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Olfactory Neuron
Precursor Diversity >>

In the adult mouse, the brain provides a steady supply

of newly generated olfactory neurons. These cells are
generated in the subventricular zone and migrate to

the olfactory bulb. Merkle et al. (p. 381, published online

5 July) now show that different regions of the subventricular
zone give rise to different types of olfactory neurons. Thus,
the stem cells of the subventricular zone are not so much
individually versatile and are better characterized as a starting
point of an already diverse population.

Borrowing Power
from Nature

Mechanical tasks are accomplished in the cell
through an array of molecular machines and
there has been interest in exploiting this machin-
ery in artificial nanoscale structures, Van den
Heuvel and Dekker (p. 333) review the recent
progress on the use of rotary and linear molor
proteins for tasks such as facilitating transport or
powering a device. Although some clever applica
tions have evolved, the authors note that many
uses are still only at the proof-of-principle stage.

Dating Differentiation

Eucrites are meteoriles that trace igneous activity
on small bodies, similar to the asteroid Vesta, early
in the solar system’s history. Dating them can tell
us about geophysical processes at work when these
bodies were differentiating to form a metallic core
and silicate mantle. However, such attempts have
been difficult because eucrites tend to be changed
by later heating and fracturing, and also, the iso
topic systems available for dating are hard to cali-
brate. By analyzing zircons within eucrites,
Srinivasan et al, (p. 345) have dated their crys-
tallization to within 6.8 million years of melal
silicate differentiation on their parent body. They
were able to anchor the short-lived Hf-W isotope
system with the slower U-Pb system to tie down the
timing accurately. Later metamorphosis of the
eucrites took place after another 9 million years
and was likely caused by heating from impacts.

In a Spin

Imaging the surfaces of stars other than the Sun
would allow astronomers to map the physical
processes at work on them. With advanced opti-
cal interferometric techniques. Monnier et al.
(p. 342, published online 31 May; see the Per-

spective by Quirrenbach) have resolved the sur-

20 JULY 2007

face of the main sequence star Altair, one of the
brightest stars in the night sky, lo a resolution of
<1 milliarcsecond. Altair is unusual as it spins
very rapidly, fast enough that it appears elon
gated through centrifugal forces, The amount of
distortion and the attendant changes in surface
temperatures, characterizing angular momen-
tum transport within the star, diverge from the
predictions of standard models, especially
around the equator. Thus, extra processes, such
as differential rotation and alternative gravity
darkening laws, are needed to explain the
appearance of rotating stars.

Strained Relations

When films are grown on surfaces through
vapor-phase deposition, complex heterostructures
can form because of strains that arise through lat
tice mismatches. Robinson et al. (p. 355) show in
a solution environment that the complex superlat-
lices can form spontaneously in cadmium sulflide
nanorods through the controlled introduction of
silver cations. Alternating layers of cadmium sul
fide and silver sulfide form along the axis of the
rod because the lattice-mismatch strain that
builds up during silver infiltration limits the
growth of the sil-
ver sulfide
domains. The
control over
growth achieved
by changing the
solution parame
lers and nano
wire dimensions was used to tune the near-
infrared emission from these nanorods.

Halogens in Antarctica
Tropospheric halogens affect the concentration of
ozone, the oxidizing capadity of the atmosphere,
and aerosol formation, all of which are linked to

climate, The halogen chemistry of the frozen high
latitudes has proven Lo be particularly interesting,
not least because of the role of these regions as
harbingers of global climate change, but a better
understanding of that chemistry has been ham
pered by lack of data. Saiz-Lopez et al. (p. 348)
present measurements of BrO and 10 in the
Antarctic boundary layer from January 2004 to
February 2005. They observed high concentra-
tions and persistence of these halogens through-
oul the sunlit period, conlrary lo expectations and
unlike the situation in the Arctic, where |0 has not
been detected. The springtime 10 levels they
found are the highesl reported anywhere in the
atmosphere, and an apparent synergy between 10
and BrO suggests an unknown halogen-activation
mechanism. These levels of halogens also cause
the rapid oxidation of dimethyl sulfide and mer-
cury in the Antarctic boundary layer.

Gradually Becoming
Dominant

Dinosaurs became the dominant land animals by
the Jurassic, Whether their early ascension began
by way of an extinction that preferentially affected
their precursors, including the
archeosaurs and amniotes, or through
a more gradual replacement of these
other groups, is unclear, but the earlier
Triassic fossils needed to evaluate these
guestions have been relatively scarce.
Irmis et al. (p. 358, see the cover) now
describe a rich fossil assemblage from
New Mexico dating to the Late Triassic thal
includes both dinosaurs and their reptilian precur-
sors, Thus, some of the precursors persisted much
longer than had been thought and existed along
with dinosaurs for millions of years. These fossils
support @ model of a gradual rise of dimosaurs in
the Late Triassic that preceded their dominance by
the beginning of the Jurassic.
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This Week in Science

The Same Difference

Recent advances in sequencing technology have increased our power to study variation within a sin-
gle organism. Clark et al. (p. 338) resequenced 20 strains of Arabidopsis thaliana with high-density
nucleotide oligonucleotide arrays and found extensive variation. The comprehensive inventory of
genome-wide DNA polymorphisms in Arabidopsis illustrates the extent of natural genetic variation,
with many genes disabled in different wild sirains, as well as high levels of polymaorphism among
gene family members, including those involved in disease resistance,

What's the Buzz?

The residents of bee hives are well known to be closely related, but hives can often exhibit more
genetic diversity than might be anticipated from theories on the benefits of cooperation among
closely related individuals. Mattila and Seeley (p. 362) show one reason for this is that more geneti-
cally diverse hives (those originating from a female mating with multiple males) perform better in the
rate of comb building, foraging rates, and honey production than those originating from a single
female and male. To advertise her presence in the colony and to exert influence over its members, a
honeybee queen produces a complex blend of substances known as queen mandibular pheromone.
Vergoz et al. (p. 384 see the Perspective by Galizia) found that exposure to queen pheromone leads
to a reduction in aversive learning bul not to a reduction in appetitive learning in young honeybees.
The queen substance modulates the dopaminergic system of bees, which reduces the capacity of
young workers 1o form aversive memories,

Location, Location, Location

Despite substantial effort, it has remained relatively mysterious
how the protein known as Hedgehog (Hh) activates signaling
pathways that regulate various biological processes, including
stem cell function, development, and cancer. Rohatgi et al.
(p. 372; see the Perspective by Christensen and Ott) show
that mammalian cells use their primary cilium as an antenna
that samples the surrounding environment for the presence of
Hh. When Hh bound to its receptor Patched 1 (Pic1), the recep-
tor left the cilia, where (in the absence of stimulation} it acts to
restrain Hh signaling by preventing accumulation of the signal-
ing protein Smoothened (Smo). Accumulation of Smo in the
cilia of stimulated cells corresponded to activation of Hh signal-
ing. Further understanding the molecular mechanisms that
influence cellular localization of Ptel and Smo will improve
understanding of the signaling pathway and may lead to new
therapeutic targets.

Longevity on the Brain

Several studies show that loss-of-function mutations in the insulin-like signaling cascade extends the
life span of worms and flies; however, equivalent mulations are associaled with metabolic disease and
fatal diabetes in mice. In contrast, calorie restriction or genetic strategies in mice that enhance
insulin sensitivity lower the risk of age-related disease and extend life span, Taguchi et al. (p. 369)
resolve these conflicting results by pointing to the brain as the site where reduced insulin-like signal-
ing can extend mouse life span.

Minimal Exposure

The recent discovery that certain viruses express microRNAs (miRNAs) raises the guestion as to
whether these pathogens might use miRNA to evade their hosts. Stern-Ginossar et al. (p. 376; see
the Perspective by Cullen) find that for human cytomegalovirus this appears to indeed be the case.
One of the virus" miRNAs was predicted to target the 3 untranslated regions of two immune-related
genes, which become aclivated in response to viral infections. Expression of one of these proteins
was indeed dampened by the viral miRNA, which reduced recognition by antiviral natural killer cells.
It remains to be seen if miRNA will turn out to be a widespread method exploited by viruses to evade
host immunity.
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Playing Climate Change Poker

TARGETS CAN BE TROUBLESOME THINGS. IF THEY'RE SET FOR SOME DISTANT FUTURE DATE,
the target setter may not live long enough to see if they've been met. Interestingly, much dis-
cussion about tackling climate change anticipates having achieved something by the middle of
this century. What's the target”? Both the European Union (EU) and, at a national level. the
United Kingdom have focused on a CO, emissions cut of at least 60%, which 1s intended 1o
reduce average global warming by 2°C. (The June G# summit also spoke of an emissions cut
of 30% globally. but only in the context of exploring such a goal

and with no greenhouse gas stabilization target in mind.)

What are the chances of meeting the 2° objective? Not
likely, according 1o Malte Meinshausen of the Swiss Fed-
eral Institute of Technology, who presented the scientific
evidence in a report of the 2005 Exeter climate change
conference and who's been quoted since, both by UK
government economic advisor Sir Nicholas Stern and the
Intergovernmental Panel on Climate Change. His analy-
sis of 11 chimate sensitivity studies of the effect of global
CO, atmospheric concentrations on temperature shows
that settling for a 60% cut in atmospheric CO, (which
corresponds to 350 parts per million by volume) leaves a
probability between 63 and 99% of missing the 2°C tar-
get. Both the UK and EU proposals indicate that their
emissions reduction targets might be toughened. Perhaps,
like an athlete attempting the high jump, we are warming
up at lower heights first, But scant evidence supports that
luxury. Not only must we reduce anthropogenic greenhouse
gis emissions, we need a timetable that reduces the nsk of positive feedbacks and sink fail-
ures that could lead to runaway catastrophic climate change.

In a democracy. it is difficult to convince voters that they should take actions, especially
expensive ones, toavoid an as yet largely unseen and unguantifiable danger. How do vou base
a policy that is likely to have significant economic impacts on model data and forecasts that
some might regard as guesswork” We only need to recall the false economy of not spending
taxpavers” dollars on building up the New Orleans levees o realize how actions taken today
could avert a long-range problem. Delay. combined with the risk that skeptics may accuse the
Al Gores of this world of “erying wolt)” could make tougher policies harder to adopt later,

In setting a UK target. the government must also ask what the United Kingdom's share of the
burden is. Iis national target must necessarily relate to reductions in other countries. including
the developing world, where industnal growth to alleviate poverty is increasing emissions, as
toreshadowed in 1992 by the United Nations Framework Convention on Climate Change. We
cannot make a random national calculation and throw 1t into the global pot of targets: rather., we
have to determine what the global need is and figure out how to distribute it—a calculation that
must combine science with justice. A successful global climate change framework will have o
pay as much attention to the latter as to the former; countries such as China and India will be
more inclined to budge if developed countries fully embrace their own responsibilities. Why
should anyone sign an agreement that cements their own disadvantage?

The UK govemment is the first to take on this challenge, with publication of the draft Climarte
Change Bill in March ofthis year. Its leadership carnes the responsibility to get emissions targets
right. The linal bill needs to make explicit the formula used to arrive atany target that government
sets. That formula should tell us not only the size of the cake but also how we calculate our share
of it The draft bill proposes a figure that cannot be explained in terms of either eriterion. 11t did,
that would surely boost confidence that the result is designed to solve the problem faster than
we're creating it | suspect D have set mysella target of living until I'm 97 o see what ranspires.

=Colin Challen

10.1126/Science. 1146513
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E.lec.tric Aftershocks

Earthquake ruptures are expected to generate
electromagnetic activity within the surround-
img rocks, but direct evidence for this effect
has been lacking. Laboratory experiments on
real rocks do generate currents due to fluid
movement and piezoelectric effects, but they
are weak and in the geological setting it is
hard to disentangle them from anthropogenic
signals or more ambient electronic noise.
Park et al. report possible detection of a
characteristic electrical signal using an elec-
trode array placed on the San Andreas Fault
at Parkfield, California. Electrical distur-

San Andreas Fault.

bances lasting 3 hours were picked up within 250 m of the fault immediately after a magnitude 6.0 earthquake that occurred
in September 2004; signals of opposite polarity were subsequently detected after two magnitude 5.0 aftershocks. Although
similar electromagnetic changes do occur on a daily basis in this area, the team argue that the localization,
timing, and unusual polarity of their signals support association with the earthquake rupture process. They propose fluid
movements as the most likely cause of the electrical signals, although they are unable to explain the rapid onset. No
precursor signals were observed, so this technique may not ultimately help with earthquake prediction. — B

J. Geophys. Res, 112, 10.1029/2005]B004196 (2007).

ECOLOGY/EVOLUTION
Smaller Harvests Than Expected

Leaf-cutting ants of the genus Atta are ubigui-
tous residents of neotropical forests. They con-
struct large subterranean colonies and journey
on trails across the forest floor and into the forest
canopy, where they harvest leaf fragments that
are carried back to the nest. The fragments nour-
ish a mutualistic fungus that in turn provides
protein and carbohydrate for the ant colony.
Leaf-cutters have been widely assumed to be the
dominant herbivores in the forests they inhabit,
but supportive quantitative data for this assump-
tion are sparse. Herz et al, First used a rapid and
nondestructive method, involving the sampling
of refuse deposited by ants outside their nests, as
a proxy for measuring
the daily harvest of
leaves. Then they col-
lected data from
nearly 50 nests over
15 months in a Pana-
manian forest and cal-
culated that the ants
were actually responsi-
ble for only about
0.7% of total leaf consumption by all folivores
(insects and vertebrates) in the forest, Even
though these results indicate that the defoliation
by leaf-cutters is more modest than previously
thought, Urbas et al. found that herbivory by

leal-cutters in a Brazilian forest increased al the
margins [versus the interiors) of forests that had
been fragmented by human disturbance, thus
amplifying environmental change at the forest
edge. — AMS

Biotropica 39, 476; 482; 489 (2007).

BIOCHEMISTRY
Surviving a Dry Spell

Life (as we know it} is based on carbon, and one
fortuitous factor is the compatibility of sugars and
water. Glucose is readily soluble (at much higher
concentrations than the building blocks of other
biological polymers), easily handled by enzymes
via its chemical functionalities, and benign (and
perhaps even beneficiall in its interactions with
other biochemicals. In
considering the major
circulating sugar in
insects—trehalose,
which is a head-to-
head dimer of glu-
cose—the extraordi-
nary tolerance of
Polypedilurm vander-
planki larvae to dessi-
cation comes o mind.
When the rock pools
where these larvae live dry up, the larval fat body
synthesizes trehalose and releases it into the
hemolymph in order to protect tissue constituents

Dehydrated (left) and
rehydrated larva.

as water is lost. When waler becomes available
again, dehydraled larvae undergo rehydration and
resume their developmental progression into adult
midges, Kikawada et al. have identified a tre-
halose transporter (called TRET1) in A vander-
planki. They show that it is specific for trehalose
versus maltose, sucrose, and lactose; they also
show that it functions as a low-affinity, high-
capacity facilitated transporter that can be
expressed benignly in mammalian cells. — G]C

Proc. Natl. Acad. Sei. U.S.A 104, 11585 (2007).

COMPUTER SCIENCE

Natural and Artificial Flavors

Computer scientists have long worried that their
field suffers from split personality disorder: is
what they do mathematics or engineering? True,
they work on problems such as writing software
to carry out calculations on a machine, but they
also grapple with the most abstract mathemati-
cal properties of computational procedures and
the logic of algorithms. So the debate has
raged: 15 the field a science of the natural world
or only a science of the artificial? Denning
argues that computer science is decidedly a nat-
ural science. Information storage and process-
ing have been found to be fundamental ele-
ments of many fields, from the biological data
stored in DNA to the quantum information that

is transmitted and modified as particles interact.

In many areas, principles that transcend com-
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Who inspires

brainwaves while

| study water waves?

“ | study the mathematical equations that
describe the motion of water waves.

Different equations represent different waves -

waves coming onto a beach, waves in a puddle,

or waves in your bathtub. Then when I've

surfed the math, | like nothing better than to

spend the rest of the day surfing the waves. >

.

This field is very important. The better we can b!
model water waves, the better we can predict A
the patterns of beach erosion and natural !
disasters such as the tsunami in South East :hl
Asia. And this research can be applied to all !:'
sorts of regions around the world. !

Being a member of AAAS means | get to learn i| J
about areas of interest | might not otherwise ==
encounter. It gives me valuable opportunities to
exchange ideas with colleagues in other fields.

And this helps me find new approaches to ,’

my own work.

Dr. Katherine Socha is an assistant professor of
mathematics at St. Mary's College, Maryland.
She's also a member of AAAS.

See video clips of this story and others at
www.aaas.org/stories

Katherine Socha, Ph.D.
Assistant Professor of Mathematics
and AAAS member
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Sick Pictures

A neuroscientist might describe a nightmare dif-
ferently, but this 1810 image (left) by the English
engraver Jean Pierre Simon cerlainly captures the
terror, It's one of thousands of medically themed
photos and art housed al Wellcome Images, a

new gallen,r I'rurn the Bnhsh biomedical charnty the Wellcome Trust,
The site’s contemporary collection is the place to search if you want, say, a spectac-
ular photo of dividing cells caught at the moment of parting or an electron micrograph

of influenza viruses barging into tracheal cells. To trace changes in medical knowledge and prac-
lice, browse the historical collection, whose holdings include rarities such as 15th century
Chinese anatomical drawings and a 1920s Soviet propaganda poster on the dangers of typhus.
If your intentions are pure (that is, noncommercial), you can download the images free. ==

images.wellcome.ac.uk

Multifaceted Menace

Mosquitoes can walk on water as well as any
waterbug, or stick to a wall like Spiderman.
Mow Chinese bioengineers are figuring out
what makes them such versatile pests.

A team led by C. W. Wu at the Dalian
University of Technology in China mounted
a mosquito’s leg on a needle and pushed it

down onto a tub of water on a digital balance.

By varying the angle, they found that a single
leg could hold 23 times a mosquito’s weight
before becoming submerged, they report in
July's Physical Review Letters.

Scanning electron microscope images

revealed that the insect’s legs are equipped with

Archaeologists said last week that they had discovered the oldest

tiny scales, each with up to a dozen longitudinal
ridges connected by fine transverse ribs, The
scientists speculated that air trapped between

. the ribs may form
“nanocushions” that
contribute to buoyancy,
but their experiments
also indicated the
importance of the
angle of the leg in not
breaking through the
surface, As the authors
note, mosguitoes are
equally at home on dry land, It turns out that their
feet are equipped with tiny hooks and covered in
adhesive hairs similar to those on a fly.

Scales on
mosquito leg.

EDITED BY CONSTANCE HOLDEN

Mathematician David Hu of New York
University notes that understanding water-
repellent nanostructures will be useful for
anyone who wants to make an all-terrain robotic
insect. “If it's ever going to fly in the rain, waler
repellency is going to be important,”

Armchair Galaxy-Spotting

If you can tell a star from a galaxy, astronomers
at Portsmouth and Oxford universities in the
United Kingdom and Johns Hopkins University
in the United States would like you and your
computer to help classify about a million
images from the robotic Sloan Digital Sky
Survey telescope at Apache Point Observatory
in Sunspol, New Mexico.

Volunteers are invited Lo go lo
www.galaxyzoo.org to see pictures of galaxies,
“most of which have never been viewed by
human eyes before,” according to a statement on
the Web site. Participants will categorize each
image as spiral, elliptical, star/don’t know, or
mergers. The spiral galaxies are then subdivided
into clockwise, anticlockwise, and edge-on,

“The human brain is actually better
than a compuler at pattern recognition tasks
like this,” says Oxford astrophysicist Kevin
Schawinski, Astrophysicist Bob Nichol of
Portsmouth adds that getting the galaxies
classified is “as fundamental as knowing
if a human is male or female.”

Markings on the wine vessels indicate that a merchant from Puteoli

(mow Pozzuoli), near Naples, owned the winery. Mauné says workers
have found the names of a dozen ceramists among the winery's
estimated 80 employees.

Archeologist Jean-Pierre Brun, director of the Jean Bérard
Center in Naples, ltaly, says the site reflects the enormous
growth of commercial wine culture and export during the first
and second century C.E. This area “was the ‘Far West' for the Romans,”
he says, noting that they were lured to Gaul by cheaper production
costs and land.

known winery in France, at a 2000-year-old Roman villa near
Béziers in the southern region of Languedoc.

Stephane Maung, with the French research agency CNRS at Lattes,
says the winery was clearly a big business, A 12-by-50-meter building
contained 150 huge terra cotta fermentation vessels called “dolia,”
many smaller amphorae for aging wine, and stone support structures

for winepresses, "It was quite a sophisticated enterprise, with running
water for cleaning the [jugs),” says Mauné. Dating the establishment
was easy thanks Lo a coin from about 20 C.E. found in the area.
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IN THE HINTERLAND. How often does a hog farmer turned govern-
mient bureaucrat become the toast of a state, all for the greater glory of
science? It happened last week in South Dakota, when the National
Science Foundaton (NSF) chose the Homestake Mine in Lead as the
site for a proposed 55300 million Deep Underground Science and
Engineering Laboratory.

Observers say that Dave Snyder (left), the 62-year-old head of South
Dakota’s Science and Technology Authority, and his staff worked tire-
lessly afier NSF announced an open site competition in 2004, Last vear,
Snyder negotiated a deal with the mines previous owner, Barrick Gold
Corporation. for state ownership of the site, Tt was a rning point in the
project when the state appointed him.” says Patnick Garver. executive
vice president and general counsel for Barrick. The project also bene-
fited from a $70 million donation from philanthropist T. Denny Sanford.

“Dave has worked miracles,” says Kevin Lesko, a physicist from
the Lawrence Berkeley MNational Laboratory, who leads the
Homestake sciemific collaboration. Snyder says that his role has been
simply “to connect the dots” He has a few more to go: The science
team must complete a conceptual design, and the NSF has to find the
money for the project in a future budget.

AWARDS

PREDICTIVE POWER. Theoretical physicists
Makoto Kobayashi of the Japanese accelerator
laboratory KEK in Tsukuba and Toshihide
Maskawa of Kyoto University have won the
European Physical Society's High Energy and
Particle Physics Prize for one of the more
inspired guesses in the history of science.

In 1973, physicists had only recently
discovered that protons and neutrons consist
of particles called up quarks and down quarks.
A third such particle, the strange quark,
was known, and a fourth, the charm quark,
predicted. But even before the notion of a quark
was entirely accepted, Kobayashi and Maskawa
argued that the existence of two more of them
would explain a slight asymmetry between
matter and antimatter called CP violation,
which had been observed in 1964,

Physicists eventually identified six types of
quarks, and Kobayashi and Maskawa's theory
precisely describes CP violation seen in
accelerator experiments. Kudos to them both,

CREDITS [TOP TO BOTTOM}: TRUDY SEVERSOMN: JOM CHASE HARVARD NEWS OFFICE: OREGOM STATE UNNERS

INSIDE GOVERNMENT

says Helen Quinn, a theorist at Stanford
University in Palo Alto, California. "It was a
brilliant step to make, but not a difficult one—
once you asked the right question,” she says.

MOVERS
CHANGE AT HARVARD.
Ending a 9-month
search, the Harvard
Medical School last
week picked a new dean
from within its ranks:
obesity expert Jefirey
Flier. Flier, 58, joined
the Harvard faculty in
1978 after studying insulin’s role in metabolism
and disease at the National Institutes of Health
in Bethesda, Maryland. His recent focus has
been on how the harmone leptin affects the
brain, appetite, and obesity. Flier also has been
involved in efforts to make science a bigger
part of the undergraduate curriculum, He starts
his new job on 1 September,

BROADENING OQUT. Mark Abbott says a career of exploring the mysteries of ocean life has prepared
him to run the $745 million Geosciences Directorate at the National Science Foundation (NSF). "My
experience has always been ecological, looking at interactions of natural systems,” says the profes-
sor of biological oceanography at Oregon State University (OSU) in Corvallis. Now he'll be helping
to orchestrate the interactions of an entire scientific community.

Beginning on 1 October, Abbott will be taking on big-science programs involving the solid Earth,
deep-sea observing networks, and ocean dnlling, another step in the continued broadening of his
expertise. His dissertation examined the ecology of Lake Tahoe, but he later tackled satellite obser-
vation of ocean biology. And he now oversees what he calls “the whole gamut of earth science” as
the dean of O5U’s College of Oceanic and Atmospheric Sciences. He'll also be relinquishing his post
on NSF's oversight body, the National Science Board.

IN THE COURTS

SPOTTING INFIDELITY. A Michigan state
forensic scientist who analyzed DNA samples
from her husband’s underwear after suspecting
him of cheating on her is in hot water for
having used government equipment to conduct
her investigation.

Ann Chamberlain-Gordon found another
female’s DNA in the samples and submitted
her finding as evidence in a 7 March divorce
hearing in Ingham. But after her husband’s
lawyer informed authorities about the test,
the Michigan State Police (MSP), which runs
the Lansing lab where Chamberlain-Gordon
works, initiated an investigation into whether
she had broken department rules. The Lansing
State Journal quoted her as testifying in a
25 May hearing that she had done the
analysis on her own time using chemicals
that were slated for disposal.

An MSP spokesperson says the department
i5 investigating the matter.

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

Nuclear Weapons Milestone
Triggers U.S. Policy Debate

As with high school sweethearts reconnect-
ing at a 25th reunion. U.5. nuclear weapons
scientists have found that recapturing the
magic of the past takes the right kind of peo-
ple. a willingness to adapt, and a large
capacity for delayed gratification.

Ina classitied ceremony early this month
at Los Alamos National Laboratory

(LANL) in New Mexico, Department of

Energy (DOE) officials celebrated the
belated completion of the plutonium tngger
of a nuclear bomb operationally identical to
ones last built 18 vears ago. The star of the
ceremony was the so-called pit—a lavered
prece of metal the approximate size and
shape of a Fabergé egg, with a hollow
that DOE certified as ready for the
nuclear stockpile. The occasion was a mile-
stone for the nuclear weapons program and
paves the way for more ambitious work,
including building entire weapons from
scratch without conducting
nuclear tests. It also opens the
door for LANL. traditionally a
research lab, to consider expand-
ing into manufacturing.

Critics of LS, nuclear policy,
however, say that building new
pits contradicts the country’'s
stated intention to reduce 1ts
nuclear arsenal, They also
believe that the 51.4 billion
spent on the project shows that

core

the cost of manufacturing
weapons paris, in the words of
activist Greg Mello of the Los
Alamos Study Group in Albu-
querque, New Mexico, could be
“toxic to science” by diverting
funds from research,

In 1989, the government
found environmental and other
violations at the nation’s only
source of building plutonium
pits, a DOE facility at Rocky
Flats, Colomdo. [t was later shu
down, halting work on a batch of
pits for the WEE, a 473-kiloton

20 JULY 2007

submarine-fired warhead. In 1996, the gov-

ernment asked LAMNL to build a set of

replacements within 3 vears, with one
caveat: A 1993 ban on nuclear tests meant
that the scientists wouldn't be able to test
thewr version,

That restriction stiffened the already-
imposing technical challenges of matching
the Rocky Flats specilications. The rela-
tively small plutonium research facility at
Los Alamos had the requisite ventilation
and glove boxes, for example, but its foun-
dation would not support the heavy-duty
plutonium forming wols used at Rocky
Flats. Instead, workers had to pour molten
plutonium into shaped molds and weld
pieces together. To conform to new environ-
mental rules, engineers cut down on the use
of lubncants and used new solvenis to clean
metal surfaces.

Even so. 1n 2001, DOE auditors con-

Boxed in. Los
Alamios scientists

% wotked extensively
With glove boxes
to develop a

W plutonium tri

Atempest over
a satellite

cluded that the program was “at risk.” They
cited delays in half of the roughly 40 nuclear
manufacturing procedures to be finalized.
“Evervone underestimated how hard it was
going to be.” says former DOE official
Madelyn Creedon, now a Senate aide,

In response. then=lab director John
Browne replaced the head of the program
with co-leaders. one overseeing physics and
the other, weapons manufacturing and engi-
neering. In addition, says Richard Mah, a
tormer Rocky Flats metallurgist who led the
revamped manufacturing effort from 2001
to 2004, the lab brought in “some old hands
who had done some of this stull)” By 2003,
researchers had matched the physical speci-
fications of the Rocky Flats design.,

The parallel management structure
helped the lab verity thar the new pit would
work., says Mah. For example. fears that a
differem metallic gram size could hamper
performance dissolved after verification
experiments—which included non-nuclear
explosions. numerical simulations. and
showed physi-
cists that the difference wouldn 't degrade pit
performance. It took until this year for
LANL to certify the pit as stockpile-ready,
meeting a goal setin 20401,

Although the Rocky Flats pits had been
proven to work in underground tests, LANL
researchers realized they weren't perfect.
Lavered metal surrounds their hollow pluto-
nium shell, which undergoes fission when
crushed by conventional explosives. Studies
at Los Alamos found that the original pits
contained “impurities that can affect
mechanical properties.” says DOE weapons
official David Crandall. At first. “there was
an attempt to make plutonium in pits as pure

materials science studies

as possible.” he says, But weapons scientists
made more credible progress when they
decided the pits “needed to be as much as
possible like those [previously] tested,
including any impurities in plutonium.”
Crandall says the new WSS pits show
that the country’s nuclear weapons complex
can both monitor current bombs and bwild
new ones without testing them: “This was a
valuable initiation into the processes we'll
need for RRW [the Reliable Replacement
Warhead].” The RRW program seeks to
build new bombs from scratch to replace
aging warheads (Science, 9 March, p. 1348).
Planetary geophysicist Ray Jeanloz of the »
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University of California, Berkeley, says that
the struggle to make the new pits highlights
the importance of maintaining a well-
funded and experienced talent pool that
can respond quickly to emergencies or
new developments,

Senator Pete Domenici (R=-NM). speak-
ing at the 2 July celebration, used the mile-
stone to attack some 3600 nullion in cuts to

BEIOTECHNMOLOGY

Zapping the

the weapons program by House appropria-
tors in DOEs upcoming 2008 budget, sev-
eral of which would affect planned expan-
sion of plutonium science at Los Alamos,
The fate of the cuts i1s uncertain, however,
miven different versions of the spending bill
that must be reconciled and a White House
threat to veto the overall bill.

In the meantime, Mah, who last year

worked directly forthe new Bechtel-University
of California lab management partnership,
says that building more pits could become an
additional business for the lab. His fear 1s
that government officials might value manu-
facturing more highly than science. But a
lab spokesperson says “there’s no plan to

make [manutacturing] the primary role of

Los Alamos.” -ELI KINTISCH

Singapore Firm Abandons Plans for Stem Cell Therapies

In a sign that hopes for quick med-
ical benefits from stem cells are
fading, ES Cell International
(ES)—a company established
with fanfare in Singapore 7 vears
ago—is halung work on human
embryonic stem (hES) cell thera-
pies. Investors lost interest
because “the likelihood of having
products in the clinic in the short
term was vanishingly small.” says
Alan Colman, a stem cell pioneer
who until last month was ESI's
chief executive.

ESI's setback may dampen
investors” enthusiasm for stem cell
therapies, savs Robert Lanza, vice
president for R&D at Advanced
Cell Technology in Worcester,
Massachusetts: “What the field badly needs is
ONe OF two suceess stories,”

Colman, a member of the team that cloned
the sheep Dolly, will become head of the Sin-
gapore Stem Cell Consortium, which funds
research at institutes affiliated with Singa-
pore’s Agency for Science, Technolozy and
Research ( A*STAR ) and also offers grants. He
will also set up a lab at A*STAR'S Institute of
Molecular and Cell Biology. Most of the
24 scientists working on hES cell therapies at
ESI will continue their research with “more
secure government funding” at A*STARS new
Institute of Medical Biology. Colman says.
A*STAR announced Colman’s move on® July.

ESI was set up in 2000 1o commercialize
hES cell findings produced by a collabora-
tion involving Monash University in Clay-
ton, Australia; National University ol Singa-
pore: Hadassah Medical Organization in
Jerusalem: and the Hubrecht Laboratory in

From bedside to bench. Sagging investor confidence in stem cells has
prompted Alan Colman to leave the corporate world for a basic research lab.

Utrecht, Netherlands. Australian investors
and an investment arm of Singapore’s gov-
ernment put up seed funding, and ESI had
raised $24 million as of last October, accord-
ing to the company, ESI hired Colman as
chiel scientist in April 2002; he became
CEQ m 2005,

The company was attempting to turn hES
cells into imsulin-producing cells wo weat dia-
betes and cardiac muscle cells w counter con-
gestive heart Falure, Both condinons represent
major markets with unmet clhinical needs, but
making well-functioning insulin-producing
cells “proved really difficult.” Colman says.
Both envisioned therapies would need at leasta
billion cells for each human dose. Producing
such numbers at the required purity “becomes
very expensive,” Colman savs, and meeting
these challenges would have taken longer
than investors have patience for.

ESTssetback need not cast a pall onthe field,

researchers say. Alan Trounson, a
Monash University stem cell sci-
entist who contributed to the
research ESIwas trying 1o take to
market, says he is “profoundly
disappoimnted” that the company 1s
giving up. But he says that ESI
pursued “a high-risk strategy™ in
focusing narrowly on two poten-
tial applications. With the field
still young, Trounson says, “the
primary aim should be to

robust and reliable science that
can underpin translation to
clinical applications.”

Irving Weissman, a stem cell
researcher at Stanford Unmiversity
in Palo Alto, California. agrees:
“ES cell research is, for the most part. still
scientific discovery research.”

Although ESI 15 out of the game, at least
two companies say they have hES cell thera-
pies in the pipeline. Geron Corporation in
Menlo Park. California, expects to start ¢lini-
cal trials of a therapy for spinal cord injury
early in 2008, according to spokesperson
David Schull. And by early next vear.
Advanced Cell Technology hopes to file a new
drug application for a treatment for macular
degeneration, Lanza says.

ESL under new leadership, will now focus
on providing hES cells and derived cells for
basic research and drug development,
Colman says, He admits to a “tinge of dis-
appointment that the field is moving more
slowly than 1 had hoped.” Colman hopes to
spur the field along with his own research,
although he declines to discuss details.
-DENNIS NORMILE
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FISHERIES MANAGEMENT

Conservationists and Fishers Face Off
Over Hawaii’'s Marine Riches

HANAUMA BAY, HAWAII—The school of big-
eve jacks was right where Alan Friedlander
of the National Oceanic and Atmospheric
Admimistration’s biogeography branch said

it would be, circling slowly at the mouth of

Hanauma Bay. a protected area just 15 kilo-
meters from the skyscrapers of downtown
Honolulu. There must have been close to
200 fish. each about 50 centimeters long
and utterly unafraid as Friedlander, a marine
biologist, glided through them.

“You hardly ever see this anymore in
Hawaii.,” Friedlander said after surfacing.
Jacks are prized by anglers, and such large
schools have become rare in inhabited parts
of the archipelago, he says.

Friedlander knows the bay better than
most, He published a study in the April issue
of Ecofogical Applications showing that
total fish biomass in Hanauma and 11 other
protected areas was 2.7 times greater than
the biomass in comparable unprotected
areas. And in the uninhabited 2000-kilometer-
long Morthwestern Hawaiian Islands chain,
a national monument since 2006, there is
6.7 times more Fish biomass on average than
in comparable habitats—an indication that
humans have reduced fish stocks in the

main Hawaiian islands to about 13% of

what IIIC}' ONCE Were,

To Friedlander, the message is simple:
The mam Hawanan Islands” reserves, which
protect only 0.3% of the coastline, are oo

small. “If yvou want to rebuild fish stocks,

you need to stop fishing in at least 20% of

Hawaii’s waters and regulate fishing in the
rest,” Friedlander says. Increasing the pro-
tected areas, therefore, would result in a
larger fish catch.

The appeal for new conservation areas
prompted a reaction. In March. the state’s
House of Representatives approved a ““right-
to-fish™ bill that would require the state w
provide unattainable data. such as stock
assessments throughout species” entire
ranges, before any new protected area is cre-
ated. The bill “would tie up all fishing regu-
lations. not just marine reserves, in endless
studies and red tape, making it impossible
for the state to properly manage the public’s
marine assets,” savs William Chandler,
director of ocean policy at the Marine Con-
servation Biology Institute in Bellevue.
Washington. To his relief. Hawaii's Senate
significantly modified the bill. But scien-
tists and state officials expect the fight to
continue in the next legislative session,
which starts in January.

Although similar right-to-fish bills have
been approved in Rhode Island and Mary-

land. they have not impeded the creation of

protected areas in those states, says Sarah
Clark Stuart of the Coastal Ocean Coalition
in Atlantic Highlands, New Jersey. Because
the Hawaii legislation would eftectively end
all fishing restrictions, she says it “is far

Recipe for recovery. Rebuilding fish stocks will
require putting at least a fifth of Hawaii's waters under
protection like Hanauma Bay, says Alan Friedlander.

more anticonservation than any of the other
bills that were introduced in the UK.
Hawaii’s right-to-fish bill got further
than a conservation bill in the House. In
2003, Friedlander helped draft legislation
that would have set aside 20% of state
waters for conservation. Like other states.
Hawaii controls the first 3 nautical miles
(6 kilometers) off its coasts, and the federal
government controls the rest, up to 200 miles
(370 kilometers). The Marine Reserve
Metwork Act would have made Hawaii the
leader in marine conservation in the United
States, where less than 1% of coastal waters

are protected. But the bill drew the ire of

Hawaiis fishing lobby and was scuttled.

The loss, conservationists say, is a cau-
tionary tale of how science sometimes is no
match for a powerful bureaucracy tied 1o
fishing interesis,

As Hawan's tourism grew, and cost of

living skyrocketed—the state has the
nation’s highest average rents—fishing
became an important supplement for
poorer residents. The use of gillnets. which
snare turtles, seals. and nonfood fish in
addition to target species, is widespread.
Trolling, shore casting, and spearfishing
are unregulated. and the state’s estimated
260,000 anglers are not licensed. Only this
year were resirictions put on gillnets,
including a ban on their use on Maui Island
and overnight elsewhere.

Opponents of the Marine Reserve Net-
work Act gamned momemtum earlier this
vear in a series of meetings designed to
increase input from native Hawaiian com-
munities. The meetings were organized by
the Western Pacific Regional Fishery Man-
agement Council {Wespac), one of eight
such regional councils that advise the
U.S. Commerce Department, Wespac's
chair is Sean Martin. president of the
Hawaii Longliners Association, State offi-
cials and environmentalists have long
accused Wespac of defending narrow fish-
ing industry interests,

Wespac's influence is supposed to be
limited 1o federal waters, but activists and
state officials contend that the organization
lobbied illegally for the right-to-fish bill.
“Numerous times during the process that
produced the bill, 1 saw Wespac emplovees
openly talking to legislators about 1t.”
asserts Keiko Bonk of the Northwesi
Hawanan Islands Network, which cam-
paigns for marine conservation. The bill
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passed the House. but a Senate draft now
awaiting action would encourage commu-
nity-led protection efforts.

In May, Bonk filed a complaint with the
Commerce Department’s Inspector Gen-
eral, claiming that Wespac had violated
statutes that prohibit federal employees
from lobbying state legislatures. Bonk
called for an investigation and congres-
sional hearings. Wespac denies it engaged
in lobbving, The right-to-fish bill *has noth-
ing to do with us,” says Paul Dalzell. Wes-
pac’s senior scientist, adding, “All [ know is

PALEOHYDROLOGY

that it was drafied by fishermen”

“The scary thing is that the bill could pass
next vear.,” says Peter Young. who recently
completed a term as director of Hawaii's
Department of Land and Natural Resources,
which manages the state’s waters.

“If it passes,” adds William Aila. an
active Hawaiian fisher and harbormaster,
“it"s going to further deplete our marine
resources. That’s unacceptable for our
future generations.”

=CHRISTOPHER PALA
Christopher Pala is a writer based in Honoluluw.

Did a Megaflood Slice Off Britain?

Britain as an ungainly peninsula of France? It
might have been. At some ime in the geologic
past, it almost certainly was. But long ago,
some force somehow lowered a high-standing
ridge from Dover to France that would be dry
land today. A group of geoscientists has new
evidence of the culprit: A huge gushing of
lake water, they suggest, cut down into solid
rock to form the Dover Strait before rushing
down the then-dry English Channel.

The strart-cutting megaflood, 1if 1t hap-
pened, would not have been the first or the last
of its kind. The classic example broke out of
ancient Lake Missoula about 15,000 years
ago to ravage eastern Washing-
ton state and create the tortured
terrain of the Channeled Scab-
lands. That required a flow of
10 million w 20 million cubic
meters of the lake’s glacial
meltwater each second, or 50 1o
100 times the flow of the
Amazon River.

Geologist Sanjeev Gupta of
Imperial College London and
his colleagues present evi-
dence in this week's issue of
Nature for scablandlike terrain -
downstream of the Dover
Strait. Gupta and colleagues
had to look for their evidence
at the bottom of the English
Channel, which melting ice
sheets filled with water at the end of the last
ice age. Using depth-finder data collected for
navigational charting, they mapped the bot-
tom in new detail. They found kilometer-
scale, Nat-topped islands in the same distine-
tive elongated shapes as the erosional rem-
nmants of the Channeled Scablands, They also
saw broadly sweeping streamlined valley
edges, “braided” channels, ridges and grooves

pointing downstream. and crescentlike
scours, All these features speak of extreme
flows, the group says.

Ciupta and his colleagues envision a lake
hemmed in by glacial ice where the southern
North Sea 15 today. The lake's waters could
have overtopped the Dover ridge a few hun-
dred thousand years ago, lowering the ridge
and increasing the flow until 200,000 to 1 mil-
lion cubic meters per second were streaming
over the ridge. The megaflood would have cut
loose the peninsula during times of high sea
level like the present. the group suggests.
Island Britain would have been born.

Elongated
islands

Vatar depth (m)

O 20 40 @0 BD 00

A day's work? The elongated “islands” and streamlined edge of this
submarine valley on the floor of the English Channel suggest that a
huge but brief flood gushed between Britain and France.

“When vou put the association of land-
forms together. it is very similar to what Victor
Baker has described in the Scablands” says

geologist Philip Gibbard of the University of

Cambridge. “1I"'m persuaded by it.” But Baker,
of the University of Arizona in Tucson, says
“it's not a smoking gun, but this is a very
productive idea that deserves more attention.”

-RICHARD A. KERR

Spaced Out

The United Kingdom risks lagging behind in
space studies if the government does nol
increase space spending, the House of
Commaons science and technology commitlee
warns in a report this week. The parliamentar-
ians suggest setling up the National Space
Technology Programme to provide seedcorn
funding, although no total is suggested.

The UK. spent just $425 million on space
during 2005-06, substantially less than its
European counterparts. The report recommends
balstering British strengths such as planetary
exploration and earth observation while consid-
ering new efforts in human space flight and
launchers, The committee also calls on the
European Space Agency Lo locate one of its
facilities in the U.K., a topic of ongoing negoti-
ations with ESA, says Richard Holdaway of the
Rutherford Appleton Laboratory in Chilton.

-DANIEL CLERY

Biologists Going Down Under ...

Last week, the European Molecular Biology
Laboratory (EMBL) spread to the antipodes
when delegates from the group’s 19 member
nations voted to extend an associate member-
ship to Australia. The 7-year initial term starts
next year, when Australia will begin sending
faculty members and research fellows to EMBL's
five European basic research laboratories while
receiving EMBL research supporl. Sponsors
include several Australian universities and the
governmenl, which will spend a combined
57.2 million to fund the initial term. "With
[Australia’s] special expertise, for example, in
the fields of medical epidemiology and stem
cell research, it will be an excellent comple-
ment to EMBL’s focus on basic researchin
molecular biology," says lain Mattaj, EMBL's
director general. -BEN]JAMIN LESTER

... Heat Rising

The world can't afford to stall on confronting
climate change, says a resolution passed last
week by the International Union of Geodesy
and Geophysics, and scientists shouldn't let it.
The 58-nation scientific umbrella organization,
which includes seven international bodies,
passed the nine-point resolution focusing on
the inevitable consequences of warming and
urging nations to “promote adaptation.” In
addition te pushing for more climate-monitoning
research funds, the union’s members promise
more “outreach,” which its outgoing president
Michael MacCracken says includes gelling the
word out about impending warming-related
floods or droughts. ~MARISSA CEVALLDS
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COMPUTER SCIENCE

Program Proves That Checkers,
Perfectly Played, Is a No-Win Situation

If two plavers face off at checkers
and neither makes a wrong move,
then the game will imevitably end
in a draw. That's the result of a
proof executed by hundreds of
computers over nearly 2 decades
und reported online by Science this
week (www.sciencemag.org
cgi/content/abstract/ | 144079},
The finding guarantees that
an appropriately programmed
machine will never lose to a
human. It also marks a personal
victory for Jonathan Schaelter, a
computer scientist at the Univer-
sity of Alberta in Edmonton,
Canada, who set out to “solve™
checkers in 1989,

“It's a huge accomplishment,” says David
Levy, president of the International Computer
Games Association in London and an expert
on chess-playing machines. “It's by far the
most complex game ever solved.” The tools
and strategies developed for the problem
might prove useful for analveing genetic code
or computerized translation, he says,

The poimt of checkers, or draughts as the
game is also known., is to get the jump on your
opponent. The game 15 playved on an eighi-hy-
eight gnd of red and black squares. The check-

U.S, SCIENCE FUNDING

Hopeless. Unable to beat the computer program, a human will
eventually make a mistake that leads to a win for the machine.

ers are black and red disks that can shide for-
ward diagonally from black square to black
square. The players, call them Bob and Rita,
start with 12 checkers each in the rows closest
to their sides of the board. Players move in
turn, and Bob can capture one of Rita’s check-
ers by hopping over it into an empty space just
bevond, and vice versa. Checkers that cross
the board become “Kings™ that can move back-
ward. The game continues until one player
captures all of the other’s pieces.

Schaeffer and his team have shown that if

Pentagon Is Looking for a Few Good Scientists

Topflight researchers at ULS. universities,
the nation needs you,

This fall, the U.S. Department of
Defense (DOD) will launch a grants pro-
gram to fund researchers with innovative
ideas for tackling important secunty chal-
lenges. It will be modeled on the National
Institutes of Health Director’s Pioneer
Awards, which support blue-sky. inter-
disciplinary research in biomedicine. DOD
plans to make about 10 awards, each good
for 53 million over 5 years. Applicants for
the Mational Security Science and Engi-
neering Faculty Fellowships must be
U.S. citizens, and preference will be given
to early-career researchers,

Agency officials hope the program will
foster research outside the bounds of pre-
determined research questions. “We do not
have specific areas in mind; rather, we have

challenges that cut across several disci-
plines.” says William Rees, DOD’s deputy
under secretary of defense for laboratories
and basic science. Although the research
performed under the program would be
unclassified, awardees would need a secu-
rity clearance to be briefed on the chal-
lenges they are supposed to address.

The challenges. not yet chosen, are
likely to be similar to those identified last
year by DOD’s Quadrennial Defense
Review. [ts list of priorities includes bio-
metrics: social, cultural, and behavioral
modeling: tracking of enemy targets; coun-
tering improvised explosive devices: and
extracting information about suspicious
activities and events from large data sets.
Agency officials plan to invite about
20 applicants who survive an mitial cut to
make presentations at the Penmtagon, The

Bob and Rita have perfect foresight, they will
always reach a stalemate in which neither can
finish the other off. So checkers resembles
tick-tack-toe (known as “noughts and crosses™
in Britain), the game in which players fill a
three-by-three gnd wath X5 and O in hopes
of getting three in a row. Given that there are
roughly 500 billion billion possible arrange-
ments of checkers on the board. proving
checkers is a guaranteed draw is far harder
than proving that tick-tack-toe can’t be won.

The researchers began by constructing a
database of all 39,000 billion arrangements
with 10 or fewer pieces on the board. In the
process, they determined whether each one
led to a win for black, a win for red, or a
draw. They then considered the very begin-
ning of the game. opened with a move by
black. and then used a specialized search
algorithm to trace out subsequem moves and
show that, as the two players try to maximize
their advantage. they inevitably steer the
same w one of the 10-checker configura-
tions that leads to a draw.

Schaeffer credits improvements in come
puters for making the result possible. In fact,
he suspended work from 1997 1w 2001 1o wait
for a particular technology—the 64-bit
processor—to mature. But Murray Campbell,
a4 computer scientist at [BM's Thomas
Watson Research Center in Hawthorne, New
York, says that the researchers” ingenuity was
key, oo, “Without a lot of the clever ideas
behind what they did. 1 think it would have
been a number of years before technology
alone could have solved checkers.” says p

first class of winners will be announced
next spring.

VS, Subrahmanian, a computer scien-
tist at the University of Maryvland. College
Park, whose research is partly funded by
DOD, savs allowing researchers to come up
with proposals in response (o agency-
designated challenges is an “outstanding”™
idea. “We are used to having research
topies defined top-down by DOD.” says
Subrahmanian, who plans to apply. “While
that usually works well, researchers know
best what their field has to offer.” He also
thinks the fellowships will create a “corps
of academic researchers dedicated to
defense and national security.”

If the first round goes well, DOD offi-
cials hope to eventually support as many as
50 researchers.

=YUDHIJIT BHATTACHAR]EE
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Campbell, who co-wrote the Deep Blue pro-
gram that defeated chess champion Garry
Kasparov in 1997,

Muost experts expected that checkers
wotild eventually be proved a draw, savs Jaap
van den Henk, a computer scientist at Maas-
tricht University in the Metherlands, il only
because grandmaster players routinely play
each other to a draw. But, he says, “if you have
not proved the result. then every expectation
is worth nothing.”

Schaefter savs he feels vindicated by the
proof. In 1994, a program he developed called

U.S. WEATHER FORECASTING

Chinook plaved the then-reigning world
champion, Marion Tinsley. to a series of
draws before Tinsley withdrew because of
health problems and conceded. Tinsley, who
is considered the best plaver ever and who lost
only three tournament games from 1951 1o
1991, died of cancer 8§ months later. Some
plavers scomed Schaefter. he says, and even
charged that the stress of the special title
match had killed Tinsley. Chinook defended
its crown in two subsequent matches against
the next-highest-ranked player. “To this day. 1
still get people saying that you would never

NEWS OF THE WEEK

have beaten Tinsley,” Schaeffer says. “The
program today would never lose 1o Tinsley or
anyone else, period.” And because humans
eventually make mistakes, the program
should inevitably prevail in a series of games
against any person, even Tinsley, for whom
Schaefler says he has “great respect.”

Van den Herik worries that Schaeffer’s
solution will accelerate the decades-long
decline of tournament checkers. Meanwhile,
Schaefler 1s turning his computers w poker. In
principle, that game can’t be solved—but it
can make you a lotof money.  —ADRIAN CHO

Satellite Kicks Up a Storm Looking Out for Hurricanes

An S-vear-old NASA weather satellite sits
improbably at the center of the latest scien-
tific storm r.n:'mL in "'I’ln"u'i-|lilll1[i:l1 D. {'

panch- h.m. hq:l:l h::.mnp- on evenis sur-
rounding the ouster of William Proenza as
director of the National Hurricane Center
(NHC) on 9 July. Proenza had repeatedly
criticized his employer, the National
Oceanic and Atmospheric Administration
(NOAA), for failing to plan for the impend-
ing failure of QuikSCAT, a satel-
lite launched in 1999 and 3 years
past its design life. Proenza, a
35-year NOAA forecaster who
became NHC head in January,
says loss of the craft’s sensors
could degrade 3-dav hurricane
track forecasts by 16%, citing a
study in press that analyzed fore-
casts for six 2003 storms, Scien-
tists familiar with QuikSCAT s
capabilities say Proenza was
both “right and wrong” in his
acerbic charges.

To predict coming hurri-
canes, forecasters n:h maost
heavily on radar or visual cloud

data from satellites. typically
NOAAs Geostationary Opera-
tional Environmental Satellite.
Its information is bolstered by a

NOAA researchers have lauded its data,
which is particularly useful for detecting
tropical Atlantic storms early and provid-
ing vital coverage over colder waters,
including the Pacific. A Hawaii-based
U.S. MNavy official said last year it plays a
“critical role™ in Pacific forecasting. NHC
forecasters most treasure the craft’s ability
to see developing tropical depressions long
before they're otherwise detected. Last
year, NOAA forecaster Hugh Cobb called

direction (inset).

network of buoys. hurricane-

hunting planes, and coastal radar units to
help modelers make computer simulations
of developing storms. QuIKSCAT added to
that ensemble by bouncing microwave sig-
nals off ocean waters over a 1 800-Kilometer
swath. reporting surface wind speeds by
analyvzing the reflections. By following a
polar orbit, Quik3CAT covers 90% of the

OCCans, in many arcas icea d;i\-

QuikSCAT, now operating on its backup
transmitter, “our bread and butter.”

But forecasters don’t live on bread
alone. Last week, at a Senate hearing in
which NOAA olTicials were lambasted for
not preparing adequately for QuikSCAT's
demise, NOAA satellite branch chief Mary
Ellen Kicza tried to poke holes in Proenza’s
arguments, The satellite’s sensors don't

It's a breeze. NASA's QuikSCAT
satellite measures global ocean
surface winds, including speed and

quantify hurricane wind speeds greater
than 105 km. can’t see well through rain.
and its polar orbit means QuikSCAT “may
not be at the right place at the right time,”
she said. European and U.5. Navy satel-
lites provide data “not quite as good™ as
QuikSCAT but could plug holes if the
NASA craft fails, she said, adding that
NOAAS other tools pick up storms once they
seem headed for a landfall. “We are not
blind™ if QuIkSCAT dies. Kicza asserted.

Meteorologist and respected
weather blogger Jeff Masters
agrees, noting that the unpublished
study Proenza cited involved only
one of roughly seven active fore-
casting models. Folding in all the
simulations, plus the rest of the
data sources, creates a “global
system” of which QuikSCAT 15
but one element, says hurricane
expert Greg Holland of the
Mational Center for Atmospheric
Research in Boulder, Colorado.
S0 Proenza “was right and wrong,”
Holland explains.

A joint NASA-NOAA study,
due next vear, will spell out the
next options. But lawmakers
want to push NOAA along. In
May, Representative Ron Klein
( D-FL)and co-sponsors proposed
a bill to authorize 5375 million
to build a QuikSCAT replacement.
“*The loss of this data—whether minute or
significant—could cause dire conse-
quences.” Klein told the committee. Those
funds. however. have not been included in
appropriations bills moving through Con-
gress that otherwise provide generous
increases to NOAAs 2008 budget.

=ELI KINTISCH
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Welcome to

Ethiopia’s
Fly Factory

One of the poorest countries in the world
has an ambitious plan to eliminate the tsetse fly.

But some scientists say it's a waste of money

KALITI, ETHIOPIA—Noisy, multicolored
trucks lumber along the busy main road in
this far suburb of Addis Abeba, belching
clouds of smoke and honking at the
pedestrians that crowd the road. A muddy,

bumpy side road leads past a row of

shacks to an industrial area that’s home to
a factory for pots and pans. Then a gate
shides open, and a brand-new gray build-
ing the size of a soccer lNeld emerges. sur-
rounded by a sea of smooth asphalt. It's
almost too clean and orgamized for its
chaotic surroundings,

In a matter of months. the vast building
will be buzzing with activity—literally.
Here, Ethiopia is developing a sophisticated
weapon against an age-old scourge: the
tsetse fly. which transmits a parasitic live-
stock disease called nagana that has long
crppled the country’s rural economy.

The scheme sounds simple. Produce as
many as a million male flies a week, make
them sterile by blastng them with radiation
for a couple of seconds, then release them in
tsetse-infested areas, making sure they out-
number wild males 10 o 1. Hapless females
will mate wath the lab entters, but their ren-
dezvous will produce no offspring, Repeat
the procedure several times. and the tsetse
population will die out,

[t's an elegant and environmentally
friendly methed: birth control for insects,
some call it, The sterile insect technique
(SIT), as it’s officially known, has a long and
sohd track record (see sidebar, p. 312). Over
the course of 530 vears. it helped sweep the
screwworm fly, which feeds on open wounds
in livestock, from half the Western Hemi-
sphere, and it’s being used to protect every-
thing from Chilean apples to Dutch onions
to Japanese melons from voracious pests,

Perhaps more important, it helped wipe
out the entire tsetse fly population on
Zanzibars main island in the 19905, a proj-
eet hailed as an important proof of principle.
Mow, Ethiopia hopes it can become a mode]
itself by showing that the same is possible on
the African mainland. More than 35 coun-
tries have tsetse, and in many, they transmit
not just nagana but also sleeping sickness, a
devastating human disease.

