Applicants must have a Ph.D. with expeni-
ence in ochemistry and molecular and  cellular
biology. Candidates should have experience in mam-
malian tissue culture, general molecular biology
techniques, immunohistochemistry, and in-situ anal-
vsis. All interested applicants should forward currnic-
wlum vitae Mibliography and list of three references
to: Shari Meyers, I'h.D., Department of Bio-
chemistry and Molecular Biology, Louisiana
State University Health Sciences Center, 1501
Kings Highway, Shreveport, LA 71130; e-mail:
smeyer@ lsuhsc.edu, fax: number: 318-675-5180.

Further derails can be found ar websites: hep: //
www. fwcconline.com and www.shrevebiochem.
com.

Losyaria Serte Ulniveraty Health Sormee Center 550 an
.'I__f.anll.lrrlT Aitian/ !:'.iuuil t#lj-nrrmur}' f.:'urrl'n]'rr

A POSTDOCTORAL POSITION is available
in the Department of Molecular and Cellular On-
cology to study the signal transduction pathways
invalved in tumongencsis using the mouse modcl.
We are particularly interested in the role of FTEN/
Akt signaling and PML tumor suppressor in cancer
development ( Narure 4312 205-211, 2004; Narire
436: 725-730, 2005; Mal, Coli 24: 331-339, 2006)
and aim o identify the key regulators invelved in this
process. Applicants whao have a strong background in
maolecular biology, cell biology, or mouse genctics are
strongly prefered, Please send your curriculum vitac,
past rescarch background and accomplishments, and
names of three references to: Dr. Hui-Kuan Lin,
Assistant 'rofessor of Molecular and Cellular On-
cology, e-mail: hklin@mdanderson.org or e-mail;
huikuanlin@hotmail .com.

Ite M.D. Awderson Ciar Center 65 an Lqual Op-
portimity Enployer and does mot dismimsimaie o the basis of
race, color, matoual orfpin, gender, sexanal ericnfaton, age, ne-
lgion, disability, veiermn stiains, except where such distinction
i§ wequidred fl]' Lrne, Al positiong o tre Ulniversity of Texas
MDD, Andeson Canver Center ane semin fyp-gonitive and snib-
jet ro Texaws educanon code 5 1-21 .5, which authorize the eme-
i'.rt"]"l'f I uhl'.rm |rrmrr1.rf |'Jr.-h!';|' T{'HFIJ JI:lr-."I'"J..rJJI.'.li. .‘:Iulkifh'l'
CIRTIR R

SHRINERS HOSPITAL/OREGON
HEALTH and SCIENCE UNIVERSITY
(OHSU) A Postdoctoral position 15 now available
to study the developmental and biochemical
functons of Hoxal 3. Apphicants with cxpencnce
within vitro cell expression assavs, protein cxpression,
punfcation, and crvstallization will be given strong
consideration. Cummiculum vitae and the names of
three references should be mailed to: H. Scott
Stadler, Ph.ID., Shriners Hospital for Children,
Mail Code SHC-Rescarch, 3101 5.W, Sam Jack-
son Park Road, Mortland, OR 97239, or e-mailed
to e-mail: hss@shec.org. Shrines Hospital and OHSL!
are Egual Opportunity Emplayers and doigiree aund sonolaing-

Jree workplaces.

FPOSTDOCTORAL/RESEARCH SCIEN-
TIST position for a highly-motivated  individual
available ar the University of Michigan o study the
mechanism of action of microsomal cviochrome
450 using techniques including stopped-flow-
spectrophotometry, rapid chemical quench, and
rapid frecee quench electron  paramagnetic neso-
nance under anacrobic conditions. Knowledge of
enzyme kinetics and the structure and function of
heme and flavo-proteins is desirable, as well as
expenicnee with mass spectrometry, Send  resume
and names of three references to Dr. Waskell at

e-mail; waskell@umich.edu.

POSITIONS OPEN

MOLECULAR BIOLOGY LABORATORY
TECHNICIAN and LABORATORY MANAGER

Position available in laboratory of Dan Morse,
Dhirector, Institute for Collaborative Biotechnologics,
University of Califomnia, Santa Barbara. Expenence
and skills required in DNA and RNA manipulation
and protein purification and charactenzation. Expe-
ricnee in laboratory management desired.

Sixty percent tume: molecular biology of protein
expression, purfication, self-assembly, catalvsis, op-
tical propertics and control; 30 percent time: lab-
Ortonoy management (equipment maintenance,
regulatory compliance, hiring and supervising stu-
denr assistant); five pereent time: laboratory displays
and presentations | preparation, transport, installa-
ton, and presentation of displavs of rescarch mare-
rials for visitors and conferences); five percent time:
general assistance.

Salary commensurate with experience.  Applica-
tons and inguines to Pam Wall (e-mail: wall@
lifesci.ucsh.edu). Postion s opened unnl Glled. The
Ulniveersity of € alifomnia i am il I nnplovynnens COhppaowtemiry
.'|:|I'ﬁm|.irr'|1' Action Emfnh';'n

VISITING ASSISTANT PROFESSOR
Invertebrate Biology

The Department of Biology, Hamilton College,
mwites apphcations for a two-vear visiting assistant
professorship, with the possibility of a sccond two-
year appomtment, effecoive July 1, 2007, Ph.D. and
teaching expericnce expected. The successful appli-
cant will supervise senitor thesis rescarch, and reach:
(1) invertebrate biology and (2) an additional
lecture /S liboratory course of the candidate’s choos-
ing, or an upper-level seminar and co-teach introdue:
tory biology, as complements the Deparmment’s
offerings. Support is available for research and con-
ference travel. Send curdiculum vitae, a statement
about reaching, and names of three references oo
Patrick D. Reynolds, Chair, Department of Biol-
opy, Hamilton College, 198 College Hill Road,
Clinton, NY 13323-1292, Review of application
matcrials will begin March 2, 2007, and continuc
until the I‘"‘ili“l‘ is Alled, Women and members of nn-
oty g s enconrsged 1o apply. Hamifton College i@ an
Affmnative Acion, Eqal Oyppartiity f:'r.lrplpj.-rr e 5 oo
mitted fo diversity i all areas of the campus conmmuniry.

Help employers find you.
Post your resume/cv.

Wy e Wy W |

MARKETPLACE

Oligo Synthesis Columns

 Columns For All Synthesizers
% Standard and Specialty CPGs
L Bulk Column Pricing Available

BIOSEARCH  +1.800.GENOME.1
TECHNOLOGIES  yyay bticolumns.com |

T R e
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