And vet. the Ethiopian project is at the
center of a divisive, often caustic, debate
among entomologists. Critics believe that
for a variety of reasons—such as the Fact that
there are Five tsetse species in Ethiopia—it is
likely to til. And besides, 1t's not a sustain-
able solution, they say, because flies may re-
infest the country. The money—LEthiopia’s
wovernment spent 3 12 million on the factory

alone

would have been much better spent
on cheaper and simpler ways to fight 1setse,
such as insecticide spraving. says Glyn Vale.a
former head of 1setse research in Zimbabwe.
“I hate to see a poor country waste so much
money.” Vale adds.

Veterinary entomologist [an Maudlin of

the University of Edinburgh. UK., calls 5IT
Ethiopia’s “man-on-the-moon project.”

These critics blast the International
Atomic Energy Agency (IAEA), which is
supporting the project, for seducing
Ethiopia into trying sterile insects—and
they're even more dismayed that other
African countries are following suit, Best
known for its wrangling with aspining nuclear
powers, the LLN. agency. headquartered in
Vienna. Austria, also promotes the peaceful
use of atomic energy, including the creation
of sterile nsects. and 1ts lab in Seibersdort,
outside Vienna, is the world’s premier 51T
FCHC-'J.TL"I center.

Green Desert

Opinions differ about the solution but not
about the problem. Almost a quarter-million
square kilometers of mostly fertile valley
land in westem and southwestern Ethiopia is
infested with tsetse flies. Nagana, caused by
a unicellular parasite of the Trvpanosoma
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AFRICA

Fly belt. An area of
about 10 million square
kilometers—including
one-fifth of Ethiopia—is
home to dozens of species
of setse flies.

renus, makes keeping livestock
. difficult, That means fewer ani-

5 mals to plow the land, less
milk. and less manure—in
short, poverty. A large swath
ol Africa has the same problem.
The ULN.'s Food and Agriculiure Organiza-
tion puts the bill for missed farming revenues
in this “Green Desert”™ across Africa at about
£4.5 billion annually.

Then there’s the human cost: Sleeping
sickness, or human trypanosomiasis, is
believed to infect some 50,000 to 70,000 peo-
ple a yvear. although hard data are not avail-
able, No vaccine exists, and drugs—most
more than 50 years old—are toxic and
decreasingly effective. Melarsoprol. an
arsenic-based drug. kills between 3% and
10%, of patients.

For colomial powers, tsetse posed a formi-
dable barrier to the development of their
Alncan assets. and they all started programs to
deal with the problem. They did have some
early successes, Most famously, the Portuguese

rid the small West African island of Principe of

tsetse in 1905, largely by equipping plantation
workers with sticky backpacks.

Colonial concerns also inspired one of

the earliest but least known studies of SIT.
In the 19405, in what was then Tanganvika
and is now Tanzania. British entomolo-
wist F. L. Vanderplank discovered that
crossing two different species ol tsetse
flies resulted in hybrids with very low fer-
tility. This gave him the idea for a trial in
which the pupae of one tsetse species were
collected and transported by train to an
area occupied by another species, in hope
of creating sterile offspring. Vanderplank
never published the resulis, but before his

B Tsetse fly region
M Ethiopia

death he gave the raw data to entomolo-
gist Chris Curtis of the London School of
Hygiene and Tropical Medicine. who
published them in a 2003 book. The trial
Wwas 4 SUCCess.

But SIT didn’t really take off until afier
the successful US. fight in the 1950s against
the screwworm, which was subsequently
rolled back all the way down to Panama. As
it turned out. it wasn't hybridization but
radiation that proved the most effective way
to create sterile insects.

So far, the majority of SIT programs
have addressed agricultural pests in richer
countries. The projects can cost tens of mil-
lions of dollars, but those costs are often
quickly recovered. The screwworm eradi-
cation, for instance. saves LS. livestock

Source of pride. Project coordinator Temesgen
Alemu {right} and insect facility manager Solomon
Mekonnen—posing with a gamma ray source used
to sterilize flies—hope Ethiopia's tsetse fight will
serve as an example for Africa.

NEWSFOCUS

producers $900 million a vear, according to
the U.S. Department of Agriculture.

Yet by the 1970s, IAEA had also set us
sights on tsetse, The Seibersdorf lab refined
the technology of rearing tsetse flies.
Whereas at first they were fed on live rabbits
and guinea pigs, cow blood is used today.

In the mid-1980s, the agency and the
Tanzanian government picked Unguja, the
main island of Zanzibar, for a test site. It
took almost 10 years to build a Nly-reanng
facility and train local staff, sayvs Andrew
Parker. a tsetse expert at IAEA. After the
flies had first been attacked using insecti-
cides, planes started delivering weekly
loads of male flies across the island in
August 1994, By 1997, Zanzibar was
declared tsetse-free, at an estimated total
cost of $5.7 million, It still 15 today.

The example piqued the interest of the
Ethiopian government, says Temesgen
Alemu of the Southern Tsetse Eradication
Project, a program of the Ethiopian Science
and Technology Organization that TAEA
supports with scientific expertise and techni-
cal advice. And 10 years later, thanks in part
to funding from the UUN., the African Devel-
opment Bank, and the government of Japan,
things are well under way, Workers are busy
unloading new racks and mstalling an auto-
mated feeding system in sparkling clean
rearing halls. An old building on the same
grounds now houses a colony of about
100,000 breeding females that produce a
weekly harvest of 10,000 males, In the new
building. those numbers should go up by a
factor of 70 to 100, Alemu explans.

The project involves much more than
SIT. Alemu says. Conventional technigues
such as traps and so-called targets—blue or
black sheets spraved with insecticide and
baited with cow urine or artilicial attrac-
tants—are currently used to dnve down the
population to less than 3% ol its original
level. SIT's role will be to finish it off.
Alemu says, because sexual attraction can
do what insecticides can’t; reach and kill
even the very last fly. The 25.000-km? valley
that has been selected as a first target is pro-
tected by mountains, reducing chances of
reinfestation. It has only one species,
Glossina pallidipes. which is what the fac-
tory is churning out at the moment.

Later, it will have to start producing the
country’s four other (lossing species as well,
because the goal i1s to nd all of Ethiopia
which is right on the northeastern edge of
Africa’s tsetse belt—of the flies. To prevent
them from coming back, neighboring coun-
tries will have to adopt aggressive control
programs as well, Alemu says.
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Proven Technology May Get a Makeover

The sterile insect technique (SIT) being tested in Ethiopia relies on two
of the most formidable forces in the world: atomic energy and sex.
Gamma radiation helps make male insects sterile, and sexual attrac-
tion ensures that released en masse, they will find females even in the
mosl remole hideouts,

Although its use in tsetse and malaria control is highly controver-
sial, SIT has allowed several triumphs in insect control over the past
50 years, and its range of applications is expanding even today. Still,
some believe the future may be a new, geneltic version of SIT—aone that
keeps the sex but eliminates the radiation. One advantage is that it
does not require the use of gamma ray sources, which terrorists could
use to make dirty bombs.

Scientists knew as early as the 1920s that x-rays and ionizing radi-
ation produce dominant lethal mutations in male insects that effec-
tively make them sterile. The idea to use sterility to control populations
was developed independently in the 1930s and 1940s in the British
colony of Tanganyika, the Soviet Union, and the United States.

In the 1950s, L.5. pioneers Edward Knipling and Raymond Bushland
pul the idea in practice to fight the screwworm fly, a major pest whose

larvae feed on the flesh of livestock and other animals. After a successful
test run on the island of Curacao, they took on Florida, and later, all of
the LL.5. states where the screwworm reigned. Alter victory was declared
in 1966, the battle moved south, where through international coopera-
tion, the flies were rolled back all the way through Mexico and Central
America. Last year, a new screwworm-rearing plant was opened in
Panama that produces 150 million flies weekly to guard the current fron-
tier, close to the Colombian border.

SIT is also widely used to prevent or suppress infestations of the
Mediterranean fruit fly. A global pest, Medfly is a threat to everything
from apples to tomatoes and pomegranates; being "Medfly-free”
brings countries important trade benefits. Medily factories have
sprung up around the world. The largest, in Guatemala, produces more
than 125 billion flies a year for several countries; huge numbers are
dropped every week over the port cities of Los Angeles, Tampa, and
Miami to preven stowaways from causing outbreaks.

Two months ago, a new Medfly-rearing plant was opened in
the Spanish province of Valencia, a major citrus-exporting region.
Meanwhile, a SIT program also helped eliminate the melon fly from
islands in southern Japan between 1972 and 1993; and in the Nether-
lands, a company called The Green Fly sells environmentally conscious

High costs, uncertain outcome
The critics barely know where to begin.

A technigue that can drive down a popu-
lation by 93% or 99% can also get nd of the
remaining flies, says Stephen Torr of the
University of Greenwich in the UK. “There’s
nothing magical about that level” he says,
and past experience proves it.

Tsetse were wiped out of an 11.500-km?*
area in the western province of Zambia using

odor-baited targets: Botswana got rid of

Will it fly? A worker in the mass-rearing facility outside Addis Abeba looks at a cage of tsetse flies.

tsetse flies in the 16,000-km? Okavango Delta
in 2 years by aerial spraying of very low
amounts of msecticides, to which setse are
extremely sensitive. (“They only have to look
at it to drop dead.” Edinburgh’s Maudlin says.)

And there are many other reasons why SIT
cannot work and is the wrong thing to try in
Africa. eritics say. Approximately 10 million
km? are infested and there are 29 species and
subspecies, of which at least seven are impor-
tant from an economic or public health stand-

point. Extrapolating from the experience in
Zanzibars 1600 square kilometers, infested
by just one species, it would take 3500 cen-

tunes and $67 billion to do the same inall of

Africa, David Molyvneux of the Liverpool
School of Tropical Medicine sneered in a
2001 commentary, What's more, experience
shows that as a result of political instability,
poor infrastructure, and bad governance, such
complex operations aren’t sustainable in
Adrica, says Maudlin,

Finally. some say. the investments needed
are too high given the uncertain outcome.
IAEA doesn’t fund SIT projects; however, it
provides technical assistance. with countries
picking up most of the tab, “Can you ask
Ethiopia to spend 512 million on a factory
if you're not even sure the technique will
work on mainland Africa?” asks Bart
Knols, a former TAEA staffer who's now at
Wageningen University in the Netherlands.
“To me, that’s an ethical gquestion.” (The
total cost is unknown but will be much
higher than %12 million, because the proj-
ect is expected to take decades.)

Zimbabwe’s Vale savs that TAEA, in its
zeal to promote nuclear technology, has lost
sight of all these problems.

“Nonsense.” answers Assela Mebrate, an
Ethiopian ecologist and one of the founding
fathers of the country’s SIT project. IAEA
didn’t sell the country on anything, he says: it
was Ethiopian scientists who saw S1T's
potential and convinced the government to
ivest in it And the expense is well worth it if
it can bring about a permanent reduction in
poverty. Mebrate deplores the fact that the
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Fruitful fight. Factories around
the world produce billions of
sterile Mediterranean fruit flies
every week to protect the global
fruit industry.

onion farmers sterile male
onion flies.

But lately, the spread of
gamma ray sources such as
cobalt-60 and cesium-130 to
politically volatile countries
has sparked concern. That's
one reason the SIT lab at the
International Atomic Energy Agency (IAEA) near Vienna, Austria, is now
experimenting with x-rays as a way to sterilize males.

A new method called “Release of Insects Carrying a Dominant
Lethal” (RIDL) may provide another solution. Developed by Oxford Uni-
versily entomologist Luke Alphey and colleagues (Science, 31 March
2000, p. 2474), the technique doesn’t actually sterilize released males
but instead equips them with a gene that is lethal when expressed in
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females. As a result, they can only have male offspring, which in tumn
can only produce males, and so on. Models show that this can wipe out
a population just as quickly as SIT, Alphey says.

The technology, nowin development at a company called Oxitech in
Oxford, UK., has already been used to create RIDL Medflies, Mexican
fruit flies, and Aedes aegypti mosquitoes, which transmit the dengue
virus. Entomologist Paul Reiter, who's currently testing the behavior
and fitness of Alphey's Aedes mosquitoes at his Pasteur Institute lab in
Paris, calls RIDL “very promising.” Many other entomologists are now
using genetic tricks to make mosquitoes unable to transmit disease
that could "replace” natural populations (Science, 30 March, p. 1777),
but Reiter believes wiping out populations, as RIDL does, is more likely
to work. However, RIDL comes with some of the same problems (see
main text) as classical SIT.

For the IAEA insect lab, a driving force behind many of the break-
throughs, radiation-free technigues would spell the end of its raison
d'étre: promoting peaceful cooperation in nuclear technology. But Jorge
Hendrichs, who heads the section, is not worrying yet, because RIDL still
has to prove its mettle. “The proponents of these molecular approaches
underestimate the step from a small-scale lab experiment to an opera-
tional program,” he wrote in an e-mail to Science. -M.E.

vocal opposition, which he describes as a
“cult.” has made donors shy of funding
SIT in Affrica,

The head of IAEA’ Insect Pest Control
Section, Jorge Hendrichs, declined to be
interviewed about tsetse and urged Science
to instead write about SITs success in the

fight against the codling moth, a pest of

pome fruit and walnut trees. But he did send
a nine-page response to a list of e-mailed
questions. “The [AEA is pushing nothing,
but responds to demands from its member
states,” Hendrichs wrote. "This is an
Ethiopian project under the COMPLETE
control of the Ethiopians.” It’s a “fallacy™ 1o
think that conventional technigques can
always kill oft" a population, he wrote. and
IAEA believes in a role for SIT where they
can’t Tt s morally detestable.” he added, wo
claim that Africans should learn to live with
the ... problem because they are not capable
of making projects sustainable.”

Pie in the sky?

The debate has also engulfed Africa’s
larger project. the Pan African Tsetse and
Trypanosomiasis Eradication Campaign
(PATTEC), Called into life by African lead-
ers at a meeting in Togo in 2000, PATTEC
advocates SIT as one tool in the continent-
wide battle. Indeed, SIT 1s part of tsetse
programs coordinated by PATTEC in
Tanzania—which still has the fly factory
from the Zanzibar campaign—and in
Uganda and in Kenya. both of whom plan to
build one. But even Mebrate, who firmly
believes in the Ethiopian project, has doubts

that Tanzanmia and Uganda can succeed with
SIT, because they are targeting areas that are
surrounded by infested areas and are thus
much more prone to reinvasion.

PATTEC head John Kabayo, a Ugandan
biochemist whao spent 6 years as a researcher
at the TAEA lab, says, “People like to debate
this 1ssue until the cows come home.” He
tries to avoid it. he says, because it'’s diverting
attention from the real work. Insecticide
spraying and targets will remain PATTEC s
main tools. Kabayo says. and SIT 15 “a
backup option.”

Blood bank. To feed tsetse flies, cow blood,
provided for free by a local slaughterhouse, is
sterilized, frozen, and stored in a freezer.

Meanwhile, a similar controversy is sime-
mering over SIT's usefulness in combating
malaria. With IAEA support, Sudan has just
embarked on a project to Fight the Anopleles
arabiensis mosquito from the Nile valley in
its Northern State: construction of a special
mosquito factory is planned for Khartoum.

Knols, who works as a consultant on the
project. says that at TAEA, he repeatedly
questioned whether Sudan. too poor to buy
malaria drugs and bed nets, should pay for a
SIT feasibility study. Given the lack of qual-
ified staff. logistical nightmares, and the
strained tensions with the Sudanese govern-
ment as & result of the Darfur crisis, the coun-
try “probably wasn’t the best place™ to study
the approach either, he adds.

Paul Reiter of the Pasteur Institute in
Panis calls the idea to tackle malaria in Africa
with SIT “complete pie in the sky.”

In Kaliti, the debate does not seem to
bother the team managing the fly factory too
much. They're mainly eager to get on with
the project. Just recently, they have staried
releasing small numbers of sterile males in
the project area, a day’s drive from Kaliu.
They are testing whether the sterile males
can survive in nature and are still attractive to
wild females—neither of which is guaran-
teed after 50 generations of lab hife.

The first results are very promising, says
Alemu, who is convinced that the project

which he hopes will become a source of

national pride—will eventually bear fruit. “We
are very confident that we can do it, and we
must succeed.” he says. “Ethiopia cannot live
with the tsetse Iy =MARTIN ENSERINK
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KI“ET Dust Stnrms

1E.!ls.t RSia’s db;l‘ storms are growing in number and ferocity.

Wil

Asimple P:-.perlmt-.‘ntl 'to

1 wean wllaq efs off destruttwq land practices suggests a way to tame theyyellow blizzard

T'\ H‘ 3

BAYINHUSHU, CHINA—When MNasen Wuritu
was a boy in this village in Inner Mongolia,
“the grass grew as tall as an adult,” he says. In
the 19605, cows grazed year-round and never
went hungry. After Nasen Wuritu reached
adulthood, however, throngs of livestock had
denuded the land. forcing him and other
herders to spend precious cash on animal
feed. Hand in hand with this crisis was arising
frequency and intensity of dust storms. “Peo-
ple couldn’t go outside. and we had to light
candles in the middle of the afternoon,”
Nasen Wuritu, now 50,

In Bayinhushu, those hard times have
passed. On a late spring day here, lush hills
roll toward the horizon and the air is ¢lear
despite a steady wind. After a S-vear effort,
the people of Bayinhushu—with help from
officials and an army of ecologists, botanists,
and economists— have restored the pastures.
And dust storms here have abated,

Bayinhushu is a rare bright spot in a bleak
landscape. In the and grasslands of northern
China and Mongolia, overgrazing, over-
cultivating. and squandering of scarce water
resources have created a massive dust bowl
where winds sweep topsoil away. Dust
storms regularly blight eastern China, Korea,
and Japan. closing schools, damaging jet
engines, and triggering respiratory allments
as far away as California. A particularly nasty
storm in May 1993 resulted in 85 deaths. the

says

B

loss of 120,000 head of livestock, and the
destruction of more than 4400 houses and
2.3 million hectares of crops, according 1o
the Chinese Academy of Forestry Sciences,
The economic toll in China alone is approxi-
mately $630 million a vear, says Wang Tao, a
physical geographer who heads a national
project to combat desertification,

Things are likely to get worse before they
et better. Wang, who is based at the Cold and
Ard Regions Environmental and Engineer-
ing Research Institute of the Chinese Acad-

Taking root. Jiang Gaoming shows how dense grass
roots hold soil in place.

emy of Sciences (CAS) in Lanzhou, estimates
that northern China’s anid grasslands are
being degraded ata rate of 3600 square kilo-
MeeTs
Rhode lsland—every year. Wang predicts
that as a result, dust storms. which have
increased im number nearly sixfold over the
past 20 years, will become more frequent,
more intense, and more deadly.

If the lessons of Bayinhushu can be
applied across the vast steppes once ruled by
Genghis Khan, dust storms should diminish.
But there are challenges to implementing sus-
tainable land practices in China’s northern
provinces. “Ecologically, it is easy to control
dust storms, Economically, it is diffieult”
Bayinhushu project leader Jiang Gaoming, a
plant ecologist at the CAS Institute of Botany
in Beijing, Solutions must be tailored to the
needs of local residents and ecological con-
ditions in each region. Complicating the pic-
ture, top Chinese officials stll hew to dis-
credited policies that aim to subdue dust
storms by conguerning the deserts, “We have
a lot of convineing to do.” Jiang says.

sys

The perfect dust storm

The basic anatomy of East Asia’s dust storms
is fairly well established. For starters, the
common term “sand storms™ is a misnomer.
Sand particles are too heavy to get litted high
into the atmosphere. Thus, little of the dust
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A green revolution. Restricting grazing
(inset) allowed this pasture in Inner Mongolia to
recover naturally.

that blights East Asia comes from deserts,
where erosion over the millennia has carried
away most of the smaller particles. Studies
indicate that the dust originates in dry
lakebeds and and lands on desert fringes. In
these regions. a crust forms on undisturbed
soil. giving some resistance to wind erosion.
But in springtime, that crust is broken up by
plowing and livestock. which also strip the
land of new growth and pound soil into dust,

Meanwhile, the temperature difference
between a chilly atmosphere and a surface
warmed by intensifying spring sunlight cre-
ates updrafts that Lift dust into the e As air
streams south and east from Siberia, the
winds bump up against the moun-
tain ranges that ring northern
China and Mongolia, forming
low-pressure pockets that suck
airborne dust into the upper
atmosphere. Easterly winds
sweep the particulate matter to
Beljing. Seoul, Tokvo, and some-
times across the Pacific Ocean to
Morth America,

There are good years and bad
yvears. Heavy snows add mois-
ture to the soil, dampening dust
in early spring. Conversely, with-
out snow cover, soil dries out
during winter and is more prone
1o wind erosion.

This dynamic has persisted for
centuries, as have dust storms. But
the storms have been worsening,
Seoul, which bears the brunt of
Last Asia’s dust storms, suffered
“dust events™ on 23 days during the 19705,
41 days in the 1980s, 70 dayvs in the 199405, and
96 days so far this decade. according to the
Korea Meteorological Administration.

The primary reason for this onslaught,
most scientists believe. is degradation of frag-
ile ecosystems. The population of Xilingol
League, the district that includes Bayinhushu,
increased from about 200,000 in the late
19405 10 more than 930,000 in 2000, Jiang
says. Over that period, herds of grazing ani-
mals skyrocketed from around | million head
to more than 24 million, while the grazing
area shrank from 5 hectares per animal to
about one-tenth of a hectare.

Staggenng growth such as this occurred
all across northern China. The national gov-
ernment encouraged nomadic herders to
settle in villages and multiply herds to boost
incomes. says Jiang. Livestock created an

www.sciencemag.org  SCIENCE

ever-widening ring of denuded land around
settlements, The government also encour-
aged Han Chinese farmers to migrate to
northern regions to “tame the deserts” with
artificial oases and irrigation. The migrants
cleared land for farms and cut brush for
fuel. Irrigation gradually dried up many
lakes and rivers. The result, Jiang says, is
that 90% of China’s grasslands. an area
encompassing 4 million square kilometers,
are degraded.

Authorities have long recognized the
problem. but attempted fixes have been
futile if not counterproductive. Since 1978,
China has spent at least $1 billion planting
trees in ard and semiarid regions o combat
desertification. says Luo Yigi. an ecologist
at the University of Oklahoma in Norman,
who with colleagues at the Cold and And

Don your masks! Beijing gets battered by dust in this 28 April 2005 image
captured by NASA's Terra satellite.

Regions Institute has studied such
afforestation efforts.

Afforestation is misguided, Luo asserts,
“People proposed the idea without consider-
ing ecological principles.” he says. “They set
out to create forests in regions where forests
naturally do not grow due to limited precipi-
tation.” The tree of choice has been the poplar,
[F watered, poplars grow rapidly, but without
intensive care, they die. Sticks protruding
from barren earth-—dead poplar saplings-
line roads in Inner Mongolia, Where poplar
groves become established. Luo says. the
deeply rooted trees hemorrhage water
through transpiration, lowering the water
table and making it harder for native grasses
and shrubs to survive,

China’s tree-planting campaign has suc-
cessfully reforested areas with ample rain,
says Luo. But planting poplars in arid
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regions, he savs, “does not help combat
desertification.” The government continues
to pour money into afforestation. regardless
of water resources, through a bureaucracy
whose mission isto plant trees, “ltistime for
the Chinese government ... to scientifically
evaluate long-term policies,” Luo says.

Sustainable living

In 2000, CAS applied a scientific approach
to dust storms by funding five grassland-
restoration pilot projects, including Jiang .
Jiang headed for Zhenglan County, a sub-
division of Xilingol League, partly because the
Institute of Botany has a research station there
that had documented the loss of 12 centimeters
of topsoil to wind erosion in the past 24 years,
Another reason: Beijing is only 180 kilometers
south. "It [the land] is degraded here. the dust
will affect Beijing.” hang says,

Realizing that the key 1o solv-
ing the dust problem is involving
the people who live on the land-—a
big task given, Jiang says, “their
poverty and their level of educa-
ton”—he invited onto his team
social scientists and economists as
well as ecologists and animal hus-
bandry specialists, The goal wasto
improve the lives of villagers while
reducing environmental degrada-
tion. At the start of the 5-year,
$600,000 project, Bayinhushu
consisted of 72 households with
316 people and 11.560 head of
livestock—73% sheep and goats,
the rest cattle. The village manages
7330 hectares of land much of it
communal pasiure.

Jiangs team calculated that vil-
lagers could boost incomes if they
reduced sheep and goat numbers and intro-
duced an improved breed of dairy cattle, while
curtailling open grazing. ltwas not easy to con-
vince them, however. Mongols consider the
size of the herd a measure of wealth. To help
overcome doubts. local authorities chipped in
additional mcentives: They dug wells and
extended the power grid to Bayinhushu to run
pumps and electrify houses. The county also
improved the dirt track connecting the village
to a paved road.

The villagers agreed to ban grazing on
2670 hectares of communal rangeland to
allow vegetation to recover. Harvesting hay
from this land in autumn provided enough for-
age for a smaller number of livestock duning a
typical winter, eliminating the expense of
commercial feed. To tide the villagers over
while the land recovered, Jiang’s team planted
corn on several dozen hectares.
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Jiang's team made some mistakes along
the way. More than half of the initial budget
went to aerial grass seeding and planting
trees to form windbreaks. Both proved "a
waste of money.” Jiang says, The trees died,
and sown plots fared no better than those lett
o recover naturally,

By and large, however, the simple plan
worked. The villagers grew enough corn to
feed amimals without grazing in the common
pasture. Herds were reduced to 5783 head. a
little over half of which were sheep and goats.
Milk production doubled per head. By the
end of the third summer, the grass had recoy-
ered to provide more than enough hay for the
village's needs,

Five years later., Jlang says. the land looks
much as it probably did a century ago.
Annual incomes have increased 46%, from
$315 to 34060 per capita. In Nasen Wuritu's

living room. a framed ceramic relief of

Genghis Khan hangs on the wall. A large-
screen TV and a satellite dish in the front
vard pipe in previously unimagined enter-
tainment. “We used to joke that there was
nothing for Mongols to do at night but sleep
and make babies.” Nasen Wuritu says. And
the dust storms, which used 1o drive people
indoors once or twice a month, are now
occasional nuisances.

Bavinhushu is a “good example™ of

grassland restoration. Wang savs. In an
encouraging sign, herders in nearby vil-
lages are restricting grazing on communal

pastures. Still, the Bayinhushu experience
may not be easy to replicate in places with
less favorable ecological conditions,
Jiang notes that Bayinhushu had suffi-
cient topsoil replete with seeds, and
groundwater levels had not been affected
by excessive irrigation.

Severe degradation may require
“human facilitation of the restoration
process,” savs Lu Q1. a desertification spe-
cialist at the Institute of Forestry in Beijing.
After studying restoration projects on the
Tibetan Plateau. where extreme degrada-
tion has created shifting sand dunes, Lu
found that a hands-off approach led to a
slow and spotty revegetation and little sta-
bilization of the dunes. In contrast, erecting
sand barriers and planting soil-stabilizing

shrubs promoted the healthy recovery of

native plants. Because shifting dunes
smother new vegetation before it can take
root, Lu argues that active intervention is
needed to reverse desertification.

The toughest task may be to undo the
harm wrought by artificially expanding
oases, like one at Mingin, between the
Tengger Desert and the Badain Jaran
Desert in Gansu Province. west of Inner
Mongohia. Beginning in the 1950s, irnga-
tion on a massive scale helped establish
thousands of farms but eventually dried up
natural rivers and depleted groundwater,
fueling the expansion of the two deserts.
Earlier this vear. provincial authorities

Less is more.

Nasen Wuritu

saw his income

increase after
raising fewer

ordered 10,500 people to vacate farms in
a 1000-km? area surrounding Mingin
within 3 1/2 vears,

Wang says that resettling the farmers
elsewhere “may relieve some problems in
this area but cause new problems in
another area.” It would be better, he arzues,
to introduce water-conservation tech-
nigues, such as those pioneered in Israel,
which might allow sustammable farming in
the area.

At Bayinhushu, Jiang continues to
measure the experiment’s results and
explore ways to further raise village
incomes. The project is leaving an unex-
pected legacy. Before the project began,
Nasen Wuritu says, village voungsters typ-
ically dropped out of school after the com-
pulsory % years. But the scientists who
spent time in the village exposed the
youngsters to the Internet and text messag-
ing. “Many young people realized the
importance of an education.” he says.
Exhibit A is Nasen Wuritu's eldest son,
now studving to be a veterinarian at Inner
Mongolia University in Hohhot. "He
wants to stay in the city to pursue a better
life.” Nasen Wuritu says. That would mean
one less person eking out a Living on the
grasslands—and a greater chance of enjoy-
g an environment increasingly liberated
from dust.

-DENNIS NORMILE
With repaorting by Gong Yidong of Ching Feolures.
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GENOME SEQUENCING

The Greening of Plant Genomics

As the National Plant Genome Initiative turns 10, it is beefing up its bioinformatics
and its portfolio of sequenced crop and noncrop genomes

In the genomics world, plants are second-class
citizens. Researchers have sequenced the

DNA of hundreds of microbes and dozens of

animals, vet they have deciphered the genomes
of just three plants. Arahidopsis. rice. and
poplar—rfour, if yvou count Clifamvdomonas,
an alga. Compansons between finned, legged
and feathered species have vielded tremen-
dous imsights into the evolution of these
organisms. Yet plant biologists still lack the
ability to compare the genomes of their
favorite species, letalone begin 1o construct a
coherent history of plants. No wonder

for more crop genomes. Eric Ward of
theTwo Blades Foundation in Durham, North
Carolina. which supports the development of
disease-resistant crops. cited the need for
species that represent all the plant groups.
Others argued for “resequencing” species from
different places whose genomes are already
known—say, Arabidopsis—1o get a sense of
the natural variation,

Workshop participants also decried the
genome imtiative’s lack of progress in bio-
informatics. Funding agencies supported the

plant researchers are complaining,

At a6 July workshop to evaluate the
10-vear-old Manonal Plant Genome Ini-
tiative (NPGIH), experts in bioinformat-
ics, plant breeding. and biotechnology
called for more plant zenomes to be
sequenced and lamented the dearth of
computational and analytical tools to
evaluate genomes. Yet, at the same time,
they praised the program for its progress
to date. Over the past decade, NPGI has
spent 5780 million finding genes and
sequencing plant DNA. That's a drop
in the bucket., compared to more than
$3 billion available from the National
Human Genome Research Institute for
decoding the genomes of humans and
other animals. notes Jeft Dangl of the
University of North Carolina, Chapel
Hill. *Plant genomics research isa huge
bang for the buck.” argues Dangl, who
chairs the Nauonal Research Council
panel charged with reviewing NPGI and
recommending future directions,

Congress Kicked off this multi-
agency program in 1998, With prompi-
ing from LS. corn growers, 1t ear-
marked $40 million for the National Sci-
ence Foundation (NSF) to usher plants,
in particular corn and other crops. into
the genomics era. Now 10 vears later.
NSF. with additional support from
the U.S. departments of Agriculture
and Energy ( DOE) and other federal
agencies, has sponsored hundreds of
genome-related projects.

But researchers are clamoring for
more DMNA, At the meeting, Erik Legg
of Syngenta, whichis based in Research
Triangle Park, North Carolina, called

Plants in Sequencing Pipeline

Common Name Scientific Name

Genome Size

Club Maoss Selaginella moellendorffii 88 Mb
Thale Cress*  Arabidopsis thoffang i),} 130 Mb
Pink Purse Arabidopsis lyrata 230 Mb
shepherd’s Purse Copsella rubella 250 Mb
Peach t!) Prunus persica 270 Mb

355 Mb

Purple False Brome  Brachypodium distachyon

Monkey Flower  Mimulus guttotus &’ 430 Mb

NEWSFOCUS

sequencing of many animal species o help
interpret the human genome. Toward that end,
centralized databases, such as Ensembl, devel-
oped ways to compare genomes and look for
conserved genes and pathways. That hasnt
happened in the plant world. As a result, *data
resources are balkanized” complains Lincoln
Stein, a bioinformaticist at Cold Spring Harbor
Laboratory in New York state. For Arabidopsis
sequence information, researchers 2o o a data-
base called TAIR, but for corn, they head to
MaizeGDB. “[You] can’t go and see a compre-
hensive companson between Arabidopsis and
rice,” notes Ward. “Its frustrating”

Stem and others called for the mtegration of
the vanous plant genome databases and for the
establishment of uniform standards for charac-
terizing genes and other DNA. “Ifvou don't do
this, your comparisons between genomes are
utterly meaningless,” savs Suzanna Lewis, a
bioinformaticist at Lawrence Berkeley

National Laboratory in California.

NSFE DOLE, and s collaborating
agencies are taking sieps to address
these complaints, In late 2005, NSF
awarded Washington University in

St Louis, Missouri, 3295 million to

sequence corn. Potato, tomato, and

soybean sequencing is also under
way, DOES Joint Genome Institute in

Walnut Creek, California, plans to

devote increasingly more of its

sequencing capacity to plants and
microbes, curtailing its work with
animals, says JGI's Daniel Rokhsar,

All told, about two dozen species are

in the sequencing hopper.

NSF is pushing for better bioinfor-
matics as well. It is reviewing proposals

SKE g sain HEl for a “plant evbennfrastructure,” which
Poplar* . Populus trichocarpa 480 Mb will have the computers and know-how
‘ to meld the vanous sequence, gene-
Grape g Vitis vinifera 500 Mb expression, functional gn:nmn_il.::'-. and
mutant databases to make possible one-
Barrel Medic Medicago truncatula ~ S50Mb S0P shopping for genomics. NSF plans
to spend up to S10 million a year for
Sorghum ’Sarghum bicolor 736 Mb 3 years |'[! years at most—to make
p” these genomic resources accessible and
Cassava Manihat esculenta 760 Mb to train researchers how to use them.
Traiming is key. says Dangl. NPGI has
Potato Solanum tuberosum 840 Mb “brought the mind frame of genomics to
plant systems where there wasn’t much

Cotton Gossypium raimondii 880 Mb before.” he notes.
Indeed. NPGI has become “the
Tomato  Solanum lycopersicum 950 Mb mujnr basic science program |1|:'Ir]‘JlEII'I:E."L“
says Jeffrey Bennetzen of the University
Soybean %— Glycine max 1115 Mb of Georgia, Athens. The initiative will
never have the resources of the Natonal
Maize Zea mays 2600 Mb Human Genome Research Institute, but

* Published sequences,

it is slowly lifting plants from second-
—ELIZABETH PENNISI

class status.
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Reminding Scientists of Their Civic Duties

THE VERY WISE FORMER COMNGRESSMAN SHERWOOD BOEHLERT OF THE HOUSE SCIENCE
Committee said, “If scientists are going to be more effective participants inthe policy arena, they
have to ... leam more about the policy work™ (*S&T Forum: States. industry play key role in
LLS. innovation drive,” AAAS News and Notes, 25 May, p. 1 140). For over 40 vears, [ have been
urging the scienufic societies (like AAAS, Amencan Chemuical Society, Amencan Physical
Society, and Matenals Research Society, to which | belong) to stop merely, again and again,
berating the public’s “scientific illiteracy™ and tum all that energy to fixing the unbelievable
policy illiteracy of scientists. For vears | have tested this, in talks at largish audiences in society
meetings, Over S0% typically admitted to not being able to name their two senators and con-
gressperson. Very, very few recognized what the “House Science Committee™ was or did.
“Physician (or physicist. chemist, biologist). heal thysell?” A regular clever quarter-page
lesson on contemporary “civics” in Sefence might be a start and a recurring reminder of scien-

tists" responsibilities as citizens,

RUSTUM ROY

Evan Pugh Professor of the Solid State Emeritus and Professor of Science, Technology, and Society Emeritus, The
Pennsylvania State University, University Park, PA 16802, USA; Visiting Professor of Medicine, University of Arizona;
Distinguished Professor of Materials, Arizona State University, E=mail: rooy@ psu.edu

Insula Damage and
Quitting Smoking

IN THEIR REPORT “DAMAGE TO THE INSULA
disrupts addiction to cigarette smoking”
(26 Jan., p. 331), which is based on a retro-
spective study of patients who had brain
lesions. N. H. Naqgvi et al. conclude that
damage to the insula was responsible for the
disruption of nicotine dependence in some
cases, The claim 1s consistent with an ear-
lier report describing a voung man who lost
interest in abuse of substances afier a selec-
tive bilateral stroke of the globus pallidus
{ /). which is an important neural target of
the insula (2). However, methodological
limitations inherent in brain lesion studies
undermine the validity of conclusions
derived from this swdy,

The man outcome measure 1s a recall of
smoking behavior, especially the differenti-
ation of “quitting smoking with difficulty™
from “guitting smoking,” In the presem

20JULy 2007 WOL 317

sample, smoking cessation wok place on
average 8 years earlier, which introduces the
probability of a major recall bias, especially
when studying damage to brain areas with
memory function. including the insula (3).
In addition, retrospective assessment of the
interval between the occurrence of the
actual brain lesion and its detection on a
diagnostic scan is difficult. The nonselectiv-
ity of brain lesions makes the interpretation
of brain site-related loss of function partic-
ularly difficult. The authors used MRI and
CT scans that may not be sensitive enough
to detect potentially relevant brain lesions.
We suggest that before any firm conclu-
sions about the insula’s involvement in nico-
tine dependence are established. the results
of this retrospective study need to be veri-
fied using prospective studies and a more
rigorous methodology, Validated human
behavioral laboratory techmiques could be
used to measure craving as well as subjec-
tive and remforcing effects of cigarettes (4)
in stroke patients or in surgical patiems

SCIENCE

PERSPECTIVES

before and after planned resections of the
insula. One could swdy patients with
sejzure-recording electrodes along the insu-
lar surface. Individual electrodes can be
stimulated o ransiently block the function
of the area of interest. and the impact of focal
disruption can then be assessed. Anatomical
information (MR, CT) should be supple-
mented with an assessment of functional
mtegrity through imaging (PET. functional
MRI) and neuropsychological westing (/).
The histery of addiction treatment i1s
plagued with examples of scientific evi-
dence misused to justify treatments without
appropriate safety and efficacy tesiing.
Premature conclusions based on uncon-
firmed data lead to unfounded hope and bit-
ter disappointments for desperate patients
and their families. More than 1000 patients
in China and Russia reportedly underwent
brain surgery for addiction before the proce-
dure was stopped by the respective govern-
ments (5, 6). Although Nagvi ¢r al. do not
advocate surgery, we caution that the study
should not be (mas jtaken as evidence justity-
ing insula surgery to cure addiction. The
study has oo many methodological flaws
that make a firm conclusion or even enthusi-
asm premature. We are hoping that future
controlled prospective studies and applica-
tion of human laboratory techniques can
improve the validity of derived conclusions.
STANISLAV R. VOREL,* ADAM BISAGA,!
GUY MCKHANN,® HERBERT D. KLEBER!
1Department of Psychiatry, Division on Substance Abuse,
Columbia University/Mew York Stale Psychiatric Institute,
New York, NY 10032, USA. “Depatment of Neurological

Surgery, Columbia University/Mew York State Psychiatric
Institute, New York, NY 10032, USA.
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Response

WE SHOWED THAT SMOKERS WITH DAMAGE
to the insula were more likely than smokers
with damage in other brain regions to be able
to quit smoking easily, immediately. without
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relapsing, and without a persistent urge o
smoke. Our conclusion from this result.
combined with the results of previous func-
tional imaging studies ( /-3) and an estab-
lished theoretical framewaork for insula func-
tion (4. 5), was that insula damage interferes
with a specific psychological process that
makes it difficult to quit smoking and that
promotes relapse. namely, the conscious
urge to smoke. We are confidemt that the
anatomical and behavioral techmgues we
used were appropriate for our data and ade-
quate to support this conclusion,

We entirely agree with Vorel er af. that
our findings do not justly invasive treat-
ments for smoking addiction. We never sug-
gested i our Report or anywhere else that
surgically damaging the insula would be a
viable therapy for smoking addiction.
Indeed. we join Vorel ef el in strongly con-
demning any surgical manipulation of the
insula to achieve a therapeutic aim. Apart
from the historical excesses of psycho-
surgery. there 1s chimical evi-
dence that insula damage can
impair a variety of functions,
such as language (6), atten-
tion { 7), and mood (&), and
can cause significant cardio-
vascular morbicity (9). Al-
though our results do have
therapeutic imphications
for example, the development
of drugs that target insula
functions, behavioral thera-
pies  that the
bodily/visceral components
of smoking, and functional
imaging of insula activity to
monitor the progress of treat-
ments—we never used the
term “cure” to describe any
aspect of our lindings.

The fact that our study
Wils I'ﬁ[rii.\'rk.‘i,_'tl\i,' I':Iihq,.'h' H
valid concern about recall
bias. This is why we excluded
patients who had 1mpair-
ments of long-term memory
and obtamed information
from collaterals whenever it
was available, The possibility

address

still exists, however, that insula damage dis-
rupted memory for the emotional experi-
ence of quitting. such as memory for how
difficult it was to quit and for urges that were
felt after quitting. This possibility seems
unlikely. especially given the vivid descrip-
tions of the experience of quitting provided
by some of our patients. Also, we found a
strong trend for patients with insula damage
to be more likely than patients with damage

in other regions to be abstinent at the time of

the study (i.e., to have quit smoking after
lesion onset), a finding that was not suscep-
tible to recall bias. Nonetheless, we agree
with the need for prospective studies and
have already begun such studies.

Vorel ef al. point out certain technical
limitations that are inherent to all human

lesion studies. most notably the problem of

nonselectivity of lesions. We addressed this
problem through an analysis that looked at
effects in regions surrounding the insula.
Through this analysis. we found that the
msula was the only region in
which lesions had a signifi-
cant effect on smoking addic-
tion. By including a larger
number of  subjects  and
emploving  more  precise
voxel-based lesion mapping
techniques, future studies may

lesions in other regions that
possibly play a role in addic-
tion and may be able to race

the insula,

Our goal in performing
this study was not the immedi-
ate discovery of a “cure” for
smoking addiction, but rather
to shed light on a brain region
that has been largely ignored
in the drug addiction litera-
ture. We hope that our find-
ings spur further research on
this topic, which ultimately
could lead 1o betier treatments
for smoking addiction,

NASIR H. NAQVI,® DAVID
RUDRAUF,? HANNA DAMASIO, **
ANTOINE BECHARAL3A*

be able to detect effects of

effects within subregions of
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lowa Carver College of Medicine, lowa City, 1A 52242, USA.
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Not Necessarily the First

THE NEWSMAKERS ITEM "OPENING UP” (11
May. p. 811) states that “German physicist
Romano Rupp of the University of Vienna in
Austria has become the first non-Chinese
person to be named science dean at a
Chinese university.” In fact. George W,
Groff, a Penn State graduate in horticulture,
wits dean of the College of Agriculture at
Canton Christian College in Guangzhou,
China, from 1922 to 1941 (/). Canton
Chnstian College became Lingnan Univer-
sity, whose Colleze of Agriculture merged
with that of Sun Yat Sen University in 1952
to form South China Agricultural College,
now South China Agricultural University,
with a current enrollment of 36,000 stu-
dents, Groff began teaching horticulture
in China in 1907, beginning a century
of partnership between Penn State and
South China Agriculural University that is
still thriving m the form of training and
research collaboration in plant biology,
including a joint Laboratory of Root Bio-
logy inaugurated by the presidents of South
China Agricultural University and Penn
State on May 29 of this year. Rupp appears
to be (at least) 85 yvears late to merit the title
of “first non-Chinese science dean at a
Chinese university.”

JONATHAN P. LYNCH

Department of Horticuliure, College of Agricultural
Sciences, Pennsylvania State University, University Park, PA
16302-4201, USA.
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CORRECTIONS AND CLARIFICATIONS

News Focus: “Population geneticists move beyand the single gene” by E, Pennisi (22 June, p.
1690), The individuals pictured on page 1691 are from Siberia, not North and South America,

This Week in Science: “The root of the problem”™ (8 June, p. 1391). The first sentence of this
item was incorrect. Although mosses do exhibit a relatively primitive life-style, mosses have
bath haploid gametophyte and diploid sparophyle phases.

News Focus: “A new twist on training teachers™ by |. Mervis (1 June, p. 1270). The article
misspelled the name of Jason Ermer, a master teacher in the UTeach program at the
University of Texas, Austin,

Random Samples: "Country cooking™ (25 May, p. 1105), The last sentence is incomect, It
should read, “The device may not cut down on wood consumption, but tests suggest it will
make use of upto 30% of a wood fire's enengy, much more than an open fire's 7% efficency.”

News Focus: “Putiing the brakes on psychosis™ by C. Schmidi (18 May, p. 978). The brain scans
of schizophrenic patients shown on page 976 were meant to illustrate that the brains were
changing rapidly, not to suggest that the therapy described in the article could prevent such
changes. The patients received medication before and during the period when scans were taken,

Mews Focus: “Closing the net on com-

B IG Stim M Im mon disease genes” by ). Couzin and ].
_‘_J 15ng  Kaiser (11 May, p. E.!_U]. The table on
50 m=ec page 822 incorrectly listed the sample
size of a 2005 genome-wide association
N_“E‘_ A - [_ﬁiﬂ_ﬂg study in macular degeneration. The
study included 146 people, not 1700,
N2 l 720 nS News Focus: “Thymaosins: clinical prom-
= ise after a decades-long search” by ).
Mare (4 May, p. 682). Hynda Kleinman
was incorrectly identified in the artidle,
ri.."."r.a..-.. . _6?0 nS She is a former intramural scientist al
the National Institute of Dental and
W4 780 nS Craniofacial Research.
C ) Editors’ Choice: “Reducing logether” (27
NW1 Stim) April, p. 516). The paper covered in this
item [C. W. Kim et al, J. Am. Chem. Soc.
M2 L 129, 10.1021/j20706347 (2007)] has now
been retracted by the editor of that journal,
NW3 Reports: "Detection, stimulation, and
inhibition of neurenal signals with high-
MW
Fig. 28 and C.
B
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Letters to the Editor

density nanowire ransistor arrays” by F. Patolsky ef ol (25 Aug. 2006, p. 11000, The frace for
NW2 in Fig. 2C and the insel for NW4% in Fig. 4B were incomect. Additionally, the IC trace in
Fig. S4A was improperly plotted on the time axis, The comected Fig. 2C is showmn to the left with
the replotted Fig. 2B, There are minor differences between the original and replotted versions
of Fig. 2B due to export setfings in the plotting software. Fig. 4B is shown below with the cor-
resctied inset. The replotted trace for Fig, 54A is now available in the Supporting Online Material
for the Report. In the original Fig. S4A, the amows showing current injection were misplaced; in
the corrected version, injection is indicated by the region of maore positive membrane potential.
These efors accurred during the final preduction of the figures, and nane of the resulls of con-
clusions of the paper are affected. The authors apolagize for these emors in the published paper.
In addition, the authors would i ke to clarify several paints, (i) Detailed timing analysis was done
from data files in IGOR Pro (WaveMetrics, Inc., Portland, OR) and not from composed figures.
(i} In Fig. 1D, the intracellular and nanowire signals were measured on different computers with
small timing offsets between the data sets and were not intended to show precise relative tim-
ing. {ifi) In Fig. 2F, the published scale bar refers to the scale of each individual trace; however,
they are arbitrarily offset relative fo each other for clarity. (iv) In Fig. 48, data were measured
sequentially after multiple stimulations, not simuttaneowsly. (v) In Fig. 52, the baseline similar-
ites between NW3 and NW5 are real and most likely caused by coupling to ground noise fluc-
tuations and the use of similar Llock-in amplifier parameters for data acquisition. (vl In Fig. 564,
the newron was stimulated aver the course of four hours, However, the cell was impaled with the
IC pipette only during the first and last several minutes of the experiment to confirm neuronal
response and viability.

Reports: "Optical signatures of the Aharonov-Bohm phase in single-walled carbon nan-
otubes” by 5. Zanic et al. (21 May 2004, p. 1129). 5ome of the data and conclusions pre-
cented as novel in the Repont were previously presented in 5. Zaric et al, Superlottices
Microstructures 34, 413 (2004), which was part of a proceedings volume from the &th
International Conference on Mew Phenomena in Mesoscopic Structures and the 4th
International Conference on Surfaces and Interfaces of Mesoscopic Devices, The authors now
realize that this reference should have been indicated.

TECHNICAL COMMENT ABSTRACTS

CommenT on "Redefining the Age of Clovis:
Implications for the Peopling of the Americas”

Gary Haynes, David G. Anderson, C. Reid Ferring, Stuart ].
Fiedel, Donald K. Grayson, C. Vance Haynes Jr,, Vance T.
Holliday, Bruce B. Huckell, Marcel Kornfeld, David ]. Meltzer,
Julie Morrow, Todd Surovell, Nicole M. Waguespack, Peter
Wigand, Robert M. Yohe II

Waters and Stafford (Reports, 23 February 2007, p. 1122) provided useful infor-
mation about the age of some Clovis sites but have not definitively established
the temporal span of this cultural complex in the Americas. Only a continuing
program of radiometric dating and careful stratigraphic correlations can address
the lingering ambiguity about the emergence and spread of Clovis culture.

Full text at www.sciencemag.org/agiicontentfull3 17/5836/320b

Response To ComMenT on “Redefining the Age of
Clovis: Implications for the Peopling of the
Americas”

Michael R. Waters and Thomas W. Stafford Ir.

Haynes ef al. misrepresent several aspects of our study. Our revised dates and
other archaeological data impty that Clovis does not represent the earliest ocou-
pation of the Amenis, and we offered both human migration and technology
diffusion as hypotheses to explain the expansion of Clovis. We stand by the data
and conclusions presented in our original report.

Full text at www.sciencemag.orgfogifcontentull3 17583 6/320¢
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Fragile Frontiers in the Abyss

Cindy Lee Van Dover

ceounts of the biology of the deep sea

tend to focus on the epic eflorts under-

taken to gain access to this humanly
inhospitable environment and
on the strange animals that live
there. The Silent Deep pays
homage to these same themes
but stands apart from other books
about life in the abyss due
to Tony Koslow's thoughtful
accounts of deep-water lisheries,
mineral explottation, habitat de-
struction, and contamination of
the deep-ocean wilderness and
his call for new strategies for

The Dis

I'I'I.'Il'lilj__[i['l:_] QUCHN TEsOLUICes,
Although his prose lacks the
poetry that Rachel Carson
brought o her books about
marne life at the edge of the
sea, Koslow succeeds in painting a picture
of the deep sea as an environment with
inherent and threatened value.

s Pre

The author’s credentials as a proponent of

deep-ocean conservation efforts are impecca-
ble. For a decade. Koslow led the deep-water
ecology program at the Austrahian Common-
wealth Scientific and Industrial Research
Orgamization in stucdhes of biodiversity associ-
ated with seamount coral reefs that are threat-
ened by the effects of commercial trawling.
He has lately been engaged in using our
limited knowledge of ocean ecosystems to
inform international policy-makers as they
prescribe laws to manage the seas for the ben-
efit of humankind.

The deep ocean represents the largest vol-
ume of richly inhabited biosphere on our
planet. As Koslow relates, at present it can be

a tricky business to offer informed science of

such an expansive sysiem. We have only the
barest skeleton of baseline knowledge and an
incomplete understanding of components,
processes, and dynamics in deep-sea systems.,
Deep-sea scientists work in an environment
where each day ol effort using a submersible
or tethered vehicle can cost more than
S50,000, Although we have become efficient
at extracting the most information possible

The reviewer is at the Division of Marine Science and
Conservation, Nicholas School of the Environment and
Earth Sciences, Duke University, 135 Duke Marine Lab
Road, Beaufort, NC 28516, USA. E-mail: cv3@duke.edu

WisW.SClencemad.org
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The Silent Deep

servation of
the Deep Sea

by Tony Koslow

292 pp. 535, £22
|SBMN 978022645

aydnay,

ustralia. Aus
ISBN 9780868404158

from each visit to the seafloor, the cumulative
precious minutes of submersible research add
up toa pitifully sma
an annual basis, myopically cen-
tered on pinpoint locales in a lit-
eral sea of habitat.

Or dilemma is squarely be-
fore us in Koslows chapter on ¢h-
mate change and the deep sea.
As the climate warms. deepwater
circulation patterns change. in-
creased carbon dioxide levels
acidify the ocean. patterns of pri-
mary productivity at the surface
reorganize, and methane-hydrate

| record of observation on

deposits shift to new equilibrium
states. There 1s little doubt that
these and other climate-induced
changes will atfect deep-ocean
life, but the manners in which
effects will be expressed are nearly impossible
to predict or to document because we have
scant understanding of how deep-sea ecosys-
tems operate in the first place. While we have
all but abandoned the view that deep-sea
organisms are exquisitely adapted 1o a stable
l_ll'll.l I.]I'I‘n'l!]'}'jl'l:_‘_ environment, we |TI.;'I"|L‘ I.‘.II'I:]}. il
modest understanding of physiological woler-
ances of organmisms and ecological responses
of populations and ecosvstems to changes in
basic parameters like temperature, oxygen
content. pH, current regimes. and food supply.

Wi wonder at the strange animals captured

$49.95.

BROWSINGS

The Deep. The Extraordinary Creatures of the Abyss,
Claire Nowian., University of Chicago Press, Chicago,

2007. 256 pp. $45. ISBN 9780226595665.
Abysses. Fayard, Paris, 2006. €40.
ISBN 9782213625737.

Weirdness and beauty are often paired in the 170
species portrayed in this visual survey of deep-sea
diversity. Nouvian provides the color photos, most
taken by researchers, with extended captions that
describe the animals’ lifestyles and habilats. For
example, the swimming sea cucumber Enypniastes
eximia “undulates slowly and gracefully through the
waler, sometimes even rather far from the boltom.”
Short topical essays from eminent deep-sea biologists
(including Koslow and Van Dover) cover related
aspects of marine science, history, and conservation.
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in deep-sea trawls, revel in the unsuspected

diversity of life dwelling in the cold muds of

the seafloor, and celebrate the beauty of deep-
sea hot springs and cold-water coral reefs.
Dramatic deep-sea discovenes unfold year
after year, but Koslow reminds us that this
“pristine” ocean wilderness is being trampled
by the insidious “human footprint across the
deep sea”™: the seabed suffers a nightmarish
lezacy of tens of thousands of merchant ships

sunk and rotting on the seabed, hundreds of

thousands of tons of military ordnance scut-

tled in deep water, millions of curies of

radioactive waste and 17 nuclear reactors
dumped at depth with no attempt at contain-
ment, and residual DDT and PCBs accumu-
lating in deep-sea food chains.

Koslow offers a litany of new ventures
with the potential to challenge and insult the
deep sea even as they reap economic and soci-
etal benefits: Just three decades after the first
discovery of hot springs on the seafloor there
15 a rush to strip-mine their gold-rich ores.
Fields of manganese nodules on abyssal

plains and cobali-rich crusis on the sides of

seamounts inspire capacity building in nation
states with stratezic aswell as economic imter-
ests in exploitation of deep-ocean resources.
Pharmaceutical companies prospect for new
drugs and genetic resources from the sea, A
burgeoning carbon economy provides incen-
tive for commercial interests o experiment
with unchecked schemes to fertilize ocean
meadows and to develop deep-water carbon
lakes. Commercial ventures such as these will
have uncertain consequences on deep-sea bio-
diversity and the sustainability of deep-ocean
ecosysient services.

Koslow closes The Silenr Deep with a
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chapter on “the way forward” written with
Knstina Gjerde. a respected expert on interna-
tienal ocean governance, and Craig Smith, a
preeminent deep-sea binlogist. The authors
focus on policy and conservation options that
address threats posed by high-seas bottom
trawling, including a global moratorium on
deep-sea rawling, regulation of demersal
fisheries. and establishment of marine pro-
tected areas. They briefly tackle the broader
policy needs for sustainable use and conserva-

tion of the global deep ocean in national and
international waters.

We are on the cusp of engaging in commer-
cial activities that have the potential of exerting
substantial impacts on the quality of deep-
ocean ecosystems: there 15 only a briefwindow
of opportunity for setting policy in place
betore habitats are compromised, Such policy,
internationally sponsored and intermational in
scope, can be holistic and precautionary. rather
than a reaction to environmental catastrophe,

A forward-thinking approach has immense
advantage over negotiating and implementing
policy after financial capital 15 invested
wilderness resources consumed, and habitats
destroved. Koslow provides us with a report on
the current status of the ocean depths. Now is
the time to chart a path toward rational conser-
vation strategies and sustainable resource uses
that acknowledge and accommodate the many
saps in our understanding of the deep ocean.
10.1126/5cience. 1144489

DEVELOPMENTAL BIOLOGY

Passage to Global Stem Cells

M. lan Phillips

hen President George W, Bush took

office in January 2001, he quickly

made it clear that he was not in
favor of research on human embryonic stem
cells. That August he sealed off access to fed-
eral funds for research on all but a few (now
suboptimal) lines of human embryonic stem
cells, His action not only caused stem cells to
become a national political issue but also
emboldened any country that wanted to com-
pete with the United States in this research.
The global race to establish dominance in a
field with enormous scientfic. health, and
commercial possibilities was on, but with LS.
participants denied federal funding.

In Cefl of Cells, Cynthia Fox brings her
impressive talent as a science writer and jour-
nalist to telling the story of this race. The hefy
book offers a great read for anyone interested
in the topic. Fox makes the story an adventure.
She carries us to unlikely places. beginning
with a camel ride to the Pyramids with an
Egyptian stem cell researcher. She then flies 1o
Israel to meet the scienust with whom the
Egyptian wanted to collaborate (politics made
it impossible). Israels Joseph Iiskovitz-Eldor
provided four of the five lines to Jamie Thom-
son for their seminal paper on the first human
embryonic stem cells (/).

With a journalists eve. Fox details her
interviewees’ offices. labs, mannerisms, and
habits—even the views they see each day.
Those details, impossible to obtain from a sci-
entific paper. make the researchers come alive.
Moving on to Singapore to describe stem cell
work in the lavish research city of Biopolis and
then on to Australia, Japan, China, and Korea,
Fox accurately reveals the sociological and

The reviewer is at the Keck Graduate Institute, 535 Watson
Drive, Claremont, CA 91711, USA. E-mail: ian_phillips@
kegi.edu
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technical issues that stem cell
research involves. For nonscien-
tists, she gives pithy but effective
explanations without disturbing
the flow: for scientsts, the book is
a smooth read because Fox does
not dumb down scientific termi-
nology. The knowledge she ac-
quired in her Jjourneys 15 astonish-
ing in range and depth, and she cites papers
from the primary literature as rungs on the lad-
der to her overview, {The book includes 43
pages of reterences and interview notes.)

Fox creates indelible images. Her fly-on-
the-wall deseription of'a kidney transplant and
chimeric stem cell operation at Massachuseus
Gieneral Hospital is riveting. as is the almost
smelly account of extracting oocyies for tissue
cloning from pigs. In Jerry Yang's lab, she wit-
nesses the Star Wars-like drama of remotely
controlling pipettes to enucleate oocytes for
somatic cell nuclear transter. She tells the des-
perate stories of patients with heart failure,
autoimmune disease. kidney failure, and
Duchenne’s dvstrophy. She also warns of the
trap of unethical. unscienufic stem cell treat-
ments in locations such as Moscow, Ukraine,
and the Caribbean.

This is not a book to be read while multi-
tasking. Fox explains complex concepts and
introduces numerous places and people.
There are plenty of main characters—in-
cluding Irv Weissman, Ron McKay, Shimon
Slavin, Alan Colman, lan Wilmut, Steve
Minger. Wise Young, Doug Melton, Mahendra
Rao. and the now disgraced Woo Suk Hwang
and some appear repeatedly.

The author fascination with “science

trouncing science fiction.” the potential of

stem cells, and our desire to learn what hap-
pens next make this a rare can’t=-put-it=down
science book, It reminds me of the fun of first

reading The Double Hefiv( 2). There are fights
between and within labs, gossip, and different
cultures, but there are also
knowledge and exhilarating
progress, Celf of Cells is a
serious book, spiced up by
Foxs wit and storvtelling.

What might have origi-
nally been the climax of
the book occurred when
Hwang became the first 1o
publish work claiming the
generation of a human em-
brvonic stem cell line from
a cloned blastocyst ( 3). South Korea seemed
poised to win the race to therapeutic clonming,
but the tale became a Greek tragedy of hubris
and downright lies, It was as ifin the space race
Neil Armstrong had faked the Moon landings.
Hwang's seeming tiumph unraveled. slowly at
First and ever faster as many of his claims were
undermmed. Because Fox wrote the book
between 2003 and 2003, she probably had to
oo back and add “appeared w" or “apparently™
to every reference to Hwang's results and
then create a new last chapter, “The Fall of
Seoul and the Rise of San Francisco.” She
writes, “the Woo Suk Hwang fraud is the
biggest in science history n terms of the
number of guilty parties.”

Bush has twice vetoed congressional bills
to increase federal funding for human embry-
omc stem cell research, Ceff of Cefls illusrates
the consequences for global science, states that
fund their own researchers, and the dashed
hopes of those who need potential treatments.
Fox eloquently chronicles the consequences of
this solationist policy and squarely advocates
arational approach to funding research on both
adult and embryvonic stem cells.
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SUSTAINABILITY

Education for a Sustainable Future

Debra Rowe

ustainability is a lens through which

increasing numbers of individual col-

leges and universities, as well as national
organizations, are collectively examining and
acting upon our shared world systems (/. 2). In
the United States, a national trend has begun,
but much more needs w be done,

College and University Actions
Sustainability is being integrated into U.S,
institutions’ mission and planning, curricula,
research, student hife, operations and purchas-
ing, and community partnerships. Students
and staftat hundreds of campuses are engaged
in sustainability committees and actions,
ncluding the following: learning w focus on
acquiring sustaimability knowledge and appli-
canon skills; sustainability=oriented film fesu-
vals. speakers. and other campus events:
socially and environmentally responsible ¢n-
teria for purchasing and endowments: infu-
sion of sustainability into the general educa-
tion core requirements, courses, disciplines,
whole colleges, and specialized degrees;
and regional and global approaches to sus-
tainability in collaboration with businesses,
government, nongovernmental organizations
{ NGOs), and kinderganen through high school
(k-12)educanon,

Core requirements at many universities
and colleges (e.g., Portland State University,
Miami Dade Community College, University
of Minnesota) include the components of sus-
tainability education. even if the word sustain-
ability is not specitically used. Degrees in sus-
tanability have sprouted up at dozens of insti-
tutions [see (3) for a listing]. In the Campus
Climate Challenge, students on over 400 cam-
puses are working with administrators and
staff o measure and reduce greenhouse gas
emissions (4) and are voluntarily raising stu-
dent fees and changing energy policies to
move to renewable sources.

LS. business, architecture, and engineer-
ing schools are in the forefront of sustainabil-
ity education. Architecture and engineering
schools have criteria for accreditation that
require students to be able to understand
and implement sustainable design. Non-
profit organizations such as Engineers for a
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Sustainability is being integrated into
higher-education institutions’ mission and
planning, curricula, research, student life,
and operations.

Campus

Proaram

Califarnia students working 16 sale energy on campuses.

Sustaimable World and Engineers without
Borders have developed. The World Re-
sources Institute and the Aspen Institute have
worked with business schools to develop case
stucdies and business curricula that include
sustatnability principles and practices (5).
Increasingly, interdisciplinary learning expe-
riences focus on our sustamability challenges,

The purchasing power alone of colleges
and universities, as they demand more envi-
ronmentally and socially responsible products
and processes. can help move sustmnability
trom its present niche markets to become the
standard in product and process design. This
can be expressed through commitments to sus-
tainable behaviors and policies in institutional
mission and planning: more energy-efficient
and greener buildings and operations: substan-
tial purchases and installations of renewable
energies and commitments to carbon emis-
stons reductions and neutrality: sustainability
audits and reporting: and sustainable living
campaigzns in the residential halls, For exam-
ple. over 300 presidents have signed commit-
ments and taken action  move toward carbon
neutrality and to eliminate greenhouse gas
emissions, Michigan State University, NY U
(New York University), University of Cali-
fornia at Berkeley. the Pennsylvania State
University, and others have conducted sustain-
ability audits and reports. Sustainability-
oriented residential living practices are in place
at Bowdoin, Carnegie Mellon, Dartmouth,
Harvard, Tuits, Umiversity of Vermont, and
Yale. Rutgers and the National Association for
Educational Procurement have focused on
developing resources for the purchasing side

of sustminabilivy (6, 7). Sanford University has
developed both environmental and social
screens for their endowments,

A statement drafted by the Business Sector
Team of the LLS. Partnership calls upon higher
education to make sustainability education
a requirement for all undergraduates. Parti-
cipating members came from both small and
large corporations—from media conglomer-
ates to energy companies such as Duke Energy
and consumer products such as Burt's Bees,
“All students need to leam. through an inter-

disciplinary approach, not only the specifics of

our sustainability challenges and the possible
solutions, but also the interpersonal skills, the
systems thinking skills, and the change agent
skills to effectively help to create a more sus-
tainable future. We are looking for these sus-
tamability educated students as future business
people, as employees, as consumers, innovi-
tors, government leaders and investors™ (8).

Activities of National Organizations

Adier the United Nations declared a Decade
of Education for Sustainable Development
(2005-14). a grassroots effort from higher
education developed in the United States in the
absence of a federal government response. The
National
Emvironment hosted 1ts annual conference in
2003 on Education for a Sustainable and
Secure Future. Out of that meeting, the US,
Parmership for Education for Sustainable
Development (¥) was created to catalyze aLLS,
response for this decade and beyond. This
national network of over 300 orgamzations has
sector eams in Faith, Business, Communities,

Council for Science and the
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Higher Education, K—12 schooling, and Youth.
The U.5. Partnership convenes mainstream
leaders and catalyzes their commitment to
educating for a sustainable future. With im-
petus from multiple sources interested in sus-
tainability, three major efforts emerged in the
higher-education sector: the Higher Educat-
ion Associations Sustainability Consortium
{HEASC), the Disciplinary Associations Net-
work for Sustamability (DANS ), and the Assoc-
wtion for the Advancement of Sustainability in
Higher Education (AASHE).

The HEASC (/01 was formed to advance
sustainability in the mainstream higher educa-
tion associations and in the svstem of mgher
education isell. HEASC members currently
represent about half of the US. college and
university presidents: about hall of all of the
boards of trustees, and many. if not most,
facilities directors, business officers, college
and university planners: purchasers: and staffs
of residential housing, student affairs, and
campus activities. Projects include the Higher
Educaton Climate Action Partnership (/1) to
measure and reduce greenhouse gas emis-
sions, support for the American College and
University Presidents’ Climate Commitment
for clean energy. carbon-neutral campuses
(12), and professional development initiatives
on sustainabality.,

DANS (/3) was lormed afier the US.
Parmership asked the Association of American
Colleges and Universities ({4), the AASHE
{13), and the Association of University Leaders
for a Sustainable Future (1 6) to cohost meet-
ings of more than 20 disciplinary associations
o discuss each discipline’s potential contribu-
wons o a more sustainable futre. These meet-
ings included national associations for psychol-
ozy, sociology, philosophy, religion, biology,
chemistry, engineering. anthropology, political
science, math. broadeasting, architecture,
women’s studies, and others. Working groups
are focusing on infusing sustainability into cur-
ricula, professional development, standards
{including enure, promotion, and accreditation
criteria that value sustainability research and
action), cross-disciplinary projects. legislative
briefings, and wiys to educate the public about
how to help create a sustainable future (/7).

AASHE ( /5) serves colleges and universi-
ties in the United States and Canada. It offers
an extensive resource center of sustainability
inttiatives and policies. discussion lists, sam-
ple syllabi showing how sustainability can be
infused into various courses, a biennial con-
ference, and professional development oppor-
tunities. AASHE also publishes an electronic-
mail bulletin and an annual digest with cam-
pus sustaimability news stories, resources,
events, and job opportunities.
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Moving Forward

For real progress. the implementation has to
be broad (across all higher education institu-
tions) and thorough, We need to make sure
that none ol the courses currently being taught
in the United States reflect the old, inaccurate
paradigms such as “endless resources” and
“man conquers nature.” Textbooks need to
describe our sustainability challenges and the
contributions each discipline can make to the
solutions. Funders have to support such work.
The National Science Foundation should
encourage a sustainability focus in its grants
to STEM (projects to increase students” inter-
est in science, technology, engineering, and
miathematics) and other areas and should fund
interdisciplinary coursework and research.
Other governmental funding sources, founda-
tions, and corporations need to understand
and support this trend,

Through sharing stories of how people have
made a difference in society and by providing
assiznments that focus on solving real sustain-
ability 1ssues, educators can engage students
and help institutions and the larger society turn
toward more sustainable behavioral and policy
norms. Students can learn and practice via such
assignments how to be more environmentally,
sconomically, and socially responsible and how
to support policies and legislation that support
a sustainable future. Imagine what might hap-
pen 1f students were regularly assigned actual
sustainability problems that were brought 10
higher education by cities. businesses, non-
profit organizations, and other institutions. 1f
classroom exercises produced workable contri-
butions to solutions. students would understand
they can have a positive impact on the world
through their academie learning. Most of our
higher education institutions include some-
where in their mission statements goals for
preparing students to help create a better soci-
ety, vet this ideal 1s often not fully implemented.
Given the challenges of sustainability and the
need for policy and behavioral modifications,
wie need to change our emphasis from critical
thinking alone to the inclusion of effective
change-agent skills and opportunities o take
action on campus and off. A matchmaking
Web site listing real-world sustainability proj-
ects from business, government, and nonprofit
organizations available to students, faculty, and
volunteers has just been launched ( /8).

To have a sustainable future, sustainability
education has to be implemented at the K-12
levels as well. There are examples of inno-
vation, including the Sustainable Schools
Project sponsored by Shelburne Farms in
Vermont (/9); the Educating for Sustain-
ability master’s of education program at
Antioch University training teachers for the

K—12 level ( 2i0; and the global sustainability
resources produced by Facing the Future (27).
including K12 curricula, community service
actvities, and teacher preparation programs,

However, state standards and assess-
ments primarily emphasize wniting. reading.
and math, often do not relate to societal
problems and solutions, and create barriers
to learning about sustainability. The K-12
sector team of the U.S, Partnership has cre-
ated draft sustainability education stan-
dards, has compiled resources for K-12
teachers. and has just begun a process simi-
lar to what was done in higher education o
convene the national leaders in K12 educa-
ton and to share informaton to catalyze
their commitment to sustainability.

Right now. sustainability is treated by
many as an add-on, as another item on an
already full plate. Sustainability needs o be
a main focus of our efforts in education.
Given the educational and research capacity,
the external partnerships, and the positon of
higher education as an influential voice in
society, there is ample opportunity for
higher education to help shift societal norms
toward a healthier environmental, social,
and economic sustainability,
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ASTRONOMY

Seeing the Surfaces of Stars

Andreas Quirrenhach

ust as carousel riders would slide away
from the center if not held in place, the
matss in rotating celestial bodies tends 1o
move toward the equator, ziving them an ellip-
soidal bulge, This effect 15 well known for
Earth, which has an equatonal radius some 20
km larger than the polar radius. The Sun is
only slightly flattened because of its slow rota-
tion rate, with an equatorial radius exceeding
the polar radius by only one part in 10°,
Other stars, however, rotate very rapidly.
On page 342 of this issue, Monnier ¢r al. (/)
present images of Alair, also known as o
Aquilae, one of the three stars of the Summer
Triangle. These images clearly show that

Equatornal disk

bl

still limited by diffraction at the welescope’s
aperture. Even the largest current telescopes
see all but a handful of the very largest cool
stars as mere points of light.

To obtain images of Alairs surface,
Monmer ef al. had to combine the light from
four telescopes of a six-element array located
on Mt Wilson near Los Angeles. In such
interferometric arrays, the resolution is given
by the separation between the individual tele-
scopes, not their sizes: Monnier ef af. could

thus use a “elescope™ with an effective size of

265 m by 195 m. There is, however, a price 1o

Equatorial

bulge Hot poles

Rapidly rotating stars are flattened spheres
with poles that are hotter than the equator.

the rotation rate and viewing geometry of

Vega, it will be possible o improve instru-
ment calibrations.

Stellar rotation also has strong implica-
tions for our understanding of the formation
and evolution of galaxies. Because distam
salaxies cannot be resolved into individual
stars, their observed properties cannot be
imerpreted without the use of stellar popu-
lation models. These models assume that
these galaxies contain a certain mix ol stars
with a prescribed distribution of masses and
ages; these stars are collectively responsible
for the light emitted by the distant galaxy.
Rotation affects the outward appearance

Exotic stellar shapes?

Stellar shapes. (Center) Rapidly rotating stars develop an equatorial bulge, which is cooler {and thus redder} than the polar regions, as seen by Monnier ef al. (Left)
Radiation pressure drives a fast wind from the polar regions if they are sufficently hot, whereas disks are frequently formed in the equatorial plane. (Right) Stars
in which the rotation rate decreases strangly with distance from the axis may have unusual shapes {with canvective regions shaded) [diagram adapted from (81].

Altaur 15 flattened by more than 20% and that
the polar region is much brighter than the
equatonial zone. This agrees with the theory
of stellar structure, which holds that varia-
tions of the gravity across a stellar surface
must be accompanied by variations in tem-
perature (). For Altr, the centrifugal force
counteracting the gravitational attraction near
the equator therefore causes cooling—and
thus reduced brightness—with respect to the
poles (see the Figure. center panel). Not only
does the work of Monnier er af. tell us some-
thing new about this particular object. it also
shows that detailed imaging of other unusual
stars will be possible.

Astronomical images taken by ground-
based telescopes are nommally degraded by tur-
bulence in Earth’s atmosphere. Researchers
have recently developed ways to compensate
this atmospheric blurring with adaptive opti-
cal systems, but the resolution achievable is
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pay for substiuting a huge telescope with a

small number of meter-sized ones: Instead of

getting an instant detailed image. one obtains
a set of rather abstract data that do not easily
lend themselves to intuitive interpretation.
Monnier et al. have now suceeeded in produc-
ing synthetic images of Altar through com-
puter processing of these imerferometric data,

Such methods are causing astronomers to
reassess some of the conventional wisdom,
Interferometric observations of Vega (o
Lyrae, also in the Summer Triangle) have
recently shown that this star 15 a rapid rota-
tor, too (3, 4). Unlike Altair, however, we see
this star nearly pole-on. Vega had long been

used as a standard star for the calibration of

ground-based and spaceborne telescopes
and instruments. Some of the assumptions
underlving these calibrations now appear to
be on shaky ground. as they were based on
spherically symmetric stellar models. Such
maodels do not take into account the mtlu-
ence of rotation on the structure of the star,
or whether one sees predominantly the equa-
torial or polar regions, Now that we Know

SCIENCE WOL 317

and emitted spectrum of stars. the rate at
which they lose mass, and their interior
structure. which in turn determines how fast
the stars burn therr hvdrogen supply and
how they evolve over time. To avoid misin-
terpreting galactic spectra, the assumed
stellar population must therefore contain
the correct mix of stars with different rota-
tion rates. as well as the correct recipes for
their structure and evolution.

For individual stars, rotation has a dra-
matic influence on mass loss and winds (see
the figure, left panel). Imagine spmnming up a
star; the centrifugal forces would rise until at
some pomnt they overwhelm the gravitational
attraction and the star flies apart. We do not
know how closely stars can approach this crit-
ical rotation rate, but it appears that centrifu-
gal forces can facilitate the loss of mass and
the formation of disks in the equatonal plane.
On the other hand, the fact that the poles can
be substantially hotter than the equatorial
regions can give rise to a separate mass-loss
mechanism, namely the generation of a fast
wind through radiation pressure. It is likely
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that equatorial disks and polar winds can
coexist in single objects; both phenomena
lend themselves to imaging studies with inter-
ferometer arrays (3, 6).

A solid body like Earth must rotate uni-
formly, with all parts completing a revolution
in the same time. This is not true for gaseous
bodies. We have long known that the equato-
rial regions of the Sun need about 25 days for
one revolution, whereas the polar regions
take several days longer. Through the analysis
of tiny oscillations of the Sun with methods
analogous to those used to fer the structure
of Earth from seismic events, astronomers
have determined the rotation rate for the inte-
rior of the Sun (7).

Monnier et al. compared their observa-
tions to the simplest possible model. which

assumes uniform rotanon, They found subtle
discrepancies, which could well be explained
by a modest amount of nonuniform rotation.
Models of stars with strong differential rota-
tion predict not-so-subtle modifications of the
overall stellar structure: in extreme cases the
stars might have nonconvex shapes hallway
between a sphere and a donut (8). It is not
known whether such “exotic™ stars exist, but
they could be discovered with presem-day
interferometers,

Elucidating the dramatic effects of rota-
tion is but one of the contributions that inter-
ferometry can make to stellar astrophysics,
With telescopes separated by several hun-
dred meters, current facilities are well suited

to measuring the “global™ properties of

stars. A future array with 20 to 30 telescopes

on kilometric baselines could produce much
more detatled images of stellar surfaces,
revealing star spots. eruptions, and convec-
tion patterns, and enabling studies of com-
plex phenomena that today can be measured
only in the Sun.,
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NEUROSCIENCE

Brainwashing, Honeybee Style

C. Giovanni Galizia

n the 1932 novel Brave New World,
Aldous Huxley created a society where
fetuses develop in bottles and are treated
with chemicals to modify their bodies and
mentalities ( /). Laver, children are sleep-con-
ditioned to their future task in society. This
procedure creates people who have clear
roles, putting them in castes, ranging from
alphas (the leaders) to epsilons (the drones).
Among other things. lower casies are pro-
grammed not o be aggressive against higher
caste members. A treatment with neurotoxic
chemicals (including alcohol) during devel-
opment leads to the appropriate brain
changes, On page 384 of this issue, Vergoz efal
{2} elucidate some of the chemical cues that
influence learning and development in an
actual animal Gaste system-—the honeybees.
Within the animal Kingdom, social insects
have evolved the most stable caste societies.
Many ant species have a wide range of castes,
from workers to foragers, from groomers to
soldiers (3). Individuals all develop from eggs
laid by the same mother—the colony’s queen.
Generally. the food supplied to each egg is the
biological signal that leads the embryo to
develop into one caste or another, a situation
reminiscent of Huxley's fictional world. Thus,
if we take as an example the leaf-cutter ant
Arra rexvana, small individuals wend 1o the fun-
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gus garden within the nest, imermediate-sized
individuals search and collect leaves from the
forest to feed the fungus, and large individuals
with strong mandibles defend the colony,

Honeybees have evolved a different caste
system: The individual worker bees (always
females, because male drones do not con-
tribute o social life apart from mating with
queens during nuptial flights) perform differ-
ent tasks in the course of their lives. The work-
ers start off as nurses tending to the hive right
after emergence, continue with
tasks such as nest-building and
hive detense, and then end their
lives as foragers by collecting
nectar and pollen to make
honey and feed their sisters.

How is this developmental
polvethism organized? Age is
the main factor that deter-
mines the task that an individ-
ual will perform. mediated by
regulation with juvenile hor-
maone (4). but feedback from
the hive is also important.
Much information is delivered
by pheromones. For example.
when a hive loses the queen,
her queen mandibular phero-
maone (QMP) will also disap-
pear. leading to rapid changes
in behavior among the worker
bees, who start raising new
queens to replace her,

Queen bee pheromones prevent young bees
from learning to sting until they leave the hive,
which makes the hive safer.

However, the life of a honevbee 15 not hard-
wired. Bees are amazingly intelligent animals
and learn a lot about their environment. In par-
ticular, forager bees learn color, odor, and posi-
tion of nectar-rich flowers and use this infor-
mation to optimize their harvest. This capacity
has been used for many years to learn more
about the basic mechanisms underlying appet-
iive (1.e.. food-related) learning and memory.
and the honeybee has become an important
model animal to this end (5).

Chemical control. Nurse bees surround the queen (identified by the
mark) and groom her. This behavior is important for distributing the
queen’s pheromone, QMP, within the entire hive,
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Recently, it has been shown that bees also
learn to associate noxious stimuli. and an
experimental paradigm has been developed
whereby an odor can be associated with the
sting reflex (6). Inassociative learning, a stim-
ulus without meaning [a conditioned stimulus
(CS) suchas an odor] is associated with a rein-
forcer stimulus [an unconditioned stimulus
{UUS) such as sweet nectar or a noxious electric
shock]. The US elicits a response, for exam-
ple, the extension of the tongue to lick the nec-
tar or the extension of the sting for defense.
Adter conditioning. the CS alone (e.g.. the
ador) will elicit the conditioned response. The
neural substrates for an aversive US and for a
positive US differ in bee brains, both in terms
of the neurons involved and in terms ol the
neurotransmitter they use. The appetitive US
channel uses octopamine as a transmitter (7),
whereas the aversive US uses dopamine (6),

Is the learning capacity of a bee related 1o
her developmental succession oftasks? Recent
results have created an unprecedented link
tfrom molecules all the way to complex behav-
1or, and some of the molecular effects of QMP
are now understood. It wrns out that QMP
directly influences the chemistry of the brain in
an age-dependent manner, contributing to
developmental polyethism. One major compo-
nent of QMP 15 homovanillvl aleohol (HVA), a
substance with a striking chemical similarity o
the biogenic amine dopanmine, the neurotrans-
mitter that mediates aversive learning. Indeed
OMP acts directly on the dopamine pathway:
Levels of dopamine in the brain are reduced in
young bees exposed to QMP and this effect i1s
amplified by a concurrent reducton n the lev-
els of dopamine-sensitive receptors (). Thus,
exposure of a nurse bee to the queen’s odor
down-regulates the brain’ dopamine networks
and reduces activity levels.

What is the biological consequence of this
down-regulation”? Vergoz ef al. now show that
young bees exposed to QMP are not able wo
learn noxious stimuli. This defect is not a gen-
eral learning deficit, because appetitive leamn-
ing is not affected. Furthermore, the deficit is
limited to young bees. Specifically, the
authors show with aversive conditioning that
voung bees exposed to QMP cannot leam to
extend their sting to an odor that has been
presented together with an electric shock,
whereas yvoung bees not exposed to QMP are
very good at this task. Aversive learning in
older bees 1s also mtact,

Thus. the presence of the queen. through
her pheromone, influences the behavior, and
indeed the brain pharmacology. of her hive.
Young workers remain in the hive, are
docile. and display less motor activity,
whereas older guards and foragers leave the

hive and become more motile and aggres-
sive. Why would aversive learning be
blocked in a young nurse bee? Within the
hive, the sting reflex can only have negative
effects. Thus, preventing nurse bees from
developing aversive memories against the
odors in the hive, which include the queen’s
own odor, makes the colony more secure,
With increasing age. bees start to leave the
colony, fly to distant foraging sites, and per-
torm tasks outside the hive where they need
to learn not only about sweet nectar but also
about nasty dangers. It is useful. under these
circumstances. that the effect of QMP 1o
block aversive learning wanes, This 1s a
wonderful example in which the effect of a
releaser pheromone can be followed all the
way to the neurons that are being modulated,
and then to behavioral modifications,

Thus, honevbees differ substantially from
the beings in Huxley's world, because individ-
uals are not trapped within their castes for

PERSPECTIVES

their entire life span, The manipulation of

brain activity by the queen. modulating leam-
ing capacity in young bees w make them more
docile, is a different view of parenthood. As
the sayving goes: When children are voung,
give them roots; when they grow, give them
wings. The bee mother seems to have evolved
exactly this strategy for her family.
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MICROBIOLOGY

Life on the Thermodynamic Edge

Edward F. DeLong

Metabolic cooperation enables some microbial partners to thrive on low-energy carbon sources

that neither partner could utilize on its own.

icrobial life can persist under
physicochemical conditions that
challenge the very fabric of biolog-

ical structure and function. In habitats of

extreme temperatures. pH's, and salinities,
micrabes are often the sole inhabitants. But

microbial life also exists at another type of

extreme: under conditions that yield barely
enough free energy for cell maintenance,
much less growth, In a recent study of the full
genome sequence of the anaerobic bactenium
Svnrrophus aciditrophicus, Mclnerney ef al,
(/) reported new insights into some of the fun-
damental machinery required for living at
life’s thermodynamic edge.

& acidivrophicus grows mainly by a sym-
biotic process known as syntrophy—a meta-
bolic cooperation usually involving two
anacrobic microbes, in which each partner
depends on the other for growth on a specific
substrate ( 2). For example, S. aciditrophicus
can efficiently degrade fatty acids or benzoate
in the absence of oxygen, but only when asyn-
trophic partner (typically a hydrogen-con-

The author is at the Massachusetis Institute of Technology,
Cambridge, MA 02139, USA. E-mail: delong @mit. edu

suming methanogen or sulfate-reducing bac-
terium) is around to consume its metabolic
waste products (). Svmbiotic hydrogen
removal shilts the chemical equilibria, thereby
vielding sulTicient metabolie free energy for
5, aciditrophicus to grow while simultane-
ously feeding its syntrophic partner with
energy-rich growth substrates like hydrogen
or formate (see the figure). Alone. neither
partner can grow well on benzoate anaerobi-
cally: the thermodynamics for growth are
Favorable only when the partners engage in
metabolic cooperation (4, 3).

The genome sequence of 8. aciditrophicus
i [) provides new insight into the details of this
unusual anaerobic life-siyle. As expected, the
genome encodes little potential for a respira-
tory metabolism using external terminal elec-
tron acceptors like oxygen. nitrate, fumarate,
sullate, or iron. It also lacks many of the genes
required for fermentation, the other main
pathway for balancing oxidizing and reducing
potential in the absence of oxygen, Instead,
S, aciditrophicns is dependent on the electron-
consuming activities of its partners as its pri-
mary terminal electron sink.

Although &, acidivrophicus cannot grow
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on compounds like starch or sugars, it con-
tains four different c-amylase genes encoding
proteins that hydrolyze starch. Perhaps it not
only feeds hydrogen to other downstream syn-
trophic partners, but also assists its fermenta-
tive neighbors further up the anaerobic food
chain in the initial steps of polysaccharide
hydrolysis. This could help to ensure that fatty
acids—the preferred growth substrate of 5.
aciditrophicus—are supplied as the waste
products of its sugar-fermenting cohorts.
Such potential for metabolic cooperation both
upstream and downstream in the anaerobic
food chain emphasizes the fact that many (and
perhaps most ) microbial metabolic and bio-
peochemical  wransformations  in - nature
require coordinated, synergistic interactions
within microbial communities.

Adenosine triphosphate (ATP) is the com-
mon energy currency of all cellular life, One
of the functions of energy metabolism is to
ensure an adequate supply of this biochemical
fuel. Surprisingly, 8. acidirropiiicus lacks the
genes for acetate kinase, one of the ceniral
enzymes anaerobes typically use to produce
ATP via a substrate-level phosphorylation.
However, the presence of nine genes that code
for the enzyme acetyl-coenzyme A syn-
thetase suggests that 8. aciditrophicus employs
an alternative reaction also used by acetate-
forming Archaea and by anaerobic Eukarya to
produce ATR

The 8. aciditrophicus genome sequence
also provides evidence for various mecha-
nisms to generate cellular energy potential via

different types of on-translocating pumps. Of

special interestis the presence of'a membrane-
bound ion-translocating complex (called Rnf-
type) that i1s unlike those found in most
microbes, with the exception of other syntro-
phic microorganisms. Mclnerney ef al. pro-
pose (/) that this complex uses the potential
energy stored in 1on gradients to couple the
oxidation of NADH (nicotinamide adenine

dinucleotide, reduced) to the reduction of

ferredoxins, which are required for critical
biosynthetic reactions,

The characterization of microbial syn-
trophic interactions has provided important
clues about the metabolic interactions that
drive matter and energy cyeling. especially in
anaerobic habitats, One take-home lesson has
been the importance of studying microbial
interactions in mixed cultures and in the envi-
ronment, in addition to pure cultures. Many
metabolic and biogeochemical transforma-
tions will only oceur in the context of'the inter-
species interactions.

In syntrophic interactions between marine
archaeal methanotrophs and sulfate-reducing
bacteria., the anaerobic oxidation of methane

20 JULY 2007 WVOL 317

Without partner: benzoate™ + TH 0= 3 acetate™ + HOD ™ + 3H® 3H,
With partner: 4 benzoate™ + 350" + 16H,0= 12 acetate™ + 4HCO,™ + IH5™ + FH*

SULFATE-REDUCING BACTERIAL PARTNER

AG™ = +70.56 k) /mol benroate™
AL = =433 k]/mol benzoate—

Metabolic cooperation. Hypothetical electron transfer between 5. aciditfrophicus and a sullate-reducing bacter-
ial partner during the anaerobic cxidation of benzoate, The schematic traces the interspecies transfer of electrons
{red) from the source reductant (benzoate} 1o the terminal oxidant (sulfate). Efficient removal of hydrogen by the
sulfate-reducing bacterial partner increases the amount of free energy available in the anaerobic oxidation of ben-
zoale to acetate. Rnf, ion-translocating electron transport complex; Fd, ferredoxin; Hase, hydrogenase; ETC, elec-
tron transport chain; AG®, Gibbs free energy under physiological standard state conditions. [Adapted from (1, 3)]

can be coupled to the reduction of sulfate
{A-Y), a reaction that no single species can
perform alone. Although these associations
depend on interactions that occur on micro-
scopic scales, they drive teragram (10" g)
fluxes of methane annually on a global scale
(1)), Such global transformations depend on
microbial community imteractions. including
syntrophy. Ultimately, these interactions pro-
vide the checks and balances that sustain
global biogeochemical cycles.

Another important aspect of microbial
syntrophy is the possibilities afforded by its
inherent modulanty. For example, many syn-
trophic hydrogen producers can pariner with
either hydrogen-consuming methanogens or
sulfate reducers. depending on the environ-
mental context. Another example 15 provided
by the anaerobic oxidation of methane in
freshwater sediments. which appears to be
coupled to nitrate reduction (/7). Very close
relatives of marine methanotrophic Archaea
oxidize methane in these habitats, but instead
ofteaming up with sulfate reducers, they have
completely different syntrophic partners that
reduce nitrate (/). This flexibility with
respect to who partners with whom opens up a
wide range of possible reductants and oxi-
dants that can be metabolized, and of environ-
ments in which these interactions can oceur.
The central drivers are the overall thermody-
namic constraints, the availability of the ter-

SCIENCE

minal oxidants (like sulfate and nitrate), and the
indigenous diversity of microbial physiologies,

Microbial energetic interactions are pro-
viding important insights into how microbes
can extract and grow using vanishingly small
amounts of {ree energy. The details of these
reactions., and how they are optimized for eft-
ciency through interspecies interactions, are
well worth understanding, As our own species
takes a sober look at dwindling hydrocarbon
energy supplies, we may well have a few les-
sons in enerzy efficiency to learn from micro-
bial syntrophic processes.
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IMMUNOLOGY

Outwitted by Viral RNAs

BryanR. Cullen

erpesviruses are pathogenic DNA

viruses that can establish long-term

latent or persistent infections. After
infecting a host cell. a herpesviral DNA
genome enters the nucleus where it is tran-
scribed to make both messenger RNAs
(mRNAs), which encode proteins. and non-
coding RNAs (ncRNAs) (/) (see the fig-
ure). Some of these viral ncRNAs are long
[more than 100 nucleotides (nt)]. whereas oth-
ers, called microRNAs (miRNAs), are short
(~22 nt). Although miRNAs can selectively

Viral genome transcription

Mammals are armed with a mnge of innate
and adaptive antiviral defense mechanisms.,
Innate responses. such as the programmed
death (apoptosis) of infected cells or the pro-
duction of interferons that activate immune
responses. are often riggered by molecular
determinants that are invariant characteristics
of particular pathogens. Adaptive immune
responses, in contrast, recognize novel viral
antigens, generally proteins, that are not mvari-
ant but nevertheless are foreign to the infected
organism. [nnate responses are rapid and can

4 '}"“'—* Viral mRNAs produced —— Viral proteins
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Human cytomegalovirus expresses noncoeding
RNAs that repress host immune responses
during infection.

death is induced early in the virus life cycle,

Despite these insights, we are left with
numerous herpesviral neRNAs, including
miRMNAs, for which no functions are
known, Do these neRNAs promote viral
replication and/or pathogenesis? HCMV, a
herpesvirus that can cause severe disease in
newborn infants and in iImmunocompro-
mised individuals, encodes at least two
long ncRNAs and 11 miRNAs. Reeves ¢f
al. and Stern-Ginossar ef af. suggest that
two of these HCMV ncRNAs are indeed

R reslicat T Blocks recognition
SREREpUICATIOH ! miR-UL112 miRNA —= of infected cell —————
; by immune cells

Infected host cell

and virus survive

~
__--"'x

Blocks loss of
WUCLEUS 5 Viral ncRNAs produced — P27 ncRNA —= mitachondrial function ——
g = = released due to infection
i =
CYTOPLASM Shutting down the immune response. Infection by HCMV induces a
Virus unlersll\ state of metabolic stress that would normally trigger host immune

HOMY respanses, including cell lysis or apoptosis. HCMV prevents these immune

responses using two viral ncRNAs. The B2.7 ncRNA binds MRCC-I compo-
nents and stabilizes mitochondrial energy production; miR-UL112 miRNA
blocks the expression of cell surface MICB, and hence prevents lysis by

inhibit gene expression (2, 3), the function of  reduce virus spread while

most viral ncRNAs has been unclear. It has
been suggested that viral ncRNAs might
inhibit host immune responses (3). Evidence
supporting this hypothesis 1s now provided by
Reeves er al. in a recent issue of Science (4)
and by Stern-Ginossar on page 376 in this
issue ( 5). Both studies show that human eyto-
megalovirus (HCMV) expresses ncRNAs
that allow infected cells to evade innate im-
MUNE Fesponses,

Whereas the function of most cellular
regulatory ncRNAs is poorly understood.
long ncRNAs are known to direct chromo-
some silencing, regulate gene expression, or
maintain chromosome integrity. In addition,
eukaryotic cells express numerous miRNAs
that guide a ribonucleoprotein complex [the
RNA induced silencing complex (RISC)) to
mBNAs that display sequence complementar-
ity (3). RISC recruitment can inhibit mRNA
translation or induce mBNA degradation.
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Molecular Genetics and Microbiology, Duke University
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the slower, but often more
effecove. adaptive responses
are mounted. Successful pathogens have often
evolved mechanisms that attenuate these host
IMMUNE responses,

Although numerous virally encoded im-
munosuppressive proteins are known, regula-
tory ncRMAs offer viruses several potential
advantages, ncRNAs do not need o be trans-
lated and can therefore act rapidly. They can
also be quite small, which may be important
given the compact size of viral genomes, RNAs
are also poor targets for adaptive immune
responses. Given the precedent of cellular reg-
ulatory neRNAs, it is therefore not surprising
that herpesviruses encode both long ncRNAs
and miRNAs ([, 2). For example, Epstein-Barr
virus expresses two long neRMAS that inhibit
cellular interferon responses, although the
underlying mechanism remains unclear (6). A
miRMNA encoded by herpes simplex virus |
(HSV-1) prevents apoptosis by blocking the
expression of two cellular proteins. SMAD3
and transforming growth factor—f3, which can
trigger apoptosis (7). Apoptosis can be an
important mnate defense mechanism if cell

immune cells that recognize MICB.

acting as immune-response inhibitors,

Within hours of HCMV infection, a ~2.7-
kb viral ncRNA (aptly called B2.7) accumu-
lates. reaching ~20% of total viral RNA (8).
Reeves et al, report that 32.7 binds to compo-
nents of mitochondnal respiratory chain
complex | {(MRCC-1) and thereby stabilizes
MRCC-I function. Infection of cells with an
HCMVY mutant lacking (2.7 induces the relo-
calization of MRCC-l components away
from the mitochondrial membrane, resulting
in reduced energy [in the form of adenosine
triphosphate (ATP)] production and the
induction of apoptosis. Strikingly, a similar
effect 1s seen when cells are treated with
rotenone. a compound that inhibits MRCC-1
(9). Expression of B2.7 by wild-type HCMV
prevents the relocalization of MRCC-] by
either HCMVY infection or rotenone treat-
ment. As a result, B2.7 not only prevents the
premature death of infected cells. but also
ensures the stable production of ATP during
the HCMV life cvele.

Members of the herpesvirus family encode
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mumerous miRNAs but, with the exception of

one HSV-1 miRNA (7). no functions have been
described. Stern-Ginossar ef al. noted that
one HCMY muRNA, miR-UL112, displays
sequence complementarity to the 3 -untrans-
lated region of cellular mRNA encoding MHC
class Irelated chain B (MICB), a ligand for a
receptor found on natural Killer cells of the
immune system. MICB expression is normally
activated when cells are subjected to severe
stress, including virus infection. Cell-surface
MICB marks these cells for destruction by nat-
ural killer cells (/7). The authors show that

HCMY miR-UL1 12 inhibits the translation of

MICE mRNA. The resulting absence of MICB
protein protects HOMV-infected cells against

lvsis by nawral killer cells. This finding 15 sur-
prising because the HCMV UL 16 glyvcoprotein
also inhibis MICB cell-surface expression by
causing its ntracellular sequestration (//), It
therefore appears that HCMV has evolved two
distinct mechanisms to prevent cell-surface
MICB expression—one mediated by a protein
and the other by a miRNA,

Together, these two studies suggest that
many of the long ncRNAs and miRNAs
encoded by human herpesviruses may share
the ability of certain herpesvirus nonstruc-
tural protemns to inhibit host immune re-
sponses and, hence, act as pathogenicity Fac-
tors. Viral ncRNAs therefore clearly ment
serious consideration as potentially atractive

targets for chemotherapeutic intervention in
herpesvirus-induced diseases,
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CELL SIGNALING

A Ciliary Signaling Switch

Soren Tvorup Christensen and Carolyn Marie Ott

any people are familiar with motile
cilia, the cellular, hairlike projec-
tions whose beating generates fluid
flow that removes particles from our respira-
tory tract or help oocytes pass through the fal-
lopian tube, Appreciation is now growing for
primary ¢ilia. the nonmotile counterparts,

present as a single copy on the surface of

most cell types in our body, Defects in pni-
mary cilia have been linked o disease, and we
now know that they function as umque
antenna-like structures, probing the extracel-
lular environment for molecules that are rec-
ognized by the receptors they bear. This sen-
sory function allows primary cilia to coordi-
nate numerous intercellular signaling path-
ways that regulate growth, survival, and dif-
terentiation of cells during embryomie devel-
opment and maintenance of healthy tissues
(/). On page 372 of this i1ssue, Rohatgi et al.
{2) further define the role of primary cilia in
regulating the response of cells w Some
hedgehog (Shh), a secreted protein that con-
stitutes one of the most fundamental and
highly conserved signaling systems in verie-
brate development (3). Regulated movement
of key proteins into and out of the cilium cre-
ates a sophisticated switch by which cells can
turn this powerful signaling on and o,

Shh is one of three paralogous vertebrate

5. T. Christensen is at the Department of Molecular Biology,
University of Copenhagen, Copenhagen DK-2100,
Denmark. E-mail: stchristensengald kwdk C. M. Ot is in
the Cell Biology and Metabolism Branch, National Institute
of Child Health and Human Development, Bethesda, MD
20892, USA. E-mail: ottcarol@mail.nih.gov

20 JULy 2007

proteins [related to the invertebrate Hedgehog
{Hh) protein] that binds w the transmembrane
protem Patched (Pte) at the cell surface. Upon
binding, Shh abolishes the inhibitory effect
of Pic on another transmembrane protein,
Smoothened (Smao). This reliel from imhibition
allows Smo o transduce a signal 1o the nucleus
via glioma (Gi) transcription factors, igger-
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Primary cilia contain the receptor for a
secreted protein crucial for cell requlation,
strengthening their potential as signaling
centers in the cell.

ing the expression of specific genes. This gen-
eral scheme 1s well esmblished; however, there
are many unresolved questions about the regu-
lated interaction between separate components
of the pathway. and 1t 15 unclear how Shh-Pie
interaction increases Smo signaling activity.
Previous work has shown that primary cilia
are essential for Shh signaling. Mutations in

A ciliary switch. The primary cilium emanates as a solitary organelle fram most cells in our body. (Left) In
the absence af Shh, Pt translocates to the primary cilium and blocks ciliary localization of Smo. Transcription
lactors (Gli) are degraded or processed to repressors (GLIR). (Right) Upon binding of Shh to Pt in the cilium,
Ptc leaves, and Smo enters, the cilium. This switch may be controlled by oxysterols released from the cilium
membrane by Pte. Gli is processed to an activatar form (GLiA).
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gsenes encoding proweins essential for cilia
assembly. such as the intraflagellar transport
proteins (4), resultin dysfunctional Shh signal-
ing and severe developmental disorders in
mammals (5). Further, several components of
the Shh pathway specifically localize to the up
or base of the primary cilium (4-Y). including
Gli transcription factors and proteins that regu-
late Gli actuvity at the cilium tip. Localization
of Smo to the primary cilium increases when a
cell is stimulated with Shh (7). indicating that
Shh-mediated generation of active forms of
the Gli transcription factors takes place in the
cilium. Rohatgi er of. now show that Pre local-
1zes to the primary cillium and that Shh binds
Pre when it is in this location. In addiion, the
authors show that the unique and concerted
movement of Pte out of, and Smo into, the pri-
mary cilium constitutes a cellular signaling
switch responsive to Shh (see the figure).

Why does Pic localize to the primary cil-
ium? There are several obvious advantages,
The cilium provides a much smaller surface
area over which to integrate a signal. Because
the cilium protrudes from the main cell body,
Pic has a greater opportunity to sense gradients
of Shh molecules in areas further removed
from the general cell surface. For example,
during early embryonic development, the
directed movement of Shh-containing lipo-
protein particles is thought to break lefi-right
body symmetry in vertebrates (/). In this
scenario, rotating cilia, present on cells in a
region called the embryonic node. generate a
leftward Now of fluid that directs movement
of the particles to the left side of the develop-
ing embryo. The particles subsequently frag-
ment, and released Shh molecules are sensed
by primary cilia, which activates a signaling
=ascade in the appropriate tissue that helps
define the lefi-right body plan.

Another imporntant question concerns how
the regulated trafficking of Prc and Smo in pn-
marily cilia is achieved. For Pie, the answer is
still unclear, but Rohatgi er af, demonstrate
that addition of oxysterols, which regulate
responsiveness to Shh and activate Hh signal-
ing {3), cause Smo (harbored in intracellular
vesicles) o move into the cilium and activate
Shh signal transduction, while Pic also
remains in the cilium. This finding supports
their conclusions that oxysterols make Smo
insensitive to the inhibitory effects of Pre, and
that release of oxysterols from the cell mem-
brane regulates Smo trafficking. Ciliary mem-
branes are rich in cholesterol, the precursor of
oxysterols. Pte may control the release of oxy-
sterols from the cholesterol-rich membrane of
the primary cilium, The receptor contains a
sterol-sensing domain and 1s highly homolo-
oous o Miemann-Pick C1 protein, which is

important for cellular cholesterol ratficking
(1), Oxysterols may affect Smo localization,
directly or indirectly. by masking or unmask-
ing a ciliary targeting motif in the eytoplasmic
domain of Smo. One mutation in this domain
prevents cilia localization and thus Shh signal-
ing, whereas another mutation increases cil-
iary localization of Smo and supports consti-
tive activation of the Shh signaling pathway (7,
9). Moreover, lipid rafts—membrane regions
enriched in sterols—may promote the continu-
ous ciliary targeting and/or retention of spe-
cific signal components ( /), such as Pte and
Smo, in response o Shh signaling.

The concerted action of Shh molecules and
oxysterols in the primary cilivm may constiute
aunique cellular switch between activation and
inactivation of the Shh pathway during devel-
opment and control of tissue homeostasis,
Analogously, the protein inversin, which also
localizes w primary cilia, functions as a molec-
ular switch between two signaling pathways
controlled by the secreted protein Wat, another
tundamental and conserved sysiem that con-
wrols development ( /2. The next challenges are
to define the precise molecular mechanisms

PERSPECTIVES

that underlie the Shh cellular switch, w deter-
mine how primary cilia function as specialized
organelles that integrate positive and negative
inputs on ranseription factor {Gli) activity, and
to discover how these mechanisms may interact
with other signaling events, such as Wt signal-
ing, in human health and disease.
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Learning Nature's Way: Biosensing
with Synthetic Nanopores

Charles B. Martin and Zuzanna 5. Siwy

Synthetic sensors use molecular recognition events in nanometer-scale pores for selective detection

of proteins, nucleotides, and drugs.

iving systems use¢ nanometer-scale

pores called protein channels as bio-

sensors, For example, the ligand-gated
ion channels in the human brain ([) span the
membranes of nerve cells and are closed in
their resting state. But when a specific neuro-
transmutter binds o molecular-recognition
sites on the channel, it opens. allowing an
ioni¢ current to flow. This process—molecu-
lar-recognition chemistry followed by trans-
duction of that chemistry into a measurable
current—is the essence of biosensing. In
recent years, scientists have used these ideas
to make artificial wn-channel sensors for ana-
Ivtes including drugs. proteins, and oligonu-

C. E. Martin is in the Department of Chemistry and the
Center for Research at the Bio/Mano Interface, University of
Florida, Gainesville, FL 32611, USA. E-mail: crmanting
chem.ufLedu Z. 5. Siwy is in the Department of Physics and
Astronomy, University of California, lrvine, Indine, CA
92697, USA

cleotides. They have done so by attaching
molecular-recognition agents (MRAs) that
bind these species to synthetic or biological
mlI'IEJFUrL'H.

This sensing concept was first used in the
Coulter counter, which uses a micrometer-
sized pore to count and size particles (2). To
do the same for molecules required a much
smaller pore. and biology provided an ideal
candidate: the a-hemolysin(o-HL) nanopore.
o-HL 1s a protein that forms a nanopore
through lipid-bilayer membranes (see the fig-
ure, top panel). To act as a sensor, the mem-
brane is placed between two salt solutions.
and an ionic current is passed through the
electrolyte-filled nanopore {3, 4). When an
analyte such as a drug molecule enters the
nanopore, it transiently blocks this current: the
current is restored when the drug exits, Asa
result, a stnng of current pulses 15 obtamed,
with cach pulse corresponding 1w a single
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molecular-translocation event.
Thus. analvte molecules are
counted one at a time as they
pass through the nanopore ( 3). I

However, a sensor based on |
the native o-HL panopore
would count any molecule that \E
cun enter and pass through. To
make the pore selective, an
MRA that binds the target ana-
Ivie has been atiached to the
inside surface of the nanopore
(3). Now., when the analyte
enters, it binds to the MRA and
blocks the ion current for a
period of time determined by
the chemistry of the MRA/ana-
Iyte interaction. The resulting
current pulses can be distin-
guished from those produced
by molecules that donot bind 1o
the MRA, and a selective sen-
s0r 15 obtained.

This approach has been
used to make o-HL-based sensors that are
selective to metal 1ons, drugs, proteins, and
oligonucleotides (3). However. the lipid
membrane that houses the nanopore 15 very
fragile, diminishing the prospects for devel-
oping practical sensors from this technol-
ogy. Synthetic-nanopore sensors, in which
the pore 15 bored mto a chemically and
mechanically stable membrane material
(5-11). offer a possible solution. Current
research in this area focuses on two key
questions: How can synthetic pores with
inside diameters approaching molecular
dimensions (nanometers) be prepared? And
how can MEAs be attached so that selective
sensors are obtained?

Two technologies are emerging as
the front runners for preparing synthetic-
nanopore sensors. The first derives from
microlithography and entails using a beam of
electrons () or ions (6) to bore a hole through
a thin membrane of an inorganic material
such as silicon dioxide. The electron-beam
method uses a transmission electron micro-
scope, allowing the pore to be imaged during
preparation (see the figure, middle panel).
Pores with diameters as small as | nm have
been prepared (5).

In the second technology. a thin plastic
membrane is bombarded with a beam of
high-energy particles to create damage
tracks through the membrane, followed by
chemical etching of these tracks to make
the nanopores (//). This method has been
used commercially for decades 1o prepare
nanopore filters. More recently, GSI in
Darmstadt, Germany, has developed simple

20 JUuLy 2007 VOL 317

a-hemolysin nanopore

Peptide analyte

A peptide analyte passes through the
w-HL nanopore (4).

methods for preparing
simgle-nanopore mem-
branes ol this tvpe (/2).
and for etching conical
' pores (see the figure,

lower panel)( 13). Analyte
species can be counted
one at a time as they tra-
verse the narrow opening
(or up) of a conical nano-
pore ( 7). Sensors with up
openings of 2 nm have
been described (7).

Electran micrograph of three nanopores with different diameters in
silicon dioxide membranes (5).

Electran micrograph looking down a conical
nanopore in & polycarbonate membrane,

Both microfabricated and track-etched
nanopores have been used as sensors to count
analyte species. including large DNAS, pro-
teins, and small molecules (5-/0). However,
in most of these studies, the nanopore was
not selective. The final challenge is to attach
MRAs w create analyte-selective sensors,

There have been two reports of making
MRA-functionalized sensors. In the first,
protein binding MRAs (such as an antibody to
the protein oxin ricin) were attached o track-
etch protein sensors based on conical gold
nanotubes (). The MBEAs were attached to the
gold through simple thiol-based chemistry.
The sensor was mounted between two salt
solutions, and an ionic current was passed
through the nanotube. The diameter of the
nanotube tip was fine-tuned to match the size
of the analyte protein (=5 nm) bound by the
MRA. As a result, the tip became occluded
upon protein binding. shutting oft the ion cur-
rent—an “inverse” ligand-gated 1on channel,

SCIENCE

The sensor could detect subpicomolar protein
concentrations ().

The second MEA synthetic-nanopore sen-
sor (/1) derives from an MR A-based oligonu-
cleotide-transport membrane ( /4). The pore
was microfabricated in silicon dioxide, which
is casy to functionalize using siloxane chem-
istry. An oligonucleotide served as the
attached MRA, and the target analyte was the
oligonucleotide sequence that is complimen-
tary to the bound sequence. The current pulses
for the analyte oligonucleotide could be dis-
tinguished from pulses produced by oligonu-
cleotides that did not bind to the attached
MRA ([,

Reliable methods are now available for
preparing synthetic nanopores, and meth-
ods for attaching the MRAs are known, but
several challenges remain. First, because
the ¢-HL nanopore is prepared by protein
self-assembly, pore fabrication is very
reproducible. It must be demonstrated that
synthetic nanopores can also be prepared
reproducibly. Second. their long-term sta-
bility (over months) must be explored.
Finally, with a-HL, genetic engineering can
be used w attach the MRA at any desired
location along the inside walls of the
nanopore. A step toward such point-selec-
tive MRA functionalization has recently
been demonstrated with a synthetic nano-
pore by depositing a material that binds the
MRA at only one opening of the pore (/5).
Synthetic nanopore sensors could revolu-
tionize hiosensing, but much basic science
remains to be done before this promise
is realized.
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Motor Proteins at

Work for Nanotechnology

Martin G. L. van den Heuvel and Cees Dekker*

The biological cell is equipped with a variety of molecular machines that perform complex
mechanical tasks such as cell division or intracellular transport. One can envision employing
these biological motors in artificial environments, We review the progress that has been made in
using motor proteins for powering or manipulating nanoscale components, In particular, kinesin
and myosin biomotors that move along linear biofilaments have been widely explored as active
components. Currently realized applications are merely proof-of-principle demonstrations. Yet,
the sheer availability of an entire ready-to-use toolbox of nanosized biological motors is a great

opportunity that calls for exploration.

bhuge amount of bio-
logical research i recent
decades has spumed the

realization that the living cell can
be viewed as a ministure factory
that contains a large collection of
dedicated prolein machines (/).
Consider the complicated 1asks
that a single cell can perform: It
can ereate a full copy ol itsell in
less than an hour: it can proof-
read and repair crmors i its own
DMA, sense its environment and
respond 1o i, change its shape
and momphology, and obtain en-
ergy from photosynthesis or me-
tabolism, using principles that ae
similar 1o solar cells or baterics.
Al this functionality derives from
thousands ol sophisticated pro-
teins, optimized by billions of
vears of evolution. At the mo-
ment, we can only dream of con-
structing  machines of similar
size that possess just a fraction
of the functionality of these nat-
ural wonders.

One panticular class of pro-
teins 1s formed by molecular
motor enzymes, which are cat-
alyiic proteins that contain mov-
ing pans and wse a source of
free energy to direct their mo-
tion. Lpon studying these motors,
their resemblance 1o machines
becomes more and more chear
We find rotary motors that com-
prise shafts and bearings, as well
as linear motors that move along
tracks in a step-by-step fashion.

Institute).

Kaui Institute of Nanoscience, Delft University of Technolodgy,
Lorentzweg 1, 2628 (] Delft, Netherlands.

*“To whom correspondence should be addressed. E-mail:
c.dekkerg@iudelftnl

Fig. 1. Motor proteins in the cell. (A} Representation of FgFy-ATPase [reprinted
with permission from (45); copyright 2006, Wiley-VCH]. (B} Representation of the
bacterial flagellar motor (image courtesy of Kefichi Namba, Osaka University). Inset
shows an electron microscopy image of the motor [reprinted with permission from
(46); copyright 2001, Elsevier]. (C) Conventional kinesin and dynein transport
cargo in opposite directions along microtubules [adapted from (7)]. (D) Kinesin is a
processive motor, consisting of two heads, that walks in alternate steps of 8 nm
along the microtubule [adapted from (6)]. (E) Muscle contraction is caused by the
sliding of interdigitated actin and myosin filaments in a sarcomere unit. The
nonprocessive myosin II motor detaches after each power stroke so as not to
impede the further sliding of the actin filament caused by other mysosins [adapted
from (6}]. (F) RNA polymerase moves along a double-stranded DNA template,
transcribing a RNA copy (image courtesy of D. 5 Goodsell, Scripps Research

We find motors that are powered by chemical
encray, derived from hydrolvzing adenosme tn-
phosphate (ATP) molecules (the cell’s major ener-
gy curmeney), and motors that employ a gradient
of jons, using both electric and entropic forces,

A

It 15 of mercst 10 ponder whether we cn
cimploy these biological nanomachines in artifi-
clal envimonments outside the cell 1o perdomn
tasks that we design o our beneln (2, 3). Or, ol
the very least, can these proteins provide us with
the inspiration to mimic biocomponents or de-
sign artificial motors on comparable scales?

Nature's Workhorses in the Cell

In contrist 1o macroscopic machines, motor pro-
teins operate in a world where Brownian motion
and viscous forces dominate. The relevant en-
ergy scale here is dp T, the product of Boltamann's
constant and temperature, which amounts 1o
4 pN-nm. This may be compared w0 the -8R0
piN-nm of energy derived  from hydrolysis of a
single ATP molecule at physiological condi-
tions, Thermal, nondeterministic motion is thus
an imporant aspect of the dy-
namics of molor proleins,

Lets boelly consider some
examples of biomotors. The ro-
tary engine Fgol|-ATP synthase
(Fig. 1A) synthesizes ATP from
adenosine  diphosphate  (ADP)

proons along an electrochemical
gradient through the membrane-
hound Fo motor drives motation
of the Fg ring and the contral
stalk connecting the Fp and Fy
motors. This induces conforma-
tional changes of the Fy; motor
thant dinves the eatalytic formuation
ol ATP. Remarkably, the com-
plex can also work i reverse,
using the cnergy of ATP hydrol-
ysis 10 drive the reverse rolaion
of the Fy motor and subsequently
pump protons against their clec-
trochemical gradient

The rotary bactenal flagellar
motor (Fig. 1B} is used by bacie-
ria such @ Eschericlio coli s a
propulsion mechanisi by spin-
ning a helical Magellum (5} This
powerful motor, assemblod from
more than 200 different proteins,
15 doven by an mward proton
flux that is converied by scv-
eral tomque-generating  stators
into a rotary motion of the cy-
lindrical rings and central shafi.

more than 107 PN (250 kg 7Y
and rotates at speeds of over
100 Hz (5).

Lincar-motion molors ane

found among the members of

the super familics of kinesin, dynein, and myosin
protcins (6) (Fig. 1, Cw E) These motors move
in discrete steps along tacks made of long
protein polymers (actin {laments e myosin,
microtubules for Kinesin and dynein) that form
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the cvtoskeleton that extends throughout the cell,
The structural polanty of these filaments (denotod
by a phs and minus end) allows unidirectional
movement of motors along their tracks, Cyio-
skeletal motors are involved in almost every aspect
of comrolled motion and force gencration
within cells, such as mtracellular transpon of
miaterials (Fig. 1C) (7, cell division, or powering
cukaryvotic fagella and cilia, The contrmetion of a
muscle is driven by the orchestrated sliding of
serics of actin [laments with respect o arrays
of myosin motors (Fig, 1E). Typically, a lincar
maotor can generate forces of up o =10 pN,

Many other prodeins exist that cin use energy
to perform work, such as ion channels, DNA- or
RMNA-processing creeymes (Fig, 1F), nbosomes,
or light-powered electon pumps, but these fall
outside the scope of this review.

Muscle Power for Nanotechnology

One simking demonstration of a biomolecule-
powered nanostructure 5 the construction of a
nickel nanopropeller that ratates through the action
of an engineerod Fi-ATPase motor (8) (Fig. 2A).
The dirccted assembly of the devices was con-
trolled through genetic engineering of histidine tags
that stuck the Fy-ATPase onto nicke] posts, with its
central stalk protruding upwards. This comected 1o
a nickel propeller of =1 pm length through biotin-
streplavidin bonds, Addition of ATP caused mo-
tation of the propeller. A metal-binding sile was
engincered into the motor and acted as a reversible
on-oiT switch by obstructing the otation  upon
binding of g anc won (9), similar 1o the action of
putiing a stick betwoen two coawheels,

On a larper seale, gliding bactena have been
used to power a micromechanical device cormpris-
ing a cogwheelshaped wior of 20-pm diameter
rotating in a silicon wack (/7). Bacterm adhered w
the rotor, wming it with ~2 rpan (Fig. 2B). The in-
cremse in size (cells compared with individual pro-
tens) is accompaniod with lanzer torques, oecther
with self=repairing propertics. Cardiomvocyies (hean
muscle) have been wsed 10 drive a self<assembled
microwalker (/1) The coordinated contraction of
muscle bundles, which were assembled onto a
=00 L-mum large two-legged Si04 structure, drove its
stepwise movemnent with a speed of 38 pmis.

Lincar cytoskeletal kinesin and myosin motors
have dominated the emenzing ficld of protcin-
powered devices because they arc relatively robust
and readily available. Actin and wbulin can be
cormmercially purchased, whereas the motor pro-
teins can be punfied from cells or expressad in
recommbinant bacterial systems and harvested in
large quantitics. In their most basic geometry, thise
motor systenis are coployved in a so-called gliding
assay, in which the cyvtoskelatal flaments (usually
about 1w 20 pm in length) are propelled by
surface-bound motors (Fig. 20, The mtational
flexibility of the motor stalks is high enough 1o
rodate the randomly bound motors ino the comect
orientation for binding ono the microwbule or
actin filament. Plus-end-directed motors will then
propel the filaments with their minus end leading,
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Fig. 2. Motor proteins in nanotechnology. (A) An Fy-ATPase—powered nanopropeller [adapted from
(8)]. Fluorescence images (133-ms interval) are from the earlier experiment (47) that first demonstrated
the rotary motion of the F1-ATPase motor by using a fluorescent actin filament connected to the stalk
[adapted with permission from (47); copyright 1997, Macmillan Publishers Ltd: Nature]. (B) A
microrotor (20-um diameter) powered by bacteria that adhere to the rotor and glide unidirectionally
through the track. Photo images show the clockwise rotation of the rotor [adapted with permission from
(10); copyright 2006, National Academy of Sciences USA]. (C) Schematic of kinesin motor proteins
adsorbed to a surface propelling a microtubule shuttle, which binds cargo such as a DNA molecules
[reprinted with permission from (12); copyright 2003, American Chemical Society (ACS). The
fluorescence image shows kinesin-propelled microtubules moving through open polyurethane channels
[reprinted with permission from (16); copyright 2003, ACS]. The velocity of microtubules is typically
about 1 um/s, whereas actin motility can reach speeds up to 10 pm's.

Like nanoscale trucks, the microtubules or actin
NMaments can aet as shottles that ranspot an at-
tached cargo such as nanoparticles or DNA (12)
(Fig. 2C).

[n an aliemative geometry, motor-coated cango
can move along cyioskeletal filomems that ane
adsorbed onto a subsimie. This nequires the
controdled placement of lilaments onto a substrte
and precoating of the cargo with motors. The in-
vered gliding geometry oflers betier opporiunitics,
however, for actuation, functionalization, assemb-
v, and control and is thus preforred. In general,
multiple motors aitach 1o a single filament shuiile,
s0 that large forces (=10 pN) can be generated.
Another advantage is that the shuttles can routinely
be interfaced 1o a vanety of cargo using the biotin-
streptavidin linkage or through amibodics.

Kinesin- and Myosin-Driven Transport on Chips
One vision s that motor proteins will be used
for controlled cargo manipulation on a chip.
with applications in soning, separation, purlica-
tion, or wsembly of materials (2, 73). To reach
this goal, one neads o develop controlled motion
along specilic routes, directionality, coupling 10
cargo, extemal conrol, and steering,

A prerequisite of any usclul rarspon system is
that motion and trspon can be (uni-) directionally
guided along prodesigned  pathways, When lila-
ments are ahsorbed mndomly onto a subsirate, the
dircetion of canzo transpon i rndom as well (Fig.

A1) Therefore, considerable ¢ffon has beon
directed at ercating conlined motiliy by employving
cither chemieal patterning o active molor prodcins
(/4 or fabncated wpographical patiems (Fig. 3A-11)
(713, 16). A disadvantage of purely chemical patiems
s that flamemts casily derail from their tracks, which
ocours when the leading end of the Gilament cannot
find a new motor w bind W, whereas in purcly
opographically structured surfaoes the selectivity off
functional motor absomption is losL

A combination of topographical and chamical
patteming (/71 with the motor proteins only at the
bottom of the trenches (Fig. 3AITL has proven 1o
combing the best of both approaches with respeat
o guiding and conlinement of microtubules (f4)
and actin (£9) The recent use of enclosed Nuidic
channcls (20, 24) can be considered as a logical
final step in the development toward conlinement,
oflenng much better perspectives Tor packaging
(20, and lor the addressalaliny of mdividual
filaments through electric fields or Qows (217),

For soning applications, it is desirable that
motion occur unidirectionally. Because the motors
bound 10 a surface are rotationally exible, uni-
directional motion in gliding geometrics can only
be achieved through reonemation of the Glaments,
One method explons asymmetnical amow-shaped
structures (4 7) (Fig. 3B) than rely on the principle
that the probability 10 mverse the rectilier structure
depends on the dircction from which the filamem
enters, This hands-olf methoed can achieve up o
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92% efficient rectification per amow (22). A
diflerent, active-control method is to use extemal
force ficlds that bend and align the leading end of
the motor-propelled Alaments parallel to the ficld,
which can be clectne (41.5), magnetic (23), or flow
liclds (24, By subsequent fixation of the fila-
ments to the underlying motors (using a chemical
such as gluteraldehyde), the campet can serve as a
dircctionally aligned surface for motor-protein
coated cargoes (25, 26),

The coupling of cargo 1o protein shutles is
relatively straightforward, The sinmplest configura-
tion relies on the norspecific electrostatic or hydro-
phobic adsorption of cargo ono Kinesin, which was
used for unidirectional rmnspon of materials such
as gold, polystyrene, and glass (23). Biotin-
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in sensing applications. A similar example is the
use of microtubules coated with single-stranded
DNA ohigonuclestides, which could hybndize very
spectfically with its target DNA m solution, with
sensitivity  for a single-biseparr mismatch (/)
Another intercsting approach is the repont on
myosin-driven trnspon of gold nanowimes (32
The nanowires were created by catalytic enlarge-
ment of gold nanoparticles bound to actin filaments,
while leaving some actin free 1o interact with the
nyosin-coated surface. This method could offer a
way of asembling snall electrical circuits,

One way 10 achieve reversible starting and
stopping of the motlity is 10 control the concen-
tration of ATP or other necessary cofactors in
solution. Light-controlled swiching of the mo-

v

Fig. 3. Biomotor-driven transport. (A) Evolution in the confinement of motility. (1) On flat surfaces, the motion
of filaments is in random directions (fluorescence image at bottarm). (I} To confine the motion, people initially
used (top) chemical patterning of motors (as indicated by red x's) or (middle} topographical structuring of the
substrates, (Bottom) Scanning electron microscopy (5EM) image shows microfabricated channels in 5i0z. (D A
combination of both methods proved more effective. Bottom image shows time-integrated fluorescence of actin
filaments, which are mobile exclusively in the letter-shaped tracks [reprinted with permission from (19);
copyright 2004, Institute of Physics Publishing]. (IV) The use of submicrometer fluidic channels offers three-
dimensional (3D) confinement. (Bottom) SEM image of a closed channel. (B) Arrow-shaped structures rectify the
motility. Initially, the amount of micratubules is equal in both reservoirs, but after 18 min most microtubules
have collected in the left reservoir [reprinted with permission from (17); copyright 2001, Biophysical Society].
(€) A kinesin-propelled microtubule binds to and stretches a DNA molecule attached to a gold post [reprinted
with permission from (27); copyright 2006, Wiley-VCH]. (D) Thermoresponsive polymers form a clever way of
switching the motility on and off [reprinted with permission from (35); copyright 2006, ACS] (E) An electric force
is used to steer individual kinesin-propelled microtubules within an enclosed fluidic channel.

functiomalized microwbules and actin lilaments
can be imterfaced 0 any cargo with strepiavidin
roups, Using the inveried assay, transpont of poly-
styrene beads (/6), DNA molecules (/2. 27) (Fig.
30, and quantum dots (28 hias been demonstated.

A disadvaniage of these methods s that the
cargo has to be prefuncionalized. Theefore, a
promising ad versatile method s the use of
microtubules that are coatad with antibodies 10 the
cargo that neads 0 be tmnsponed (29, 30), This
technigque was used w pick up tobacco mosaic vins
particles (29 and specific proteins (30) from
solution, which can be advantageous, for example,

tility was achieved using caged ATP, an inactive
form of ATP. in conjunction with hexokinase,
an ATP-consuming enzyvme. Flashes of ulir-
violet (UV) light liberated the ATP, which was
concurrently depleted by the hexokinase, creat-
ing spikes in the motility that lasted several
minutes (f6) A faster time response of about
105 was obained through simply Mushing hexo-
kinase or ATP into the Mlow cell (37), but this
requires more claborate handling,

Temperature modulation in a fow cell, as
throwgh the Fabrication of an clectncal heater on a
cover slip, allowed for revessible control of the

REVIEW

velocity of actin filaments (34), althougl the motion
could not be entirely siopped. Another method
cxploits thermo-responsive polyvimers on a surface
o comrol the motlty of mirotbules (35) The
polymers, absorbed between the Kinesin molecules,
are in an extended configuration o low wmper-
atures, which then stencally prevemt gliding of the
microtubules (Fig, 3D), Increasing the temperature
shrinks the polymers and allows the microtubules

to interact with the motors. By spatial patieming of

these polymers, this technique can be of use for
gating the density of motile microwbukes, Another
method of locally gating the microwbule density
has exploited electric fields 10 attrmct microtubules
oo a kincsin-coated gold surface (36),

Control of the direction of individual micro-
tubules has recently become possible through the
use of clectne or magnetic forces. By using
enclosed uidic channels, one can apply strong
clectric Nields very locally that act on the leading tp
of a mictotubule {(which 15 clectncally charged). In
this way, mndividual microtubules approaching a Y
junction can be steered into the desired direction by
an clectric ficld that is applied through a channel
perpendicular to the junction (Fig. 3E) (2/). The
combination ol electric and fuidic technologies is
advamtageos for on-chip integration. Magnetic

liclds have been wsed o direal the motility of

microtubules that were functionalized with small
magnetic particles (23),

The latest advances in the field of biomo-
lecular motors in nanotechnology have made i
clear that we can use motor proteins 1o drive
nanoscale components and that we can interface
profeins selectively o different matenials. We can
control the placement of motor proteins through
selt-assembly, confine their motion, and exen
electrical, chemical, or physical comrol, some-
times even over single proteins. These isolaed
demonstrations have, however, not yet been in-
tegrated into functional and useful devices. Cur-
rently, denaturation of proteins limits the lifdtime
of a regular gliding assay w0 several days, al-
though scparation between fabrication and use
ol assembled devices can be achieved through
freczing and Ivophilization (37)

Outlook: Will Biomotors Make Their Way?

When people think of molecular motors and arcas
for their applicatons, they mitially come up with
scaled=down exiensions of macroscopic systems;
rotary motors 1o drive a propeller, and  lincar
motors as locomotives pulling cargo, A recuming
theme is the building of a molecular wanspon
system or assembly line wsing kinesin or myosin
motors (Fig. 4A) Indeed, applications can be
imagined along these lines, where antibody-
Ffunctionalized shuttles capture and separate targel
molecules that are present in otherwise undetect-
ably low quantitics in an analyie, Such a motor-
assisted nanotechnology can be used for concen-
tration of molecules and more sensitive detection.

Other arcas where a role for motor proteins
is envisioned include the use of motors 1o drive
and accelerate self-assembly processes ol nano-
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REVIEW

Fig. 4. Prospects and future directions. (A) Fictitious motor-protein—powered device that performs on-
chip sorting of materials, assembly of different components, and concentrating another component for
enhanced detection. (B) Polymer vesicles containing bacteriorhodopsin and FgF4-ATP synthase create
ATP from the light-driven proton gradient established over the membrane [reprinted with permission
from (48); copyright 2005, ACS]. (C) Artifidal molecular motors are a new development. Upon
illumination with UV light, organic molecules embedded in a liquid-orystal film induce a reorganization
of the film texture, driving the rotation of a glass particle. Photo images taken with 15-5 intervals
[adapted with permission from (44); copyright 2006, Macmillan Publishers Ltd: Nature].

structures (/3), o power nanoscale mechan-
ical elements |e.g, a nanoscale version ol the
bacterig-powered cogwhesl (Fig. 2B)), or w
drve small Muidic pumps (38). Tdeas for appli-
cations that employ the massively parallel na-
e of autonomous molecular motors include
the use of kinesin-propelled microtubules as a
probe for surface topography (3% or for bio-
computational maze-solving, where a large
number of motile probes find different ways
through a microfabricated maee (40).

Many of these applications are little more
than prool=of~principle examples, for which more
developed alternative technologies exist. For ex-
ample, a biomolecular manspon system should
be gauged against lab-on-a<chip or micro-total-
analysis systems, which are faidy well establishod
technologies. Perhaps, though, the applicability
of biomotors 1s merely limited by the imagina-
tion and creativity of researchers (ncluding us),
Progress in the ficld wall likely come from in-
tegration of achievements of the past fow years
into mone complete and functional deviees, Prome-
ising in this respeet s the sol-gel packaging of
vesicles containing bacteriorhodopsin, a light-
driven proton pump, and FolF-ATP synthase
(<) (Fig. 48). Upon illumination of these sol
gels, prowons are pumped into the vesicles and
ATP is created outside the vesicle by the ATP
synthase, Besides the excellent stability of these
gels (bacteriorhodopsin continued  functioning
for a month), this wechnology provides a con-
venient packaging method and a way 1o use light
encrgy for fucling devices, Another imeresting
development is the engineering of polypeptides

20 JULY 2007 WVOL 317 SCIENCE

that can specifically bind 1o inorzanic matenals
{42y, When engineered into motor proteins, this
technology could provide new opportunitics for
motor-driven  nanoscale assembly ol difforent
matenals.

A related but even more futunstie ficld is the
development of artificial molecular machines by
botiom-up onganic chemisiry (43). Adificial mo-
lecular machines are synithesized molecules that
can swilch between different shapes upon illu-
mination with light or through electrochemical
reactions. An illustrative example is shown in Fig.
4C. The molecular motor molecules, embedded
within the surface of a textured liguid crystal film,
induce the rotation of a macroscopic glass panicle
through a continuous reorganization of the film
texture (44). Although the stability of these
maolecular machines is probably supenor o pro-
teins, their control, directionality, and interface o
the outside world ane yet far less developed (43).

The small steac and force-exerting capabilitics
of motor proteins and the mmge of opportunitics
for specific engineering give thom unigque advan-
tages over cument human-made motors. Upon
studying and using biomotors, we will gather a lot
of knowledge that is of interest 1o biology, material
sciecnce, and chemistry, and it is reasonable o
expect spin-offs for medicing, sensors, electonics,
or engineering. The explomation of biomotors in
technology will thus remain an imterdisciplinary
playground for many vears 10 come,
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Tumor Growth Need Not Be Driven by
Rare Cancer Stem Cells

Priscilla N, Kelly,“? Aleksandar Dakic,»? Jerry M. Adams,*

Stephen L. Nutt, ™ Andreas Strasser*t

C:mccr biologists are intrigued by the hy-
pothesis that tumor growth may be sus-
tined by a mre subpopulation of the
cells, termed cancer stem cells. Supporting this
concept are the heterogencous cellular compo-
sition of certain wmors and the finding thatonly a
minute proportion of the cells (~1/10%) in some
human acute myeloid leukemia (AML) samples
can seed wmor growth when transplanted into
sublethally wradiated nonobese diabetic (NOD)
severe combined immunodelicient (seid) mice
(3. The interpretation of such xenotransplantation
studies, however, is complicated by the critical
role in twmor growth of intemctions with the mi-
croenvironment, which are mediated by both sol-
uble and membrane-bound factors (2). Notably,
many such mouse aclors cannot engage the cog-
nate human receptor and vice versa (.3). Thus, the
low frequency of human AML cells producing
tumors in NOD/seid mice might reflect in part the
ranty of human tumor cells that can readily adapt
to growth in a forcign (mousc) milicu,

In our view, the frequency of cells that can
sustain twumor growth, and thus the generality of
the cancer stem cell hypothesis, can best be tested
by transfer of tirated numbers of mouse wmor
cells into noniradiaed histocompatible recipient
mice. We isolated primary pre-B/B lymphoma
cells from three independent Ep-mve transgenic

mice and injected 10 to 10° cells into non-
imadiated congenic aninals, Regardless ol the cell
number injected, all recipients became mosibund
with disseminated lvmphoma within 35 days
(Table 1) Although the number of mjected cells
did not noticeably affect twmor burden, organ
infiltration, or discase severity, recipients of 10 or
100 lymphoma cells usually developed tumors
more slowly than those receiving 107 cells. Im-
portantly, even transter ofa single cell elicined fatal
lvmiphonm in three of eight recipients within 33 1o
76 days (case 2)

A small fraction (-2 1o 3%) of the cells in
primary Ep-nive lvmphomas displayed the char-
acteristic stem cell markers Sca-1 and/or AA4LL.
However, when sonted Sea-1" AA4.1™ or Sca-17
AA4.1" lymphoma cells were transplanted, as
few as 10 cells of each populaion clicited fatal
lvmphoma within 17 o 40 days (Table ). Sim-
ilarly, with Ey-N-RAS thvmic lvmphomas and
four independent cases ol AML caused by PULL
deficiency, recipients transplanted with as few as
10 cells developed wmors, although onset was
delaved in mice receiving only 10 or 100 ANML
cells (Table 1) For all three malignancies, the ecll
surface marker phenotype (fig. S1), the gene ex-

pression profile (fig. $2), and the invasivencss of

the ransplanted wmors mironed that of the pri-
mary umor

Table 1. A large proportion of tumor cells can sustain the growth of murine lymphoid and myeloid
malignancies. Cells from primary Eu-myc pre-B/B lymphomas, Eu-N-RAS thymic lymphomas, or PU.17"
AML, all from mice on a C57BL& (Ly5.2") background (>15 backcrosses), were transplanted into
nonirradiated congenic C57BL% (Ly5.1%) recipient mice. To circumvent problems associated with
injection of low cell numbers, we mixed the tumor cells with 10° congenic (C57BL/6-Ly5.1%) spleen cells
as carriers. Shown are the fraction of recipients that developed tumors and the average time from
transplantation to tumor development. No mice (0/24) injected with carrier spleen cells alone developed
any tumor over a 100-day period. ND, not determined.

Recipients that developed tumors (days to kill)

10% cells 10% cells 107 cells 10 cells
Eu-myc B lymphoma
Case 1 313 (25) 313 (25) 33 32) 22 (35)
Case 2 313 (21) 33 (23) 313 (24) 313 (24)
Case 3 Sca-1* AA4.1™ 373 (21) 313 (21) ND 33 (A7)
Sca-1* AA4.1" 212 (17) 212 (28) 212 (28) 212 (40)
Ep-N-RAS T lymphoma
Case 1 313 (28) 313 (42) 3/3 (28) 3/3 (28)
PU.1I™ AML
Case 1 11 (54) 2/2 (168) 12 (192) o2
Case 2 2/2 (84) 2/2 (85) 212 (224) 1/2 (114)
Case 3 11 (85) 212 (62) 2/2 (69) 212 (90)
Case 4 11 (30 11 (37 212 (79) 2/2 (88)
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These observations challenge the concept that
growth of AML, and possibly other mahgnan-
cles, are always sustamed by a rare cancer stem
cell (7). Although cancer stem cells may well
drive the growth of many cancers, panticularly
those displaying extensive differentiation, our
studics of mouse lymphomas and leukemias in-
dicate that at least certain malignancics (partic-
ularly those with substantial homogeneity ) can
be maintained by a relatively large proportion
1= 10%) of wmor cells, perhaps even the majority.
Although mouse and human wmors differ in
notable respects, the marked dispanty with ne-
suls from human AML cells (/) suggests that
xenotransplantation may underestimate the per-
centage ol wmor-sustaming cells, With common
human solid wmors (for example, bram, colon,
and breast), tansplantation places the wmor
growth-sustaning cells within subpopulations
{lor example, CD133%) that compose up to 2005
of the cells (4-6), and most of the emaining cells
might be at differentiation stages unsupportable
by the mouse microenvironment. The reponed
rarity of cancer stem cells in AML (/) and colon
cancer () might reflect the need o cotranster an
essential human accessory cell (we note that en-
dothelial cell progenitors are also CD1337),

Determining whether the growth of various
tumaors is sustamed by most of the wmor cells or
by a rare subpopulation has important mmifica-
tions for the desizgn of novel therapies. Therelore,
the cancer stem cell hypothesis mernits more rig-
orous 1ests. For human umors, ultimately this
will require transter of wmor cells mto mice n-
stalled with all the requisite human support eells.
Lastly, because the term “cancer stiem cell” also
currently designanes the nonnal cell that founded
the wmor, we suggeest that the cells sustaining
growth of an established wmor be refemred 1o as
“lumor-propagating cells.”

References

1. K ] Hope, L. Jin, ]. E. Dick, Mot fmmunol. 5, 738
(2004).

2. D. Hanahan, R A Weinberg, Cell 100, 57 (200},

3. K L Arad et al, Anne. Rev. Brockern. 59, 783 (1990).

4. C A O'Brien, A Pollett, 5. Gallinger, ]. E Dick, Mature
445, 106 (2007).

5. & K Singh et ol, Natwre 432, 396 (2004).

6. M. Al-Hag, M. 5. Wicha, A. Benito-Hemandez, 5. |. Morrson,
M. F. Clarke, Proc. Mol Acod. Sci USA 100, 3983
(2003).

Supporting Online Material

v sciencemaq.ongieqiicontentfull 31 75 836/337/0C1
Materials and Methods

Figs. 51 and 52

Relerences and Nates

15 March 2007; accepied 25 May 2007
10.1126/science. 1142596

YWalter and Eliza Hall Institute of Medical Research,
Melbourne 3050, Australia. *Department of Medical
Biology, University of Melbourne, Melbourne 3050,
FAustralia,

*These authors contributed equally to this study.

170 whom comrespondence should be addressed. E-mail:
strasser@wehiedu. au

VOL 317 20 July 2007

337



338

Common Sequence Polymorphisms
Shaping Genetic Diversity in
Arabidopsis thaliana

Richard M. Clark,* Gabriele Schweikert,™** Christopher Toomajian,** Stephan Ossowski,*
Georg Zeller,?-** Paul Shinn,® Norman Warthmann,® Tina T. Hu,® Glenn Fu,” David A. Hinds,”
Huaming Chen,® Kelly A. Frazer,” Daniel H. Huson,* Bernhard Schélkopf,® Magnus Nordborg,*
Gunnar Ratsch,? Joseph R. Ecker,®® Detlef Weigel™®+

The genomes of individuals from the same species vary in sequence as a result of different evolutionary
processes. To examine the patterns of, and the forces shaping, sequence variation in Arabidopsis
thafiona, we performed high-density array resequencing of 20 diverse strains (accessions). More than
1 million nonredundant single-nucleotide polymorphisms (SNPs) were identified at moderate false
discovery rates (FDRs), and ~4% of the genome was identified as being highly dissimilar or deleted
relative to the reference genome sequence, Patterns of polymorphism are highly nonrandom among
gene families, with genes mediating interaction with the biotic environment having exceptional
polymorphism levels. At the chromosomal scale, regional variation in pelymerphism was readily
apparent. A scan for recent selective sweeps revealed several candidate regions, including a notable
example in which almost all variation was removed in a 500-kilobase window. Analyzing the
palymorphisms we describe in larger sets of accessions will enable a detailed understanding of forces
shaping population-wide sequence variation in A. thaliana.

omprchensive polvimorphism data are cssen-
‘ tidl for the systematic identification of se-
quence vareinis affocting phenotypes (1)
Despite progress with new technobogics, dineet e
sequeneing of mdividual genomes 15 not yel cost
effctive for most organisis (2), High-dersity oligo-
nuckeotide amays provide an altemutive approach for
polymiombism detection and have been used 1o iden-
tily & ke frsction of the SNP vanaton in the human
and the mowse (3, ). We applied this wchnology o
20 wild accessions of A thaliane, for which a
penome sequence from a single acoossion was pere
cried in the vear 2000 (5). The resulimg. polymor-
phism doia set capiures much of the common
sequence variation m the worldwide A, thaliana pop-
ulation. We wsed this infonmation 1o systematically
determine the types of soquences and genes that differ
betwoen scocssions and o provide a high-resolution
description of the penome-wide distribution of polv-
morphisms in his mulicellukr reference onganism
Sample selection, array design, and poly-
morphism detection. For polymorphism discoy-
ery, wie sclected aceessions with maximal genctic
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diversity (6. 71 In addinion, we chose several
commmonly used string, such as Ler-] (zble S1)
Cold, the reference accession, wias included as a
contred. For 19 of the 20 accessions (7), 1213
frgments of 300 base pairs (bp) n length, which
were spaced throughout the genome, had previous-
Iv boen sampled by dideoxy sequencing; between
2266 and 3949 nucleatide substitutions per acocs-
sion refative w Col-0 had been identitied (6). This
data set, called “2000, allowed s 1o assess the
quality of our polymomphism predictions,
Whole-genome amplificd DNA {rom cach
accession was hybridized 10 resequencing mi-
croarmys interrogating >949.99% of bases in the
1 19-Mb reference genome sequence ( 7). Each po-
sition was queried with forward- and reverse-stmnd

probe quartets consisting of oligonucleotides of

length 25 (g, S1). Within a probe quartet, all four
nucleotides were representad at the central posi-
tion, and differences in relative intensitics: across
probe quartets indicated potential SNPs. For tight-
Iy linked SNPs, however, all probes harbor o least
one mismatch, hybridization s suppressed, and
SNP detection is confounded (fig, S1).

We used two computational methods o deteet
SNPsat 103,920,272 positions that were not highly
repetitive (7) (able 52 and fig. 520 In A, thafiama,
the sequence composition (e, GO content) and
low polymomhism levels typical for coding
soquences are lavorable for hybnidieation-based
SNP detection (7). Accordingly, recovery of SNPs
with a model-based (MB) algorithm (3, &) was
higher for coding than for noncoding regions (36
versus 13%) at a corresponding FDR tha was

only one-third as high (Fig. TA) An average of

96,814 SNPs were identilied per accession by the
MB method, for a wial of 456,956 nonredundant
SNPs (Fig. 1B and table 83),

We also developed a machine leaming (ML)
method with suppon vector machines (8, ¥) for
SNP identification (73 (figs. $3 o S8), The training
step exploited the 2010 data, and as input we used
miomation for all oligonucleotide probes come-
sponding 10 positions within a 9-bp window can-
tered on candidate polymomphisms (7). In addition
o hybrdization data, we included as inputs se-
quence charactenstics and genome-wide repetitive-
ness of probes (tables S5 and 56), The ML method
assigns a probability w0 cach prediction, and we
generated H40,657 1w 1 074053 nomredundant SNP
precictions over a corresponding range of FDRs
from 2 1o 10% (7, Ji). Performance of the ML
micthod was infenor o the MB method for cod-
ing sequences but superior for noncoding se-
quences (Fig. 1, A and B, and wble 53).

When the FDR for the ML method was at 2%,
the FDR and recovery for the ML and MB methods
were similar, however, the two methods were
complementary, with 60% of predictions made with
anly one of the methods (Fig. 1C). This resulied, in
part, rom differing performance in polymor-
phic regions (Fig. 1D). Recall for SNPs more than
=30 bp from another SNP or inserion or deletion
{incely was higher for the MB method, whereas
recall for SNPs sepamted by 7 1o 30 bp from a
nearby polvmorphism wis aboul two times as
high for the ML methodd For very closcly lmked
SNPs (<7 bph recovery was low with both methods
i=3%). FDRs for both methods peaked in regions
of low hybridization quality (Fig. 1E), an effeet of
sequence divergenee but also of other Bietors (7).

For subscquent analyses, we combined all
MB predictions with ML predictions supported
a1 a 2% FDR. The resulting data set, “MBML2,”
consisted of 648,570 nomedundant SNPs (7. ()
iFig. 2). an average of one polymorphic sie per
16y nonrepetitive positions in the genome. With-
in MBML2, SNPs supporied by both methods
have a very low FDR of ~0.2%, whereas SNPs
supported by only one method have correspond-
ingly higher FDRs (Table | and table S3). A
cavem for our error estimates is that 2010 data,
which we uscd for specificity and sensitivity as-
sessment of the two prediction methods, are un-
demrepresented for noncoding sequences, repeats,
and sequences not similar to the reference (6, 7).

Apart from SNPs, deletions or sequences highly
dissimilar o the meference are detectable on high-
density amays s regions of redoced hybndision
g S1. We developed a heurstic algorithm io
adeniily s of reduced hybridization extending
over moe than 200 bp ( 7) (s, S9and S10L The
median kength of 13470 pobmomphic region pre-
dictions (PRPs) generaed across all acosssions with
this algorithim wis 389 by the Jongest wis 41.2 kb
(40). In the 2010 data set, which was ascertained by
pobvmerse chain reaction {PCR), missing data come-
spond in pan 0 highly polymomphic or deleed
regionts, Consistent with high specificity for PRPs, a
[62-fold overmepresentation was observed between
PREPs and absent data m 20000 We also anempiced
validation of 382 PRPs by PCR. and sequencing, ob-
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tainad compleie or partial sequence data for 171 pro-
ducts, and identified 124 deletions ranging from
S0 bp o more than 10 kb, In all other cises, PRPS
comesponded to clusters of SNPs or sl mdels (able
S Many deletions or clisters of polymomhisms
extended bevond PRP boundanies, potenially con-
tnbuting w0 the high failue mc for validation -
tempts (~35%). Where sequence data were available,
98.6% of bases in PRPs were either delated or
within & bp of a SNP or mdel polvmomphism (7),
Mearly 4.1 of the reference genomie sequence was
included in PRPs, with transposon and pseudogene
sequences overrepresented 3.5-fold (Fig. 2).

To complement polymormphism predictions,
we developed a base-calling algonthm to identfy
positions identical 1w the relerence at low FDRs
{ 73, Between 80,3 and 92.3% of coding positions
and between 39.7 and 61.2% of intergenic posi-

tions were predicted 1o be the same as the rel-
erence in the different accessions (lable S8} We
combined these reference base calls with MBML2
1o generate pseudochromosome sequences Tor
cach of the 20 accessions (/1)

Effects of polymorphisms on genes. To
chamctenze genome evolution in A, theflfama, we
assessed eflects ol the nonredundam MBML2
SNPs onthe 26,54 annotated protein-coding gencs
(12 In acdition 1o SNPs nesulting in 109,979 amino
acid changes, we identifiod many SNPs with large
effects on gene imegrity. In this class, 1227 inoduce
premature stop codons, 156 alier initiation nxthio-
nine residues, and 433 lead 10 nonfunctional splice
donor or acceptor sites (/1) (able S9), Ako, 198
SNPs remove annotated stop codons, nesultmg m
longer open reading frames. Given tha birge-clioct
SNPs are expected 1o be uncommon in the genome
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Fig. 1. Comparison of SNP detection methods. (A) FDR-dependent recovery of 48,700 known SNPs in 2010
fragments by the MB and ML methods. Because of small sample size for untranslated region (UTR) SNPs in

2010, this group was combined with intron sequences.

(B} FDR-dependent recovery across the entire genome

by both methods with precision estimates from 2010. The FDR for all SNPs is also given with a correction for
both methods to account for the different sequence composition of 2010 and the whole genome. (C) Overlap
between genome-wide MB and ML calls across all accessions. (D) Recovery frequency for SNPs as a function of
distance to the nearest polymorphic feature. Analysis was based on 2010 sites with sufficient flanking
information to assign bin membership. Sample sizes per bin are shown at the top. (E) FORs for ME and ML
predictions as a function of the mean quality score for the forward- and reverse-strand probe quartets.
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rehitive to all SNPs, FDRs for this SNP subcliss
might differ from that for MBML2 &5 a whoke, To
nule out the possibility that lange-clfoct SNPs resulted
prodominantly fom Eike SNP calls, we assaved 701
of these predictions dircctly (bl 59, Dideoxy-
soquencing validwod 630 SNPs, including 413
readliing in prematwe stop codons (able S103. A
7.3%, the FDR for laze-clfoct SNPs 15 modertely
higher than for an average SNP i MBML2 (7). In
total, 1614 genes harbor i kit one banpe-offoct SNP.
In addition, the coding regions of 1191 genes are at
kast partially included in PRPs; that is, they arc
highly polyvmomhic or deleted. The overlap between
the two chisses B greater than expected by chance
(" = 186,1, df = 2,P< 10™"), Together, krge-cfiext
SNPs and PRPs, hereafier refermed o simply as
“major-cilect changes,” aflected 2495, or 9.4%,,
ol A thaliana protan-coding genes,

The number of genes harboring major-cflea
changes vanes signilicantly according 1o annotation
support (2= 2302, df=2, P< 107%° '|- duplication
status (x° = 2564, df = 2, P < 107%), and gene
family (¢* = 31016, df = 12, P< 107) (Fig. 3A).
Comection for gene stz and repetitive content docs
nol appreciably change the observed pattens (fig.
511 By amotation, genes known o be expressed
but lacking functional suppont or high homology
("“Exprossed unknown™), as well & gencs without
expression support (“Not expressed”™), ane over-
represented. In addition, of 836 . dhaliana genes
that cither lack or have only moderate similarity

s
L 4

Sequanca typa SNP na. bpin PRPs
[ coding 230,186 747 541
[ intron 96,069 368,916
B utr 32,771 66,254
[ intergenic 229,335 2,076,046
B Pseudogene 21,552 401,282
M ensposon 38,657 1,196,637

Fig. 2. Distribution of SNPs in MBMLZ2 and
positions included in PRPs compared with
sequences tiled on arrays.
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#.9% of all other genes. Poor gene annotation
likely contributes o this effect, but rapid gene
evolution may also play a part.

to genes in Popdues trichocarpa (7), the closest
sequenced genome to A, thaliona (F3), 26.0%
harbor major-cflect changes, compared with

Table 1. SNPs identified per accession in MBML2 with FDR and recovery assessed against 2010.

Mean no. SNPs per accession by method [Mean FDR (%): Mean recovery (%]

SNP type Total ME only MB n ML ML only
Caoding 53,700 [2.0: 48.0]1 11,379 [3.2: 11.3] 27,833 [0.1: 24.6] 14,488 [4.8: 12.1]
Intron+UTR 29,395 [3.1: 20.5] 5,762 [9.6: 4.3] 11,652 [0.4: 8.8] 11,981 [2.6: 7.5]
Intergenic 60,478 [3.5: 24.4] 22,395 [7.3: 7.7] 17,976 [0.2: 10.2] 20,107 [3.6: 6.5]
All 143,572 [2.8: 27.7]1 39,536 [6.5: 7.0 57,461 [0.2: 13.7] 46,575 [3.7: 7.8]
A Mejor-sflect changes by gene category (%)
L T S . . .
§i Expressedinown 18535 | ]
é Expressed unicnown  T.027 B
L Mot expressed 810 | | |
s8[ Sepmental 573 [ ]
% Motduplcated 16,887 [ [
&L Tenden 2806 | T ]
ml Cytoplasmic ribesomal 230 ]
MYB transcription {acior i D]
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Fig. 3. Distribution of major-effect changes and allele frequencies. (A) Fraction of genes affected by
large-effect SMNPs or PRPs by gene category. “Large-effect SNP and PRP” (black) denotes a gene harboring
both types of polymorphism, either within the same accession or in different accessions. Genes that were
entirely masked as repetitive, and for which no SNPs could be predicted, were excluded from analysis.
RING, Really Interesting New Gene. (B) Minor allele frequency by SNP type and gene family. Only
positions with complete data for at least 16 of the 20 accessions were assessed. The number of
palymorphic positions incuded in the analysis is shown in the inset. For large-effect SNPs, "Other”
includes nonfunctional splice site changes, substitutions in initiation methionine codons, and substitutions
that remove termination codons. Error bars denote 95% confidence intervals for binomial expectations.
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Consistert. with relaved purifying selection fol-
bwing oent gene duplication (/4), tadem du-
phces are 34 and L7-fodd overrepresented  for
mapor-clloct changes nelative 1o scgmentally duph-
aated and nonduplicated gencs, respectively (Fig 3A).
Scementally duplicated genes in A, thdiarer resulicd
from ancient genome-wide duplicaions (5, 1.5); these
penes habor wlatively  fow major-clfect changes,
which is consistent with cardier work sugpesting that
duplicates pemsisting over bong evolutionary  time
Irames are under strong panfving selection (13, 14,

Analysis of individual gene Eumilies provided
addiional insights. Families involved in basic
biological processes (such s nbosomal function),
as well as familics imvolved in trnsenptional reg-
ulation [such as MYB and basic helix-loop-helix
(BHLH) tmanscnption fctors], harbor ielatively fow
major-cllect changes (Fiz. 3A) In contrast, nearly
G0 of nucleatide-binding leucine-nch repeat (NB-
LER) genes (7) and 15% of neceptor-like Kinase
(RLK) genes habor at least one major-cllea
change. The only function assigned 10 members of
the NB-LRR gene family is in stmin-specilic
resistance 10 pathogens (16), and reeeplors of this
class cn be exceadingly vanable, as presence and
absence polyvmomhisms are common in A dhalfan
and other plants (/7 /¥) Our data indicate that this
extends to the majority of NB-LRR genes in the A
thalianag  penome. Although they have diverse
functions (27), RLK genes have also boen impli-
cated in race-specific pathogen defonse (20). Thus,
the linding that RLK genes are overrepresented for
meor-eflect changes mises the possibility that this
&, similar 0 NB-LRR genes, a comsequence of
finess tmde-offs between pathogen defense md
growth (22),

We found major-cllect changes in 143 mems-
bers of the F-box superfamily, which compnses
more than 660 genes in A thaliana (23 (Fig. 3A).
This finding, in combination with other data
(13, 24). shows that F-box penes have undergone
rapid birth and death i the A. dhadicna genome.
Although F-box genes have been proposed o
evolve quickly in response to pathogen pressure
124, experimental suppont for this hypothesis is
lacking. The poly momphisms we describe provide
arcsource for ascribing biological mles 10 members
of this large, vet not well-<chamctenzed, gene family.

Signatures of selection by SNP type and gene
family. To assess the extent w which the varation
we observed has been shaped by selection, we
cxamined allele freguency distnbutions for differem
classes of polymorphisms. Consistent with general
expeciations for sclective constraimis in coding
sequences, there is a skew toward low-frequency
ariants al nonsynonymous relative o synonyimous
sites (1) (Fig. 3B) This skew is most notable for
SNPs that introduce premanure stop codons and less
extreme for other lage-effect SNPs. The wndency
of SNPs causing premanire stops 10 be mre suggests
that, @t least under natural scttings, these changes
are offen associated with fitness costs,

Although allde frequency distributions across
gene families are broadly similar, NB-LRR genes
are an exception (Fig. 3B and fig. S12). Here,
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both nonsynonymeus and synonyvimous vanants
are strongly skewed toward high frequency com-
prared with the genome average (Fig. 3B) Thas
shift is a hallmark of some type of balancing
selection (perhaps in the form of regional adap-
tation), and agrees with carlicr work, on the basis
of fewer famuly members, that suggestad this mode
of selection 1o be not uncommon for NB-LRR
genes in A thaliana (17, 19, 22). An additional
prediction of balancing selection is a higher-than-
average kevel of polymorphism because of the
mainenance of relatively ancient, highly divenzed
alleles, Consistent with this expectation, more than
0% of NB-LRR genes are at least partially in-
chuded in PRPs (Fig 3A), many of which comespond
to highly dissimilar sequences. Although less
extreme, a similar allele frequency skew and
high number of PRPs were observed for RLK
genes (Fig. 3A and fig. S12). Although F-box
genes harbor the second-highest oceurrence of
major-ellect changes, allele frequency distri-
butions are simular 1o the average (Fig. 3B).
Genome-wide patterns of polymorphism.
Tuming 1o broader patlems ol varation, we found a
markedly nonmndom distribution of polymomhism
levels across the genome (Fig. 4). Regions of high
polymomphism extend from the centromenes 1o
beyond the pericentromeric regions. Sinularly,
clusters of NB-LRR genes (7, 25) are associated

with high levels of polvmomphism (e.g.. between 21
and 25 Mb on chromosome 1),

[t is difficult 1o determine the reasons or these
patterns. Given that they are evident for both
synonymous and intergenic polymorphism, di-
rect selection on the polymomhic sites seems un-
likely, although sclection on linked sites may
cither increase or deercase vanation (6). Mutation
rates may also differ between chromosomal
regions because ol differences in base compo-
sition. Finally, there are almost cenainly biases in
the arrav-based resequencing—¢.g., due to
regional differences in repeat content (7).

We believe that all three explanations comribae
10 the observed patiems, In a muliple regression, the
estimated  polvmorphism lesels are significantly
comclated with several vamables, meluding repent
density, GO content, fraction of missing data, dis-
tanee from the centmomene, and density of NB-LRR
genes (lable SI12) The pattemns ae, howeser, not
semply an antifact of the rsequencing technology:
they are ako evident in resequencing data obtained
with other techniques (6, 26) (fig. S13). For the re-
giors around NB-LRR gene chisters. polvmorphism
was clevated even when the NB-LRR. genes them-
selves were excloded (g S14) and polymorphism
was abso clevated in intergenic DNAL Pervasive ba-
lancing sclection acting on these gones, as angeesiod
by the resulis in Fig, 3B and other studics (17), is a

Fig. 4. Genome-wide — Synonymous  GC content

pattem of nucleotide di- — | ntergenic Repatitive probas | NB-LAR gene
mmﬂemim 0.016 4 —
nucleotide diversity is

plotted for both fourfold 0.008 4

degenerate  synonymous

and intergenic sites along 0.000 1

each chromosome with

sliding windows of 250 Cih

kb {counted from all sites)

with an affset of 100 kb 0.008

(7). GC content in each

window was calculated 0.000 4

from sites called in the

Col-0 sample and has 3 006 4

been rescaled so 35% is 2

at the bottom of each plot 0.008

and 47.5% is at the top.

The broad peaks of repet- 0.000

ittive probe density on each

chromosome correspond D016 4

to the centromeric and

pericentromeric regions, 0.008

Repeat content has been

rescaled so 100% is at the 0.000 4

top of each plot and (B is

at the bottom. Levels of 0.016

palymorphism for both

fourfold degenerate and 0,008 - LT R
intergenic sites are signifi- .

cantly negatively corre- 0,000 |_ SegtRCEEly et ,.x._ ;
lated with the distance tu a 5 10 15 0 a5
the centromere and posi- Position (Mb)

tively correlated with the

number of NB-LRR genes in nonoverlapping 50-kb windows (table 512). Polymorphism is reduced at intergenic
relative to synonymous sites, which is partly due to lower recovery of SNPs in intergenic regions (e.g, Fig. 1A)
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likely explaration. Balancing sclection cm increase
aalescence timies for regions linked 1o sehectively
mantuned polymorphisms (271 a phenomenon
that should be more casily detectad in selfing
organisms (24) and that has been reported for
A thaliama (22, 29, 300, Clusiers of tghily linked
genes subject o balincing sclection, such as NB-LRR
wenes (25) (Fig. 4), may give ose o egions of high
poly momphism similar © what has been observed
for the verebrale major histocompatibility complex
genes (3, 32 The forheoming A, Aot penome
sequence (33) will be instnenental in analyzing these
data funher, becawse it will allow divergence 1o be
estimuted between these o closely related specics.
This will be essential for determining the relative im-
portance of selection versus mutation-rale vanation,

I comtrast, regions of low polvmomphism migl
reflect recent positive selection, or “seloctive swieeps™
i34, 35 chamcierized by exiensive haplotype
sharmg. A study with 2010 data found strong
evidence for two sepamte partial sweeps mvolving
mactivation of FRYI, a major determinant of flowering
time i natual popalations of A, thaliana (36). The

Position (MB)

Fig. 5. Regions of extensive pairwise haplotype
sharing along chromosome 1. Accession pairs are
sorted along the y axis. Horizontal red lines
demarcate comparisons using one accession. Each
possible pairwise comparison is shown only once.
Black lines indicate regions of very high similarity
between a pair of accessions. The region between
20 and 21 Mb exhibits extensive haplotype sharing
over nearly 500 kb in all but two accessions, Cvi-0
and Lov-5, which are shown at the bottom.
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cument data set confimmed  extensive  haplotype
sharing of up 1o 600 kb around FRI (fig. S15). as
well as haplotype sharing around  other  low-
frequency candidate alleles (36) (hg, 516).

We looked for evidence of additional sweeps in
the form of extensive haplotype shanng across al
least 30kb (Fig. 5 and figs. S17 10 519), Because of
its composition and siec, our sampke is only suited
lor discovering specics-wide swoeps, We did notl
find evidence of a recent sweep alfecting all
accessions. However, on chromosome 1 all but
o accessions were nearly identical for approxi-
mately 300 kb (Fig. 5). The two unaflected
accessions, Cvi-0and Lov-5, are from the perphery
of the A, thaliems rmange and may have cscaped the
swoep bocause of different selective emvironments
or geographue solation. The region of most extreme
haplotype shamg exiends from 2034 10 2049 Mb
and contains 30 annotated genes (able 5133 There
are several additional candidates Tor sweeps
alfecting a smaller number of acossions (ligs. 517
to S20). With the SNPs dentified in this project and
the ability 1o detenmine their fregquencics in hundreds
to thousands of accessions (37), the goal of
understanding the forces shaping diversity at global,
regional, and local scales will soon be within reach.

Conclusions. We wsed amay-based methods o
senerate a comprehensive polymorphism resource
for A trafigne, Our SNP dat set is highly applicable
for linkage discquilibrivm mapping  studics. In
addiion, we identified hundreds of thowsands of
pobmomphisnes n both coding and noncoding re-
gions, provicing an importan resource for both evo-
luteonery genctic mnd fmctional studics. Recently,
studics i plints with Binge, repatitive genomes, like
mae (genome seee ~2.5 Gb), have shown that as
much as 30% of sequences can differ betwoen
strains (38). In conrst 1o these plants, A, dhafiam
has o compact genome consisting koeely of unique
sequences. Nevertheless, our data highlight that even
for species with streamlined genomes,  individuals
can differ substantially i penic content.

Mutations dentified in labortory  phenotypic
sercens fypically have madked phenotypic effects that
are Iikely detrmmental i the wild. The genes scp-
regating for major-ciloct changes in our population
have few known mutant phenotypes (tables S1O and
ST, but nonetheless, alkeke froquency pattens sug-
gest functional constraints wnder naturl conditions,
Vanation in copy number or genic scquences nery
explain this observation; in a given accession, higher
constraint may be observed i a pamlog is absent
Nevertheless, as highlighted by the curment study,
mary genes harborng najor-clioat changes in wikl
populations are likely to mediate interactions with the
ervironment. Ulimately, experiments under mone
natural conditions will be reguired 1o fully appreciae
the functional relevance of such sequence varation
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Imaging the Surface of Altair
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Spatially resolving the surfaces of nearby stars promises to advance our knowledge of stellar
physics. Using optical long-baseline interferometry, we constructed a near-infrared image of the
rapidly rotating hot star Altair with a resolution of <1 milliarcsecond. The image clearly reveals the
strong effect of gravity darkening on the highly distorted stellar photosphere. Standard models for
a uniformly rotating star cannot explain our findings, which appear to result from differential
rotation, alternative gravity-darkening laws, or both.

wercas  solar astronomers can take
advanage of high-resolution, mult-
wavelength, real-ime imaging of the
Sun’s surface, stellar astronomers know most

stars—whether located parsees or Kiloparsecs
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adequate to resolve central questions in stellar
astronomy, such as the role of angular mo-
mentum in stellar evolution (4), the produc-
tion and maintenance of magnetc ficlds (2),
the launching of massive stellar winds (1), and
the imerctions between very close binary come-
panions ().

Fortunately, solar astronomers no longer
hold a monopoly on stellar imaging. Long-
baseline visible and infrared imerferometers have
enabled the cataloging of photosphenc diameters
of hundreds of stars and high-precision dynam-
ical masses for dozens of hinanes, offening exact-
ing constrainis for theories of stellar evolution
and stellar atmospheres (5), This work requires
an angular resolution of ~1 milliaresceond (mas)
(1 part in 2 = 10%, or 3 nanoradians) for resolving
even nearby stars, which is more than an order of

wWwWW.sCience mag.org




magnitude better than that achievable with the
Hubble Space Telescope or ground-based S-m
telescopes equipped with adaptive optics.

Stellar imagmg can be used 1o mveshigate
the rapid rotation of hot, massive stars. A
large fraction of hot stars are rapid rotators
with surface mtational velocitics of more than
100 km's (6, 7). These rapid rotators are cx-
pected to traverse evolutionary paths very
differemt from those of their slowly rotating
kin /), and rotmion-induced mixing alers
stellar abundances (8). Although hot stars are
relatively rare by number in the Milky Way
Cialaxy, they have a dispropontionate effect on
galactic evolution due 1o their high luminos-
ities, their strong winds, and their final end as
supermovae (for the most massive stars). Re-
cently, rapid rotation in single stars has been
imvoked o explain at least one major type of
gamma-ray bursts (9) and binary coalescence
ol massive stars or remnants (/10),

The distinctive observational signatures of
rapid rotation were lirst desenibed by von
Zeipel (1), beginning with the expectation
that centrifugal forees would diston the photo-
spheric shape and that the resulting oblateness
would induce lower effective temperatures al
the equator, This later effect, known as grvily
darkening, will cause distortions in the observed
line profiles as well as the overall spectral en-
ergy  distribution.  Precise predictions can be
made, but these rely on uncertain assumplions,
in particular the distnbution of angular momen-
tum in the star; uniform rotation s olien as-
sumed for simplicity.

The most basie predictions of von Zeipel
theory —centrifugal distortion and  gravity
darkening —have been confinmed o some ex-
tent. The Palomar Testbed Interferometer (PTI).
the first instrument o measure photospheric
elongation in a rapid rotator, found the diameter
of the nearby A-type star Altair to be ~14% larger
in one dimension than the other (12). The Navy
Prototype Optical Imerferometer (NPOI) and the
Center tor High Angular Resolution Astronomy
(CHARA) interferometric amray both measured
strong limb-darkening profiles for the photomet-
ric standard Vega (13, £4), consistent with a rapid
rotator viewed nearly pole-on. A brightness
asymmetry lor Altar wis also reponted by NPOI
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(f5, 16), suggestive of the expected pole-to-
cquator temperature difference lrom  gravity
darkening. In recent vears, a twotal of five rapid
redaitors have been measured 1o be clongated by
mterterometers (/74 9),

Although von Zeipel theory appears 1o
work at a basic level, serious discrepancics be-
tween theory and observations have emerzed.
Most notably, the diameter of the B3V-ype
star Achernar (/7)) was measured o be ~56%
longer in one dimension than the other, a dis-
crepancy oo large 10 be explained by von
Zeipel theory, Explanations for this include

strong ditferential rotation of the star (20 or

the presence of a polar wind (3}, cither of which
have far-reaching consequences for our under-
standing of stellar evolution. To address these
Issucs, we must move bevond the simplest
maodels for rapidly rotating stars, and this will
require a commesponding jump in the quality
and quantity of mterferometry data. Indeed,
all previous results were based on hminted -
terferometer baselines that lacked the capa-

bility to form model-independent  images,
and relied entirely on model fitting for inter-
pretation. Thus, previous confirmations ol
von Zaipel theory, although suggestive, were
mcomplete.

Here we repont a development in imaging
capabilitics that epables a test of von Zeipel
theory, both through basic imaging and pre-
cis¢ model-fiing. By combining near-infrared
light trom four telescopes of the CHARA inter-
[crometric army, we have symhesized an cl-
liptical aperture with dimensions 265 m by
195 m (Fig. 1), allowing us 10 reconstruct im-
ages of the prototypical rapid rotator Alair
(spectral type A7V with an angular resolution
of 0,64 mas, the difftaction limin defined by
#2000, the observing wavelength divided by
twice the longest interferometer baseline. The
recently commuissioned Michigan Infrarcd Com-
biner (MIRC) (21} was essential for this work,
allowing the light from the CHARA wlescopes
to be combined simultancously into eight spec-
tral channels spanmng the astronomical H band

Fe 82 W1 B T "™ Fig. 1. Fourier (u, v) coverage for the Altair
300 |« Sg:g"ez {  observations, where each point represents
v Wi-wa SRR i the projected separation between one pair
200 2 E2 W) TR S 3 of the four CHARA telescopes 52, E2, W1,
. . 2 i and W2 (31). The dashed ellipse shows the
100 F o \ equivalent coverage for an elliptical aper-
= . JIOE eu i I ture of 265 m by 195 m oriented along a
g* . : ! - - .'I 1 position angle of 1357 east of north.
E ; oo -n'_‘.";, 'd%.
-100 F X s 3
1\' ‘ l"' :}
200 | o T
A i
;,l ............. FPETTTL PTITTTORTE FIPTT TR FTTRTETTI FETPTTITT 1...j
300 200 100 o -100 -200 -300
East (m}
A

Morth (milliarcseconds)

2 1 0
East (milliarcseconds)

]
East (milliarcseconds)

-2

Fig. 2. (A) Intensity image of the surface of Altair (» = 1.65 pm) created with the MACIN/MEM
imaging method using a uniform brightness elliptical prior (2= 0.98). Typical photometric errors
in the image correspond to £4% in intensity. (B) Reconstructed image convolved with a Gaussian
beam of 0.64 mas, corresponding to the diffraction limit of CHARA for these observations. For both
panels, the specific intensities at 1.65 pm were converted into the corresponding blackbody
temperatures; contours for 7000, 7500, and 8000 K are shown. North is up and east is left.
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(A= 1.3 o 174 pm). The Altair data presented
here were collected on 31 August and 1 Sep-
tember 2006 (UTE complete observational
miormation s avalable (22} In addition, we
used some K-band (4 = 2.2 pm) observatons by
the PT1 to comstrain the shon-baseline visibilitics
in subsequent analysis,

With the use of four CHARA telescopes,
interferometrie imaging of Altair is now possible,
although this requires specialized image recon-
struction techniques. We used the publicly
available application MACIM  (Markov-Chain
Imager for Optical Interferometry) (23 in s
work, applving the maximum emropy method
(MEM) (24). We restnicted the siellar image w
fall within an clliptical boundary, similar in
principle o limitmg the field of view m standard
aperture synthesis procedures. This restnetion
biascs our imaging against fant emission features
arising outside the photosphere; however, we do
nod expect any circumstellar emission i A,
which i relatvely cool, lacking signs of pas
emission or strong winds. Further details of our
imaging procedures, along with results from
validation tests, can be found in (22), Our image
shows the stellar photwosphere of Alair 1o be

Table 1. Best-fit parameters for Roche—von
Zeipel models of Altair. Parameter descriptions:
Inclination (0° is pole-on, 907 is edge-on) and
position angle (degrees east of north) describe our
viewing angle, Toge and Rpme describe the
temperature and radii of the pole (alternatively,
one can describe the temperature and radii at the
equator as Teq and Reg), o is the angular rotation
rate as a fraction of critical breakup rate, and |} is
the gravity-darkening coefficient. Models assumed
stellar mass = 1.791 M, (15), metallicity [Fe/H] =
—0.2 (32), and distance = 5.14 pc (33).

Parameter b fixed |} free
Inclination 62.7% = 1.5° 57.2° £ 1.9°
Position angle —61.7° £ 0.9° —61.8" + 0.8°
Toote (K) 8710 = 160 B450 = 140
R pote (Rs) 1661 = 0.004 1.5634 = 0.011
(mas) 1.503 = 0.004 1.479 = 0.010
Teq (K) 6850 = 120 6860 = 150
Req (R 2022 = 0.009 2.029 + 0.007
{mas) 1.830 = 0.008 1.835 = 0.007
w 0.902 = 0.005 0.923 = 0.006
i 0.25 (Fixed) 0.190 = 0.012
Madel V-band 0.765 0.765
photometric
magnitude
Model H-band 0.225 0220
photometric
magnitude
Model v 241 240
sin 7 (km/s)
Reduced ¥%:
Total 1.79 1.37
Closure phase 2.08 1.73
vis? 1.48 110
Triple amp 2.14 1.58
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well resolved (Fig. 2A), appearing clongated in
the northeast-southwest dircction with a bright
domunant feature covering the nonhwest quad-

rant of the star To reduce the influence of

possible low-level arulacts that are bevond the
diffraction limit of our interferometer, we have
followed the standard procedure (25) of con-
volving the reconstructed image with a Gaussian
beam matching the resolution of the muerferom-
eter (Fig. 2B3).

These images confinm the basic picture of

arkening induced by mpid rotation. We
see Alair’s photosphere 10 be oblate with a
bright region identifiable as the siellar polar
region, The imensity of the dark equatonal band
15 about 60 1o 0%, of the brighiness at the pole,

Lrvity ¢

broadly consistent with expectations  for the
near-infrared  from previous models. Although
wie see some evidence for deviations from axi-
symmetry (small exeess emission on the north-
ern limb, this feature is at the limit of our image
hidelity and will require addional Fourner
coverage to mvestigate funther. We have also
fited our data set with a rapid rotator model,
following the preseription set out in Auldenberg
ef al. (J4) and references therein, assuming a
Roche potential (cemral point mass) and solid-
1‘!:»1.1'_'. rodation. The main PRIETICICES ol the
model are the stellar mdivs and temperature at

the pole, the angular rtation rate as a fmction of

breakup (mk the gravity darkening coefficien
(B). and the viewing angles (inclination and
position angle). We used the stellar stmosphere
models of Kuruez (26) 1o determing the specific
intensity of cach pomt on the surlace as a fune-
tion of local gravity, ellective temperature, and
limb darkening. In addition o matching the new
MIRC/CHARA data, we forced the model w
match the measured V- and H-band photometne
magniludes (0.765 + 0.015 and 0.235 = (L043,
respectively) derived from a broad  literature

=

Morth (milliarcseconds)

East (milliarcseconds)

survey, When fixing the gravity-darkening co-
cllicient to p = 025 appropriate for mdiative
envelopes, our denved pamameters (Table 1)
agree well with the best-In parameters ol
Peterson ef al. (£3) on the basis of visible data.
However, our best-fit model reached only a
reduced 2 of 1.79, which suggests a need for
additional degrees of freedom in our model. To
mprove our fits, we explored an extension o
the von Zeipel model, allowing the gravity-
darkening cocflicient 5 10 be a free parmmeler.
We found that a model with B = 0,190 signif-
icantly improved the goodness of it (Table 1),
and this improvement is visually apparent when
comparing synthetic model mages to the Alair
image from CHARA (Fiz. 3) In addition 1o a
lower B, the new model prefers a slightly less
mchned onentation, a cooler polar emperature,
and a [aster rotation rale,

Both our imagmg and modeling resulls point
to important deliciencies n the currently popular
models for rapid mtators. Previous workers have
also encountered problems explunmg  high-
resolution interferometry data with standard
prescriptions for rotating stars. In addition o the
Achemar case previously cited, Peterson ef al.
(15) were unable 1o find a satisfactory it for
Altair assuming a standard Roche - von Zeipel
1K), consistent with the need for
additional stellar physics. Recent results for
Alderamin (/%) also specilfically favor models
with smaller Bs, in line with our findings.
Although model fining has revealed deviations
from standard theory, our model-independem

model (2

imaging allows new features 1o be discovered
outside cwrent model pamdigms. The most
sinking difference between our CHARA image
and the synthetie model mages (Fig. 3) s tha
our image shows stronger darkening along the
equator, inconsisient with any von Zeipel- like
gravitv-darkening prescription assuming uniform

2 1 o -1 -2
East (milliarcseconds)

Fig. 3. Synthetic images of Altair (.. = 1.65 um} adopting conventional rapid-rotation models. (A)
The best-fit model assuming standard gravity-darkening coefficient for radiative envelopes (i =
0.25, 2 = 1.79). (B) The result when j is a free parameter (|} = 0.190, 42 = 1.37). For both panels,
the specific intensities at 1.65 um were converted into the corresponding blackbody temperatures;
contours for 7000, 7500, and 8000 K are shown. We have overplotted the contours from the
CHARA image (Fig. 2A) as dotted lines to facilitate intercomparison.
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rotation. Lower equatorial surface temperatures
could naturally ansc il the cquatorial rotation mie
were higher than the rest of the star (differential
rotation), reducing the effective gravity at the
surdace (27). Another possibility is that the
conler equatorial lavers could be unstable w
convection (28, 29), invalidating a single gravity-
darkening “law™ applicable 1o all stellar latiwdes,
Other studies (30) have found further faults with
simple application of the von Zeipel law due 1o
opacity effects in the surface lavers. Even though
it is dilficult 1o isolate or untangle these various
effects from one another, the new interferometric
results and our modeling convincingly establish
the ease for stellar phivsics beyond the standard
models used 1oday o describe rotating slars. A
path forward 15 clear: Dilferential rotation will
leave both geometric and kinematic signaturcs
different from opacily or convection-related
phenomena, Observers must be anned with a
new generaion of models ncorporating these
physical processes in order o exploit the power-
ful combination of detailed line profile analysis
and multiwavelength interferometric imaging
now available,
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The Crystallization Age

of Eucrite Zircon

G. Srinivasan,™ M. ]. Whitehouse,” I. Weber,? A. Yamaguchi®

Eucrites are a group of meteorites that represent the first planetary igneous activity following
metal-silicate differentiation on an early planetesimal, similar to Asteroid 4 Vesta, and, thus, help
date geophysical processes occurring on such bodies in the early solar system. Using the short-lived
radionuclide ®2Hf as a relative chronometer, we demonstrate that eucrite zircon crystallized
quickly within 6.8 million years of metal-silicate differentiation. This implies that mantle
differentiation on the eucrite parent body occurred during a period when internal heat from the
decay of *®Al and *°Fe was still available. Later metamorphism of eucrites took place at least

8.9 million years after the zircons crystallized and was likely caused by heating from impacts,

or by burial under hot material excavated by impacts, rather than from lava flows. Thus, the
timing of eucrite formation and of mantle differentiation is constrained,

he accrction of the parent bodics of
dilterentimed metconics (cg., cucries),

Mars, Moon, and Earth was quickly fol-
lowed by large-scale meling and meial-silicate
differentiation, resuliing in corc-mantle forma-
tion. Basaltic cucrites are a group of difTerentiated
meteoriies that formed as lava flows or as shallow
mtrusions [ollowing metal-silicate difterentiation

Ipepartment of Geology, University of Toronto, Toronto,
ON, Canada, M55 3B1. Laboratory for lotope Geology,
Swedish Museurn of Natural History, SE-104 05 Stockholm,
Sweden. “Institute for Planetology, Department of Geosci-
ences, University of Minster, D-48149 Minster, Germany.
*National Institute of Polar Research, Tokyo 173-8515, lapan.
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on the cucrite parent body (EPB), Asteroid 4
Viesta is identifiod as a plausible cucrite parent
body (). Time constraints on the processes of
melimg, metal-silicate separmion leading to core
formation, and subsoquent manile differentiation
that produced precursors o basaltic cucrites are
critical to models of the thermal evolution of
EPB. To constmin precisely the time of cruption
and crystallization of basals on EPB, we repon
high-precision measurements of the HIEW com-
position of zircon from three cucrites and explore
the use of "™ Hf as a relative chronometer,
Eucrites are composed primanly of pyroxenc,
plagioclise; minor chromite; ilmenite; and trace
quantitics of’ zireon, metal, and quarte, The pres-
ence of decay products of short-lived  radio-

nuclides, Al [half=life (720 = 0.7 million vears
(Mw)], #*Mn (T2 = 3.5 My) and "2Hr (T}, =
89 My) (2-5), in cucrites requires their for-
mation within a few million years ol formation
ol the solar system. An age ol 4555 = 9 My is

inferred from the *""PbA™Ph composition of

cucrite zircons (6). This age spans the entire time
window when the cucriie parent body (EPB)
was undergoing extensive igneous activity

luclled by heat produced from the decay of

short-lived rdionuclides **Al and *Fe {(Tp=
1.5 My).

Eucnites are extensively metamorphosed and
extremely brecciated as a resull of impacts. Re-
lated themmal disturbance of parent-daughter 1so-
topic systematics of mdiomeatnc chronometers can
potentially obscure cryvstallization records, There-
fore, the cucnte crystallization ages detenmined
from long-lived clronometers, c.g.. "em (Na=
103 Giv) and shont-lived chronometers (e, 2°Al)
are poorly constraingd (7), s are models of the
thermal evolution of EPB.

When plancts containing bulk solar propor-
tions of elements are melied and differentiated.
lithophile Hi and siderophile W are chemically
fractionated and redistnbuted into the silicate
mantle and metallic core, respectively (8), There-
fore, the decay of " HT 10 "™ W has been used
o determine time scales of metal-silicate dif-
ferentiation leading o core formation of plan-
¢ts (3) and mantle differemiation resulting in
cruption of basalis on EPB (4, 5. However,
HI=W compositions of bulk silicate mincral
and metal separtes in cucrites reflect meta-
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mormphic reequilibration of W between these
phases at 4547 + 2 My (¥, The HIE=W mineral
isochron 1s therefore not uselul for determining
the primary 1gneous crvstallhzation chronology
ol cucriles,

The high HE (1 o 2%) and very low W
concentration (ppm 1o subppm) in zircon make i
an ideal mineral for determining the "™*H{ abun-
dance. The record of primary igncous crystalli-
zation should also be better preserved in zircon,
which is resistant o resetting of U-Pb isotopic

systematics up o metamorphic lemperatures of

~1O0EC (4, The on microprobe is ideally
suited for in siw microanalysis of small (several
[0 of micrometers or less) phases present in
trace abundance, Using this method (J7), we
determuined the HEEW composition of individual
cucrite zircons m polshed thin secions in order
o constrain the chronology of igneous crystal-
lization of cucrites and 1impact-induced partial
melting.

The three basaltie cucrites chosen for this
study are the Asuka meteontes A-KE1467 and
A-881388 and Elephant Moraine meteorite
EET9020 from the Antarctic meteonite collee-
tion. The Asuka meicoriies are unbrecciated and
have a recrvstallized rock texture (f2, [3),
Plagioclase crysials are mostly anhedral (size:
about L0535 mm 1w 11 mm) (Fig, 1), with a few
lath-shaped erystals (about | mm = 0.15 mm).
Pigeonite and augite grains up W 0.4 mm are
present. Exsolution lamellae were found in both
pyroxenes, although augite lamellac in host
plzeonite are more common (Fig. |, bottom).
Minor phases, ilmenite and chromite, oceur as
20- 1o 50-pm grains, whereas the trace phases
zircon, sulfides, and silica are smaller. Zircon
grains are typically associated with ilmenite and
chromite, are inangular in shape, and resemble
broken fragmenis. A few zircon grains appear
to border ilmenite-chromite mineral assem-
blage: however, unlike high-grade metamor-
phic rocks ( £4), they do not have a Mla base in
direct comact with ilmenite. EET90020 (pol-
ished thin section no. 28) has granulitic wexture
and a minor amount of coarse-grained area (/5).
The granulitic portion is composcd ol anhedral
pyroxene (=250 pm) enclosed by lathlike and
stubby plagioclase (~60 pm). Minor oxides,
tridymite and troalite, also occur 1 this section,
The esumated metamorphic emperature based
on the Ca thermometer is ~800°C (/6).

The HE-W composition of Wemetal; NIST610
silicate glass standard; wemresinal zircons (91506,
975U-51, and G-Zircon), A-SR13RE A-SE[467,
and EET90020 wircon: and pﬂ.mum are re-
ported in table S2 (£/), and Fig. 2. All analyeed

terrestrial zircon grains over a wide range of

YOHE™W ratios (= 107 0 2.4 % 10) have nor-
mal "W/ and BIWOW jsoatapic compo-
sition. The analyzed Asuka meteoniie zircon grains
have excess 8"°W and nomal "W (77, 18,
EET90020 zircon with high "H{™ W = |

107 shows » ery Jow excess 82w omparcd with
Asuka zircon, Pyroxencs from A-881467 and

20 JuLy 2007 VOL 317 SCIENCE

A-881388 with low "™ HE™W values have nor-
mal W oisotopic composition. [ one assumes a
typical HI concentration of ~1% for zircon, the
estimated W abundance in terrestnal zircon is
about 760 ppb 1o 9.8 ppm, whereas meteoritic
zircon has about 100 1o 760 ppb. In A-R8 1467,
the highest excess 8'W value of 9.1 (+4.2) =
10%%, (26, confidence level) is observed in 22
with a comesponding ""*HI"™W rtio of ~1.29 =
10°, and the lowest "W value of 1.1 (+0.6) =
10M%0 (26,,,) is observed in Z4 with a "W

Fig. 1. Backscattered electron (BSE)
image of a typical granulitic region in A-
881467 (top) and enlarged BSE image
of another typical area in A-BB1467
(bottom). All minerals meet in triple
junctions. Anhedral plagioclase of varia-
ble size (from about 0.05 mm up to 1.1
mm), as well as pyroxene grains up to
0.4 mm, is present. Minerals listed from
dark to lighter gray/‘white BSE response:
5i0sy, SiDz-phase; Plag, Plagioclase; Cpx,
Ca-rich pyroxene; Lpx, Ca-poor pyroxene;
llm, lmenite; and Chr, Chromite).
(Bottom) Zircon (Zir) indicated by arrow
with a bright BSE response in association
with an ilmenite (lighter gray BSE) and
chromite (darker gray BSE} grain. The
individually photodotumented meteorite
zircons are labeled, e.q., A-B81467-Z3,
for identification, and the isotopic data
(table 52} for each grain are reported as
A-B81467-73 and repeat analyses on the
same as A-B881467-Z3 repeal.

rtio of ~1.7 = 10°, In A-881388, the highest ex-
coss 87 °W valuc of 17.0 (+9.5) - “]]"wri:ﬂm}jh
observed in Z3 with a " HI"™ W rtio of -2,2 »
107, and the lowest 8"*W value of 3.4(£2.2) »
10* (20m) is observed in 22 with a " HE™ W
ratio of 9.5 = 10%,

The observed excess 8'™W is correlated
Iinearly with the HEW values in aircon and s
attributed 1o the in situ decay of "™ Hf in the host
phase. The inferred " HI abundance [table S3
(/1yand Fig. 2] at the time of crystallization of

LH0 um

Fig. 2. The W4 values are 30

ﬂﬂﬂ;ﬂmﬂﬂ;mllﬂ L

plotted against ™ HE™*W values
with comrelated 1oy emmor ellipses 8.
far terrestrial and meteorite min-
eral phases. The dashed line (in
the main figure and inset) repre- 20}
sents the EWR correlation line with
initial "2Hi®OHf = 7.25 (+0.5) x

w

]

107" (26,,), as reported by (5). The = 'S¢
horizontal solid line representing =

normal W isotopic composition with
5182 = 0 (17) ts shown in the main
figure and inset. The terrestrial
zircons (G-zircon, 91500, and 97- sl
SUS1-2) have normal 6*W values.
Meteorite zircons in A-B81467, A-

B ABSI467
B as51388
W EET90020
O g1500

W G-zircon
o grsu-51
© NISTETO

881388, and EET90020 with high o
804#™eW have correlated excess
5182\, which is attributed to the

'IDO ZIIJ (L]
B T

ammu

decay of the short-lived radionuclide *™Hf. The data are regressed using lsoplot (28) to determine the
initial *®2Hf at the time of formation of these zircons [table 53 (11)).
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A-881388 zircons is "CHI™HI = 7.5 (20.9) ~
10 |26, mean square of weighted deviates
(MSWD) = 1.5] and, lor A-881467 zrcons, 15
I = 6.0 (41.4) % 107 20 MSWD =
1.8). The model upper limit for "™ HI abun-
dance at the time of crystallization of EETO002(0
zircon is "SHP™HE < 7 = 107% The initial
{'“IW-' B0} values determined from all the cu-
crite regressions are close to the initial valucs
determined from cucnte whole-rock | EWR ) sam-
ples (5).

We used "HT as a relative chronometer on
the assumption that it was uniformly distributed
in the reservoir from which constituents of
primitive meteorite and EPB werne derived, The
("™ 0"l gs (SSI, solar system initial) as
determined  from primitive metcontes s 1.07
(+0.10) = 107 {19). The abundance of "2HT in-
fierred from EWR samples is [ HI™HF gy =
7.25 (+0.500 = 107% (5), The time difference
between solar system formation and metal-
silicate differentiation on the EPB s 38 + 1.3
My, and the model HEEW age for this event is
45634 + 1.5 My (5).

The difference in " HI abundance between
Asuka rircons and the EWR (5) suggests that,
relative to the time of metal-silicate ditferen-
tiation (table S4) on EPB, A-BR|38S crys-
tallized -0.4 + 3.5 My and A-BR1467 24 =44
My. Because cucrites formed as a result of
mantle differentiation following metal-silicate
sepamation, relative ages of zircons predating
metal-silicate differentiation on EPB are phys-
ically implausible. Therefore, the "™ HT abun-
dance indicates that A-B851388 zircon formed
m <3il My and A-881467 arcon formed n
<f.8 My alter metal-silicate differentiation on
EPB. Il zircons are primary crystallization
products as observed in unmetamorphosed
cucrites (6), then mantle differentiation on
EPB lasted for a maximum of 6.8 million vears
after metal-silicate differentiation. I they are
secondary metamorphic products, then dura-
tion of igneous activity on EPB was even
shorter. By using the model HI-W absolute age
fior mantle differentiation of 4363.4 + 1.5 My (5),
we show that the zircon "Hf abundance model
age of A-BRI388 s 4563.8 © 3.8 My and that of
ABR1467T 15 43610 = 4.6 My,

The HE=W model ages off A-B81388 and
A=88146T overlap within crrors, and they formed
when Al abundance ranged from **A177Al =
I = 107® in cucrites Piplia Kalan and A-881394
(2,20, 2110 a significantly lower abundance
of <2 = 1077, The model h.-‘ﬁ.l—z“h-l e ages of
A-BR146T and A-S81388 of <4561 My (20) are
not sulTiciently well constrained 1o distinguish
between time ol erystallization and metamor-
phic overprints, The model Mn-Cr ages of
4346 104356 My lor A-S8 1467 and <4548 My
for A-S81388 are vounger (20 and poorly
constrained because of metamorphic reselting,
The HE=W data from zircon and Mn-Cr ages of
mincral separtes show that ircon crystalliza-
tion preceded metamorphism ol A-881388 by
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aminimum of 12.0 My and that of A-88 1467
by a mumimum of 0.5 My, The Mp-Cr ages
determined from whole rock, pyroxene, and
ilmemte mineral scparates reflect resetting of
isotopic signaturcs by the metamorphic event
that produced the granulitic wexture of these
melcoriies.

The EET90020 zircon with an extremely low
24 excess has "PHEPHE of <7 = 107%, and
its model HIEW age is <4533.3 My, The forma-
tion time of 4483 + 26 My inferred from "**Sm
abundance (/5) and the low "™ H{ abundance of
EETO0020 suggest zircon crystallization in a
melting even when %A1 and *'Fe had complete-
Iv decaved and ceased 10 be heat sources, Zircon
in EET90020 is more likely a product of late
partial melting on EPB (/5) as a result of an
impact-related heating event,

Basaltic cucrites formed as a resull of some of
the first planctary scale igncous processes. Their
textures suggest that they are products of lava
Nows or shallow mirusions. They experienced
prolonged metamomphism and impact, which
disturbed their mincralogy, texlure, isolopic
composition, and mdiometric ages. Thermal
metamorphism may result from burial under
successive lava flows or impact. One possibility
is that brecciated and thermally metamorphosed
cucntes formmed at the contact zones between
crater walls and hot impact-melt sheas (22).
Altematively, eucrites crysiallized carly and were
metamorphosed during fommation of crust on the
parent body (23, 24), If cucnites formed by partial
melting, melts would migrate 1o the surface of the
parent body and so produce a basaltic erust that
could grow to a thickness of 10 km (25) or up 1o
25 km (26). Later eruptions would bury the
carlier lavers, which could then be thermally
metamorphosed from intemal heat. Hot lava
flows will cease when heat-producing shori-lived
radionuclides (**Al and *'Fe) are depleted
significantly within the first few million years
after metalsilicale differentiation of the EPB.
The zircon of Asuka cucrites. which formed in
<68 My afier metal-silicaie differentiation on
EPB. constrmins the maximum duration of mantle
differentiation on EPB, which resulis in the
formation of cucrites. Theretore, thermal meta-
momphism due 10 direet contact with hot lava
flows will ccase once Al and *Fe are ex-
hausied as hear sources. Themmal evolution
maodels for EPB (27) suggest layers =10 km
bencath the surface are at temperatunes = 100 K
ai least 16 My afier metal-silicate differentiation
on EPB. Thermal metamorphism leading 1o
recquilibration of HEEW isotopes between bulk
metal and silicate phases in cucntes (e.g., Camel
Donga) at 4347 = 2 My (9) postdates crystalli-
zation of Asuka zircon by at least ~8.9 My, If
Asuka zircons represent the kst vestiges of
ineous crystallization on the surface of EPR,
then the metamorphic event resulting i HESW
recquilibration of Camel Donga at 4547 + 2 My
cannot be due o lava flow on the surface en-
ergized by heat-producing *®Al and *°Fe. Heating
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that was dircctly due to impact or o burial under

hot

material excavated by impact is considened

to be the most plwsible mechanmism for cucnte
metamaorphism.
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Boundary Layer Halogens in

Coastal Antarctica

Alfonso Saiz-Lopez,™?* Anoop S. Mahajan,® Rhian A. Salmon,? Stephane ].-B. Bauguitte,’
Anna E. Jones,® Howard K. Roscoe,” John M. C. Plane’?t

Halogens influence the oxidizing capacity of Earth's troposphere, and iodine oxides form ultrafine
aerosols, which may have an impact on climate. We report year-round measurements

of boundary layer iodine oxide and bromine oxide at the near-coastal site of Halley Station,
Antarctica. Surprisingly, both species are present throughout the sunlit period and exhibit similar
seasonal cycles and concentrations. The springtime peak of iodine oxide (20 parts per trillion) is
the highest concentration recorded anywhere in the atmosphere. These levels of halogens cause
substantial ozone depletion, as well as the rapid oxidation of dimethyl sulfide and mercury in

the Antarctic boundary layer.

or the past 2 decades, considerable atten-
F tion has been given to the role of bromine

chemisiry in causing rapid surface ozone
depletion events (ODEs) in the Arctic springtime
(1), Two sources of reactive halogens have been
proposed: acidilied sca-salt surfbces such as
acrosol, frost llowers, or sea sall in surface snow
accumulated through honzontal drifting from
refrozen lead arcas and photodegmdable halo-
carbon compounds from anthropogenic and
natural origing (2. Halogens are also involved
in the oxidation of oceanic dimethyl sullide
(DMS), which may influence formation of cloud
condensation nucler (3}, and the oxidation of
gascous clemental Hg in the Arctie troposphere
(4). Recently, it was shown that condensable
iodine oxide vapors can nucleate very efficiently
to fomm particles, which may have an impact on
cloud cover and hence on climate (3, 6).

l5chool of Chemistry, University of Leeds, Leeds, L52 9]T,
UK. *school of Environmental Sclences, University of East
Anglia, Norwich, MR8 71T, UK. *British Antarctic Survey,
Matignal Environment Research Coundl, Cambridge, CB3
DET, UK.

*Present address: Earth and Space Science Division, Jet
Propulsion Laboratory, Califomnia Institute of Technology,
Pasadena, CA 91109, USA
1To whom comespondence should be addressed. E-mail:
. M.C Plane@leeds.ac.uk

In the Antarctic, work on bromine specics
has been mainly concerned with the halogen-
catalveed removal of ozone in the simtosphere
(7). Observations over Antarctica of the infle-
grated tropospheric column densities of bro-
mine oxide (BrO) and iodine oxide (10) have
been reported at a coastal site (8, ¥) and, in the
case of BrO only, from space (/). However,
these are integrated measurements: There have
been no direet measurements of 10 or BrO
within the boundary layer above the snow pack.
It is also noteworthy that in several Aretic
locations, even when elevated BrO was present
in the boundary laver during an ODE, 10 was
not observed (11, 123, although acrosol mea-
surements ol Olterable wodine have been re-
ported (/3.

A lield campaign was performed from
January 2004 10 February 2003 at Halley Station
(T5°35'8, 26°30°'W), which is sitwated on the
Brunt Ice Shell, Antarctica, about 35 m above s¢a
level (fig. S1). The ice edge is some 12 km nonh
and 30 km west of the station; 20 km southwest is
Precious Bay, a semipermanently open patch of
water with large arcas of fresh sea ice where frost
flowers grow in winter and spring. Sea-sali ion
concentrations on frost owers and nearby sur-
face snow are o least three times greater than
those in scawater, and this has been linked 1o the

enhanced release of photolabile bromine come-
pounds into the gas phase (/4).

The concentrations of 10 and BrOy were
measured with the long-path differential optical
absomplion spectroscopy echnique (LP-DOAS)
(15) A folded optical path of 4 km (101al path =
8 km ) was setup at a height of 4 w0 5 m above the
snowpack (varving through the year as a result
of snow accumulation), The light source was a
xenon lamp, whose beam was folded back o a
Newtonian telescope receiver by an army of
quanz comer-cube reflectors. The path-averaged
concentrations of 10 and BrO were obtained by
fitting laboratory-measured cross sections of the
molecules w atmospheric spectra recorded in the
visible and near-ultmviolet (UV), respectively
(/15) (Fig. 1) Baween Janpary 2004 and Feb-
ruary 2005, 10 was measured on 41 days and
BrO on 125 days. The two species were nol mea-
sured simultancously because they absorb in dif-
ferent spectral regions (Fig. 1)

10 and Brid were detectod above the detection
limit whenever the solar zenith angle was less than
~02° {ie. wwilight and full daylight), The peak
concentrations of both species were about 5 = 10°
molecules cm  or 20 pants per trllion by volume
(ppty), observed during austral spring (October).
For BrO), this concentration is similar to the levels
observed in the springtime Arctic (/6). In contrast,
the 10 concentrtion 15 an order ol magnitude
larger than the upper limit reported from the Arctic
(1, 12y and is actually the highest concentration
reported anywhere in the stmosphere, One impact
of such high levels of iodine oxides 15 the for-
metion ol ulirafine serosol from the polymenzzation
of 1O and OO (6) (O10 formes from the reaction ol
IO with itsell or with BaO), which might explain
panticle nucleation events observed in sumimer
over sea ice near Antarctica (/7).

The concentrations of both 10 and BrO ex-
hibited a diumal cycle, essentially racking the
solar radiation (Figs. 2 and 3). This indicates tha
boih species are produced photochemically and
have a boundary laver lifetime of less than 2
hours against nonphotochemical loss processes.
The concentrations of 10 and BrO were strongly
comrelated with the local wind direction as well as

Fig. 1. Examples of 1e-2 30.3
atmospheric spectral > gea A = ,, & BrO
fits. The solid line cor- % 203 '~ A
responds to the atmo- & 6e-3 4 @ k b
spheric spectrum after 2 O tea I / ['I.' f
removing all known E A E I I Fb
absorbers, except the S- 28-3 '_3- 0 - 1l JI \ IJ II'.,
species of interest, with = s II,‘-, | \ ] \
the overlying reference -E o E ~1e-3- dy; | o ; \ \‘x \
spectrum (dotted line) @ oo | 2 e \*\ ; S —J
calculated from fitera- £ 2 o0l \ | 4
ture absorption cross O —4e-3 [ \J/
sections measured at

-6e-3 . . - . 323 - ;
ﬁﬁ;“{i;uf}i:&z 425 430 435 440 445 450 325 330 335 340

Wavelength / nm Wavelength / nm

(A) I0] = 205 + 1.2
ppt and (B) [BrO] = 18.8 = 1.0 ppt.
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the air mass origin predicted by back trajectory
calculations (Fig. 2 and 3), Enhanced concen-
trations of both radicals were observed when the
wind was from the open ice front sector (2007 1o
457, in adr masses that had been over sea dee within
the previous 24 hours, Although the levels of
halogen oxides were lower in continental air that
had not been over sea jce forat least 3 days, 10 and
BrO were often still observed at mixing rtios up 1o
~6 ppt during sunlit perods, cleardy above the
instrumental detection limit of 1 10 2 ppt (Figs, 2
and 3). This stwongly suggesis that halogen
activation in sunlight is widespread in the coastal
Amtarctic boundary laver and not resticted 1o close
proximity 1o the ice front, This inference is sup-
ported by satelliie observations of the Bri) wopo-
spheric column density over Antarctica (10, which
showed that large column abundanees are present
above all coastal arcas of Antarctica between
August and November, with smaller amounis
between December and Apnl ().

The record of 10 and Br(y concentrations over
the entire vear is displayed in Fig. 4. The day-to-
day concentrations are quite scattered a5 a result of
differences in solar mdiation and wind direction,
However, the 10-day nunning average concentra-
tions (solid lines in Fig. 4) show that the seasonal
eveles of 10 and BrO are remarkably similar, both
in timing and absolute concentration, This is quite
unexpected, given the differem sources of the two
halogens (see below), There is a distinet maximum
in spring [also seen in the integrated tropospheric
column measurements of 10 (93, which are con-
sistent with our measurements 16 all the 10 was in
the boundary laver]. This is followed by a decrease
toward the summer and a possible secondary
miaximurn in autume. The smaller levels in autumn
could be a consequence of lower mics of halogen
activation or could result from a less-stable bound-
ary layer allowing faster mixing into the free tropo-
sphere. During the polar night, the halogen oxides
were never observed above the detection limit of
the instrument. However, the first appearnee of 10
and Bri) occurs very early in the Antarctic spring,
during twilight: Mixing ratios up 1o 4 ppt were
detected as carly as 9 August. This indicates an
activation mechanism that is eflicient in the
absence of dircet sunlight or where the activation
oceurrod further noth in direet sunlight, with the
halogen oxides then persisting for at least 10 hours
while being transported o Halley,

We used a photochemical box model (Mate-
rials and Methods) 1o estimaic the contributions
of halogen chemistry 10 boundary layver ozone
loss in the polar spring. With use of the observed
BrO) diumal profile, we estimated the diumally av-
eraged rate of Oy loss because of bromine chem-
istry alone to be 0,14 parts per billion (ppb) hour™,

the depletion mite resulting from bromine and
iodine chemustry, compared with bromine alone,
has mot boen considered previowsly n simulations
ol Oy deplenon i the Antarctie troposphene,

The Oy record during the campaign shows
three substantial depletion events in September
and October 2004, During two of these ODEs,
there were no halogen oxide measurcments,
because of bad visibility in one case and in the
other because the DOAS was being used to ob-
serve o dilferemt species, However, during the
third ODE there were IO measuremenis  that
appear to be anticorrelated with Oy (fig. S3A).

Imerestingly, however, plots of the deviation of

[Os] from its long-term mean against [[10O] or
| BrO)] do not show a signilicant correlation (fig.
S4). Indeed, the highest 10 concentration during
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the campaign was observed in the presence of 18
ppb of Qg (close to the October average of 19
prbl Because there is nsuflicient NO; in the
boundary layver to promote photochemical pro-
duction of O, there are two possible expla-
nations: Either the halogens were freshly injecied
i the boundary layer air less than 6 howrs
before reaching Halley, so that only a small
quantity of Oy (less than ~ 2 ppb) was depleted
{which is consistent with trajectories crossing the
ice-front sector such as shown in Figs, 2 and 3,
top), or Oz was entmined from the free ropo-
sphere mpidly enough 1o offset significam
boundary laver depletion (this would require a
stromg halogen source o offset the simultancous
dilution of 10 and Br0)). Indeed, the boundary
laver at Halley dunng the sunlit penod ofien

Latitude (Degrees)

Halley Bay

p -&0
f o
ol R N = o =70
== Halley Bay
—80
e NS S S
-60 —40 20 0 20 40 &0

Longitude (Degrees)

Fig. 2. The diurnal variation of the |0 mixing ratio (black points with 2o error bars), the DOAS
detection limit for 10 (black squares with a dotted line), which varied depending on visibility, and the
solar irradiance (black line). The corresponding 8-day air mass back trajectory arriving at Halley (250 m

A similar caleulation Tor jodine chemistry alone
yields a rate of O3 removal of 031 ppb hour 4
However, when iodine and bromine chemistry act
together, the modeled loss mte increases w 0,53
ppb hour ! because the reaction 10 + BrO — Br+
OO mercases the rate at which BrO) s convenod
back 10 Br (/%) (fig. $2). This {ourdold increase in

above sea level} is shown adjacent to each diurnal plot. Each circle on the trajectory indicates 24 hours.
Trajectories were calculated from the British Atmospheric Data Centre Web service, which uses the
European Centre for Medium-Range Weather Forecasts archive. (A) A day in spring (21 October 2004)
displaying the highest 10 mixing ratio of 20.5 + 1.2 ppt observed during the campaign; the air mass
trajectory indicates a strong oceanic influence. (B) A day in spring (15 October 2004) when the air mass
had not been over the ocean for at least 3 days. (C) A day in summer (29 January 2005) with an oceanic
air mass. (D) A day in winter (4 May 2004) when 10 was below the detection limit of about 2 ppt.
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25 . ODE, the degree of Oy depletion appears 1o be
A 20" Oct 04 I t =50 controlled by the boundary layer meteorology.
201 ' ol - 300 These high levels of halogen oxides will
15+ 1M i p=ad change the oxidizing capacity of the Antarctic
\ -] boundary layer by increasing the NOyMNO ratio
103 el ) =0 (e, via [0+ NO — Ny + 1) and by decreasing
51 13 b s the HOR/OH ratio (¢.g., via HO, + 10 — HOL
5 ;fé .. Teeve | o Oy; HOT subsequently undergoes loss in acrosol
or photolysis w0 OH) The fommation of gas-phase
B 10" Oct '04 . 50 BrONO, and [ONO;, followed by fast deposition
124 - 300 to the snowpack or acrosol, will remove NO» and
1 = =80 accelerate the activation of bromide and chloride
& P! (' - from sca-salt surfaces (20), The mte of DMS
k. - 150 a 1 B, =70 = oxidation by BrO will be an order of magnitude
*1 i . L :_E_ r/\}___ o faster than that by OH at average mixing ritios of
€ ol ‘b ST, T e = " --80 g‘ 4 ppt and 0,01 ppt. respectively, making BrO) the
= k=] Halley Bay a most imporiant oxidant of DMS around coastal
E ) C 15 Dec'04 5 £/, -—50 E :"Lnr.:urlicu._.-\lumiu IBr is also higl.ll}-_lrc;xtiw to-
1 ol B00 § 3 ward cenain organic compounds (27 and ele-
LR LI =1 .- -—€0 F mienital Hg at low temperatures (22, The removal
td ' . S ',-r " = of Hg should be further enbanced by the atomic
1 b7 41 - 300 " F=70 iodine that must exist in steady state with the
2l ;+ observed 10 (23).
et T o T et g Halley Bay [ 80 A final point to consider is the source of
iodine. High concentrations of phytoplankion,
" ; E‘ L 50 which colonize the underside ol sca ice, extend
8+ D 10" June ‘04 L 60O . over large arcas of the Waddell Sea (24, 25).
; . - =60 Phytoplankton produce iodocarbons such as
4 L300 (’" % CHsls and CH,IBr and probably 1. These pho-
14] 1 s s =70 tolabile spocies (compared with the much less
o444 f_f‘_'!‘_! _?‘_L; si-dp phatolabile biogenie bromocarbons) then provide
. ‘ ' RERE RS + \HH"B'_H'B«E]I' =80 a source of inorganike wdine in the boundary
. laver. The high levels of 1O in the boundary layer
T ' T T ' i O I i R SN YOG must then be sustained either through the pho-
00 04 08 12 16 20 00 60 40 <20 0 20 40 60

exhibits extreme vanability and s not strongly
capped (/Y. Thus, although clevated halogen
oxides are almost certamly a prerequisite for an

Time in GMT (hours)

Fig. 3. Diurnal variation of the BrO mixing ratio and solar irradiance (notation as in Fig. 2). (A) A
day in spring (20 October 2004) with the highest mixing ratio of 20.2 £ 1.1 ppt for the campaign.
The air mass originated from the ocean. (B) A day in spring (10 October 2004) with a continental
air mass. (C) A day in summer (1 December 2004) with an oceanic air mass. (D) A day in winter (10
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June 2004) when BrO was not detected above the detection limit of about 2 ppt.

BrO (ppt), 1O (ppt)
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=
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n

tolvsis of the higher iodine oxides (e.g., OLO,
[0y, 130y, and [2Oe), which likely form from 10
126), or the recycling of these species through
acrosols or the snowpack. The uptake of species
such as HOI on halide-rich surfaces will also
trigger the release of bromine in the form of [Br.
Such a coupling may explain the strikingly sim-

Fig. 4. Annual variation of the halogen oxides measured at
Halley Station. The 10-day moving averages of Br0O and 10 are
indicated by a dashed line and a solid line, respectively, The
maximum K0 and BrO mixing ratios occurred in spring {October),
whereas during winter (May to August) the radicals were
consistently below the detection limit. A second smaller peak in
the annual halogen mixing ratio cycle may also be present during
autumn {March to Aprill.
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ilar seasonal variations of 10 and BrO (Fig. 4).
The observations of notable 10 and BrO) levels in
continental air masses indicate that halogen
activation 1s not limited 1o coastal sea wce. Sca-
salt acrosol and frost Mower fagments coated
with sea salt will be wind-bome from the ice front
into the interior of the continent and deposited on
the snowpack; subsequent heterogencous neac-
tions will then recycle photolabile halogens o the
gas phase, It is therefore very likely that 10 is as
widespread around coastal Antarctica as sawellite
measurements show 1o be the case for BrO (/0),

Our results indicate that these high and sus-
taingd levels of halogen oxides should have a
profound impact on the chemistry of the
Antarctic boundary layer. Further observations
and labomtory work are neaded 10 confinm the
processes that lead to the formation of such a
large burden of reactive iodine and hromine and
to establish the overal]l influence of the chemistry
on the Antarctic tropospherc,
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Intra- and Intermolecular Band
Dispersion in an Organic Crystal

G. Koller,»*f S. Berkebile,** M. Oehzelt, P. Puschnig,’* C. Ambrosch-Draxl,*

F. P. Netzer,® M. G. Ramsey™t

The high crystallinity of many inorganic materials allows their band structures to be

determined through angle-resolved photoemission spectroscopy (ARPES). Similar studies of
conjugated organic molecules of interest in optoelectronics are often hampered by difficulties in
growing well-ordered and well-oriented crystals or films. We have grown crystalline films of
uniaxially criented sexiphenyl molecules and obtained ARPES data. Supported by density-functional
calculations, we show that, in the direction parallel to the principal molecular axis, a quasi—one-
dimensional band structure of a system of well-defined finite size develops out of individual molecular
orbitals. In contrast, perpendicular to the molecules, the band structure reflects the periodicity of the
molecular crystal, and continuous bands with a large dispersion were observed.

he bulk band structures of many crystal-

I line inonganic materials have been deter-
mined expenmentally with methods such

as angle-resolved valence band photocmission
spectroscopy (ARPES), in part because single
crystals with almost any desired orentation are
available and well-defined surface termina-
tions can be prepared in situ. For their organic
counterpans, this situation is not the case be-
cause single crvstals of organics genermlly face

nstitute of Physics, Surface and Interface Physics, Karl-
Franzens University Graz, 8010 Graz, Austria, *Chair of
Atomistic Modeling and Design of Materials, University of
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three basic problems: Their small size limits
signal, these materials are not highly conductive
and thus charging, and the onentations available
are limited to their cleavage planes. Numerous
atiempis o measure band structures on in situ
grown organic films have had limited success
because of inherent disorder in these films. The
propensity of the molecules 1o crystallize leads
to a muliiplicity of crvstallite oriemations and
momhologies unless great care is taken. The
challenge lies in growing thin films on conduct-
ing substrtes with a single unique crvstallite
orientation (/7).

Although thin films of conjugated organic
molecules are entering the marketplace as the
active elements in various  oploclectronic de-
vices, the basic understanding of their clectronic
structune, crucial to their function, is lacking, The

cleetronic band structure, electron energy ver-
sus momentum E(%), of the conjugated w system
defines both the electronic propertics and the
optical propertics of the so-called organic semi-
conductors.

Here we report the electronie m band strue-
ture of sexiphenyl (6P), a rodlike molecule with
six phenyl nngs linked together in the para-
position, obtained with ARPES from a (20-3)
orenied crysialline film and compare the resulis
with ab initio caleulations (%), This orientation
can be grown on weakly interacting anisoiropic
substrates, such as Col HH0p2x 110 or Tios( 110},
which uniaxially align the molecules parallel w
the atomic cormugation of the substrate (913,
The band dispersions were measured parallel 1o
the long molecular axis and in two directions
perpendicular o the molecule, In the direction
paralle]l to the molecules, the observed disper-
sion, that is, the energy spread of related or-
bitals constituting a band, 15 determined by the
molecule psell, This so-called imramolecular
dispersion provides a textbook example of the
formation of the band structure from discreie

orbitals of a quasi-one-dimensional system of

well-defined finite size. Perpendicular to the
molecules” long axis, continuous bands reflect-
ing the crvstal lantice perodicity were observed.
This anisotropy, together with the contribution
from the various © orbitals with different inter-
molecular overlap, s discussed m light of band
structure calculations (44, 15),

The 200 A-thick llms investigated con-
sisted of rectangular 6P(20-3) crystallites
(=200 nm by 300 nm), which completely uled
the pi2x 1 oxyvgen-reconstructed Cu(l10) sub-
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strate. The schenmtic of Fig. 1A shows a 6P(20-3)
onented crystallite with the relevant dimensions
and directions mdicated. The (20-3) planes, parallcl
to the substrate, have a rectangular unit cell of
546 A by 111 A and comsist of uniaxially ori-
ented molecules whose aromatic plancs are tlted
at =35° w the substrate. A scanming tunncling
microscopy (STM) image of the 6P monolaver,
on which the crystallies grow, with the two-
dimensional (2D) unit cell indicated, is shown in
Fig. 1B. The molecules in the v direction are close-
packed in columns, with their tilt angle aliemating
between columns, In the ervstallite, perpendicular
to the surface (= direction), the molecules also
have alternating ult directions, leading 1w a
periodicity of 7.7 A or twice the interplanar
distance.

Sexiphenyl consists of six phenyl rings
with an inter-ring spacing of -4.35 A. In the
gas phase, sterie hindrance ol the hydrogen
atoms of neighboring rings leads 10 a torsional
angle of ~30° between adjacent phenyl units,
Structural studies have concluded that tus
twist in the molecule &5 removed on packing
in the crystal, and the rings become co-planar
(16). The electronic structure of the upper n
bands of 6P can be best conceptualized by
considering the molecule as a chain of benzene
rings, cach contributing two dezencrate @
orbitals. On building the 12 & orbitals ol the
seximer, the two degenerate m orbitals form
inter-ring bonding and antibonding combina-
tions (/7). and so two r bands, consisting of
six orbitals cach, arse. The encrgy spread of

Fig. 1. (A) Representation of
a sexiphenyl (20-3) oriented
crystal. The spacings (in A) in
the three orthogonal direc-
tions explored are indicated.
(B} STM image of the sexi-
phenyl monolayer template
on which the 6P(20-3) crystal-
lites grow. The 2D unit cell
(11.1 A by 54.6 A) indicated
is compressed in the y direc-
tion relative to that of the
{20-3) plane in the bulk &P.
(€} Schematic of the = band
structure of an isolated planar
&P molecule, showing a se-
quence of orbitals defining
bands derived from the two
degenerate HOMOs of ben-
zene. In the antibonding = or-
bitals, at the top of each band,
the two degenerate © orbitals
of benzene, from which they
originate, are well expressed.

A
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a=4.35 A

the orbitals, i.c.. the widths of the bands, is
determined by the inter-ring overlap. The
band, based on the combination of beneene
orbitals with most weight at the linking carbon
atoms consisting of the three highest anti-
bonding and the three lowest bonding orbitals,
has the highest overlap between benzene rings
and energy spread and will be called the de-
localized band. The other benecne n orbital
has lower inter-ring overlap, and consequently
the six orbitals arising from it in 6P have
lower energy dispersion. These imermediate-
energy “nonbonding”™ orbitals (/&) will be
referred 1o as the localized band, The degree
ol inter-ring overap is naturally dependent on
the molecules wrsional angle, and the encrgy
dispersion of these bands will be lowest in the
twisted gas phase molecules.

The band structure, Fik) versus &, of an iso-
lated 6P molecule s illustrated schematically in
Fig. 1C. In the manner of Hollimann (/%) sac-
rilicing precision for clarity, the 6P orbitals are
best conceplualiced as a lincar combination of
the beneene orbitals

¥y = Sy,

where a is the interring spacing and ¥, the ben-
zene orbital of the mth ring. For the delocalized
band at £ = 0, ¥y = .y, is the most anti-
bonding orbital [the highest occupied molecu-
lar orbital (HOMO)], whereas at & = mla, We, =
E -1, is the most bonding orbital (HOMO-
11}, This band decreases in energy from I (k= 0)

HOMO of the ‘delocalized band® o9
b N N o
i o

o the first Brillouin zone boundary, In contrast,
at & = €, the orbital of the locahzed band is
bonding, and this band will ncrease i energy
from the T point. In the schematic, the orbitals
at the extremes of the bands are depicted (all
orbitals can be found in fg. S1) These have
been calculated by first pnnciples density func-
tional theory and differ from expectations from
a simplistic lincar combination ol beneene or-
bitals because of the (nite dimension ol the
chain, with the electron density tailing off toward
the ends of the molecule.

A set ol valence band photoemission spectra
from the m orbitals, measured as a function of
clectron emission angle (0) in the direction along
the molecular axis, s shown in Fig, 2A. The
orbital emissions exhibit distinet maxima a dis-
crete B values because different takeolt angles
probe different momenta. Afler converting 8
o momentum, the @ hand map of sexiphenyl
[Elk,)] s obtained (Fig. 2B). The density of
states, derived from integrating the data over &,
is included on the side, and the orbitals of the
delocalized « band are labeled, starting with
the HOMO,

The emission intensitics of the molecular or-
bitals are clearly not homogencously distributed
in &, and distinct maxima are observed. 17 the
crystalline periodicity of 346 A in this direction
were dominant, the Brillouin 2one would be
small (0.12 A™"). Such a small k-space periodic-
ity would vield a more or less constant intensity
over the 3 A7 & range recorded (15), which is
not evident in the data. At list glance, the data

HOMO of the ‘localized band’

e a _2™B 2™2 3
‘s SR LP
m;a ﬁ)_;k X
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are very similar o that expected for an isolated
molecule expressed i Fig. 10, The six orbitals
of the delocalized band are scen nnning down
from the Brillouin zone center (£, = 0y 1o & =
wa, and the observed &-space periodicity of
14 A7 relates well to the inter-ring spacing
within the molecule of @ = 4,35 A, Note that
these orbital emissions are much stronger ninning
up from & = wla w0 2, which will be discussed
with the Fourier analysis,

However, more features are seen than
would be expected for the band of the planar
maolecule, in particular the intensity around r/a
for the HOMO and the HOMO-1. The
observed periodicity in reciprocal space is not
2r/a buwt mther 2r2a. indicating tha the
periodicity within the molecule 15 not the
monomer spacing but the dimer spacing,
which leads 1o a (olding back of the band,
This penodicity can be rationalized by the
molecule having a twisted conformation, at
least in the near-surface region probed by
ARPES. We have introduced the possibility
of such a twisted conformation for 6P in the
solid state i carlier work from jonization
energy considerations (20, 2/). From a band
structure point of view, the delocalized band
should rather be interpreted in tenns of two
minibands created by the lolding back: an
antibonding band consisting of HOMO, HOMO-1,
and HOMO-2 and a bonding band containing
HOMO-S, HOMO-10, and HOMO-11, with the
quasi- Brilloun zone boundary at n2aq.

Although the number of orbitals in a band
15 determined by the number of unit cells, the

k-space widths of cach orbital is reciprocally
related 1o its spatial extent and thus the finite
size of the system; an infinitcly long polypari-
phenylene chain would result in a band con-
sisting of an infinite number of orbitals that are
infinitely sharp in & Thus, the Fourier transform
of cach orbital should reflect its & space spread
(1, 22}, In Fig. 2, the results of the Fourer trns-
form of the six delocalized = obitals cal-
culated for a twisted 6P molecule are overlaid
on the experimental band map. The agreement
with experiment is remarkable, with the posi-
tions, the &k widiths, and the relative intensities
being fully reproduced. OF particular note is the
precise agreement of both position and relative
mtensities for the HOMO and the HOMO-1,
which are energetically well resolved from other
bands. In fig. 82, the expenmental intensity line
scans al the respective orbital energics are shown
in companson o the Fourier transforms ol the
calculated orbitals for both planar and twisted 6P
Again, the better explanation of the data by
twisted 6P is emphasized.

A surprising aspect of the comparison of the
Fourier transforms with experiment is that the
observed high intensitics in the second Brillouin
zone are reproduced. Photoemission intensities
can be determined by the tmnsition matrix with-
in Fermi's Golden Rule and are generally dif-
ficult to caleulate. However, the mathematics of
the Fourier trnsform of the orbitals is equiv-
alent 1o 2 caleulation for the transition matrix
from the initial state orbital 1o a plane wave final
state (8). This analysis naturlly neglects phase
shifi and diffraction ellects of the outgoing photo-

REPORTS

clectron: such scatiering effects by cch atomic
potential and a reciprocal Itce vector would
cnhance the mtensity of the HOMO at 7, which
15 not reproduced in the Fourier transfomm,

As well as the distinet features associated
with these delocalized m orbitals, the nonbond-
ing ms appear as an almost-continuous miensity
background in the region around 4.25 ¢V, tha
is, moughly between the two minibands. Close
inspection suggests that this localized band docs
indeed mun up from the T point with a dispersion
ol about 0.2 eV, The orbilals of this band are
near degenerate, as expected i the molecule is
twisted, but, given the uncertainly ansing from
the experimental resolution and the proximity in
energy of HOMOWY, no strong conclusion will
be drvwn from i,

Such unambiguous observation of such intr-
molecular orbital dispersion has been difficult
to obtain. For relatively long alkyl chains, which
pack vertically in films, the bands from nonnal
emission expenments have been plotted, but,
because of the necessarily large number of ne-
peat units, the discrete orbitals could not be ob-
served (4. 6, 23). Similar measurements on films
ol upright 6P jsell (f) could not resolve these
Features because, in the 6P001) orentation, the
molecules are actually at 17° from nommal.

We now consider the angular behavior of the
orbital emissions in the dircction perpendicular
1o the molecular axis. In this direction, the mol-
ecules present themselves as relatively densely
packed m stacks with a penodicity of 5.6 A (Fig.
LAY, the closest interplanar spacing for the maol-
ceules ina 6P erystal. Any intermolecular over-

n'a

£a

&

Binding Energy [eV]
L

&
in

Kinetic Energy [eV]

Fig. 2. (A) The set of He | photoemission spectra of the 6P = bands
measured for electron emission angles from —45° to 707 in the plane
containing the long molecular axis and the surface normal. (B} The set of
photoemission data presented as a contour map. The color scale is linear
with highest intensity dark. The energy scale is referred to the Fermi level
of the substrate, whereas the momentum (k) derived from the electron

0.5

0.5

0
k. A7)

emission angle 0, k, = [2mE,/1?] %sinB, is given in A~2. The density of
states (DOS) is on the left with all orbitals enumerated. The Fourier
spectra from the DFT-calculated orbitals of an isolated twisted &P
molecule are overlaid on the experimental band map. A reciprocal lattice
vector (G} of ~m/a rather than 2r/a is observed. The two dotted sinusoids
on the left guide the reader’s eye to the two minibands.
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lap, and thus any considerable intermolecular
dispersion, would be expected 1o be in this di-
rection. In the photoemission data over a 60°
range of takeofl angle, the delocalized n orbitals
are weak, and the © band cmissions are dom-
inated by the localized band [nonbonding or-
bitals (fig. 53)). In contrast w the & data, the &,
data show very litle intensity variation with
angle, and the major change is in the encrzy
position of the nonbonding feture, The daa are
presented in an intensity map in Fig. 3 alier con-
version from 8 10 L. The only delocalized orbitals
of the molecule that can be truly distinguished
are HOMO and HOMO-1. Their intensitics are
spread almost uniformly in 4., with a barely
discenuble energy dispersion. Such [lat bands
mmply these orbitals are localised 1w the mol-
ceules. These orbitals have little overlap be-
tween molecules in the crvstal and are unlikely
to be directly involved in so-called band trans-
port. In the E(&) map, the energy changes m the
nonbonding orbitals are visibly periodic in k.
This band muns up from I to a zone boundary at
~0.56 A7, which implies a real space lattice
perodicity of 5.6 A, which is the same as the
molecular spacing of the bulk crystal in this
direction,

This intermolecular band has a dispersion of
~0.7 eV, which is very large for a film with a
single component (5). Such a large dispersion
implies that these nonbonding orbitals are de-

lecalized throughout the 6P molecular crystal.
The direction in which the band dispersion nns
also reveals packing information. [t the maole-
cules were stacked facc-on, this band would nn
down from I, That it disperses up is a result of
tilt of the molecular planc inberent in the heming-
bone structure (fig. S4).

The results of the band swructure caleulations
for the erystal of planar 6P molecules in this
dircction are overlaid on the experimental data
of Fig. 3. Each molecular orbital of the isolaied
molecule gives dse 1o two near-degenerate bands
because there are two 6P molecules per unit cell
in the crystal. The predicted dispersion of the
delocalized rs HOMO and HOMO-1 is ~0.1
eV, which 15 of the order of the expenmental
resolution at room temperature and can be
barcly discerned in the experiment. For the
localized band, all defining parameters, that is,
the dircction, periodicity, and size of the
dispersion, are in good agreement with experi-
menl Al the T pomnt, the band is expermmentally
sharper in energy than the caleulation. This
discrepancy  between theory and  experiment
arises presumably because the molecules are in
fact not planar (24). A twist in the molecules
leads to a collapse w0 near degeneracy for the
localized orbitals.

We have also investigated the band structure
pependicular to the surface plane [E(k)] by
recording the photoemission spectra in normal

Binding Energy [eV]

0.4

0.2

ky[A"]

Fig. 3. The band map as measured perpendicular to the molecular axes. The momentum k, is given
in A=), and the expected Brillouin zone boundary for b = 5.6 A (0.56 A™?) is indicated. The band
structure in this direction calculated from the bulk structure of 6P is superimposed on the data for
the second Brillouin zone. The theoretical result fits the experiment well, reproducing not only the
very weak dispersion in the bands derived from the orbitals delocalized (blue lines) over the
molecule (HOMO and HOMO-1), but also the strong dispersion of the orbitals localized {white lines)

on the phenyl rings in the isolated molecule.
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cmission as a function of photon energy [40 1o
11 eV o (fig. S5)). The results are qualitatively
similar to the y direetion discussed above, in that
the arbitals of the delocalized ® band arc weak
with linle intensity vanation. The dominating
nonbonding orbitals display a smaller dispersion
of 0,35 ¢V, The observed periodicity is 0.7 A~
and reflects the inerplanar distance of 3.8 A
rather than 7.6 A and is in agreement with band
structure calculations in this direction,

Controlled film growth has allowed both
the intra- and intermolecular band stucture off
a prototypical © conjugated system o be
dircctly determined. Perpendicular to the mol-
ccules, the observed band dispersion rellects
the lattice spacing ol the crystal. Interestingly,
the orbitals delocalized over the molecule are
seen 1o be localized on the molecule n the
cryvstal, whereas the orbitals localized on the
phenyl building blocks of the molecule are
delocalized m the crystal and form strongly
dispemsing bands. In the direction parallel 1o
the molecules, the intermolecular overdap is
seen 1o be negligible, and the result reflects the
formation of the band structure of an isolated
molecule out of individual obitals, In this
case. the individual orbitals constituting the
band are resolvable, and it can be concluded
that the molecules in fact adopt a twisted
conlormation,

The resulis are also important for organic
thin film fabrication, where, for example, the
effects on the electronie structure of structural
phase transitions or different thin [lm poly-
morph structures, common in the organics, are
as yet o be explored. The challenge is 10 control
the organic thin film growth, as done here, o
achieve highly onented molecular films with a
single cryvstalline orientation.
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Spontaneous Superlattice
Formation in Nanorods Through
Partial Cation Exchange

Richard D. Robinson, Bryce Sadtler,”* Denis 0. Demchenko,** Can K. Erdonmez,?

Lin-Wang 'l'h'illg,:" A. Paul Alivisatos™*+

Lattice-mismatch strains are widely known to control nanoscale pattern formation in heteroepitaxy, but
such effects have not been exploited in colloidal nanocrystal growth. We demonstrate a colloidal route
to synthesizing CdS-AgzS nanorod superlattices through partial cation exchange. Strain induces the
spontaneous formation of periodic structures. Ab initio calculations of the interfacial energy and
modeling of strain energies show that these farces drive the self-organization of the superlattices. The
nanorod superlattices exhibit high stability against ripening and phase mixing. These materials are
tunable near-infrared emitters with potential applications as nanometer-scale optoelectronic devices.

he ability o pattem on the nanoscale has

I led 1o a wide range of advanced antificial
materals with controllable quantum cner-

ay levels. Structures such as quantume-dot amays
and nanowire heterostructures can be fabricated
by vacuum- and vapor-deposition technigues
such as moleculor bewm epitaxy (MBE) and
vapor-liquid-solid (VLS) processes, resulling in

Cde+

it

————

C

Ag*

CdS

Fig. 1. TEM images of superlattices formed through partial
cation exchange. (A) The original 4.8—by-&4-nm CdS
nanorods. (B and €} Transformed CdS-Aga,5 superlattices.
(Inset) Histogram of Ag,S segment spacing (center-to-
center). The average spacing is 13.8 + 3.8 nm. The sample
set for the histogram was greater than 250 spacings.

CdS-Ag,S

quantum-confined units that are attached o a
substrate or embedded in a solid medium (f-5).
A target of colloidal nanocrystal research is o
create these same structures while leveraging the
advantages ol solution-phase fabrication, such as
low-cost synthesis and compatibility in disparate
enviromments |e.g., for use in biological labeling
(6. 7y and solution-processed  light-cmitting

diodes (8) and solar cells (9)]. One key difference
between quantum dots epitaxially grown on a
substrate and free-standing colloidal  quantum
dots is the presence of strain. In epitaxially grown
systems, the interface between the substrate crys-
tal and the quanium dot ereates a region of strain
sumounding the dot. Ingeniously, this local strain
his been used o create an energy of interaction
between closely spaced dots: this use of “strain
engineering” has led. in wm, © quanum-dot ar-
rays that are spatially pattemed in two (and even
three) dimensions (2-4). We demonstirie the
application ol strin engineering in a colloidal
quantun-dotl system by introducing o method that
spontancously creates a regularly spaced  ar-
rngement of quantum dots within a collowdal
quantum rod.

A linear array of quantum dots within a nano-
mod effectvely creates a one-dimensional {1D)
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superlattice, a promising new  generation of
materials ( /0, {1, Such | D supedattices exhibit
confinement ellects and are unusual because of
their ability to tolerate lange amounts of lattice
mismatch without forming dislocations and
degrading device performance (12, 13). Strong
coupling of clectronic states makes them inter-
esting for optical systems and good candidates
for photonic applications, One-dimensional su-
perlattices are also of interest for thermoe lectric
devices and the study of jonic trnspon in 1D
systems, VLS growth has demonstrated the for-
mation of extended nanowire supedattices (e.g.,
alternating Si-Ge or InAs-InP) comaining hun-
dreds of repeat units (/4 16), To achieve this,
the precursors are aliernated for the growth of
cach layer. The tormation of 1 D superlattices by
this same time-dependent varation of precursor
concentration is out of reach lor present col-
lowdal growith technigques. The largest number of
altermating layers produced so far s three, and
yet the sequence of purifications requined in that
instance was already taxing to implement (7).
Cation exchange provides a facile method
for systematically varying the proportion of
two chemical compositions within a single
nanocrystal, We have previously shown that
cation exchange can be uwsed 1o fully (and
reversibly ) convert CdSe, CdS, and CdTe nano-
crystals o the comesponding Ag-chalcogenide
nancerystal by a complete replacement reaction
of the Cd** cations for Ag” cations (/8). The
resultant material is the Ag-anion analog of the
starting material (Le., AgaSe, AgaS, and AgsTe).
The size and shape of the nanocrystal are
preserved when the nanoerystal has minimum
dimensions greater than 4 nm (78). The high
mobility of cations in the CdS(Se.Te) lattice
suggesis that partial cation exchange may lead
o interesting paitems of segregated domains of
Ag chalcogenide within a Cd-chalcogenide
nanorod, This led us o investigate the possibil-
ity of conventing a previously formed nanorod
of a single chemical composition into a striped
patiern by a single-siep pariial chemical irans-
formation. In the case explored here, a lincar
arrangement of regulady spaced  Ags.S  dots
contained within a CdS rod forms spontancous-
Iv at =36% cation exchange. The near-mfraned
INIR) band gap of the AgsS dots s embedded
within the Langer gap of the CdS, creating a type |
heterostructune with ineresting optical properics.
Studics of partial cation exchange for 4.8 by
td-nm Cd5 w0 CdS-AgaS nanomods are shown in
transmission electron microscopy (TEM) images
in Fig. 1. In these experiments, the inidal CdS
nanorods (Fig. 1A) were exceptionally stmooth
and the rod diameter was tightly controlled (SD -
10%a), wheneas the length varied between 30 and
100 am, The CdS colloidal nanorods were added
to a solution of toluene, AgNO4, and methanol
665C I air (/9), The concentration of AgNO,
was a controlled fraction of the concentration of
Cd* jons present in the stating material. In the
presence of excess Ag’, the rods are completely

20 JuLy 2007 VOL 317 SCIENCE

converted 1o AgaS (/8). However, when the Ag’
wons are limited 1o yield approximately  36%
exchange, the resulting nanorods displaved a
penodic pattern of light- and  dark-contrast
regions (Fig. 1, B and C). The average spacing
between the dark regions is 138 nm, with a
standand deviation of 28% (Fig. 1C, mnscet), The
spacing between periodic segments can be
controlled by the diameter of the initial CdS rod
(fig. 81).

Examination of these regions shows that the
light- and dak-commst regions are CdS and

AgaS, respectively. Encrey-dispersive x-ray spoc-
troscopy (EDS) indicates that the stnped rods
alternate between Cd-5- and Ag-5-rich regions
(Frg. 240 (200, Powder x-ray diflmction (XRD)
data confinms the presence of wunzite CdS and
monoclinic acanthite AgsS (Fig 2B) (2/1). Peaks
appeanng in the onginal CdS mds can be in-
dexed to wurteite CdS [Joint Commitice on
Powder Diffmction Standards (JCPDS) #41-
1049), and those in the fully exchanged rods
can be indexed 1w acanthite (JCPDS #14-0072),
Peaks visible in the striped rods can be attributed

Fig. 2. Characterization g "

the striped rods at the
(top) light- and (bottom)
dark-contrast regions,
corresponding to Cd-5—
and Ag-5—rich regions, re-
spectively. a.u., arbitrary

cd
of Cd5-Ag,5 heterostruc- : #
tures, (A) EDS spectra of I ']_l‘L

....,ﬁ.hjmu
Ag

Counts (a.u.)

A gs B
T 2 8 mroe

P— 402

e

Cds

WA

units. (B) XRD spectra of
CdS rods (black line),
striped rods (blue line),
and fully exchanged
AgaS rods (green linel.
Spectra from the striped
rods show new peaks
corresponding to Ag,S
and a modified (002)
peak, indicating inter-
ruption of the CdS lattice
along the rod axis.
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Fig. 3. Effects of A
increasing AghNO;
concentration. (A
and B) TEM images.
(A} Low concen-
tration (Ag*/Cd**
~0.2). (B) Inter-
mediate concentra-
tion that produced
the nancrod super-
lattices (Ag*/Cd®* |B
~0.9), Scale bar (A
and B), 20 nm. (C
and D) Histograms
of the number of
Agz5 regions per
rod. () Low and
(D) intermediate
concentration. More
than 250 nanorods
were examined for
each histogram.

TEM images

Counis

1 2 3
Normalized spacing

4 5 6 T B 9

(E and F) Pair-distribution histograms for Ag,S regions on individual CdS-Ag,5 nanorods. (E) Low
and (F) intermediate concentration. Intrarod distances between each Ags5 region, measured for 200
nanorods in each of the sample sets shown in (A) and (B). Spacings were normalized by the number of
Ag,S regions and the length of the rod. Low concentration (E) shows no correlation beyond the nearest-
neighbor spacing. Intermediate concentration (F} shows a periodicity, which extends over several

nearest neighbars,
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purely to a combination of these two phases. No
Ag peaks are present. Furthermore, a simulation
of the XRD pattern for a mixture of Ag.S and
CdS cryvstalline domains with dimensions match-
ing those of the sample agrees qualitatively with
the experimental pattemns, in terms of the relative
intensitics of AgsS peaks o CdS peaks, support-
ing the exten ofthe conversion observed in TEM
images (fig. 520 In our expernimental XRD pa-
tems, the CdS (002) peak is broader and weaker
for the striped rods than for the initial CdS sam-
ple. This indicates a decrcased CdS crystallite size
along <001 [the growth axis of the rods (2.2)]
after the panial ion exchange, Debye-Scherrer
analysis of peak widths for severm] stnped-rod
samples ndicates that the CdS gmin siee along
the axis has deereased from =30 nm o 1210 16
nm for the striped rods. The decrease in grain sizc
along this direction is attributed to the interrup-
tion of the {001} planes by the Ag,S matenal,
because the shorer length s consistent with the
average spacing in this striped-rod sample. TEM
images show that the Ag,S regions, which have a
broad range of separations at low concentrations
(Fig. 3A), become increasingly ordered at slight-
Iy higher concentrations (Figs. 1, B and C, and
3B). The change in the number and periodicity
(spacing) ol the AgaS regions suggest a system-
atic organization as the volume (metion of Ag.S
increases (Fig. 3, Cto F). Intrarod Ag,S spacings
were correlated through a pair-distribution funec-
tiogr in which the distanees between cach Ag.S
region and all other Ag.S regions on a rod were
measured, The organization of the Ag.S regions
imte superlatiices is scen in the penodieity of the
histogram (Fig. 3F), extending over several
nearest=neighbor distances. In the superlamices,
the AgsS regions are spaced evenly along the
rod, whereas no periodicity is scen for the lower
Ag" concentration (Fig. 3E).

The mechanism by which the initial amange-

ment of randomly distributed small islands of
AgaS cvolves ino a periodic, 1D pattern is of

paricular interesi. Because there exisis a posi-
tive CdS-AgsS interface formation cnergy
(=168 ¢V per Cd-Ag-S cementary imterface
unil, from our ab initio calculations), it is
cnergetically  favorable o menge small AgaS
islands nto larger AgsS scgments. The fast
dilfusion of cations lcads (0 a sitwation where
Ostwald vipening between the matally formed
islands of AgsS can occur, 5o that larger islands
grow al the expense of nearby smaller ones,
Diftusion of the cations is allowed because both
Ag' and Cd*' are considered fast diffusers
{23-25). Also, Ag chalcogenides exhibit super-
ionic conductivity in their high-temperature
phases (23). A crtical juncture occurs when the
regions of AgsS grow 1o the point where they
span the diameter of the md. At this point,
further Ostwald ripening 15 kinctically  pro-

hibited, because an atom-by-atoam exchange of

Ag” among segments will not reduce the 1otal

interfacial arca, This leads to AgsS scgments of

nearly equal size (fig. 53) The od is in a

metastable state; i.e., the complete joining of
two AgsS regions 15 always a lower-energy
configuration, but one that cannot readily be
aceessed by simple atomic-exchange cvents.

A second factor that promotes the regular
spacing of the stnpe pattem is the clastic repul-
sion between two AgsS scgments because of the
strain in the intervening CdS region, A model
for the coberent atomic connection between the
two materals is shown in Fig. 4A (26). To
match the basal lattice constant for CdS (4.3 A),
the AgsS body-centered-cubic lattice in the
plane of interface has o expand by 4% in one
direction and contract by 15% along the
perpendicular direction. There 15 a repulsive
clastic force batween scgments of like matenal
because of the resulting strmin ficlds. Results
from valence force lield (VFF) modeling (27)
show that the elastic encrgy stored i the mod
increases markedly as two Ap,S scgments
approach cach other (Fig. 4B). Bond strain

REPORTS

the = direction (axial) is responsible for the
repulsive clastic interaction (Fig. 4C). CdS atoms
are pushed away from the closest AgsS segment,
formmg conves=shaped atomic lavers. For two
AgaS seoments approaching cach other, the =
displacements in the CdS are in apposile
directions, leading 1o an mteraction term between
the ficlds that gives higher strain cnergy ol
smialler separations ( 28), The mode] is consistent
with the expenimental finding that increasing the
rod diameter increases the spacing between
segments (g, ST Similar eflects of spontancous
ordering of quantum dots in two dimensions
produced by MBE growth have been explamed
with corresponding arguments [c.g.. (3)]. How-
cver, the 1D geometry explored here imposes a
stronger constramt on Apening processes, leading
to an especially robust path 1o sable, regularly
spaced quantum dots within a rod.

The importance of stmin in altaming the su-
perdattice pattem can be illustrated by examining
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Fig. 4. Theoretical modeling and experimental optical characterization. (A) Cubic-cutout
representation of cells used for ab initio energy calculations. A distorted monoclinic Age5 (100}
plane connects with the wurtzite CdS (001) plane. (B} Elastic energy of the rod as a function of
segment separation (center-to-center). (€) Z-axis strain for the case of two mismatched segments at
a center-to-center separation distance of 14.1 nm (top) and 12.1 nm (bottom). The elastic
interaction between segments is greatly reduced for separations =12.1 nm. Arrows show the
placement of mismatched segments. The Cd5 rods used for VFF calculations (B and C) were 4.8 nm
in diameter, with two 4.8=by=4.0-nm lattice-mismatched segments. Effective elastic constants for
the mismatched segments were from ab initio calculations for monoclinic AgzS. (D) Visible and (E)
NIR PL spectra at » = 400- and 550-nm excitation, respectively. Coupling between the CdS and Agp5
is evident by the complete quenching of the visible PL (D) in the heterestructures. The shift in NIR PL

(E) is due to quantum confinement of the Ag,5.
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similar studies of metal 1ons reacting with
semiconductor nanocrystals, Mokari e¢f al and
Saunders ef @l have created interesting metal-
semconductor nanocrystal heterostructures by
reducing Au*” jons onto InAs quariium dots ( 24)
and CdS/Se nanorods (30, 37). Because Au®® has
a much greater electron aflinity than Ag’, re-
duction of the jon takes place rather than an ex-
change reaction. The positive imerdacial encrzy
between the two materials drives a phase segre-
eation, similar 10 our Ag,S-CdS system, leading
to Ostwald ripening. However epitaxial strain
does not play a major role in the Au growth, and
these heterostructures confinue 1o ripen into
single-metal domains, either at the tip of the rod
(CdS'Se), or inside the quantum dot (InAs), In
contrast, the epiaxial relationship between the
two phases m the AgoS-CdS superattice strue-
tures results in strmin felds from the lattice mis-
match, which cause like scgments o repel each
other, preventing further ripening.

The resulting striped rods display proper-
ties expected of a type | armay of Ag,S gquan-

tum dots scparated by confining regions of

CdS. in agreement with our ab initio calcu-
lations of the band structure. The visible CdS
photoluminescence (PL) is quenched, indicat-
ing coupling between materials at the hetero-
junction (32}, and NIR PL from the Ag.S
segments s observed (Fig. 4, D and E). The
band gap of the Ag.S segments depends on
their size, matching the bulk wvalue (33) lor
fully converted nanorods and shifting o higher
energy i smaller dots because of quantum
confinement (Fig. 4E). In the present conligu-
ration, the Ag,S quantum dots are only very
weakly coupled 1o cach other, because the CdS

segments are large. Such structures are of

interest for colloidal quantume-dot solar cells,
where the sparse density ol elecuonic states
within a dot may lead w muliiple-exciton
generation (34). The formation of nanorod
superlattices  through panial cation exchange
can also be applied 1© other pairs of semi-
conductors, yvielding a broader class of quantum-
conlined structures. Cation-exchange  reactions
have alrecady been reported in HgS, AgsS, SnS,,
CdS, ZnS, CusS, BixSy. and SbaS; (35-37).
Twoecomponent combinations of these com-
pounds can produce matenals with functional
propertics rmnging from wpe ©ice., ZnS-AgsS)
and type 1 (e.g., CusS-Cd%) band alignmenis w
thermoelectric-power junctions (c.g., CdS-BiaS;).
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A Late Triassic Dinosauromorph
Assemblage from New Mexico and
the Rise of Dinosaurs

Randall B. Irmis,** Sterling J. Nesbitt,®** Kevin Padian, Nathan D. Smith,**

Alan H. Turner,® Daniel Wuudjr," Alex Downs’

It has generally been thought that the first dinosaurs quickly replaced more archaic Late Triassic faunas,
either by outcompeting them or when the more archaic faunas suddenly became extinct. Fossils from
the Hayden Quarry, in the Upper Triassic Chinle Formation of New Mexico, and an analysis of other
regional Upper Triassic assemblages instead imply that the transition was gradual. Some dinosaur
relatives preserved in this Chinle assemblage belong to groups previously known only from the Middle
and lowermost Upper Triassic outside North America. Thus, the transition may have extended for 15 to
20 million years and was probably diachronous at different paleolatitudes.

mosaurs ongimated in the Lae Tripssic
Period (/, 2) (Camian-Nonan stages,
about 230 1w 200 million years ago),

when they meplaced faunas dominated by a
varety of basal archosaurs and other amniotes

.7, 41 Archosaurs are divided o two primary
lincages: the Pseudosuchia, which include phy-
tosaurs, actosaurs, “rausuchians” and croco-
dylomorphs, and the Omithodir, which include
plerosaurs, basal dinosauromorphs such as
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Lagerpeton and Maraswchies, and dinosaurs
{5, 7). By the beginning of the Jurassic, all of these
clades except the dinosaurs, plerosaurs, and
crocodylomorphs became extinet (7). The pace
of this faunal wmover is poorly understood, cven
though Late Trassic skeletal and footpring as-
semblages are distributed worldwide (8). Most
evidence has supported the hypothesis that dino-
saurs diversified in the Lae Triassic afier the
more archaic funas were eliminated, cither by
rapidly outcompeting the archaic forms or re-
placing them quickly and opportunistically atier
they dicd out for other reasons (1, 2, 6, 9, [,
rather than by more gradual processes of eco-
logical replacement.

Uintil recently, the only evidence of dinosaur
precursors was [rom the Middle Trassic

{Ladinian) terrestrial Chatares Formation of

Argentina (/-1 3). Without evidence lrom other
continents, the South Amencan fossil recond
suggested that the Middle Triassie basal dino-
sauromorphs gave way 1o the cariest dinosaurs
relatively abruptly at the beginming of the Late
Triassic. This understanding of carly dinosaur
evolution began to change with several new dis-
coveries: Sifesairns opolensis (14) demonstrated
that basal dinosauriforms survived into the Late
Triassic: a reappeaisal of the North American di-
nosaur recond suggested that Triassic dinosaurs
wene less diverse and rarer than previously
thought (/5 and a reevaluation of putative Tri-
assic omithischian dinosaurs showed that most
were misidentilied (/6). Here we deseribe fossils
from the upper Chinle Formation {Upper Trias-
sie) Hayden Quarry (HOQ) in New Mexico dem-
onstrating that early dinosaur Gunal replacement
was neither abrupt nor as simple as previously
thought and also that much ol it ocourred in North
America.

The HE was opened o large-scale excavation
in 2006, and since then our field crew has col-
lected and cataloged nearly 1300 vertebrate
specimens. Suatigraphically, the HOQ) lies approx-
imately 65 m below the famous Ghost Ranch
Coefopivsis Quarry, 15 m below the Snyder Quar-
ry, and 12 m below the Canjilon Quamy (Fig. 1)
(17). These four quamies lic within several kilo-
meters of cach other and preserve different but
partially overlapping assemblages (Table 1) The
HOQ assemblage meludes pseudopalatine phyto-
saurs and the actosaurs Tipethoray cocanarim

YMuseum of Paleontology and Department of Integrative
Biology, University of California, Berkeley, CA 94720-
4780, USA. *Lamont-Doherty Earth Observatory, Columbia
University, Palisades, NY 109564, USA. *Division of
Paleontology, American Museum of Matural History, Mew
York, NY 10024, USA. ‘Committee on Evolutionary
Biology, University of Chicago, Chicago, IL 60637, USA
5Gt'ﬂlugﬁr Department, Field Museum of MNatural History,
Chicago, Il 60605, USA. *Department of Geological
Sciences, University of Colorado, Boulder, CO BO309-
0399, USA. "Ruth Hall Museum of Paleontology, Ghost
Ranch Conference Center, Abiquie, NM 87510-94600, UISA

*To whom correspondence should be addressed. E-mail:
irmisg@berkeley.edu (R.B.L); snesbiti@ldeocolumbia.edu
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and Rioarribasiclius clamaensis, indicative of a
Nonan age (/7-19),

The HOQ has a diverse tatrapod assemblage:
in addition to various representatives of phyto-
saurs, aetosaurs, “muisuchians,” and other
archosauromomphs, the HOQ preserves severnal
dinosaur taxa, including the basal saunschian
Chindesaurns brvansmalli and  coclophysoid
theropods, The sauropodomorph and omithis-
chian dinosaurs known from high-palcolatitude
sites of Europe and Gondwana are absent, as
they are from all other North American Triassic
assemblages (5, 16). The HOQ also contains the
remains of non-dinosaurian relatives of dinosaurs: a
basal dinosaunform similar 1o Sifesarns and a
new non-dinosauriform dinosauromorph similar
o Lagevpeton (2 axon known only from the
Middle Trnassic of Argentina) (M), which we
describe here.

Archosauria Cope 1869 sensie Gauthier and
Padian 1983 Dinosaurmorpha Benton 1985
soms Sereno 1991 Dyvennenneron romert, gen. ¢l
SP. 1OV,

Etvmology. Dvomtomeron, from dromes
(Greek word for mnningd and meros (Greek
word for femur): romerd, Tor Alfred Sherwood
Romer, who lirst deseribed the dinosaur precur-
sors from Argenting, including Lagerpeton.

Holotype. Complete left femur, specimen
number GR 218 (Fig. 2, Ato D), reposited in the
collections of the Ghost Ranch Ruth Hall
Muscum of Palcontology (GR),

(MIDDLE
}JUF!ASSIC
ENTRADA 55

"UPPER SILTSTONE" MEMBER

UPFER TRIASSIC
CHINLE FORMATION

PETRIFIED FOREST MEMBER|
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Paratypes. Additional specimens were found
within several teat of the holotvpe. A nght femur,
GR 219, and a left ubia, GR 220, may belong to
the same mdividual as the holotype. Addinonal
material includes GR 221, a pantial lelt femur

223, a complete astagalocalcancum (Fig, 2, 1- 1o
K); and GR 234, a ncarly complete nght femur

Referred material. New Mexico Muscum of

Natural History (NMMNLH) P-35379, a complete
astragalocalcancum,

Locality and horizon, Sie 3, HOQ, Ghost
Ranch, Rio Arriba County, New Mexico, USA.
The HOQ is in the lower pontion of the Petrified
Forest Member ol the Upper Triassic Chinle For-
miation. The refemred NMMMNEH specimen is from
the nearby Snvder Quarry (20}, also within the
Petrilied Forest Member, The Petnfied Forest
Member in this arca is of Nonan age, according
o fossil pollen and venebrale biostratigraphy
(17-19, 21, 22).

Diagnosis. Diflers from all other dino-
sauromorphs excepl Lagerpeton chanarensis
in possessing a hook-shaped femoral head
(Fig. 2A), a lateral emargination ventral to the
femoral head (Fig. 2A), an enlarged postero-
medial tuber on the proximal portion of the
femwr (Fig, 2, B and C), an enlarged crista
tibiofibularis on the distal end of the femur
{Fig. 2Dy, a posteromedial crest on the distal
end of the tibia (Fig. 2H). and an astragalus
with a posterior ascending process (Fig, 2, |

_ﬁ—' Dinosaurs
-R\ Basal Dinosaurifarms

r Basal Dinosauromorphs

commp~.._Basal Archosaurs

e Coelophysis Quarry

———

Snyder Quarry
Canjilon Quarry

Foa .
=y -\%—’

Hayden Quarry
=

By i, ot, wan

Fig. 1. Stratigraphic position of the HQ and related assemblages. 55, sandstone,
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to K) ditfers from Lagerpelon in possessing
a much larger crista tibiofibularis; and differs
frome all other basal dinosauromorphs i the
absence of a fourth trochanter (Fig, 2, A and
B), the presence of a shap ridge on the antero-

medial edge of the distal end of the femur (Fig.
2D, and a large crest on the anteromedial edge
of the astragalus (Fig. 21) (autapomorphics).
Phylogenctic analyses consistently place
Lagerpeton chanarensis closer to dinosaurs than

to plerosaurs and pscudosuchians (6, [/, 23)
{Fig. 31 The referred tibiac of Dromameron
share two synapomorphics with Lagerpeton: a
distal end with a posteromedial erest (Fig. 2H)
and a posterolateral concavity for the reception

Table 1. Tetrapods from Chinle Formation guarries in the Chama Basin, New Mexico, Hayden
Quarry, HQ; Canjilon Quarry, CN; Snyder Quarry, 5Q; Coelophysis Quarry, CO; Petrified Forest
Member at Petrified Forest National Park, Arizona, PF. See supporting online material (17) for

voucher specimen numbers.

of the posterior ascending process of the
astragalus. The distal end of the ubia of
Dyomomeron also possesses an anteromedial
concavity for the reception of the cenlarged
anteromedial crest of the astmgalus, creating an
anteromedial-posterolateral groove in the distal

Taxon HO N 5Q o pr  ond ol the tibia (Fig. 2. E and H}. The astmgalus
: overlaps the calcancum dorsally (Fig. 2K). The
’:fmp:ﬂum.l;"’ : l': A X A calcaneum is triangular in dorsal view, widening
g ik anteniorly and narrowing  posteriorly (Fig. 20).
Vancleavea X X X X T
Our phylogenctic analysis places Diomranreron
Pseudopalatus spp. X X X X : g : _
g as the sister taxon o Lagerpeton and recovers
Typotharax coccinarum X X X X SRS T LA S : R
o this clade as the sister taxon to all other dino-
Risarribasuchus chamaensis S X X sauromorphs ( Fig. 3) (/7).
S : X A 2 X Although most of the HQ material is dis-
MORUTUESING Sl articulated, several diagnostic clements ol cach
Crocodylomarpha X X X : ) ; :
taxon have been recovered. Matenal ol the
Dromomeron romeri X X s i et L . : :
sl like £ X Silesaurmes-like dinosaunfonn includes a partial
(ﬁ?::::::ﬂr;sebrﬁ;mdﬁ X " tooth-bearing dentary (GR 224) (Fig. 2L), an
; tlium (GR 225) (Fig. 2M). and a proximal femur
Coelophysoidea X X X X Qi g b ] L s

(GR 195) (Fig. 2, N 10 Q). This material may be

Fig. 2. Dinosauromorphs from the HQ. (A to D) Femur of D. romer (GR 218)
gen. et sp. nov. in anterior (A), posterior (B), proximal (C), and distal (D) view.
(E to H} Tibia of 0. romeri (GR 222) in anterior (E), lateral (F}, proximal {G), and
distal (H} view. (I to K) Astragalocalcaneum of 0. romer (GR 223) in proximal
(I}, anterior (]}, and posterior (K) view. (L to O) Silesaurus-like dentary (GR 224)
in medial view (L), ilium (GR 225} in lateral view (M), and proximal femur (GR
195) in proximal (N} and posterior (0) view. (P) Chindesaurus bryansmalli

20 JuLy 2007 VOL 317 SCIENCE

femur (GR 226) in posterior view; and (Q) coelophysoid theropod fused tibia,
fibula, and astragalocalcaneum (GR 227) in anterior view. Abbrevations are as
follows: anteromedial crest (amc), anteromedial process {amp), anteromedial
ridge (amr), brevis fossa (bf), calcaneum (ca), cnemial crest (cn), crista
tibiofibularis {ct), groove (gr), lateral emargination (le), meckelian groove
{mg), notch (n), posterior ascending process (pap), posteromedial crest (pmec),
posteromedial tuber (pmt). Scale bars, 1 em.

WWW.SCiencemag.org




Marian

UPPER TRIASSIC

Carnian

| Ladinian

MIDDLE TRIASSIC

Anisian

[COWER]
|ind]oten]

Fig. 3. Phylogenetic position of 0. romer gen.
et sp. nov. among archosaurs. A single most-
parsimonious tree was recovered from a parsi-
mony analysis of 26 taxa and 127 characters
(17). Pseudosuchia, Ornithischia, Sauropodo-
morpha, and Theropoda have been collapsed
for brevity. Stars indicate taxa present in the
HQ. For lineages that do not extend into the
Jurassic, the length of the gray bar indicates
stratigraphic imprecision. Ind, Induan; Olen,
Olenekian; Rhaet, Rhaetian.

referable wo Encoalophysis baldwing, a Silesaurs-
like dinosauriform known from the same strati-
araphic unit (/5. /7). The dentary shares two
synapomomphics with Sifexcurmes: sinated 1ooth
bases that partially fuse 1w the jaw (unlike
omithischian dinosaurs) and a Meckelian groove
near the ventral border of the dentary that ex-
tends to the anterior tip (Fig, 2L). The teeth are
subtnangular with enlarged demicles, o labial
basal swelling of the crown, and a distinct
narmowing al the base of the crown similar o
the herbivorouslike teeth of other archosaurs
(fa, 241, They lack the distinet striastions found
toward the tip of Sifesarares weth (F4), The ilium
shares with Si#exaternes an enlarged brevis fossa
and shelf, which is open laterally (Fig. 2M).
The femoral head 1s tangular in proximal view
(Fig. 2N) and bears a small notch ventrally
{(Fig. 20 both of these characters are found
in Silesawrus, Ewcoelophvsis, and Psendo-
fagosuchus (15).

A complete femur (GR 226) displays an
autapomorphy of Chindesawrnes bevansmalli; an

clongate, subrectangular lemoral head with a fat
proximal surface (£3) (Fig. 2P). One example of
recovered coclophysod material 1s a fused b,
hibula, and astragalocalcancum (GR 227) (Fig.
20 the fusion of these elements is present in
coclophysoid and neocermosaur theropods (25),
and a specimen from the nearby Snyder Quarry
also displays this chamcter (16, 26). An unam-
biguous coclophysoid synapomomhy present in
GR 227 is a small ameromedial process on the
distal fibula that overlaps the ascending process
ol the astragalus (Fig. 200 (25),

The HOQ assemblage changes our picture of
the carly evolution of dinosaurian funas in
several ways, First, 1t documents that a mixed
assemblage of true dimosaurs and their basal
dinosauromorph relatives lived together along
with other typical Triassic tetmpods in the
Noran. Our investigations have found the same
co-occurrences in several other Chinle Forma-
tion and Dockum Group localitics in Arizona,
New Mexico, and Texas (43, 17). Thercfore, the
HO assemblage cannot be explained by time-
averaging of sedimentation or redeposition of
carlier fossils [which is confirmed by our
sedimentological and stratigraphic analysis of
HO (7] The HOQ assemblage also reinforees
the pattiern that low-paleolatitude funas of
southern Nonth Amenca differ from the high-
paleolmiude faunas of Europe, Greenland,
South America, and South Adrica in lacking
basal sauropodomorph and rare omithischian
dinosaurs, This biogeogrphic disparity  may
reflect a real large-scale climatic or latiudinal
elfieet (27), smaller-scale community or ecolog-
ical differences, or merely  facics-dependent
sampling biases,

The HOQ assemblage and others of wesiem
Norh America and Europe document the per-
sistence of basal dinosavromorphs well into
the Late Triassic. In Argentina, Lagerpeton,
Marasuchus, and Prewdolagosuchus are con-
fined 1o the Middle Trinssic (Ladinian) Chanares
Formation and never ocour with dinosaurs (7, 3).
However, the Late Triassic (Camian and Norian)
forms differ from their Middle Triassic relatives,
indicating a continued diversification of these
groups, The age range of the O fossils and our
asscssment of other assemblages and ther ages in
North Amencan muscum collections imply that
these dinosaurs and non-dinosaunan dinosauro-
morphs coexisted for an least 15 w0 200 million
years. There are oo few mdiometric daies of Late
Trinssic localitics 1o penmit a more precise time
calibration, but it is nonctheless clear that the
Late Triassic faunal replacement was not abrup.
Rather, it was protracted and possibly diachro-
nous, as evidenced by paleolmiwdinal Faunal
differences across Late Triassic Pangaca. The
appearance of the first dinosaurs in the Ischigua-
lasto assemblage (f ), along with the late occur-
rences of basal dinosauromorphs from the HOQ
assemblage, extends the tmnsition tme  {Tom
assemblages of dinosaur precursors to assem-
blages exclusively of dinosaurs and indicates that

REPORTS

moddels of rapid competitive or fortuitons replace-
menl are not cormect.

References and Notes

1. R R Rogers, C. C. Swisher ll, P. C. Serena, C. A Forster,
A, M. Monetla, Sefence 260, 794 (1993).

2. P.C. Sereno, Annuw. Rev. Earth Planet Sci. 25, 435
(1997,

3. ). F. Bonaparte, | Vertebr. Poleontol. 2, 362 (1982).

4, N. Fraser, Down of the Dinosowrs (Indiana University
Press, Bloomington, IN, 2006).

5. M. |. Benton, ]. M. Clark, in The Phdogeny and
Classification of the Tetrapods, M. |. Benton, Ed.
{Clarendon Press, Oxford, 1988), wl 1, chap. 8.

6. M. |. Benton, in The Dinosourfa, . B. Weishampel,

P. Dodson, H. Osmdska, Eds. (Univ. of Califomia Press,
Berkeley, CA, ed. 2, 2004), pp. 7-19.

7. K Padian, in Dawn of the Age of Dinosaurs in the
American Soutfwest, 5. G. Lucas, A P, Huni, Eds.

(New Mexico Museum of Natural History, Albugquerque,
MM, 1989), pp. 401-414.

8. P E. Olsen ef al, Science 296, 1305 (2002).

9. M. |. Benton, . Rev. Biol 58, 29 (1983).

10. M. |. Benton, Sciemce 260, 769 (1993).

11 P C. Sereno, A. B. Arcuce, [ Verfebr. Paleontol, 13, 385
{1993},

12, P C Sereno, A. B, Arcucd, [ Vertebr. Poleontol 14, 53
(1594},

13. A Arcucc, Ameghiniono 24, 89 {1987).

14. ). Drik, J. Vertebr. Poleontol 23, 556 (2003).

15, 5 ). Neshitt, R, B Irmis, W. G, Parker, I Spf. Pofeeoniol,
S, 209 {2007).

16. R B. lrmis, W. G. Parker, 5. ). Nesbitt, ]. Liu, Hist. Biofl.
19, 3 {2007).

17. See supporting matenial on Scence Online.

1B. 5 G Lucas, Poloecgeogr. Poloecclimatol. Paloececol.
143, 347 (1998),

19. W. G. Parker, Mus. N. Ariz. Bull. 62, 46 (2006).

20. K E Zeigler, A B, Heckert, 5. G. Lucas, N. M. Mus. Not.
Hist, §ci. Bull, 24, 1 (2003).

21. R . Litwin, A Traverse, 5. R Ash, Rev. Palecbot. Palynel,
&8, 269 (1991).

£2. A B. Heckert, 5. G. Lucas, R. M. Sullivan, A P. Hunt,

] A Sphelmann, N. M. Geol. Sec. Guidebook 56, 302
{2005},

23. F. E. Novas, | Vertebr, Paleontol, 16, 723 (1996).

24. W. G. Parker, R. B. lomis, 5. ]. Mesbitt, ]. W. Martz,

L 5. Browne, Proc. K. Soc. London S5er. 8 272, 963
(2005).

25, R 5. Tykoski, T. Rowe, in The Dinosauno, . B. Weishampel,
P. Deddson, H. Osmdlska, Eds. Univ, of CaBlornia Press,
Berkeley, CA, ed 2, 2004), pp. 47-70.

26. A B. Heckent, K. E. Zeigler, 5. G. Lucas, L F. Rinehart,
N. M. Mus. Nob. Hist. Sci, Bull. 24, 127 (2003).

27. C. A Sidor et al, Nature 434, B35 (2005).

28, Fieldwork and research were funded by the National
Geographic Society {gramt no, 8014-06) (to K.P.),
David Clark Inc,, the Theodore Roosevelt Memorial Fund
{io R.B.1}, the Jurassic Foundation {io 5.).N.}, a Bryan
Fatterson Memorial Geant (to R.E.L), an N5F Graduate
Fellowship (to BB and 5.1.M.), and the UC-Berkeley
Depariment of Integrative Biology {io R.B.L). We thank the
staff and paleontology seminar participants at Ghost
Ranch, A Balanoff, G. Bever, M. Cohen, W. G. Parker,
M. Brown, and M. Stocker for assistance with fieldwork.
Ghost Ranch, the University of California Museum of
Faleontology (UCMP), American Museum of Matural
History, and Field Museum of Natural History all facilitated
the preparation of specimens. This is WCMP contribution
na. 1949,

Supporting Online Material
www_sciencemag orgiegifcontent/full317/5 836/ 358/DC 1

SOMW Text

Figs. 51 to 54

Tables 51 ta 53

References

2 April 2007; accepted 17 May 2007
10,1126/ cience. 1143325

www.sciencemag.org SCIENCE YOL 317 20 JULY 2007

361




REPORTS

Genetic Diversity in Honey
Bee Colonies Enhances
Productivity and Fitness

Heather R. Mattila* and Thomas D. Seeley

Honey bee queens mate with many males, creating numerous patrilines within colonies that are
genetically distinct. The effects of genetic diversity on colony productivity and long-term fitness are
unknown. We show that swarms from genetically diverse colonies (15 patrilines per colony)
founded new colonies faster than swarms from genetically uniform colonies (1 patriline per
colony). Accumulated differences in foraging rates, food storage, and population growth led to
impressive boosts in the fitness (i.e., drone production and winter survival) of genetically diverse
colonies. These results further our understanding of the origins of polyandry in honey bees and its

benefits for colony performance.

ne of the central challenges for

understandmg  the evolution of sociality

m bees, ants, and wasps (Order Hyme-
noptera) is the phenomenon ol polyandry, or
multiple mating with different males by queens
(/3. Selection for polyvandry is unexpected because
it generates intracolonial genetic diversity, which
erodes high levels of relatedness mmong female
offspring, thereby hindering the evolution of
altmistic behavior toward kin, Nevertheless,
polvandry occurs repeatedly in social insects ()
and 0 an extreme degree inoevery specics of
honey bee (genus Apis) (3) Several hypotheses
have boen proposed to explain how the benelits of
a genctically diverse work force could outweigh
the costs of reduced aliruism resulting from low
within-colony relatedness (4). A popular hyvpoth-
esis sugpests that genctically diverse work forees
miay operate more efficiently (3) and, consequent-
Iy, produce colonics with a fitness advaniage over
those with uniform gene pools. However, there is
conflicting evidence that genetically diverse colo-
nics perfonm tasks better as a collective than
genctically uniform colonies do (6 /() and,
furthenmore, enhanced productivity of the work
force has never been linked explicitly with colony-
level fitness gains,

A honey bee colony propagates its genes in
two ways: by producing reproductive males
{drones) and by producing swanns, when a
reproductive female (gueen) and several thou-
sand infertile females (workers) leave and
cstablish a new nest. Swaming is costly and
perilous; with limited resources and labor, a
swarm must construct new comb, build a food
reserve, and begin rearing workers o replace the
aging work force. In emperate climates, newly
founded colonics must operate efficiently be-
cause there is limited time 1o acquire the
resources o support these activities, Colony found-
ing is so difficult that only 20% of swarms sur-

Department of Meurobiology and Behavior, Cornell
University, Ithaca, NY 14853, USA.

*To whom correspondence should be addressed. E-mail:
hrm24@cornelLedu

vive their first vear (/4); most do not gather
adequate food 1o fuel the colony throughout the
winter and dic of starvation,

With the challenges ol successful colony
founding in mind, we conducted a long-term
study 1o compare the development of genetically
diverse and genetically uniform colonies afier a
swarming event. Each genetically diverse colony
(i = 12) had a queen that was instrumentally
inseminated with spemn from a unique set of
fificen drones and each genetically  unitorm
colony (n = 9) had a queen inserminated with a
similar volume of spemm from a single drone.
Drones were sclected ot mndom from a pool of
over 1000 mdividuals collected from 11 drone-
source colonies. To replicate the experience of
feral colonies, swanms were created by forcing a
queen and 1 kg of her worker offspnng (-7 700
bees) o cluster in a screened cage for three days,
where they were fed sucrose solution ad libium
1o simulaie preswanming engorgement on honey.
Each swamm was subsequently relocated 1o a
combless hive that was similar 1w that pre-
ferred by colonies naturally (/2). Colonies were
founded on 11 June 2006, durng the region’s
swarming scason (/3). Once swarms were in
their new nest sites, we documented colony de-
velopment by measuning comb construction,

brood rearing, foraging activity, lood storage,
population size, and weight gain ot regular inter-
vals (/4). Intmcolonial genetic diversity  1im-
proves discase resistance (£3), theretore colones
were medicated throughout the study so that we
could examine the effects ofmultiple patnlines on
prodductivity and fitness with minimal imerference
from the effects of enhanced resistance Lo discase.
There were notable difterence inthe progress
of genctically diverse and genctically unilorm
colonies during the carly stages of colony found-
ing. Colonies with genetically diverse worker
populations built =30%% more comb than colonies
with genetically uniform populations before con-
struction leveled off afier 2 weeks [(Fig 1)
repeated measures ANOVA; R 1L19)=25.7, P <
00001 {colony type) FI19342) = 1269, P <
00001 (tome) F{19.342) = 318, P < 0,0001
{interaction)]. Dunng the second week of colony
founding, we compared loraging rmites (number
of workers returming (o hive per mmute for all
workers and for only those camrying pollen) be-
tween different combinations of randomly paired
colonics (one colony from cach treatment, n = 50
pairs per day) throughout five consecutive
momings. Genetically diverse colonies main-
tained fomging levels that were 27 to 78% higher
than genetically uniform colonies on three of five
momings [{Fig. 2} paired 1 tests with Bonfemoni
adjustment: 20 June: /(49 = 4.1, P= 0,0001 and
A9y =57, P<0.0001: 21 June: 49y =32, P
0002 and (49 = 5.5, P < 000001: 22 June: (49)
5.2, P < 00001 and 1(49) = 5.8, P < 0.0001].
Moreover, after 2 wecks in their new nest site,
genetically diverse colonies stockpiled 39% more
food than genetically umiform colonies [mean
1390 + 120 versus 990 + 145 em® comb per
colony filled with food; ¢ wsy /(19 = 2.1, P =
(.045]. This dilterence was nol because some
colonies lacked space (genctically diverse and
uniform colonies had mean 61 + 1.1% and 66
3.2% of comb cmpty, respectively) instead, it
was likely a consequence of increasced foraging
activity in genetically diverse colonies. The mag-
nitude of these differences in growth during the
initial 2 weeks atter colony founding is impres-
sive, considering that work forces in genetical-

Fig. 1. Area of comb
12000 1 {means = SEM) con-
E structed by genetically
B diverse (m) and ge-
2 8000 1 netically uniform ()
S colonies after occupy-
= ing new nest sites on
g 6000 - 11 June. Dates when
s groups differed signif-
5 icantly in comb area
= 3000- are indicated by a hor-
izontal line (top).
0 Hdr——a—r——-T7—"7—r —_————
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lv diverse and genetically uniform colonics
were still similarly sized | month afier
founding [9 July companison of worker pop-
ulations; ¢ test; HI19) = 1.6, P=0.12).

One month after “swarming.” there was an
isolated and briel period when abundant forage
became available (-9 o 21 July). At the stan of

this honey flow, genetically diverse colonies
were already twice as heavy as genatically uni-
form colomies [(Fig. 3 repeated measures
ANOVA; FL19) = 399, P = 00001 {colony
type); FIR6,1373) = 237.0, £ < 0.0001 (time);
FIR2Z373) = 174, P = 00001 (imeraction )],
Throughout the low, genctically diverse colo-

Fig. 2. Foraging rates 50

{means + SEM) of genet-
ically diverse (m: all
retuming workers; ®:
only workers carrying
pollen) and genetically
uniform (: all return-
ing workers; O: only
workers carrying pol-
len) colonies. Asterisks
mark days when daily
foraging rates differed
significantly between

groups.

20 A

to hive per minute

10

Mean number of foragers returning

19 June

20 June 21 June 22 June 23 June

Fig. 3. Weight (means +
SEM) of genetically di-
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uals in capped-pupae
cells was made on each
date; pupae counted at

Mean number of individuals produced
{workers x1000, drones x100)

this time emerged as
adults during the inter-
val between that cen-
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nics gained an average of 0.3 = (L05 kg/day per
colony and increased their higher mitial colony
welght by 305%, whereas genetically uniform
colonies gained only 0,09 = 0.01 kg/day per
colony and increased their lower colony weight
by only 163% before resources waned (Fig, 3
comparison of mean daily weight gain during
Now; paired £ test #(11y= 3.9, 2= 0.0007), The
influx of food sparked a resurgence in comb
construction in genctically diverse colonies, how-
ever, comb arca remained unchanged in geneti-
cally uniform colonies (Fig, 1).

Production of new workers in genetically
diverse colonies surpassed that of genetically
uniform colonies within the first month of col-
ony development [(Fig, 4); repeated measures
ANOVA: F 119y = 63.5, P < 0.0001] {colony
typek; FL1L174) = 37.4, P < 00001 {ume);
Fil1,174) = 16,0, P = 00001 {interaction)].
Brood reanng by workers mereased continually
in genetically diverse colomes until the end of
August, whercas genetically uniform colonics
produced consistently low numbers of workers
over the same peod (Fig. 4). Consequently, ge-
netically diverse colonies had far larger worker
populations by the end of August [mean 26,70 -
1830 versus 3300 + 2400 individuals per colony:
fest (T = 7.0, P < 00001]. These differences
in post-founding  development likely  resulied
from a combination of an enhanced capacity of
multiple-patriline colonies to construct nest ma-
terials, o rear brood, and to acquire food (given
comparable worker populations ) and the momen-
tum that this lent to the pace of colony growth, a
pace that single-patriline colonics were not able
to match despite having similar opporiunitics
aller a “swamung” evenl.

Colony size is closely tied 1o finess; larger
colonics produce more drones, have higher win-
ter survival, and issue more swams ([6-/8).
Here, imracolonial genetic diversity resulied in
considerably more populous and resource-rich
colonies, which in wm altected their fitness. Ge-
netically diverse colonies reared significantly more
drones than genetically uniform colonics before
brood rearing declined in September: mean 1910 +
384 versus 240 + 109 drones per colony | Fig. 4
itest; K193 = 3.7, P=0.002]. The larger, genet-
ically diverse colonies also collected and stored
more food than gencucally uniform colonics
and all survived a late-August cold period tha
starved and killed 3084 of genetically uniform
colonies (Fig. 3). The remaining genctically uni-
lorm colonies exhausted their food reserve and
died by mid-December, whereas 253% ol genet-
ically diverse colonies survived to May (Fig. 3).

We have demonstrated that the productivity
and fitness of honey bee colonies is enhanced by
inracolonial genetic diversity, Our data conlirm
and extend wends toward incrcased growth re-
poned in short-temm studies of polyandmous col-
onies with low (=6) pumbers of patrilines (6, 7).
The benefits of a genctically  diverse worker
population are especially evident during colony
founding when survival depends entically on
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successiully accomplishing a vancty of pressing
tasks. Ciiven similar numbers of workers, envi-
renmental conditions, and need, newly founded
colomes bult comb faster, omged more, and
stored greater amounts of Tood when their work
forces were comprised of many genctically dis-
tinct patrilines, Initial differences in labor pro-
ductivity amplificd growth rates over time and
led to dramatic finess gains for genctically di-
verse colonies (e, production of drones, colony
growth, and survival), Thus, we expect intense
sehection avoring polvandry because intracolo-
nial genatic diversity improves the productivity
of the work force and increases colony {iiness
duning the risky process of colony fbunding,
Higher collective productivity of genctically
diverse colonies may be mooted in a broader or
more sensitive esponse from worker popula-
tions 1o changing conditions. The probability
that a worker will engage in a sk has been
linked repeatedly to genotype |eg. (5, & f9)).
Consequently, colonics with multiple patrilines
would be expected o have worker populations
that are able to respond to a broad range of task-
specilic stimuli and, as a group, should be able
to provide appropriate, incremental responses 1o
changes in these stimuli (5L The observation
that intracolonial genetic diversity improved pro-
ductivity in colonies is consistent with pradic-
tions made by models ol division of labor that
rely on genotypic differences in response thresh-
olds among workers (20), Nevertheless, the ex-
tent o which genetically uniform colonics lagged
behind genctically diverse colonics in the early
stages of colony development was surprising,
considermg that eolomes intially lacked comb
and food reserves, and presumably, stimuli ne-
Necting these needs could not have been greater.,
Actual response thresholds of workers are not
well documented (20), and it is difTicult w know
how they are related 1o the productivity of indi-
viduals and the colony as a whole, For example,
workers may vary genetically in the rate at which
they perform a sk once their response threshold
is reached or they may not be “good™ at tasks for
which they have high thresholds (ic. they lack
physiological apparatuses or experience). Alter-
natively, thresholds may be so high for some
tasks that behaviors are effectively missing from
a worker’s mepertoire, thus muluple patrilines
would comnbute 1o the diversity of labor in a col-
ony, rather than division of labor among workers,
A key advanmage of intracolonial genetic
diversity was revealed during infrequent periods
when food resources were plentiful (33 days
during our study ). Genetically diverse colonics

gained weight at rates that far exceeded those of

genatically uniform colonies (Fig. 3), whose slug-
gish foraging mtes suggest that immcolonial
genetic diversity enhances the discovery and ex-
ploitation of food resources by work forees,
especially dunng periods when resources become
suddenly and abundantly available. Intracolo-
nial genetic diversity would result in more mpid
mobilization of forager work forces il by
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broadening the range of response thresholds in
colonies, 1t increased the probabilty of having
sullicient workers functioning as foragers and'or
broadened the mnge of conditions over which
foragers inspected. scouted, recruited 1o or were
recruited reactivated o food resources. Sclection
for polyandry would be strong if the genetic
diversity that it bestows on colonies enhances
the sophisticated mechanisms of honey bees for
recruiting nest mates o food, Becuse success-
ful colony founding by honey bees depends so
heavily on rallying foragers and the swilt ac-
cumulmion of resources, this could explain, in
congert with other benefits unrelated o worker
productivity (13, 24, the widespread occurmrence
of extreme polyandry in all honey bee species,
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PDZ Domain Binding Selectivity Is
Optimized Across the Mouse Proteome

Michael A. Stiffler,™ Jiunn R, Chen,®* Viara P. Grantcharova,*t Ying Lei,* Daniel Fuchs,
John E. Allen,* Lioudmila A. Zaslavskaia,’t+ Gavin MacBeaths

PDZ domains have long been thought to cluster inte discrete functional classes defined by their
peptide-binding preferences. We used protein microarrays and quantitative fluorescence polarization to
characterize the binding selectivity of 157 mouse PDZ domains with respect to 217 genome-encoded
peptides. We then trained a multidomain selectivity model to predict PDZ domain—peptide interactions
across the mouse proteome with an accuracy that exceeds many large-scale, experimental investigations
of protein-protein interactions. Contrary to the current paradigm, PDZ demains do not fall into discrete
classes; instead, they are evenly distributed throughout selectivity space, which suggests that they have
been optimized across the proteome to minimize cross-reactivity. We predict that focusing on families
of interaction domains, which facilitates the integration of experimentation and modeling, will play an
imcreasingly important role in future investigations of protein function.

ukaryotic proteins are modular by nature,
Ecmnrn‘ihing both interaction and catalyvtic

domains (£, 2). One of the most frequently
encountered interaction domains, the PDZ do-
main, mediales protein-protein interactions by
binding to the C termini of its target proteins (3-6),
Previous studies of peptide-binding selectivity
have placed PDZ domains into discrete function-
al categorics; Class | domains recognize the
consensus sequence SenThr-X-w-COO0H, where
X is any amino acid and v is hydrophobic; class
Il domains prefer yw-X-u-COO0H; and class 111

domains prefer Asp/Glu-X-u-COOH (5, 7).
More recent information has sugeested that these
designations are oo restrictive and so additional
classes have been proposed (8, ¥). The idea tha
domains fall ino discrete categories, however,
rises gquestions about functional overlap:
Domains within the same class are more likely
v cross-react with cach other’s ligands. To
resolve this issue, we characienzed and modeled
PDZ doman selectivity on a genome-wide scale.

We began by cloning, expressing, and punfy-
ing most of the known PDZ domains encoded in
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the mouse genome (J0-12) (table S1). Soluble
protein of the correct molecular weight was ob-
tamned for 157 PDZ domains (g, S1). Whercas

previous elforts 1o chameterize the selectivaty of

PDZ domains have relied on collections of pep-
tides with mndomized sequences (7, 9, 13, 14,
our goal was o focus on genome-encoded se-
quences, We therefore symhesized and punfied
Muorescently labeled peptides derived from the
1O Caterminal wesidues of mouse proteins, In
total, we synthesized 217 such peprides, which
we termed our “mraining s (able 82) (/5).
Although our tmining set is nod guaranteed
contain ligands for cvery PDZ domain, it per-
mitted us to obtain a broad view of binding
selectivity,

To mvestigate biophysical interactions  be-
tween the 157 well-behaved PDZ domans and
cach of the 217 (Tuorescent peptides, we devised
a stmtegy that combines the throughput of protein
microarrys and the idelity of Quorescence po-
lartzation (FP) with predictive modelmg (Fig.
L A Microamays of PDZ domains were prepaned
within individual wells of microtiter plates and
probed. in triplicate. witha | gM solution of cach
peptide (Fig. 1B) (/6). Interactions with a mean
Muorescence that was at least three times the
median fluorcscence on the aray were scored as
“armay positives” (/7). This process vielded 1301
putative interactions involving 127 PDZ do-
mains. Little can be concluded about the 30
domains for which no army positives were found,
For domains that bound at least one peplide,
however, the inability 1o bind other peptides
prowides important information: These noninter-
actions were scored as “amay negatives.”

As with any high-throughput method, there
are error rates associted with dentifying both
positives and negatives. To climinate amay false
positives, we retested and quantified every army
positive with a solution-phase FI? assay (Fig. 1C),
which served as our “gold standard™ (/7). By
measuring FP at 12 concentrations of PDZ do-
main, we determined the dissociation constant
(Ag) for each of the 1301 aray positives (table
53). Interactions that showed saturation binding
(f8) with a K4 = 100 pM were considered
“positives”; those that did not were considered
“negatives.” On the basis of these cntena, 85
PDZ domains bound at least one peptide
the training set. Although our Ky cutoll was
hugh, ~90% of the mteractions had a Ky = 30 pM,
and ~00% of interactions had a Kg < 20 pM (fig.
S2). In addition, FP assavs revealed the false-

'Department of Chemistry and Chemical Biology, Marvard
Unmwersity, 12 Oxford Streetl, Cambridge, MA 02138, USA
‘Department of Molecular and Cellular Biclogy, Harvard
University, 12 Oxford Street, Cambridge, MA 02138, USA

*These authors contributed equally to this work.

fPresent address: Mernimack Pharmaceuticals, 1 Kendall
Square, Building 700, Cambridge, MA 02139, USA,
{Present address: Tepnel Lifecodes Corporation, 550 West
Avenuve, Stamford, CT 06902, USA

&To whom correspondence should be addressed. E-mail:
macbeath@chemistry.harvard.edu

www.sciencemacg.org

negative rte of the protein microamay assay 1o be
0.6% (/9.

To extract from our data the rules that govem
the peptide-binding selectvity of PDE domaims,
we bult a model that predicts the PDE domains
to which a peptide will bind, given its sequence.
Peptide recognition is ollen modeled with a
position-specilic scoring matrix (PSSM), @
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1841, where By is defined as the probability of
obscrving amine acid ¢ at position g in the subset
of peptides that bind to that domain (207). This
scormng approach is uselul for predicung peptides
that bind 10 a simgle doman, but it s not ideally
suited w0 our pumpose for two reasons, Firsy, our
peptide sequences are derived from the genome
and thus are not random. Second, our goal 15 ©

@

Protein microarrays
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C Fluorescence polarization
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Fig. 1. (A) Strategy for constructing a multidomain selectivity model for mouse PDZ domains. Protein
microarrays were used to test all possible interactions between 157 mouse PDZ domains and 217
genome-encoded peptides. Array positives were relested and quantified by FP, thereby correcting array
false positives. The resulting data were used to train a predictive model of PDZ domain selectivity. The
model highlighted putative array false negatives, which were tested by FP, and the corrected data were
used to retrain the model. After three cycles of prediction, testing, and retraining, the refined model was
used to predict PDZ domain—protein interactions across the mouse proteome. (B) Representative images
of protein microarrays, probed with fluorescently labeled peptides. PDZ domains were spotted in
quadruplicate in individual wells of 96-well microtiter plates. (Four wells were required to accommodate
all of the domains.) The red images (Cy5) show the location of the PDZ domain spots. The green images
show arrays probed with a promiscuous peptide derived from Kv1.4 (left) and a selective peptide derived
from ephrin B1/2 (right). (€} FP titration curves obtained for the array positives identified in (B).
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learn how one domain dilters from another, (i.e.,
how selectivity is achieved). This information is
nid caplured o a traditional PSSM becausc
peptide residues that contribute strongly 1o
binding affinity, such as the C-tenminal residue,
dominate the model, even if they are not impor-
tant in distinguishing one domain from another,

To construct a single model that includes
many PDZ domains, we developed a variation of
a PSSM in which a peptide is predicted to bind 1o
PDZ domain i if

9= 2 Apgbipg = u (1)
P

where ¢ 15 a binding score, 4 15 an indicator of
peplide sequence, (A, = 1 il the amino acid at
position p of the peptide is ¢ and Apy =0
otherwise), and 7 1s a seoring threshold, specific
to cach domain. To ensure that our model focuscs
on PDZ domain sclectivity, we constrained
lﬂ-l‘]{-_p.,‘. o be O for every position p and every
amine acid g. Thus, 8, is positive i PDZ
domain f prefers amino acid ¢ at position p more
than the other PDZ domains, negative il'it prefers
it bess, and 0 it has no bias relative 1o the other
domains. To tailor the threshold appropriately for
cach domain, we defined 1 o be the mth
percentile of g% tor all of the peptides i our
training st that bound to PDZ domam 4.
Empirically, we found that setting m = 5 provides
a good balance between [alse-positive predic-
tions and false-negative predictions. Because this
model is designed o highlight selectivity across
many members of a doman Gumily, we refer o it
as a multidomain selectivity model (MDSM).
Our model takes into account the five C-
terminal residues of the peptide ligand: positions
4, -3, -2, -1, and 0. Even with 217 dma points
tor each domain, there is insuflicient information
to train such a high-dimensional model. To avoid
overlitting, we implemented a smoothing ech-
nique. I two PDZ domains bind a similar subset
ol peptides, it is reasonable o expect that their
0,,'s are also similar, unless the data suggest
otherwise. Likewise, il two amino acids have
similar physicochemical propertics, it is reason-
able to expeet that their 8, will be similar.
Smoothing requires a quantitative measure of
pairwise distance. With PDZ domains, distance
was defined as the Hamming distance of their
binding vectors across the trmining-set peplides,
With amino acids, we relicd on previously
reported = scales”™ (o capiure their physico-
chemical propentics, where 2y is considered a
descriptor of hydrophilicity, =5 is a descriplor of
molecular weight and surface arca, and =3 is a
descriptor of polarity and charge (2/). We
reduced the equivalem degrees of freedom in
our model by smoothing over PDZ domains and
over aming acids with a Gaussian kermnel during
regression (223,
We were able w model 74 of the 85 PDZ
domains, which suggests that the majority of
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PDZ domains (87%) confonn to the assumption
that the contribution of cach peptide position 1o
sclective binding 15 additive. Having tramed the
MDSM, we used it o predict false negatives in
our microarray data (Fig. 1A) Predicted army
false negatives were assayed experimentally by
quantitative FP, and the MDSM was retrained

using the updated nformation. This cycle of

prediction, experimentation, and retraining was
performed three times, In total, we wsted 303
predicted amay false negatives, of which 133
(%) were found w be positives, vielding a
high-quality, quantitative interaction matrix for
mouse PDZ domains (Fig. 2A and able 53).
Overall, we found that the average binding atlin-
ity of the array false negatives was slightly lower
than that of the army tue positives. The distribu-
tions of binding allinitics, however, overlapped
considerably (fig. 53).

The refined model performs well on the

updated data set, with a true-positive rate of

96% (it corrcetly identifics 515 of 536 FP-

conlimed positives) and a false-positive rate of

15% (it predicts an interaction for 186 of 1229
FP-confirmed negatives) when m is set to 5 (Fig.
2B). The parameters of the MDSM are depicted
as a heat map in Fig. 2C and are provided in table
S4. As anticipated. position 0 does not contribute
strongly to discriminative binding, but the four
other positions contribute substantially (Fig. 2C).

To extract biophysical modules out of the
resulting interaction network, we designed a
modilied version of the Markov cluster algorithm
(23), milored to the special situation of a bipartite
network (229, The algorithm simulates a random
walk on the graph and is based on the observation
that random walks tend 1o be confined within
“tight clusters™ of nodes. The algorithm identified
tour tight clusters of PDZ domains and their
binding parners (Fig. 2D). For example, the
claudins (tight junction proteins) cluster with
F0-1 and Z20-2, whereas the N-methyl-p-aspartic
acid (NMDA) receptor subunit isoforms
NMDAR2A and NMDAR2B, as well as severl
volinge-gated potassivm channels, cluster with
PSD-95, SAP-97, Magi-1, Magi-2, and Magi-3.

Encouraged by the close agreement of our
madel with the tmining-set data, we used the
MDSM to predict 1o which proteins in the mousc
proteome cach of the 74 PDZ domams are able wo
bind. In total, we surveyed 31,302 pepude se-
quences corresponding to the C termini of all
translated open reading frames (24). We have
previously shown that our domain-based in vitro
strategy faithfully captures ~85% of the previous-
Iy reported interactions involving PDZ domains
(17). We therefore provide these predictions
(18149 PDZ domain-peptide interactions) as
supplemental information (table 535) w0 help
guide future biological investigations (25), We
note, however, that not all interactions that are
observed in vitro necessanily occur in vivo,

To further assess the accuracy of our model,
we selocted a “est sa” of 48 proteins from the
mouse proteome that were predicted to be highly

connected o PDZ donains (able S6), We syinthe-
sized Nuorescently labeled peptides comesponding
tor therr C termini and assayed them for binding to
the 74 PDZ domains in our MDSM with the use
of a single-point FP assay (26). These peptides
were nol included in the training set and so offer a
stiingent test of our model. In total, 493 new
intcractions and 3059 noninteractions were iden-
tificd. Our model predicted 48% (237 ol the new
ineractions and 88% (2680) of the noninterac-
tions when m was set 1o 5 (Fig, 2E), with a true-
positive/Talse-positive (TPTFP) ratio of (.63
1237/379). The TPFP ratio of our mode] pre-
dictions exeeeds by a factor of more than 20 the
TP/FP ratio of a Bayesian model that ntegrates
mformation from two lage-scale veast two-
hybrid experiments and two large-scale in vivo
pull-down experiments in Socolaronees cer-
evisiage, while maintining the same true-positive
rate (2 7). We attnbute the accuracy of our MDSM
to 115 focus on a related famialy of domains, mther
than on a broad collection of proteins with dis-
parate propertics. This anzues strongly Tor a sys-
tematic but segmented e¢ffort to uncover protein-
profein interactions by focusing on familics of
interaction modules.

We also observed a positive correlation be-
tween the model output (gr) and binding aflinity
(lig. S5) We found that smoothing over both
PDZ domains and amino acids substantially con-
tributes to the accuracy ol the model, boosting the
TRFP mtio by 44% over the model constructed
without smoothing, while maintaining the true-
positive rate essenially the same (Fig. 2E). Most
of the efleet was denved from smoothing over
PDZ domains, but smoothing over aming acids
was also beneficial. To exclude the possibility
that the model pedformmance was due w chance
comelation, we performed a Frandomization 1est
(28) in which the interaction data were shuflled.
The resulting receiver operating characteristic
(ROC) curve was indistinguishable from the no-
discrimination line (fig. 56). indicating the
elfectiveness of our raining and test sets.

Having esiablished that the model accurately
captures information about the binding sclectivity
of PDZ domains, we asked which physicochem-
ical propertics cach domain uses at cach position
to define s seloctivity, For example, if we look at
the amino acid preferences of Dlgh3 (1) o
position <, we [ind that the 20 8% are positively
comclated with =3 but are not comelated with 3 or
o3 (Fig. 3A). In contrast, =3, but not z; or o3,
comrelates with discominative binding at position

4 for Magi- 1 (4/6) (Fig. 3B), whercas 23, but not
2y OF 23, conelates with discriminative binding a
position 4 for MUPP1L (1013} (Fig. 3C). These
three examples are extremes: in general, PDE
domains rely on all three = scales for discrimina-
tive binding. To capture this information for all
PDZ domains m all positions, we constructed a
comelation matrix between the mode] parmeters
and the first three = scales of amino acids (Fig.
3D). Because the contbution 1o discriminative
binding at position 0 is weak, we omitted this
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position from our analysis o avoid biasing our
results with antificially amplificd cllects.

To understand the organization of peplide-
binding sclectivity on a global level, we deconvo-
luted the correlation matrx through simgulas-value

decomposition and found that the distribution of

P domain binding preferences can be largely
explained by three principal axes. The space
detined by these axes can be thought of as “PDZ
domam selectivity space.” Each of the first two
axes explams ~30% of the vanance i the
comclation matrix, whereas the third axis ox-

plains ~14% (Fig. 3E). The first axis (Fig. 3F)
can distinguish canonical class 1 PDZ domains,
which are preferrad by peplides with a small,
hydrophilic residuc at positon -2, from canon-
wal class 11 domams, wlich are prefemed by

peptides with a large, hydmophobic residue at posi-

A training set peptides Fig. 2. (A) Graphical view of the
known ligands ligands derived from receptor families Ko training-set data. Ky's of FP-confirmed

T I 1 positives are represented by colors,
100 M ranging from high affinity (red) to low

50 uM affinity {Iig_ht blue). Array negf':tiu'es

are shown in black, and FP-confirmed

g L 20 uM negatives are shown in dark blue.
£ Numerical values are provided in table
5 10 UM 53. (B} Performance of the MDSM on
A the training set, with m set to 5. True
a <1pM positives are shown in red, false
[ aray negative  positives in green, true negatives in

Il FP-confirmed blue, and false negatives in yellow. (C)

negative Graphical mp:esentathr! _af the M[_)SM

B training set peptides parameters, B;pq. F'Iusltwg :Pnlnhu-
R SR R T T A T o tions to discriminative binding are
AdulL ,AILd 4 i! I IEl- & sl R0 PSR B TP E;;i‘:?vﬂfli?nt::;::;u:; :_::m;"a;:j

@ .f!_,ft.,i,',_f: .5;,}' f'f'f‘f!’:- .*_-' T 5! r: Y e !_!..:!!_! L W e P from black to light blue. Mumerical
@ tsrheveigriarlifia. - ot - - GiE % .5l i " values are provided in table 54. Single-
_E VLA ‘F‘-HI ‘LI..‘ R : v ql.'-' RO AR _ﬁ S letter abbreviations for the amino acid
N .i ,_.1:‘._ . .'i‘i amiy STl T S. D 01 TS LIS D m true negative residues are as follows: A, Ala; C Cys;
o il i i SR L R E e R o, D, Asp; E, Glu; F, Phe; G, Gly; H, His; |,
¥ 51, e ;ﬂ_-";' % e ":""T:j T O false negative  lle; K, Lys; L, Leu; M, Met; N, Asn; P,
LT L T ; b ut Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V,
bouivia. s Brms ide § ommmme 'l L e - = Val: W, Trp; and Y, Tyr. (D) Tight

peptide position

clusters embedded in the bipartite
interaction network between the 74

c .3 2 4 0 Claudin 1 PDZ domains and the 217 training-set
= 20 Clauding peptides. (E} ROC curves for three
i versions of the MDSM, obtained with
B 15 Clauding the test set of 48 peptidels. The best
Claudin9 performance was obtained after
g 10 g::::mg smoothing over both PDZ domains
E Claudin 15 and amin.c- acids. The perlun:nance of
=2 Claudin 18 each version of the MDSM with m set
N . Claudin19 to 5 i indicated with an amow.
a6
0
NHERF-1 (1/2) -
5 Pazki(1/4) SO
3 Pdzk1 (3/4) TRPCE
Shank1 (1/1) TRPMSE
order of amino acids: GAVLIMPFWSTNQYCKRHDE Shank3 (1/1)
E 0.7 :
—— smoothing over PDZ's and amino acids
0.6 —— Smmlhing_uuﬂrFDZ's only Gmd:?ffﬁ'?; CRIFT
R amoathing. |m=5 SAP102 (3/3) il
@ 05} - no discrimination SAPST (3/3) Nav1 4
E Scrb1 (34} TRPV3
2 04¢ bl-syn. (1/1)
F
803}
$ o2l Kvi3
e Kv1.4
Mﬂg!-1 lﬁl"ﬁ:l K'l.l"l 5
I | G = oL Magi-2 (6/6) Kvl T
......... Magi-3 (5/5) Megalin
o - S NageA
f
0 004 008 012 016 020 (1/3) NMDAR2E

false positive rale
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tion 2, Thus, the class | domains PSD-4Y5 (1/3)
and Shank3 (1/1) lie at the negative end of the
{irst principal axis (Fig, 3G), whereas the class 11
domams PDZ-RGS3 (171 and Grpl (67 he at
the positive end. Erbm (171}, which his been
shown 0 bind both class | and class [l peptides
(2820, lics between the two extremes. The
second and thind prncipal axes (Fig. 3F) add
further resolution, In panicular, the thind axis
distinguishes class 11 domains, such as neuronal
nitric oxide synthase (nNOS) (1/1) (prefemed by
peptides with a negatively charged residue at
position —2), from the other PDZ domains, The
closer a PDZ domain lics to the positive end of

A : Digh3 (1/1) B

the third principal axis. the more it falls into the
class 11 designation.

There are, however, two mmporant ditler-
ences between the standard view of PDZ domam
selectivity and the view that emerees Inom our
broad investigation, First, positions 4, -3, -2,
and 1 all contribute substantally to the defini-
tion of our three principal axes (Fig. 3F)L This
implics that selectivity s derived from imerac-
tions throughout the binding pocket, whereas
peptide library sereens have shown that allinity is
derived largely from the recognition of amino
acids at positions -2 and 04 7). Second, and more
importantly, PDZ domains do not fall ino

Magi-1 (4/) c

MUPP1 (10/13)

discrete classes but instead lic on a continuum,
Indeed, the canonical classes lic only i select
portions of this continuum (... at the extremes of
the first and third principal axcs). Morcover, the
PDEL domams represented i our model are
cvenly distributed throughout selectivity space
(Fig. 3G). Zamnpar e af. previously showed tha
the 23 Sre homology 3 domains in 8 cerevisiae
are oplimized o avord cross-reactivity with the
mitogen-activated protein kinase signaling pro-
tein Phs2 (32). Here, we find on a much broader
scale that a similar principle is in effect among
mouse PDZ domains and their ligands, Although
the selectivity of protein-protein inleractions

Fig. 3. (Ato C) Correlations between

r=0.84

r= -0.68

Zy (hydrophilicity)
Z (MW / surface area)

B.4q

D position -4 position -3

H & B

position -2

PDZ domains

H B K 2 I K

nHOS (11)

0 '
L)
E 1.04 .
[1] (]
% 05 . . |® '
E LA
a E_;I:u_r-
) 0 - :1...
: il
05 Ak
g
=1.0 4
WO g
ﬁi-:' ° o8 R
sttpn.ncr ;a’t L
s

r= =072

Z scales and model parameters at
position =4 for three PDZ domains.
(A) zy positively correlates with 6_y4
for Dlgh3 (1/1}. (B) 22 negatively cor-
relates with 0_g, for Magi-1 (4/6). (C)
z3 negatively correlates with 6_q4 for

Z5 (polarity / charge)
]

0.4g

position =1 E

4 MUPP1 (10/13). (D) Correlation
matrix between the model parameters
for all 74 PDZ domains at positions —4,
=3, =2, and =1 and the first three z

scales of the amino acids. (E) Percent-
age of variance in the correlation
matrix that is explained by the 12
principal axes identified through
singular-value decomposition, (F)
Graphical representation of the first

0 2 4 6

% variance explained

3 o

H & I

-1 -2
position

=

B 10
n-th principal axis

F principal axis 1

principal axis 2

S b

principal axis 3

4
23
23

-3

three principal axes, used to define
PDZ domain selectivity space. (G)
Distribution of the 74 PDZ domains in
selectivity space. Selected PDZ domains
are shown, representing class |
domains [PSD-95 (173) and Shank3
{111}, class Il domains [Gripl (&/7) and
PDZ-RGS3 (1/1)], and class Il domains
[nNOS (1)), Erbin (1/1), which has
been described as a dual-specficity
domain, lies between the class | and
class Il domains. (H) Correlation be-
tween pairwise sequence divergence of
PDZ domains and their pairwise
-4 distances in selectivity space. Sequence
divergence was obtained from painwise
alignments performed with Vector NTI
version 8 (InforMax, Invitrogen Life

Distance in selectivity space

r=023

Science Software, Frederick, Maryland),
using the blosumé2mt2 matrix. Pair-
wise distances in selectivity space are
Euclidean distances obtained from the
three-dimensional plot in (G).
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could, in a multicellular organism, be controlled
at the level of gene coexpression and protein colo-
calzaton, our results imdicate that the intnnsic
sclectivity of PDE domams 15 wned across the
MOUSE PIOICOME 10 MINIMiEe cross-reactivity,

Finally, we observed only a weak correlation
{corrclaion coeflicient r = 0.23) between the
painwise sequence divergence of PDZ domains
and their distances in sclectivity space (Fig. 3H).
Similarity at the overall sequence level is thus a
poor predictor of PDZ domain function. This low
comelation suggests that most of the sequence
varation among PDZ domains is neutral with
respect o peptide-binding selectivity and  thae
only a subset of residucs — presumably in the
binding pocket of the PDZ domain—is respon-
sible for the distnbution of PDZ domains
selectivity space.
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Brain IRS2 Signaling Coordinates
Life Span and Nutrient Homeostasis

Akiko Taguchi, Lynn M. Wartschow, Morris F. White*

Reduced insulin-like signaling extends the life span of Caenorhabditis elegans and Drosophila.
Here, we show that, in mice, less insulin receptor substrate—2 (Irs2) signaling throughout the body
or just in the brain extended life span up to 18%. At 22 months of age, brain-specific frs2
knockout mice were overweight, hyperinsulinemic, and glucose intolerant; however, compared with
control mice, they were more active and displayed greater glucose oxidation, and during meals
they displayed stable superoxide dismutase—2 concentrations in the hypothalamus. Thus, less
Irs2 signaling in aging brains can promote healthy metabolism, attenuate meal-induced
oxidative stress, and extend the life span of overweight and insulin-resistant mice.

eaching old age in good health is not
just good luck but the result of a

vorble balance between hundreds of

disease-causing and longevity-promoling genes;
regardless, some common mechanisms that -
Muence life span bave emernged (/). First, calone
restriction reliably mereascs animal longevity,
and second, reduced insulin-like signaling
extends life span in Caenorficehditis dlegans and

Dvosophila melanogaster (2, 3). Calorie resiric-
tion and reduced insulin-like signaling might be
linked because fasting reduces the inensity and
duration of insulin secretion required for glucose
homeostasis, and reduced insulin-like signaling
promoies the expression of antioxidant cnzymes
that are associated with longevity (3-3). Adapting
these principles 1o humans is challenging becuse
calorie restnction is difficult and because reduced

insulin-like signaling can be associated with small
stpture, metabolic discase, and diabetes.

Insulin and insulin-like growih factor-1
(IGF1) bind to receptors on the surface of all
cells that phosphorylate tvrosyl residues on ithe
insulin receptor substrates (IRSs)-—chico in
Dyasophile and Irsl, <2, -3, and < in mammals,
This signaling cascade activates the phosphoino-
sitide-3-kinuse (Pik30) and the thymoma virl
proto-omcogene Akt, which regulates many

cellular processes, including the mactivation of

forkhead box O1 (FoxOl) tanscnption factor
i), Reduced ofeo expression decreases brin
and body growth while increasing e span up to

30, which is related 1o the increased actvity off

dFOXO in wosophifa (7, &)L In mice, the
deletion of sl reduces body growth and causes
hyperinsulinemia, whereas the deletion ol Is2
(s mice) reduces brain growth and causes
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fatal diabetes by 3 months of age because of
pancreatic [ cell failure (¥). By companson,
voung (2-months-old) frs2™ mice display
nommal metabolic phenotypes (/0. Old (22':-
months-old) 52" mice were shghtly heavier
than wild-type (WT) mice, although young and
old WT and fs2™" mice consumed the same
amount of food cach day (Fig, 1, A and B). In
addition, old f52"" mice were more insulin
sensitive than old WT mice (Fig. 1C) because
their fasting insulin and glucose concenimtions
were lower (fig. S1, A and B).

Because insulin sensitivity is associated with
longevity (1), we compared the life spans of WT
and frx2"" mice. Inspection of the nesults sug-
gested that the date of birth (DOB), patemal (PID)
and matermal (MID) dentity, and sex miluenced
life span (ble Sl therclore, we used semi-
parametic (Cox ) and pammetnc regression o con-
trol the covariates and evaluate the effect of Is2
(47, Cox regression revealed a 48-fold (P < 1%
reduced risk of death for Ax2"" mice compared
with WT controls (Fig. 1D and table 53). By using
parametric analysis, we found that the median life
span for /2" mice was 17% longer [for WT,
median = T8Y days and 95% confidence interval
(C1) 755 10 769; for Is2™", madian = 925 days
and 93%, CT 887 1w 940 = 0,01 (1ble S4). The
maximum lifc span, estimated at the 90th
percentile, mercased similarly (for WT, 837 days
and 93% C1 801 1o 845 for frs2, 982 days and
95% C1 935 1o 998) (Fig 1D and table S4),

Irs2 is expressed throughow the body (Fig.
2A) and many regions ol the brain, including the
cerchmum, the cerchellum, and the arcuate and
paraventricular nuclei of the hypothalamus ( fig.
82y (12, 13). Reduced insulin-like signaling in
neurons increases the life span of € elegans and
Dvosophila, so it is possible that reduced neu-
ronal Irs2 could extend mowse lile span (3, 14, 15).
To test this hypothesis, we deleted one (bfrs2 )
or both (bfrs27 ) loxP-Manked frs2 alleles (s2-
allcles) in the brain by imercrossing (s mice
with nestin-cre ransgenic mice (/). Polvimerase
chain reaction (PCR) analvsis confirmed that
frs2 RNA was retained in all tested tissues ol the
hrs2™" mice except for the brin (Fig. 2A).
Quantitative reverse transcription PCR (RT-PCR)
confimned that frs2 RNA was reduced about 50%%
in blrs2"" brains and more than 90% in s
brains compared with than of control frs? mice
(Fig. 2A). By contmst, frs2 RNA increased in the
pancreas of bls2™ and blrs2”™" mice, confirm-
ing that nestin-cre expression did not ake place
in pancreatic b oells (Fig. 2A).

Crosses between bls2™ mice produced
offipring st a nommal frequency, whereas crosses
between Als2™ and Als2™ mice produced
fewer offspring oflspring were never produced by
crossing blrs2 “ mice (fig. S3A) Old male and
female bix2"" mice consumed the most food each
day by comparison to the other mice (Fig, 2B),
However, by 22 months the blis2"" and Mrs2 ™
mice were about 10 g heavier than controls, owing
in part 1o increased adiposity (fig. 53, Band C). The

20 JuLy 2007 VOL 317 SCIENCE

blrs2™" mice were 108 longer, and their brains
were % smaller than those of fis2 or b2
mice (hg. 53, D and E) These results suppont
previous conclusions that bram 52 signaling
promotes embryvonic brain growth, central nutnan
homeostasis, melanoconin 4 reeeptor signaling
(hady length), and feniliny (13, 16-14),

Control {frs2 mice developed insulin resist-
ance between 2 and 22 months of age (Fig. 2C).
Unlike old 552" mice (Fig. 1), old hlis2"
mice and young and old hlrs2™ mice were in-
sulin resistant (Fig. 2C) All the insulin-resistant
mice displayed mild glucose imolerance (Fig.
200, However, digbetes did not develop in these
mice because insulin concentrations ncreased 1o
compensate for peripheral resistance, reaching
the highest amount in old male Als2™" and
b2 mice (Fig. 2E). Consistent with the ob-
served hyperinsulinemia, pancreatic islets were
larger in old male A2 and b2 mice
than i old controls (Fig. 2F).

Mext, we compared the life spans of frs2,
blrs2™, and bis2™" mice by using semipara-
metric (Cox ) and parametric regression to control
for the covariates (table 52). Although hlis2""
and blis2™" mice displayed metabolic changes
usually associated with a shorter life span, their
risk of death determined by Cox regression was

signilicantly reduced compared with that ol con-
trols (for b2, a 14-fold reduction, P < 107",
for Alrs2”™", a sixtold reduction, P < 107%) (Fig.
3A and table S3). With parametnc regression, we
found that the median life spans for bfrs2™ and
bls2 mice were 18% and 14% lomger, ne-
spectively, than life spans for controls ( for ffrs2,
median = 791 days and 95% CI 721 10 796; for
blrs2, median = 936 days and 95% C1923 1o
945; for blrs2™", median =901 days and 95%.C1
BRE 10 919} the maximum life spans (900 percent-
ile) increased similardy (Fig. 3A and able S4).
To determine whether brain 2 aflects sys-
temic metabolism, we studied voung and old mice
in a comprehensive lab animal monitoring sys-
tem (CLAMS). Young control (frs2) mice were
more active and consumed more oxy gen than did
young blis2™ or blrs2 mice (Fig. 3, Band C).
Oxygen consumption by old (Iis2 and blis2™
mice declined 1o the same amount, whereas the
Mis2 mice consumed slightly less oxygen (Fig.
IBL Al the mice were less active at 22 months;
and b2
about twice as active as the old controls (Fig. 3C).
Next we determined the respiratory quotient
(g = VCO/ 104, where Vis volume) 1o estimate
the daily ransition between fan (R = 0.7) and
carbolydrate (£, = 1) oxidation (/9. The &, for

however, the old Afs2™ Mmice werne

A ' e ~ > famals . Fig. 1. Metabolism and life span
T 4 r2mem 22mom r—2mo=— 22mo— of Irs2*"~ mice. (A) Food intake
3 3 o ™ [average (g/24 hour) + SEM, n =
o | 6 mice] in male or female mice
= at 2 and 22 months of age. (B)
3 2 Body weight [average (g) + SEM,
E n = 6] at 222 months. (C)
'§ 11 HOMAZ (homeostatic model as-
w sessment) of insulin sensitivity
0 . (IS} (average = SEM, n = 8, *P <
wt Irs2 Wt Irs2* wi Irs2 wit Irs2® 0.05). (D) Survival probability was
e a5 determined by Cox regression for
B - mla*ij,.n-!tﬁmah-: c .—mnla:f rr:l'umah-'. each WT (®) and Iﬁz?'g' (m, blue)
o~ 4 t-l mouse, Solid lines indicate the
C = r - Cox survival probability of WT and
= g - Irs2*~ mice controlled for other
2 apnd 601 covariates (see table 53 for
3 E 0 details). Hatched lines correspond
g @ 30 to Kaplan-Meier (KM) estimates
@ 20 = obtained by parametric regres-
. _ sion (see table 54 for details).
0 0
wt 52 wt Irs2* wi Irs2°° wi Irs2%
D 1.0
=0.84
= W Irs2+
KM (Irs2*)
o
g oy O WT
= Cox (WT)
@ 021 = KM (WT) s
0 —_— - —_— - r—
0 200 400 600 800 1,000
Lifespan (days)

wWwWW.sCience mag.org




REPORTS

A Brain Heart Liver Muscle Spieen Kidrey Panc B mala s all the young mice displayed the usual diurnal
E——— e 4] ' i -
thythm, which approached the maximum value

P . B2m M .
(=== S = —— v = :ﬂ during the dark cyele (Fig. 3D By contrast, old
flrs? mice lost the dumal rhythm; the £y was

Pancreas ‘Lr 1 5 i ; :
&0 indistinguishable between light and dark cycles
2 rumwel_. (Fig. 3D). However, the R, for old #lrs2* and
l E 41 r1 * r Mrs2™" mice increased significantly during the
3 dark cvele, revealing a more youthful trnsition

2: r between fat and carbohydrate oxidation (Fig.
frs2* Mrs2 (%) I'""J firs2 (+) () . D). Indeed. healthy long-lived humans also
firs2 (4~} () display a higher Ry that is closer o the value of
healthy middle- .Ly.ai adulis (20).

Oxidative stress is associated with a reduced
life span, and many eneymes protect cells from
oxidative stress, especially superoxide dismutase
(Sod) (3, 4 2710 In muce, FoxOl promotes the
expression of Sod2, so we mvestigaed whether

I
{normalized)

r maler L female J
r2mo—r—2mer——yr=2mo—wr—22mr—

c . fruake e female v
—2mr—r—2 2 Mo r—2mor—sr—2 2mor—

-— - —
0 I

reduced neuronal [is2 might help maintain brain
Sod2 concentrations during feeding, Sod2 and
FoxO1 protein was measured by immunoblotting
s 2yt ) Arg et ) e w2 e i) irs2 =) a4 ) (=) Ars (=) g2+ {-) hypothalumic lysates from voung and old mice
before and 2 hours after feeding (Fig. 4A). The

3 F?ﬂio—nﬂ?-t‘i?maﬂ;L’mo—inana;unm * Sod2 concentrations were not changed by feed-
_....... ing the young mice; however, Sod2 decrcased at
& . F Sx least 30%s in the old fed control mice (Fig. 4. A
3 E and B). By contrast, Sod2 Wais 1ot reduced by
@ 1 E feeding old b2 and Kfrx2™" mice (Fig, 4. A
c r o = = and B). A similar pattem was observed for
E 4 =, FoxOl levels in young and old hypothalamic
= o # tissucs (Fig. 4, A and C). Thus, hypothalamic
O R0} (S Bt o) (S R (W e et} o) o 0 a2 () (o4 Sod2 reveals a more youthful response to feeding
' ' in mice with reduced brain Irs2.
Fig. 2. Reduced neuronal Irs2 causes peripheral insulin resistance. (A} (Top) RT-PCR of irs2 RNA in Together, our results show that reduced Irs2
mouse tissues and (bottom) quantitative RT-PCR (normalized = SEM; n = 5; *P = 0.05) in brain and  signaling in all tissues (/277 ) or just in the
pancreas (Irs2™" indicates systemic Irs2™" mice). (B) Food intake laverage (g/24 hour) £ SEM; n = brain (b2 ) increases the life spans of mice

6; *P < 0.05] at 2 months and 22 months of age. (C) HOMAZ of IS laverage + S5EM, n = B; *P < muainined on a high-cnergy diet about 5 months
0.05). (D) Average area (£SEM; n = 6; *P = 0.05) under the blood glucose clearance curve. (E)  gnd about 4 months in Als2™ mice (table S4).
Fasted insulin concentrations (+SEM, n = 14 to 16; *P < 0.05). (F) (Left) Pancreas sections from  Sume studies show that calorie restriction, reduced
22-month-old mice were immunostained with antibody against insulin (green) or glucagon (red),  pody size

; : : . and increased penpheral insulin
and (right) the amount of islet B cell area (average = SEM, i = 6 sections; *P < 0.05).

sensitivity extend mammalian life span (5, 22).

A 14 B —2mo———22mo— Cc —2mo—r—22mo—
— &=
] = 5{ B Dark-cycle 16004
A 0.84 Cox (birs2+) E [ Light-cycle E _—
E - o : 44 i - .
ol : @gg TN
"1 = b2~ S 3 = ¥4 [ 1
a = 00+
= — Cox (birs2+) ! B
3 Bkl A 2 2 (4] (o) frs2 fade) ) 0 sz (v} (+) a2 (17 (+)
@ fra? iy oAl
0.2+ ' D Zmoj Br2 P {2mo) birs?
| = coximm2) . 107! o i i g = g S
- M lm a 0.9 Fh-l.'l'ﬂ"\‘l L BT 'JI'I Rg= IH‘I
g N AAT 1]
o 200 400 600 8OO 1000 o 08 < | LE Lc
Life SPII'I ld.“] t 07 gl Al - gl TH » ] Rg=0 TR »
o
o
Fig. 3. Life span and energy metabolism. {A} Observed survival probabilities— 2 7] (#2ma) i o ] Fima) Sl oe J (o) WX o J
firs2 (@), birs2*~ (m, blue), and birs2™~ (A, red)—calculated from the & 091 = =" &ﬁ“" s | Eﬂiﬁ "
Cox regression. Solid lines show the indicated gene effects controlled for 08 Bul!.llfg - . i
other covariates (table 53). Hatched lines are the corresponding KM 0.7 g Bl T IR . o s
i i i i 12 24 12 24 12 1224 12 24 12 12,24 12 24 12
estimates based on the parametric regression (table 54). (B) Median O e o Codi ot T it

consumption (solid horizontal line), 99% Cl {notch), and the lower and
upper quartiles (7 = 425 for each genotype, **P < 0.0001) by male mice in dark (shaded boxes) and Bght cycles (open boxes). (€) Median voluntary
movement (£95% Cl) for male mice measured during a 5-5 interval in the dark cycle (n = 425 for each genotype, *P < 0.02, **P < 0.0001). (D) Average R,
(VCO,VO,) determined during 48 hours from six male mice of the indicated age and genotype. Median R,, determined in dark (DC, black bar) and light {LC)
cycles (Kruskal-Wallis nonparametric test: *P < 0.0001; ™P = 0.03).
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Fig. 4. loss of brain Irs2 g
stabilizes Sod2 in the
postprandial brain. (A)
Hypothalamic lysates

were prepared from pairs

of male siblings of the
indicated genotype be-

- - e - == —]—Fu:m

fore (Fast) or after 2-hour
feeding (Fed), resolved by
5D5 polyacrylamide gel
electrophoresis, and
immunoblotted with anti-

ForO1 ftwo independent

'!'P.i---%m

Ll = i
DB ED S a1

C Foxot (n=4)
41 —2mo—— —Tlme—

experiments are shown).
f-tubulin (shown for one
experiment) was immu-  E,
noblotted for all the ]
experiments to confirm 41

- g TI_E,_.L;A'@_—_I_B_
= 21

=4 1

equivalent loading. Auto-
radiographs were quanti-

fied, and the ratio of intensities (Fed'Fast) for (B) Sod2 (n =

(=) [#/-) Mra2 [~} [+/-) Ara2

=) [#/) Bra2 (/-) [+/-) Bra2

5) or {C) Fox01 {7 = 4) was calculated, Boxes show

the median ratio (solid horizontal line) and the lower and upper quartiles; the Kruskal-Wallis nonparametric
test was used to compare the groups across all genotypes (P < 0.05).

However, our long-lived mice are slightly larger
and consume about the same or slightly more
food than the short-lived controls, Indeed, long-
lived systemic 2" mice are more insulin
sensitive and glecose tolerant than WT mice;
however, long-lived brain-specific M2"" and
Mrs2™" mice are insulin resistant, hyperinsuli-
nemic, and glucose intolerant. The mechanism
responsible for this disparity 5 unknown.
Repardless, our results point 1o the brun as the
site where reduced insulin-like signaling ean
have a consistent effect 10 extend mammalian
life span—as it docs in C elegans and D,
melanogaster (1, 3).

As mammals age, compensatory hyperinsuli-
nemia usually develops to mainain glucose
homeostasis and prevent the progression towand
life-threatening tyvpe 2 diabetes (6); however,

increased circulating insulin might have nega-
tive effieets on the brain that can reduce life span
i+, 2/, 23). By dircctly attenuating brain Irs2 sig-
naling, an aging brain can be shiclded from the
negative elfects of hypennsulinemia that ordinar-
ily develop with overweight and advancing age.
Consistemt with this hypothesis, moderate daily
exercise, calorie restriction, and weight loss

which reduce circulating insulin—might ncrease
life span by attenuating Irs2 signaling in the brain.
nher strategies that improve  penpheral  insulin
sensitivity, such as reduced growth hormone sig-
naling, could have the same effoct (5). Indeed,
hwrman cenienanans display  increased  peripheral
insulin sensitivity and reduced circulating insulin
concentrations (2.3), Hence, we suggest that the [rs2
signaling cascade in the brin inteerakes the effects
of peripheral mutrient homeosiasis with life span.
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Patched1 Regulates Hedgehog
Signaling at the Primary Cilium

Rajat Rohatgi,”** Ljiljana Milenkovic,™ Matthew P. Scott™t

Primary cilia are essential for transduction of the Hedgehog (Hh) signal in mammals. We
investigated the role of primary cilia in requlation of Patchedl (Ptc1), the receptor for Sonic
Hedgehog (Shh), Picl localized to cilia and inhibited Smoothened (Smo) by preventing its
accumulation within cilia. When Shh bound to Ptcl, Ptcl left the cilia, leading to accumulation of
Smao and activation of signaling. Thus, primary cilia sense Shh and transduce signals that play
critical roles in development, carcinogenesis, and stem cell function.

he Hedgehog (Hhb) signaling pathway
plays an important role both in cmbryonic
development and in adult stem cell fune-

tion (. 2). Dysregulation of the pathway causes
birth defects and human cancer (2). Despite the

20 JuLy 2007 VOL 317 SCIENCE

importance of Hh signaling in mammals, there
are gaps in our understanding of carly events in
this pathway. In the absence of signal, the
tansmembrane protein Patched] (Prel) keeps
the pathway tumed of by inhibiting the function

ol a second tmmnsmembrane protein, Smoothened
(5mo). The secreted protein Sonic Hodgchog
{Shh} binds and mactivates Piel, allowing
activation of Smo. Smo then triggers target gene
transcription through the Gh family of ranscrip-
tion foctors, The mechamism by which Shh
inhibits Ptcl and Pl inhibits Smo is not
understood in mammals,

In Dvesopiifa, Pl inhibits the movement of
Smo w0 the plasma membmne. Binding of Hh
causes the ntemalization of Pic from the plasma

Departments of Developmental Biology, Genetics, and
Bioengineering and Howard Hughes Medical Institute,
Stanford Lanersnt:r School of Medicine, Stanford, CA
94305, USA. ‘Department of Oncology, Stanferd Uni-
versity School of Medicine, Stanford, CA 94305, USA

*These authors contributed equally to this work,
170 whom comrespondence should be addressed. E-mail:
mscott@stanford.edu

wWwWW.sCience mag.org




membrane to vesicles, allowing Smo 1o translo-
cate to the plasma membrane and activate
downstream signaling (3, 4). The discovery that
protemn components of prmary cibia are required
for Hh signaling suggested that subecllular
localization has an important role in mammalian
Hh signaling (5). Prmary cilia are cell surface
projections found on most vertebrate eells that
[unction as sensory “antennac” for signals (6).
Several components of the Hh pathway, includ-
ing Smo and the Gh proteins, accumulate in
primary ¢ilia, and Smo is enriched in cilia upon
stimulation with Shh (7, &)

We examined the |.|_~.|::||1li|,' subcellular local-
teation of Picl and Smo m mammalian cells with
the use of novel antibodies o the two plulu."ll:lhili:_'.
511 These anubodics allowed detection of endo-
genous Pel and Smo m culured mouse [ibro-
blasts (NIH 3T3 cells) and mouse embryonic
[ibroblasts (MEFs), two Hharesponsive cell tvpes
(9. Hh signaling was activated m NIH 3T3 cells
by treatment with either Shh or SAG (Shh-agonist ),

a small molecule that directly binds and activates
Smio (J0), Bocause pred s isell a transcrptional
target of Hh signaling, mcreases m Picl proten
levels can serve as ametne Lor pathway activation.
Prel protemn levels began 1o rise by 4 hours and
continued 10 increase until 24 hours afier addi-
tiom of Shh (Fig. 1A ) Aflter sumulation of cells
with Shh or SAG, endogenous Smo was en-
riched m primary cilia (Fig. 1B). The mean tluo-
rescence intensity of Smo in cilia began to increase
as carly as | hour after stimulation of cells with
Shh or SAG (Fig. 1C and Nig. 52). This likely
represented  relocalizmion from a cytoplasmic
pool, because the wal amount of Smo protcin
d!d 1701 il'l-.':l'\,'.lnu at this ume |!-|1i:1l “:i.‘-:- |."|.:I.

To determuine whether Prel megulates the
localizanon of Smo, we examined Smo local-
rzation in MEFs from pief
cells showed constitutive activation of Hh target

mice (9. These

gene tmnscription (fig. 53). Consistent with a
role of Prel in regulating Smo tratlicking, Smo
was constiutively localized o primary cilia in

these cells even in the absence of Shh or SAG
(Fig. I. I and E). Reintroduction of Picl into
these cells by means of a retrovinus suppressed
Hh-pathway activity (hig. S3) and prevented Smo
accumulanon m pnmary ciba (Fig, 1. D and E).
Thus, the regulation of Smo localization by Picl
is conserved from Mics 10 mammals,

To understand how Picl may regulate entry
of Smo nto the cilium, we examined the local-
tzaation of Piel in MEFs and mouse embryos,
Endogenous Piel was present in small amounts
in MEFs, near the limit of detection by immuno-
Nuorescence. We therefore increased the amounts
of Picl protein by stimulating cells with SAG
Under these condimons, Picl was |!i::_'|'.|_\. ennched
in prmary cilia (Fig, 2A). The ciliary localiztion
of Prel was confirmed in three addinonal ways,
First, Pel fused 1o vellow fuorescent protem
(Pte | -YFP) was found around the base and in the
shaft ofcilia in unstimulated pic! ™ eclls infected
with a retrovirus encoding Piel-YFP (Figs. 2B
and fig. 512} Second, Piel-YFP overproduced

A shh _ SAG Jubulin

Hours»0 1 4;1 1 4
| 1 T, _'jﬂ
Esapjaes;

—

Fig. 1. Rapid localization of Smo
in primary cilia after activation of
the Hh pathway and requlation by
Ptcl. (A} Immunoblots with anti-
bodies to Ptcl, Smo, and actin
were used to assess amounts of
endogenous proteins in extracts
from NIH 373 cells treated with
Shh or SAG (100 nM). (B) Enrich-
ment of Smo in primary cilia of
NIH 373 cells left untreated (con-
trol} or treated with Shh or SAG
(100 nM) for 24 hours. (C) Mean
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intensity of Smo fluorescence in
cilia of NIH 373 cells treated with
Shh or SAG (100 nM). Each point
shows the mean + SEM of fluc-
rescence from 10 to 20 cilia. (D
and E} Constitutive presence of
Smo in the cilia of unstimulated
ptc1™ MEFs and reversal by
retrovirally transduced Ptcl-YFP.
In (B} and (D), confocal images of
the ciliary marker acetylated tu-
bulin (red) and Smo (green) were
detected by immunofluorescence;
nucler (blue) were stained with
4,6 -diamidino-2-phenylindole
(DaP1).
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i pict cells by transfection showed clear
ciliary lecalization in both live and fixed cells
(Fig. 3A and figs. S10 and S14). Third and most
mportant, endogenous Prel was found m the
cilia ol mouse embryo mesoderm cells respon-
sive o Shh (Fig. 2D and figs. 54 and 83) (/).
Prcl staining in cross sections of embryonic

day 9.5 (E9.5) embryos was detected i cells of

the venal newral twbe, notochord, splanchmc
mesodermm, and parmxial mesodenm, precisely the
rezions where Hh signaling s known wo be active
and Shh target genes such as pred are highly
expressed (Fig. 2C and g, S4B (). We locused
on mesoderm cells because they are |:L.|.'|} the
L'\,.'”.'H thant gave rnse o the MEFs that w [ have
analyzed i culwre, Endogenous Prel showed
asymmetne localeeation 1o a domain surrounding
the base of the cihum and m particles along the
shall of the cilium (Fig. 2D and gs. S4C and
55). This localization pattem around the base and
m a particulate pattern along the shaft of the
cilivm 15 simlar 10 that seen n cullured hibro-
blasts (compare Fig. 2D and fig. 512 In embryo
cells, there was more variability in the amount of
Pl inthe shalt of cilia, a linding likely relaed w
dilferences in the amount of Shh signal received

|'|:\. \'l.."ll:\ i]l ||'|k‘ -.'urnpk'\ I1li|il.'l] I.I]. l,':l'li\l:.\'lﬂil;

tissue. The concentration of Picl at the base of

|'||i.|'|l:||'_l- cilia sugecsls a mechanism for how il
miy inlubit Smo activation. Transport of proteins
in and out of primary cilia is thought © be
regulated ot their base, and Pte ] could function at
this location W inhibit a protein-trafficking step
critical for Smo activation (/7).

Shh could inactivate Prel by binding o it at the
cilium and mducing s memalizanon, degrada-
tion. or movement 10 other regions ol the plasma
membmne. To determine whether Piel at the
cilium can bind to Shh, we produced a luores-
cently labeled version of the N-terminal signaling
fragment of Shh (ShhN-AS94), Minute amounts
of ShhN-A3M, once-hundredth of those required
o activate signaling, were added o live pref
cells transfected with Piel-YFP and a marker for
cilia. inversin fused 10 cyvan fluorescent protein
(imversin-CFP) (420 Live cells were used because
the interaction between Shh and Pl does not
survive lixation. ShhN-A594 concentrated at cilia
containing P l-YTFP and colocalizod with puncta
of Picl-YFP (Fig. 3A and fig. 57). Prel " eclls
expressing mversin=CFP alone did not bimd ShhiN-
A5, and an excess of unlabeled ShhN prevented
binding of ShhN-A594 { fig. S7).

We next asked whether the interaction of Shh
with Prcl influences the localization of Picl . Picl
wits concentrated at aha after reatment of cells
with SAG alone but not after treatment with Shh
ora combination of Shh and SAG (Fig. 3B3). This
suggested that Shh binding might wigger the
removal of the Picl-Shh n.'ultlpln.'\ froom the
cilimm, or that new Piel produced in response
to Shh was not localized in the ailium, To dis-
tinguish these possibiliies, we induced the pro-

duction of large amounts of Piel i the cilia of

NIH 3T3 cells with SAG weatment and then

Tubulin m Tubulin Ptc1 DAPI

ptci-/~; vector

ptci-/-; ptc1YFP

Tubulin

Cilium Base ghaft N uTcI eus

Fig. 2. Localization of Ptcl in primary cilia, (A) Concentration of endogenous Ptcl in cilia of NIH 373 cells
stimulated with 100 nM SAG. (B) Localization of Ptc1-YFP in pte 1™ MEFs infected with a retrovirus carrying an
empty vector or the ptcI-YFP coding sequence. In (&) and (B), cilia (red) and Ptcl (greend were visualized by
immunofluorescence; nuclei (blue) were stained with DAPL. (C) Ptcl staining in Shh-resporsive cells of the
neural twbe (nt), notechord (no, floor plate (fpl, and paraxial mesoderm (m). Cross sections of wild-type (top
row) or control ptel " (bottom row) mouse embryos (E9.5) were imaged with a 40x objective. (D) Asymmetric,
ciliary localization of Ptc1 in paraxial mesoderm cells. The cell boxed in white is magnified in the bottom panel;
arrows indicate Ptcl staining (red) around the base and in the shaft of cilia (green).
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Fig. 3. Interactions between Shh and Ptcl at primary cilia. (A) B T T
Colocalization of Shh and Ptcl at the cilium shown in a confocal image : + Shih
of a live ptc1™" cell transfected with Ptc1-YFP (green) and incubated 3 g4 e E
with ShhN-A594 (red, 300 ng/ml) for 45 min. Inversin-CFP {cyan) O BSAG = 40 ‘%
marks the cilium, the dotted line demarcates the cell border, and ™ 7 BEhh+SAG %FE
insets show magnified views of the cilia. (B} Mean Ptcl fluorescence in § g“ 8 £ 30
cilia of NIH 373 cells treated with SAG (100 nM), Shh, or both. (C) ae C 2257
Disappearance of Ptcl from primary cilia after Shh treatment. NIH 3713 & 540 %;E 20
cells preincubated with SAG for 24 hours were switched to control  § 5 5§ 159
medium (untreated) or into Shh-containing medium. The red dashed & 3¢ 2w
baseline shows the amount of ciliary Ptcl in cells treated with Shh for o - 51
4 hours without a 24-hour SAG pulse, & ﬂ-u—_- o, N . . "
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Fig. 4. Accumulation of Smo and Ptcl at cilia of NIH 373 cells exposed to  the primary cilium in NIH 373 cells treated with 20u-hydroxycholesterol.
20a-hydroxycholesterol. (A and €) Localization of cilia (red) and Smo or (D} Increase in Ptcl fluorescence in primary cilia after treatment with
Ptcl (green) in cells treated with 10 uM 20c-hydroxycholesterol or 7u-  200-hydroxycholesterol, In (B) and (D), each point shows the mean =
hydroxycholesterol for 24 hours. (B) Time course of Smo accumulation at ~ SEM of fluorescence from 10 to 20 cilia.
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switched the cells w control medium or medium
contamning Shh (Fig. 3C) Ptel levelsin the cilium
remiined stable m the control, but Shh treatment
caused a time-dependent disappearance of Prel
from the primary cilium (Fig. 3C and g 58).
The loss of Prel from cilia was not associated
with a decrease in total Picl protein levels (lig,
S and thus implicd movement of Prel from
cilia to another location in the cell. This delo-
calization was only evidem with the endogenous
protein and not upon examination of ransfected
Picl-YFP. a far more abundam protein (fig. STB).

We measured Picl and Smo  localization
{Figs. | and 3) in the same experiment, Because
the localization changes for Prel and Smo de-
scribed above were cach seen in =80% of the
cilia visualesed, the levels of Picl and Smo
cilia were mwversely comelated. The neciprocal
time courses of Piel disappearance and Smo ap-
pearance at cilia afler Shh addition (Figs, 1C and
3IC) support a model in o which Shh nggers the
removal of Plel from the cilium, allowing Smo
to enter and activate signaling. Consistent with
this idea, cells of the ventral newral wbe and floor
plate, which receive large amounts of Shh,
showed high levels of Smo and low levels of
Picl in cilia (fig. S13). The movement ol Pl
and Smo at the cilium is analogous 1o the silua-
tion in Dvosaplifa, where pathway activation is
associated with Smo movement to the plasma
membrane and movement of Pie away (J3).

Picl may regulate Smo localization through a
soall molecule (733, Because Smo translocation
to the primary cilium appears to be a eritical step
i s activation, a regulatory small molecule
would be predicted 1o control this step. Naturally
occuming oxysterols are pood candidates for

endogenous small molecules that regulate Smo
function. Cellular sterol concentrations are im-
portant determinants of a cell’s responsiveness o
Shh, and oxysterols can activate Hh signaling
(f4-16). When we treated NIH 3T3 cells with
activating concentrations of the oxysterol 20-
hvdroxycholesterol, Smo mpidly tmnslocated 10
the primary cilivm with kinetics that were iden-
tical 10 those seen in cells ireated with SAG or
Shh (Fig. 4, A and B, and fig. 89}, Treamment
with Tf-hydroxycholesterol, an oxysterol that
dos not activase the Hh pathway, did not induce
translocation of Smo, This resull provides a spe-
cific molecular mechanism— Smo mnslocation
to cilia w0 explain how oxysterols regulate Hh
signaling.

Cells treated with 200-hydroxycholesterol
also retained Piel in cilia in a pattern similar 10
that seen in cells weated with SAG (Fig. 4, C and
). Thus, oxysterols appear 1o function not like
Shh, by causing the removal of Piel from cilia,
but at a more downstream step 1o make Smo
inscnsitive 1o the inhibitory elfeets of Piel. How-
ever, oxysterols function differently from SAG be-
cause they likely do not directly bind 1o Smo (/6).

Our results suggest that Prel localizmtion 1o
primary cilia inhibits the Hh pathway by exclud-
ing Smo and also allows cilia o function as
chemosensors lor the detection of extracellular
Shh. Binding of Shh w Piel @ primany cilia is
coupled 1o pathway activation by the reciprocal
movement of Prel out of the cilia and Smo ino
the cilia, a process that may be modiated by
oxysterols. Elucidating the molecular machinery
that controls Prel and Smo tmailicking at primary
cilia will likely provide new targets for moduli-
tion of this imporant pathway.
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Host Inmune System Gene
Targeting by a Viral miRNA

Noam Stern-Ginossar,™ Naama Elefant,” Albert Zimmermann,® Dana G. Wolf,* Nivin Saleh,*
Moshe Biton,' Elad Horwitz,* Zafnat Prokocimer,® Mark Prichard,® Gabriele Hahn_.*‘r
Debra Goldman-Wohl,” Caryn Greenfield,” Simcha "I"ilgEL? Hartmut I'-Ii'.Jngizl,= Yael Altuuia,z'.‘p

Hanah Marg—alit,z'; Ofer Mandelboim™+

Virally encoded microRNAs (miRNAs) have recently been discovered in herpesviruses. However, their
biological roles are mostly unknown. We developed an algorithm for the prediction of miRNA targets
and applied it to human cytomegalovirus miRNAs, resulting in the identification of the major
histocompatibility complex class I-related chain B (MICB) gene as a top candidate target of hemwv-miR-
UL112. MICB is a stress-induced ligand of the natural killer (NK) cell activating receptor NKG2D and is
critical for the NK cell killing of virus-infected cells and tumer cells. We show that hemv-miR-UL112
spedfically down-regulates MICB expression during viral infection, leading to decreased binding of
NKG2D and reduced killing by NK cells. Our results reveal a miRNA-based immunoevasion mechanism
that appears to be exploited by human cytomegalovirus.

iIRNAs constiiute a large family of
small noncoding RNAs that regulae
gene expression posttranscriptionally,

affecting mRNA degradation and translation
by base-pairing with the 3" untranslated regions
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(3I'UTRs) (/). The recent discovery of virally
encoded miRNAs, mostly in herpesvinuses, in-
triguingly suggcsts that miRNAs may function in
interspecics regulation imvolving viml miRNAs
and host genes (2-4). Human eylomegalovirus

(HCMV) is known to have evolved eflective im-
mune evasion simtegics, encoding many imimu-
nomodulatory proteins that manipulate the
immune response (5, 6. It s thus conceivable
that miBNAs encoded by HOMVY (2) might be
exploited during imimune evasion. To test this hy-
pothesis, we sought o identify potential human
target genes of the HOMY miRNAs by using our
newly developed target prediction algonithm,
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BepTar (7). Briefly, RepTar has its basis in the
observation that miRNA binding sites can repeat
several times inthe target’s 3'UTR (1) therclore
scarches for mepetitive clements in cach ¥UTR
sequence and evaluates these clements as poten-
tial miRNA binding sites. A complementary mod-
ule of the algornhm, cRepTar, screcns for

additional single binding sites by using the
information obtained by RepTar (7). This algo-
rithm, unlike most other algonthms (8), 15 -
dependemt of evolutknary  consenvation of the
binding sites. Therefore, it 15 more suitable lor
pradicting targets of the less evolutionary con-
served viml miIRNAs (2),
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We applied RepTar and subsequently
cRepTar to all human 3UTRs, scarching for
potential binding sites ol the 1 HOMY nuRNAs
Iisted m miR Base 7.0 (%), MICB, an immunorne-
lated gene, was among the highest mnking
predicted targets and the top prediction for
hemv-miR-ULLL2 (Fig. 1AL MICB is a stress-
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Fig. 1. hcmv-miR-UL112 specifically down-regulates MICB expression and
reduces NK cytotoxicity. For all panels, one representative experiment is shown
out of at least three performed. (Al The predicted duplex of hemv-miR-UL112
(red) and its target site (blue) in the 3'UTR of MICE (top) and MICA (bottom).
(B} Ectopic expression of hemv-miR-UL112 down-regulates MICB expression.
Various human cell lines were transduced with lentiviruses expressing GFP
either with hcmyv-miR-UL112 (black histogram) or miR-control (open gray
histogram). Expression levels of MHC class I, MICA, and MICB were assessed by
FACS. (C) Ectopic expression of hemwv-miR-US5-1 does not affect MICE
expression. Human cell lines were transduced with lentiviruses expressing
GFP and either hemy-miR-US5-1 (black histogram) or miR-control (open gray
histogram}. The expression levels of MICA and MICBE were assessed by FACS.
The histogram plots of (B) and (C) were gated only on the GFP-positive cells.
Background levels for (B} and (C) were measured by using anly the secondary
Cy5-conjugated Ab (gray solid histogram). (D) Reduced binding of NKG2D to
cells expressing hemv-miR-UL112. Binding of NKG2D-lg to the RKD cells

ET &1 a 1.5:1

expressing miR-control, hemv-miR-USS-1, or hemv-miR-UL112 was assessed
by FACS using NKG2D-Ig and the control CD99-lg (Control-lg} in various
concentrations, (E) The reduced NKGZD-lg binding is due to reduced MICBE
expression, The expression level of the various NKG2D ligands was assessed by
FACS in RKO cells expressing homv-miR-UL112 (open red histogram), miR-
control lopen gray histogram), or hemv-miR-US5-1 {open black histegram).
The histegram plots are gated only on the GFP-positive cells. The background
was measured as in (B) and (C) (solid gray histogram). (F) Reduced killing of
RKO cells expressing hemv-miR-UL112, Bulk NK cells were preincubated
either with anti-NKG2D mAb (white) or with isotype-match control mAb (gray).
Labeled RKO cells expressing miR-control or hcmy-miR-ULL12 were then
added and incubated for 5 hours at the indicated effector:target (ET) ratios.
The differences between the killing of the RKO cells expressing miR-control
and those expressing hemv-miR-ULL12 in the presence of the isotype-
matched control mAb were significant (P < 0.01, f test). Error bars represent
standard deviation of replicates.
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imduced ligand of NKG2D, a natural Killer (NK)
activating receplor expressed on almost all ho-
man NK cells and activated eyvtotoxic T lyvmpho-
evtes (CTLs) (/). The importance of MICB in
the immune response against HOMY infection is
substantiated by the specilic down-regulation of
MICB surface expression via the UL 16 protein
of HOMY (ff, 12, MICA, another stress-in-
duced ligand of NKG2D, was also ranked among
the wop predicted wgets of homyv-miR-ULLI2
(Fig. 1A) The hemv-miR-ULI12 putative
binding sites of both genes are almost identical
and are located within a highly similar but not
evolutionarily conserved (7) | 50-nucleotide (nt)
region of their 3'UTRs,

To assess the function of hemyv-miR-ULTIZ,
we expressed this muBNA in vanous human
tumor cell lines that endogenously express
MICA and MICB with the use of recombinant
lentiviral vectors: hemyv-miR-ULTE2 and two
control veetors, a non-miBNA sequence (miR-
control) and hemv-miR-US5-1. The expression
of hemv-miR-UL 112 was confirmed by quanta-
tive real-time polymerise chain reaction (gPCR)
(fig. S1). The vectors contained green Muorescent
protcin (GFP) for monitoning the infection
efficiency (7). No difference in the transduction
efficiency of the different lentiviral vectors was
measured (fig. 521, Analysis of the various tumor
cells transduced with hemv-miR-UL 12 revealed
a specific and extensive reduction of MICE and
littke or no reduction of MICA (Fig. 1B The
down-regulation was specific o MICB and w0
hemv-miR-UL 112, because no change in the lev-
el of major histocompatibility complex (MHC)
clawss 1 was observed (Fig 1B) and ransduction
with hemv-miR-1US3-1 had no effect (Fig. 10).

To swdy whether the observed changes in
MICH protcin levels affected its interaction with
WK cell activating receptor NKG2ZD, we stainod
REKO cells expressing either mil-conirol, hemv-
miR-US5-1. or hemv-miR-UL 112 with NKG2D
fused o immunoglobulin G1 (1gGl), as previ-
ously described (/). Fluorescence-activaied cell
sorting (FACS) analysis revealed a measurable
decrease in NKG2D-1g staining of cells express-
img hemv-miR-ULL 12 compared with those ex-
pressing hemv-miR-US5-1 or miR-control (Fig,
1Dy The reduction in NKG2D binding was
specifically due 1o the reduced levels of MICB,
because the expression ol other NKG2D lig-
ands was not affected by hemy-miR-ULL12
(Fig. 1E).

The tunctional implication of the hemv-miR-
UL 2-mediated reduction in NKG2D binding
wis demonstrated by measunng NK lysis of
RKO cells expressing hemy-miR-UL 112 or miR-
control. Cells expressing hemv-miR-UL 112 were
killed less efficiently than cells expressing miR-
control (Fig. 1FL When NKG2D interactions
were blocked with a monoclonal antibody (mAb)
against NKG2D (anti-NKG2D), Killing evels of
both cells were similar (Fig. 1F), indicating that
this reduced killing was explicitly due to reduced
MNKG2D recognition,
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Direct binding of hemv-miR-ULTL2 1o the
FUTR of MICA and MICB was siudied by
luciferase reporter assays in Hela cells eclopi-
cally expressing either hemv-miR-ULLE2 or
miR-control, In agrecment with the staining re-
sults (Fig. 1B), a measuroble decrease in the
activity of the luciferase reporter gene was ob-
served only when it was fused o the Y'UTR of
MICB and only in cells expressing homyv-miR-
ULTI2 (Fig, 2A) To demonstrate that the down-
regulation of MICB by henmwv-miR-UL112 is

mediated through the predicted binding site, we
senerated  two double substitution mutations,
disrupting the predicted pairing between hemv-
miR-UL112 and the 3¥UTR of MICB (Fig. 2B).
Both mutations abolished the repression mediated
by hemv-miR-UL 112 (Fig. 2A). The binding site
in the 3IUTR of MICB has one additional putative
paired nucleotide in comparison to MICA (Figs,
1A and 2B) To wst whether the difference
observed between MICA and MICB was due 1o
the change in this single nucleotide, we generated

A
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-E‘ 120 - 8 mil
g -
$ 100 -
$
- au a
3 *
% m-
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"
20 4
ﬂ T T L] T T
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NLUT1 NLT2 o B
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U A o AAD
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i} ce CA o Ca
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Fig. 2. hemv-miR-UL112 specifically binds to MICB-3'UTR
and inhibits its translation. For all panels, one representa-
tive experiment is shown out of two performed. (A) hemv-
miR-UL112-mediated repression of lucferase reporter
gene activity. The 3'UTR of MICA (303 nt} and a 350-nt
segment of the 3° UTR of MICE (including the predicted
hemv-miR-UL112 binding site) were inserted downstream
of a firefly luciferase open reading frame, The figure
demonstrates luciferase activity after the indicated

miR-UL112 3 COGACCUAGAGUGS GUGAR §'
MICAI0E 5§ OCCUSGAUCTCACC CACTO 3
o AG
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0.8 4
0.6 -
0.4 4
0.2 4

0

Relative Quantity of mANA O

mifcontral  mALL112

reporter plasmids were transfected into Hela cells expressing either hemv-miR-UL112 (gray) or miR-
control (white). Firefly luciferase activity was normalized to Renilla luciferase activity and then
normalized to the average activity of the control reporter. Values are mean + 5D for triplicate samples.
*Statistically significant difference between cells expressing miR-control and those expressing homv-
miR-UL112 (P < 0.005 by ¢ test). (B} Schematic representation of the mutations made in MICE and
MICA 3'UTRs (blue) and their base-pairings with homv-miR-UL112 (red). Mutated positions are
underlined. (C) qPCR analysis of MICB. Experiments were performed with RKO cells expressing either
miR-control or hcmv-miR-UL112. The levels of 185 ribosomal RNA were used as internal standard

control. Values are mean =50 for triplicate samples.
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a point substitution that changed the MICA
binding site to that of MICB (MICA w0 B, Fig.
2B} This mutation indeed caused a reducthon m
luciferase activity but not as substantial as that
with the 3UTR of MICB, supporting previous
suggestions that additional factors are involved in
the determination of a functional binding site(/1.3),

To datermine whether hemvy-miR-ULL2 pe-
duced MICB expression by influencing its
mRNA degradation, we tested MICB mRNA
levels in RKO cells expressing cither miR-control
or hemyv-miR-UL 112 by using qPCR. No signil-
icant change in MICB mRNA level was observed

(Fig, 20}, suggesting that the down-regulation of

MICB was due 1o translation inhibition,

We next explored the function of hamv-miR-
UL112 during authentic HOMVY infection with use
of a wild-type HOMV-ADIGY strin and a HOMV-
ADIGY mutant (7<) In this mutant the UL 14
zene 15 deleted, and therefore the hemyv-miR-
ULTI2 gene that resides on the complementary
strand is also absent. HOMV-AD169 laboratory
strin is adapted to infect primary fibroblasts and

a limited number of cell lines. Expression of

MICB protein was not observed in several pri-
mary fibroblasts and cell lines, before or afler
infection (fig. 53). We used this to our benelit and
expressed MICB with its 3'UTR (MICB-3UTR)

or MICB without its 3'UTE. (MICB) in primary
human toreskin fibroblasts (HFF) cells. Ectopic
expression of henwv-miB-ULTI2 m these cells
resulied in down-regulation of only MICB-3'
UTR protein (Ag. S4), indicating that these cells
are adequate for testing the efeet of virl hemy-
miR-UL112 on MICB expression.

We used the HFF cells expressing enther
MICB-3"UTR or MICB and infected them with
the ADI6Y-wild-type or with the ADI169-
mutated virus, The protein expressed by MICB-
JUTR was almost completely down-regulated
on day 3 after infection in the AD16Y-wild-type
infected cells but not in the cells infected with the
ADTG9-munated virus (Fig. 3A) This is consist-
ent with the accumulation of hemv-miR-ULLL2
3 days afler mfection (fig. S3) (/5). In contrast,
MICB down-regulation in the absence of the
FUTR (which was mediated by the ULIG
proteiny was similar in cells infected with the
ADI6Y-wild-type and mutated viruses (Fig.
3A). The effect of hamveamB-UL 112 on MICB-
J'UTR expression was specific. because the level
ol MHC class 1 [known to be down-regulated by
the virus during infection (/4)] was similarly
reduced by both viruses (Fig. 3B).

To segregate the miRNA postiranscriptional
regulation of MICB from the postiranslational

REPORTS I

regulation mediated by HCMY UL protein,
/2y we examined the cffect of hemv-miR-
ULII2 in HFF cclls expressing either GFP.
GFP fused to the 3’UTR of MICB, or GFP fused
to the 3'UTR of MICA. Consistent with the ob-
served MICB-3'UTR down-regulation (Fig. 3A)
and the gPCR results (fig. 53), the most substan-
tial reduction in GFP expression wis observed on
day 3, only when the cells were infocted with the
ADI69-wild-type virus and only in those ex-
pressing the GFP fused 10 3UTR of MICB (Fig.
30 No changes in the GFP levels were observed
in cells carrying GFP alone or GFP fused 1o the
JUTR of MICA (Fig. 3C and lig. 55).

To further demonstmie the biological rele-
vance of hemv-miR-ULTI2 and 10 exclude the
possibility that the deletion of the UL 114 protein-
encoding gene affected MICB down-regulation,
we constructed two new mutated viruses in the
HCMY TB4O stram (7 7): a control virus i which
UL 114 s mutated but hemv-miR-UL 112 s intact
(TB40-UL 14 P-mut) and a mutated ULL LS virus
in which hemv-miR-UL112 was deleted (TB40-
miR-UL112-mut). The HOMY TB40 stmin is
similar 10 clinical strains and infects endothelial
cells, one of the natural targets of HOMY in vivo
7). Infection of human umbilical vein endothe-
lial cells (HUVECs) that endogenously express

Anti MICB Anti MHC Class |
A HFFMICB- HFF/MICE- Cc
JUTA HFFMICE JUTR HFFMICB
Day 1 100 =y . wrrore DT
z
AD163-WT l g —8— HFFIGFP MICB-3'UTR
§ AD1E8-WT
= —A— HFFIGFP AD16%-miR-
£ 40 UL 12-mut
o
AD168-miR- 5 —m— HFFIGFP MICB-3'UTR
UL112-mut 5 20 AD1ES-miR-UL1 12-mut
! &; 4 =
4]
1 2 3
Day 3 Days after infection
D
R TB40-UL114P-mut TB40-miR-UL112-mut
\
AD168-miR-
UL112-mut

Fig. 3. hcmv-miR-UL112-mediated down-regulation of MICB during
authentic viral infection. (A and B) Time course expression of MICE (A) and
MHC class | (B} on HFF cells expressing either MICB-3'UTR or only MICB. Cells
were infected with either the AD169-wild-type virus (AD169-WT) or the
AD169-miR-UL112 mutant virus (AD169-miR-UL112-mut). The expression
levels of MICB (A) and MHC class | (B) were assessed by FACS staining (red
histograms). The gray histograms represent staining of the corresponding
uninfected cells. Background levels {black histogram) are the secondary
fluorescein isothiocyanate (FITC)—conjugated Abs. (C) HFF cells expressing GFP
or GFP fused to the 3'UTR of MICE were infected with either AD169-wild-type

or with AD169-miR-UL112-mut viruses, and the levels of GFP expression were
measured along the course of infection. The symbols represent the percentage
of GFP compared to the corresponding uninfected cells. For (A) to (Q), one
representative experiment is shown out of three performed. (D) HUVECs were
infected with either TB40 UL114-mutant virus (TB40-UL114P mut) or with the
TB40 hcmv-miR-UL112 mutant virus (TB40-miR-UL112 mut), and the
expression of MICE was measured (red histograms). The gray histograms
represent the staining of the corresponding uninfected cells. Background
levels (black histogram) are the secondary FITC-conjugated Abs. Shown is one
representative experiment out of two performed.
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MICB with the TB40-UL1 14P-mut resulted in
an almost complete down-regulation of MICB
expression alter 3 days, whercas MICB expres-
ston was shll evident in cells infected with the
TBA0-miR-UL 11 2-mut virus (Fig. 3D} The lev-
el of MHC class 1 was not reduced during viral
infection, because the TR0 vinuses we used lack
the viral US2-U56 genes that mediate MHC class
I down-regulation (7). This result suggests that,
during clinical viral infection, endogenous MICB
is down-regulated by hemv-miR-UL112.

We next performed Killing assays in parallel
with the staining presented in Fig. 3, A, B, and D,
On day 3 of the infection, the cells expressing
MICB-3'UTR and infected with the AD16S-

mutant virus were Killed more efficiently than
those infected with the AD16%-wild-type virus
(Fig. 4, A and B). Smularly, HUVECs inlected
with the TB40-miR-ULII2-mut vimus were
killed more efficiently than those infected with
the TB4O-UL N4 P-moun virus (Fig. 40), Addition
of anu-NKG2D mAb abolished those dilferences
(Fig. 4. B and C), The killing levels of the
infected HUVECs were low, even at higher
cffectortarzet rtios, probably because of the
high levels of MHC class | molecules, which in-
hibit NK eytotoxicity, Thus, during authentic
viral infection, hemv-miR-UL112 down-regulates
MICR, perurbing its binding with NKG2D and
conscguemly aiding in NK anack evasion,
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Fig. 4. hcmv-miR-UL112-mediated down-regulation of MICB during viral infection reduces NK cells
cytotoxicity. Experiments were performed concomitantly with the FACS staining presented in Fig. 3.
Error bars represent standard deviation of three replicates. Shown is one representative experiment out
of two performed. (A) HFF cells expressing either MICE-3'UTR or MICE were infected with either AD169-
WT (black) or with AD169-miR-UL112-mut viruses (gray) and incubated with bulk NK cells at the
indicated effector:target (E:T) ratios. (B and C) Bulk NK cells were preincubated with either anti-NKG2D
or with an isotype-match control mAb. In (B), HFF cells expressing either MICE-3°UTR or MICB that were
infected for 3 days either with AD169-wild-type (white) or with AD169-miR-UL112-mut (gray) were
then added at a final effector:target ratio of 20:1. In (C), HUVECs that were infected for 3 days either
with TE40-UL114P mutant (white} or with TE40-miR-UL112 mutant (gray} were then added at a final

effector:target ratio of 15:1.
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The discovery of viml miRNAs has rmised the
intriguing possibility of their involvement in im-
mune cvasion (<), The first direct evidence for an
mIRNA-related immunocvasion mechanism was
discovered in the SV40 virus, where a viral
miRNA targets a viral gene, resulting in CTL
evasion (/&) Our results demonstrate a nowvel
miRNA-based evasion strategy used by HOMY,
in which a viral miRNA dircetly down-regulates
a host immune defense gene, HOCMVY is known 1o
rely on several functionally redundant immuno-
evasive proteins that can cooperatively target the
sume progess or even the same immune protein
of the host (6), Our results expand this view,
demonstrating a coopermtive mechanism between
a viml miRNA (hanv-miR-ULI12) and a viral
protein [HOMVY ULLG (12}, both targeting the
host MICB protein. Down-regulation of host
genes by interactions of their mRNAs with viral
miRNAs has been also supporied by recent
findings n herpes simplex virus-1 (/9). The
advanages of a vimnl miRNA-based evasion
mechanism are multiple. First, these molecules
are small, nonimmunogenic, and specific (4), Soc-
ond, from an evolutionary perspective it should be
simpler 1o develop a regulatory antisense mol-
ecule rather than a regulatory protein. Lastly, the
combination of protein-mediated and miRNA-
mediated posttranscriptional regulation provides a
tighter evasion strategy, which is more resistant o
the host defense mechanisms because two im-
munomodulaory clements need 10 be impained.
The therapeutic implications of such a mechanism
are intriguing, because tarpeting these viral
miENAs might constitute an antiviral  therpy
while mimicking their role could provide a means
of immunosuppressive therapy,
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Mosaic Organization of Neural Stem
Cells in the Adult Brain

Florian T. Merkle, Zaman Mirzadeh, Arturo Alvarez-Buylla®

The in vivo potential of neural stem cells in the postnatal mouse brain is not known, but
because they produce many different types of neurons, they must be either very versatile or very
diverse. By specifically targeting stem cells and following their progeny in vivo, we showed that
postnatal stem cells in different regions produce different types of neurons, even when
heterotopically grafted or grown in culture. This suggests that rather than being plastic and
homogeneous, neural stem cells are a restricted and diverse population of progenitors.

very day, thousands of new neurons are
Egmcmtﬂl by astroeyte-like stem cells re-
siding in the subventricular zonc (SVZ), a
thin but extensive laver ol cells lining the lateral
wall of the lateral ventricle in the adull mouse
brain (f). These newly bormn neurons (neuro-
blasts) migrate w the olfbewory bully in a complex
network of chams that eventually merge o form
the rostral migratory stream (RMS). On reachung
the olfactory bulb, neuroblists integrate and ma-
ture into several distinet cell types (20 11 is not
known how this diversity of neurons s pen-
crated, largely because it is difficult 10 study
individual stem cells in vivo. Indeed, our un-
destanding of stem cells is strongly influenced
by the in vitro techniques with which they were
first isolmed and kater defined by their ability 1o
be passaged (demonsirating self-renewal) and
differentiated into astrocyies, neurons, and oligo-
dendrocvies (demonsirating multipotency ) (3, 4).
These results led to the widely held assumption
that neural stiem cells are a homogencous
population of multipotent, plastic progenitors
(Fig. 1A). Similarly, it was thought that neuro-
blasts born in the SVZ might be equivalent until
they reach the olfactory bulb and begin 1o dif-
ferentiate, However, woeent evidence suggests
that neuroblasts are heterogencous before reach-
ing the olfactory bulb (5, 6). We therefore hy-
pothesized that stem cells are not equivalent and
that they specilfy the fate of the neurons they
produce (Fig. 1B). To st this hypothesis, we
labeled stem cells in different regions and fol-
lowed their progeny in vivo,
We have previously shown that adult neural
stem cells are derived from radial glia present in

Depariment of Meurcsurgery and Developmental and Stem
Cell Biology Program, University of California, San Francisco,
San Francisco, CA 94143-0525, USA.

*To whom correspondence should be addressed. E-mail:
abwyllag@stemeelLucsf.edu

the neonatal (PO) mouse brain (7). Radial glia,
which are now recognized as the principal stem
cell of the embryonic and early postnatal mouse
brain (8. 9), have a unigue morphology that
allows them o be targeted specifically. Their cell
bodies line the ventricles and they send a long,
radial process W the brain surface. Adenoviruses
readily infeet these processes and are transponed
o the cell body. When an adenovirus expressing
Cre recombinase (Ad:Cre) is injected into green
NMuoreseent prowein (GFP) reponter (Z/EG) mice
(I, infected radial gha and their progeny
become permanently labeled with GFP (7).
Because adenoviruses do not diffuse readily in
the brain, the localized injection of a small vol-
ume (20 nlyof Ad:Cre labels a spatially restricied
paich of neural stem cells.,

To label radial glia in a regionally specilic
manner, we developed a method 1o siercotaxi-
cally inject Ad:Cre in PO mice (Fig. 1E) (//).

Injections resulted in the reproducible labeling of

spatially segregated patches of radial glia (Fig. 1,
C oand D) and the adult SVZ stem cells they
generate (Fig. |, F and G). In contrast, cells
labeled locally at the injection site do not give risc
1o olfactory bulb neurons or neural stem cclls (7).
By svstermanically varving the injection location

(Fig. TH), we targeted 13 different populations of

radial ghal cells at six different rostrocaudal
levels (i wo vi) (1) We targeted the dorsal (D)
orventral (V) lateral wall of the lateral veniricle at
tour different rostrocaudal levels (i 1o v) and the
entire dorsoventral extent of the lateral wall at
level vi. We also targeted the RMS (1), the medial
(sepral) wall (M), and the cortical wall of the
lateral ventricle (iC 0 vOC) because these regions
have been suggested 1o contain neural progeni-
tors (. 4, 12, 1.3) When we analyzed the brains
of mice 4 weeks afier Ad:Cre injection, we ob-
served a paich of labeled cclls in the same
anatomical location as the tarpeted madial glial
cell bodies, indicating that neural stem cells do

not disperse tangentially (fig. S1). Figure 1, F and
G, show examples of SV labeling after neonatal
targeting of dorsal and ventral SVZ madial glia,
respectively.

We then examined the mature GFP-labeled
neurons in the olfactory bulb, The two principal
types of adult-bom ollictory neurons, penglomer-
ular cells and granule cells, are intemeurons that
modulate the actvity of neurons that project ©
ol factory comex. Penglomenlar cells can be sub-

divided into three nonoverdapping populations of

cells: calretinin- (CalR + ) and calbindin-cxpressing
(CalB+) cells, and tyrosine hydrosylase-cxpressing
(TH*+) dopamunerzie cells (/). Granule cells
include deep, superficial, and CalR+ cells (Fig.
2A) (13, 16). These subtypes are thought to be
distinct functional elements of the olfactory bulb
circuitry (f4, /5, 17).

Olfactory bulb intemeurons were produced
from all labeled regions including regions i, §iM,
and 1C 10 v, which extend bevond the Imeral
wall of the lateral ventricle, the accepted bound-
ary of the neurogenic adult SVZ, Notably, each

region gave nise o only a very specific subset off

interneuron subtypes. Anteror and dorsal regions
prodduced penglomerular cells (Fig. 2B and hg.
52, Ao D), Imterestingly, the highest percentage
wias produced in region iiM (Fig. 2B and fig. 82,
Aand B). Penglomerular cell subtvpes were also
produced in a region-specific manner. Dorsal
regions (iiC 1w vC) produced the highest
percentage of TH+ cells (Fig, 2C and fig. 53, A
1o C), whereas CalB+ cells were produced main-
Iy ventrally, in regions iV and 6V (Fig. 2D and
fig. 83, Do F). CalR+ periglomerular cells were
less frequently observed when these regions were
targeted, but were frequently labeled with
targeting of regions i and iiM (Fig. 2E and lig.
53, G I). Each targeted region produced gran-
ule cells (Fig. 2F), though region iM produced
relatively few (Fig, 2B and fig. 52, A and B).
Doral regions (0C o vC, 1D, i) tended 1o
produce superficial grinule cells, wheneas ventral
regions (Y o vV) produced mostly deep granule
cells (Fig. 2F and fig. S2, E and H). CalR+
granule cells were produced mostly from the
anterior regions (i and V) that also produced
many CalR+ penglomerlar cells (Fig. 2G and
fig. 53, J 1o L), This is consistent with a recent
study showing that CalR+ olfactory bulb neurons
are derived from SPR+ cells, which are found
cmbryvonically in regions 1 and @M (/&)

Each neonatally targeted region comimued to
produce neuroblasts in the adult bmin, suggesting
the continued presence of a neural stem cell (g,
52, B, D, F, and H). Neonatal radial glia conven
ino SVZ astrocyies that express glial fbrillary
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acidic protein (GFAP) and function as the adult
neural stem cells (4, 7, 19, To test whether adult
neurl stem cells were also regionally specificd,
we constructed an adenovinus that expresses Cre
under the control of the murne GFAP promoter
(ADGFAP-Cre). This virus induces recombina-
tion in GFAP-cxpressing cclls including adult
neural stem cells, but not the more differentiated
cclls they give rise 1o (g, S4, A 10 C) (1), We
injected P60 ZEG mice with Ad:GFAP-Cre in
regions i, 1D, iV, and vC (lig. $4, D 10 G) and
Killed the animals 28 days later 1o examine the
olfactory bulb cell tvpes produced. Each targeted
region produced olfactory bulb neurons and
neuroblasis (Fig. 3, A 1o D), suggesting that they
contain long-lived GFAP+ newrogenic progeni-
tors. This linding agrecs with previous work
suggesting the presence of a neurogenic progen-
itor in the adult RMS (5, 20, 27) and subcallosal
zone (regions vC oand vO) (/2). Funhermore,
these labeled cells produced superficial and decp
granule cells (Fig. 3. A 1o E), as well as TH+,
CalB+, and CalR+ cells (Fig. 3F) in vinually the
same region-specific pattern obtained  from
neonatal labeling. A recent study sugpests that
the potential of progenitors 1o produce dilterent
types of periglomerular cells changes over
development (22), This study might have inad-
verently examined progenitors and tangentially
migrating neuroblasts from different regions at
different ages, whereas ourtechnique targets only
primary progenitors. The apparent mainienance
of stem cell potential over postnatal development
suggests that the factors specilving neural
progenitors i the SVZ are maintained through-
out development in a regionally specilic manner,
These factors could be cither environmental
or innnsic o stem cells. To distinguish between
these two possibilitics, we challenged neonaal
stem cells by heterotopic wansplantation (/7). 1f
environmental factors specily the fate of newbom
neurons, grafted (donor) stem cells and their
progeny should respond 10 these factors and
make cell tvpes produced in the host region. To
obiain labeled neural stem cells, neonatal radial
glia were infected with Ad:Cre as described
above, microdissected alter 2 hours, dissociated
to a single-cell suspension, and homotopically or
heterotopically grafted into the litenmates of
donor amimals (g, S5A). We then analyzed the
olfactory bulb cell types produced 40 days afier
srafling and found that labeled radial glia
continued 10 produce the cell types appropriate
to their region of orgin (fig. S5, B and C). To
determine if progenitors would maintain their
region=specilic potential in the absence of any
environmental cues, we cultured anterior, dorsal,
or ventral progenitors under adherent conditions
that recapitulate posmatal SVZ neurogencsis
(23, Cultures were expanded, differentiated
(fig. S3D), and immunostained for cell tvpe
specific markers (g, 561, Despite being removed
from their complex environment and exposed 1o
a cocktail of growth factors, neural stem cells
maintained their region-specific potential (fig.
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S5E). We confirmed this result by targeting
dorsal or ventral radial glia, culturing them for 2
weeks, and grating them heterotopically  ino
wild-type neonatal mice (fig. S5F) Again,
grafted cells produced cell types appropnate 1o
their region of ongin, not their grafled location
(fig. S5G).

The above experiments suggest that neural
stem cclls are not readily respecificd by envi-
ronmental factors present in the postnatal brain,
but we cannot climinae the possibility that
unlabeled cells grafied alongside labeled stem
cells could be canmying factors from the donor
environment into the host graft sie. Therelore,
we microdissected progenitors from different
regions of peonatal wild-type or ActB-GFP mice
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{24y and cultured them for three passages over 2
weeks, To ensure that gralied cells were sur-
rounded by forcign environmental cugs, we
mixed GFP+ cells from the donor region with a
10:1 excess of unlabeled wild-tvpe cells from the
host region before grafiing them into wild-type
neonatal mice (Fig. 4A). Fourweeks later, grafied
brains contained labeled astrocyte-like cells at
the gralt site (fig. 7. A, C, E, and G} and mature
neurons in the olfactorny bulbs (Ng. 57, B, D, F,
and H). Because grafied cells continued 1o
produce neuroblasts as elficiemly as directly
targeled primary progenitors (fig. S8), grafied
cells were most likely stem cells and not
intermediate progenitors. Again, heterotopically
grafled stem cells produced neuronal subty pes

RN

| 4 Bt Y
[ L U

Fig. 1. Specific regional targeting of neural stem cells. (A and B) In the raditional model of SVZ stem cell
potential (A), equivalent stem cells (black dots) generate multiple neuron types, which are produced by a
diverse stem cell population in the proposed model (B}, (C and D} Diagram of a neonatal mouse brain
showing targeting of dorsal (C) or ventral (D) radial glia {green) with virus deposited at the injection site
and along the needle tract (gray circle and bar). (E) Stereotaxic setup showing an acrylic model of a
neonatal pup positioned in a customized head mold for viral injection parallel to radial glial processes, (F
and G) Photomicrograph of a P28 Z/EG brain injected at PO to target dorsal (F) or ventral (G) radial glia,
visualized with immunoperoxidase staining for GFP. (H) Diagram of brain regions targeted. Represent-
ative frontal sections of the right hemisphere traced from the adult brain are shown relative to a
photoermicrograph of an adult lateral ventricular wall whole mount outlined in blue (30). Targeted regions,
indicated by green dots, are named for their anterior-posterior level (i to vi) followed by the location
within that level, where C is cortical, M is medial, D is dorsal, and V is ventral.
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Fig. 2. Regional production
of postnatally born inter-
neuron subtypes. (&) Color-
coded camera lucida traces
of analyzed interneuron sub-
types superimposed over a
photomicrograph of the ol-
factory bulb. EPL, external
plexiform layer; IPL, internal
plexiform layer; GC, granule
cell GL, glomerular layer;
GRL, granule cell layer;
PGC, periglomerular cell.
(B} Percentage of labeled
(GFP+) olfactory bulb neu-
rons that are periglomerular
cells. All analysis was per-
formed 28 days after stem
cell labeling, and targeted
regions are named as in Fig.

B CalR+ PGC
B CalR+ GC

Fig. 3. The potential of neural stem cells &
maintained in the adult. (A to D) Photomicro-
graphs of olfactory bulbs of Z/EG mice injected
with Ad:GFAP-Cre 28 days earlier at P60 in region i
{A), iiiD (BY, i1tV (C), or vC (D), with cells visualized
by immunoperoxidase staining for GFP. The
distribution of granule cells within the granule cell
layer (GRL) and the continued presence of neuro-
blasts in the olfactory bulb core (arrowheads) are
indicated. (E and F) Quantification of labeled
granule cell position in the GRL (E) and TH+ (red),
CalB+ (purple), and CalR+ (gold) cell production
{F) 28 days after radial glial (P0) or adult (P60}
stem cell targeting.

with the same regional specificity observed by in
vivo lincage tracing ( Fig, 4, B 10 E), The lack of
evidence for cven partial respecification indicates
that grafied cells behaved like a single population
that was resistant to respecification. However, we
cannot discard the possibility that some cnvi-
ronmental factors were not wtally chminated in
our expenments. Neural stem cell potential could
also be alered by factors not included in our
culture conditions or afler extended pedods of
time ex vivo, Previous siudies have suggeested
that adult hippocampal or spinal cord progenitors
might be respecified when heterotopically grafied
{25, 26}, Our findings suggest that although SVZ
neurtl stem cells retain the potential o produce
astrocytes, oligodendrocytes, and neurons, they
are restricted in the types of newrons they can
generate. We conclude that postnatal neural stem

www.sciencemacg.org  SCIENCE

& THe PGC
W Supedicial GC B Deep GC

1H. (C to E) Percentage of labeled periglomerular cells immunopositive for TH (O, CalB
(D), or CalR (E). (F) Position of labeled granule cells within the GRL. Cell distributions that
could not be definitively classified as superficial (green) or deep (blue) are indicated in
teal. (G} Percentage of labeled granule cells immunopositive for CalR. Error bars represent
the 5D of the mean, except in (F), where they represent the SEM.
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cells are diverse and arc organtzed in an intricate
mosaic in the postnatal genminal zone,

These findmgs suzpest that, as dunng cme
bryonic brain development (27-29), the poten-
tial of postnatal neural stem cells is determined
by a spatial code, supporting the model shown
in Fig. 1B. Stem cells do not appear to migrate
tangentially as they mature from radial glia ino
astrocyle-like adult cells and must have
integrated positional information al some point
in development. We suggest that this positional
information becomes encoded in the progeni-
tors, perhaps by expression ol a trnscription
factor code, and maintained into adulthood. This
insight is a key step oward understanding the
molecular mechanisms of neural stem cell
potential and for future ¢llorts to usc these cells
for brain repain The mosaic distribution of

clelv

clolv
W

clolv
H’

progenitors also raises the possibility that the
activity of stem cells is regionally modulated in
order 1o regulaie the production of differem
types of neurons, This may provide a mecha-
nism for the brain w dynamically fine wne the
olfactory bulb circuitry,
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Queen Pheromone Blocks Aversive
Learning in Young Worker Bees

Vanina Vergoz, Haley A. Schreurs, Alison R, Mercer*

Queen mandibular pheromone (QMP) has profound effects on dopamine signaling in the brain of
young worker honey bees. As dopamine in insects has been strongly implicated in aversive
learning, we examined QMP’s impact on associative olfactory learning in bees, We found that QMP
blocks aversive learning in young workers, but leaves appetitive learning intact. We postulate that
QMP’s effects on aversive learning enhance the likelihood that young workers remain in close
contact with their queen by preventing them from forming an aversion to their mother's
pheromone bouquet. The results provide an interesting twist to a story of success and survival.

v advertise her presence in the colony
and o exert influence over its members,

a honey bee queen produces a complex
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blend of substances known as queen mandibular
pheromone (OMP) (/). Young workers, atmcied
1o the queen by QMP are enticed not only 1o foed
her, but also 1o lick and 1o antennate her body, As
they do so, they gather samples of QMP, which
they distibute 1o other members of the colony

7). At the colony level, QMP inhibits the
rearing of new queens (4), influences comb-

building activities (3}, helps prevent the devel-
opment of worker ovarics (4), and modulates the
behavioral development of workers (7, 8).

We recenily showed that brain dopamine
levels, levels of dopamine receplor gene expres-
sion, and brain tissue responses 1o this aming are
altered significantly in young workers exposcd to
OMP (%), Among its many functions, dopaming
contributes w0 cellular events underlying leaming
and memory. In insects, dopamine signaling s
essential for aversion leaming (f0-12), which
riscs an interesting question: Does QMP, through
its actions on brain dopamine function in young
workers, aler their ability to establish aversive
olfactory memorics?

We examined QOMP's impact on associative
olfactory learning in bees exposed w0 QMP from
the tme of adult emergence. Bees of the same
age mamiained under identical conditions but
without exposure 1o QMP were used as controls,
To begin, we examined OMP's effects on aver-
sive leaming in young (G-day-old) bees, A dif-
ferential conditioning paradigm was usad o train
bees 1o extend their sting o an odornt paired
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with an aversive stimulus (mild electne shock)
and not 1o respond to a nonreintorced odorant
(12, 13} Ower successive conditioning trials, the
percentage of control (untreated) bees responding
with sting extension 1o the reinforeed odorant
(OS5} increasad significantly (Fig. 1AL 1), whene-
as the percentage of bees exhibiting sting ex-
tension i response o the nonreinforeed odorant
(CS-) declined [Fig. 1AL i, and supponting online
material (SOM) text]. Comparison of the ne-
sponse curves shows that bees in the control
group clearly differentiate between the 1two
odorants (Fig. 1A, i) In a rtention 1est per-
formed | hour afier the last conditioning trial, the
bees responded significamly more to CS+ than 1o
CS- (Fig, 1A, 1), which demonstrated that an
aversive memory was established. In contrast,
boes exposad to OMP failed 10 show aversive
leaming. There was no significant change n re-

successive conditioning trials (SOM text) and
no difference between the response curves ob-
tained for the two odorants (Fig. 1B, 1) There
was also no significant difference in QM P-treated
bees between the levels of responses to the two
odorants | hour afier the last conditioning trial
(Fig. IB, i,

How selective are these efleats? In Dyosoph-
fler, synaptic output from dopamine neurons is
important for aversive leaming, but is not re-
quired for appetitive leaming (7). On the basis
of these findings, we predicted that, i QMP
targets dopamine pathways selectively (9), ap-
petitive leaming in voung hees should not be
affected by OMP We thus compancd the abality
of yvoung OMP-tremed bees and controls 1o as-
socipie an odoramt sumulus with a sucrosce re-
ward, Appetitive leaming was examined using
the proboscis extension reflex (/3, 14), QMP-

sponsiveness o the rainforced odorant over  treated bees and control (untreated) bees were
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Fig. 1. Effects of QMP on aversive learning in 6-day-old workers. Associative olfactory conditioning of
the sting extension response (SER} was used to compare aversive leamning in (A) control bees and (B)
bees treated with QMP. Bees were trained to discriminate between an odorant paired with electric shock
(CS+, filled circles) and an odorant that was not reinforced (C5—, open circles). (A) (i) After 12 con-
ditioning trials {6 with CS+ and & with C5-), control bees clearly discriminated between the two odorants
[F(1,78) = 31.86, P < 0.0001]. (A} (i) One hour after the last conditioning trial, a significantly higher
percentage of controls responded with sting extension to the odorant associated with electric shock
{black bar} than to the nonreinforced odorant (white bar) (* = 18.05; P < 0.0001). (B} (i} QMP-treated
bees did not learn to discriminate between the two odorants as a result of conditioning [F(1,78) <
0.0001, not significant (n.s.)]. (B) (i} One hour after the last conditioning trial, the percentage of bees
responding to the two odorants was similar (% = 3.2, n.s.).

e

1 2 3 4 5
Trials Tesl

Fig. 2. Effects of QMP on appetitive learning in 6-day-old workers. Assodative olfactory conditioning
of the proboscis extension response (PER) was used to compare appetitive learning in (A) controls and
(B) bees treated with QMP. Bees were trained to discriminate between an odorant paired with sucrose
(C5+, filled circles) and a nonreinforced odorant (C5—, open circles). (A) (i) After 12 conditioning trials
{6 with C5+ and 6 with C5-), control bees clearly discriminated between the two odorants [F(1,78) =
48.51, P < 0.0001]. (A) (ii) One hour after the last conditioning trial, a significantly higher percentage
of controls responded with proboscis extension to the odorant associated with sucrose (black bar) than
to the nonreinforced odorant (white bar) (x* = 13.47, P = 0.0002). (B} (i) QMP-treated bees learned to
discriminate between the two odorants [F(1,78) = 44.6, P < 0.0001]. (B) (ii} One hour after the last
conditioning trial, the percentage of bees responding to the reinforced odorant (black bar) was sig-
nificantly higher than the percentage of bees responding to the nonreinforced odorant (white bar)
(32 = 7.83, P = 0.005).

REPORTS

trained to differentiate between an odorant stim-
ulus patred with sucrose (CS5+) and an odorant
stimulus that was not remforced (CS-) Over
successive conditioning trials, the percentage of
bees exhibiting proboscis extension in Rsponse
tor the reinforced odorant (CS4) increased signif-
icantly (commls, Fig, 2A, 1; QMParcaed, Fig.
2B, 1), whercas responses to the nonrcinforced
odoram (CS-) showed no signilicant change
{controls, Fig., 2A, i QMP-treated, Fig. 2B, i, and
SOM text) The response curves show that bees
in both groups clearly dilferentioe TS5+ from
OS5 (Fig. 2). Moreover, in relention tests per-
formed | hour after the last conditioning trial,
both groups responded significantly more to OS54
than o0 OS5 (controls, Fig. 2A, u; QMP-treated,
Fig. 2B, u) These results are consistent with
evidence that the reinforcing capacity of sucrose
in associative olfactory discrimination tasks is
mdiated not by dopamine, but by octopamine
10, 15, 1a), an amine that 1s not aflected by the
presence or absence of queen pheromone (/7).

What is responsible for mediating the QMP
effeets on aversive leaming in voung workers?
The aromatic compound, 4-hydroxy-3-
methoxyphenylethanol (homovanillyl aleohol,
HVA) is a major comributor o QMPs elfecs
on dopamine signaling in the brain (9). To exam-
ine HVA's contribution to QMPs effects on aver-
sive leaming, we treated newly emoerged adults
with HVA alone (/3). Two control groups were
included for comparison: untreated bees and bees
treated with the QMP component, methyl p-
hvdroxvbhenzoate (HOB) (1) In contrast 1o HVA,
HOB does not modulate brain dopamine function
in yvoung worker bees (9).

We found clear evidence of aversive leaming
in both unireated bees (fig. $1) and bees treaned
with HOB. As a result of conditioning, the per-
centage ol bees responding with sting exiension
to the reinforced odoramt increased significantly,
whereas responses to the nonreinforcad odorant
decreased (Fig. 3A. i, and SOM text). In both
groups, bees clearly differentiated between OS5+
and C5- (controls, fig. S1: HOB-treaied, Fig, 3A.
i), and the level of responses 0 CS+ was still
significantly higher than the level of responses
to OS5~ 1 hour after the last conditioning trial
{controls, Mg, S1; HOB-treated, Fig. 3A, 1),

In bocs treated with HVA, leaming was
impaired. Over suceessive conditioning trials,
the percentage of HVA-reaied bees responding
o CS4 declined, mimoring esponses w0 CS
(Fig. 3B, i. and SOM text). Comparison of the
esponse curves for OS5+ and CS- revealed no
significant difference between the levels of
responses 1o the two odorants (Fig. 3B, i) One
hour afier the last conditioning trial, the level of
responses 10 US+ was significantly higher than 1o
CS- (Fig. 3B, i), which suggested that in some
HVA-reated bees an aversive memory was ¢s-
tablished, However, the percentage of HVA-
treated bees exhibiting a conditioned  responsc
was significantly lower than that of controls
(Fig. 31, ii).
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Fig. 3. Effects of (A) HOB and (B} HVA on aversive leaming in 4-day-old workers. Bees were trained to
discriminate between an odorant paired with an electric shock (C5+, filled circles) and a nonreinforced
odorant (C5—, open circles). (A) (i} HOB-treated bees clearly discriminate between the two odorants
[F(1,78) = 84.61, P < 0.0001]. (A} (i) One hour after the last conditioning trial, a higher percentage of
bees responded with sting extension to the odorant paired with electric shock (black bar) than to the
nonreinforced odorant (white bar) (3% = 24, P < 0.0001). (B) (i) Comparison of the response curves for
C5+ and C5— revealed no significant difference between the levels of responses to the two odorants in
HVA-treated bees [F(1,78) = 0.83, ns.). (B) (i} One hour after the last conditioning trial, a higher
percentage of HVA-treated bees responded with sting extension to the reinforced odorant (black bar)
than to the nonreinforced odorant (white bar) (° = 4, P = 0.045). However, the percentage of bees
exhibiting conditioned responses is significantly lower in HVA-treated bees than in HOB-treated bees
(% = 9.26, P = 0.002).

] [1

Test

Fig. 4. Effects of QMP on aversive learning in 15-day-old workers, Associative olfactary conditioning of
the SER was used to compare aversive learning in (A} control bees and (B) bees treated for 15 days with
QMP. Bees were trained to discriminate between an odorant paired with electric shock (C5+, filled
circles) and an odorant that was not reinforced (CS—, open circles). After conditioning, bees in both
groups clearly discriminated between the two odorants [(A) (i) F(1,78) = 53.7, P < 0.0001; (B) (i) QMP-
treated bees F(1,78) = 47.96, P < 0.0001]. One hour after the last conditioning trial, a significantly
higher percentage of bees responded with sting extension to the odorant associated with electric shock
(black bar} than to the nonreinforced odorant (white bar); [(A) (i) % = 18.05, P < 0.0001; (B} (i) QMP-
treated, ¥* = 20.05, P < 0.0001).

Despite being exposed 10 queen pheromone,
forager bees show aversion leaming (/2). How
can this be cxplained? Some QMP effiocts,
including QMP's ability 1o elicit retinue behavior,
are age=dependent (2, ). We examined aversion
lcaming in bees exposcd w0 QMP for 15 days
(Fig, 4) (/3 and found that both QOMP-treated
bees (Fig. 4A) and controls (Fig. 48) showed
robust aversion lcaming. These results indicate
that QMP’s effects on associative olfactory learn-
ing and, presumably, also those of HVA alone,
depend on worker age.

HVA has recently been identified as the
pheromone most important for increasing queen
survival (/8). This suggests that HVA block-
mg of aversive leaming in young workers 1s
somchow advantageous 1o the queen. One possi-
bility is tha high dosages of QMP experienced

20 JULy 2007 VOL 317 SCIENCE

by workers attending the queen have unpleasant
side cffects. Previous reponts have shown, for
example, thar QMP in high concentrations can be
repellemt o workers (79, 20) and can clicit
aggression (24, 22), behaviors that could jeopar-
dize the survival of the queen. By blocking the
establishment of aversive memorics, young bees
would be prevented from lomming an association
between QMP and any unpleasant side effects
induced by high dosages of this pheromone. This
would confer significant benefit, as it would
increase the likelihood of workers” remaining in
attendance of the gueen. Retinue behavior not
only ensures that the queen is constantly fed,
groomad, and antennated by young workers (/--3),
but also, that the queen’s attendants facilitate the
distribution of QMP throughowt the colony (23).
It 15 notweworthy thay, for reasons that remain

unclear, QMP's effects on aversive learning are
age-dependent. Even in the presence of queen
pheromone, older workers exhibit robust
aversion leaming. This is also significant, as it
ensures that this important survival wol can
benelit workers and contribute ultimately 1o the
survival of the colony as a whole,
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The TagMan Gene Expression Master Mix and
TagMan Genotyping Master Mix reagents are
formulated for exceptional sensitivity and
reproducibility for both routine and challeng-
ing real-time polymerase chain reaction (PCR}
applications. When used as part of TagMan-
based guantitative real-time PCR protocols, the
TagMan Gene Expression Master Mix helps
researchers to delect low expressed genes, per-
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gene, and distinguish between similar DNA or
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genotyping protocols, the TagMan Genotyping
Master Mix generates high-guality genotyping
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Methyltransferase Assay

SAM (5-Adenosylmethionine) Methyltrans-
ferase Assay is a continuous enzyme-coupled
assay for the measurement of methylirans-
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large family of enzymes that use SAM as a sub-
strate. The assay does not require radioactively
labeled samples or endpoint measurement
with ultraviolet detection.
Genotech/G-Biosciences For information
800-628-7730 www.GBiosciences.com

Single-Stranded DNA

Circligase ssDNA Ligase efficiently catalyzes
the circularization of single-stranded DNA
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Krystal-UV plates are a range of clear-bottomed
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formats and in black or white polystyrene. They
offer excellent photometric performance down
to 325 nm. Wavelengths below 350 nm are par-
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as many absorbance assays, including vitamin
A, retinol and retinyl acetate, caspase, acid
phosphatase, and hydroxyproline,
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The HorizonDLS is a dynamic light scattering
(DLS) instrument that features patented single
maode fiber optical detection, dual attention
technology, and independent temperature con-
trol of microplate and sample. The HorizonDLS
delivers sensitivity on ultra-low sample volumes
automatically from the entire plate or selected
wells, with no user interaction reguired. After the
prepared microplate is manually or robotically
placed in the temperature-controlled instru-
ment, intuitive software automatically makes the
measurements according to the user-pro-
grammed acquisition sequence. The results are
displayed in seconds. A complete size distribu-
tion of an entire microplate can be automatically
accomplished in just minutes. The instrument’s
applications include screening of aggregates
prior to protein crystallization, monitoring size
and aggregation as a function of varying solu-
tion conditions, buffer optimization, and charac-
terization and screening of biotherapeutics for
sell-association,
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TENURE-TRACK FACULTY POSITION
Infections Discases

The Department of Veterinary Microbiology and
Pathology, College of Vererinary Medicine, Wash-
ngron State University {WSLU), invites apphcations
for a full-tme, tenure-track position in infeatious dis-
eases, This postion will be defined as 50 1o 60 per-
cent rescarch and 40 to 50 percent teaching,
depending on the goals of the individual who fills
it, The anticipated starr dare is May 1, 2008, or be-
fore. The faculty member will be expected o de-
velop and maintain an independent  extramurally
funded rescarch program thar interfaces with active
rescarch programs within the College of Veterinary
Medicine. The Department is extremely collabora-
tive. Active, funded research groups are focused on
the immunology, pathogenesis, cpidemiology, and
genomics of infectious organisms that produce dis-
ease in ammals and Aor are soonotic in natre, Zoonotic
agents indude food- and water-borne pathogens for
which anmmals are important hosts, The Department’s
rescarch programs are cnhanced by NIH-funded
training granes and are locared in excellent facilives
on the WSL campus. Preference will be given 1o
candidates with demonsteared abilities in artracting
funding, condueting and publishing the results of
lypothesis-based research, and interese in high-quality
graduate education. A Ph.D. and DUV.M. or equiv-
alent degree 15 required, as well as a rescarch focus
on infectious discase and a commitment to excellent
teaching in a clinically relevant context. The teach-
ing responsibility includes teaching and  directing
veterinary bactenology, a core course in WSL's pro-
fessional veterinary medicine curriculum. The suc-
cessful candidate will also be expected 1w work
closely with other teaching Faculty in the Depar-
ment, and be actively involved in the Depanment’s
collaborative teaching efforts. The position is antici-
pated to be ar the level of ASSISTANT or ASS0-
CIATE PROFESSOR. Applicants for an Associate
Professor level position must have a strong, publication
record, curent extramural funding, and excellent
teaching credentials. Review of applications will begin
July 20, 20007, Submit letter of application, curmiculum
vitae, and names and addresses of three references to:
Dr. Stephen Hines, ¢/o Ms. Sue Zumwalt, College
of Veterinary Medicine, Washington State Univer-
sity, N0, Box 647040, Pullman, WA 99164-7040.
The application letter should indicare the applicant’s
short and long-term goals regarding both research
and teaching, It should also outline his/her qual-
itications for the position deseribed. Protected group
members are encouraged to apply. For more in-
formanion see website: hop://www.vetmed.wsu.
l:l.‘l'l.l_fc.l'nph}'lncntf, WAL iy ae Bl Enplopmiern Cype
portunity LARnative Aaion Employer,

EVOLUTIONARY BIOLOGY

The University of Oregon Center for Ecology
and Evolutonary Biology ( CEER; website: htyp: //
evolution.noregon.edu/) and the Department of
Biology invite applicarions for a tenurce-track posi-
rion (ASSISTANT PROFESSOR) in evolutionary
biclogy. We are pamicularly interested in candidares
studving the evolution of biologicl processes ar the
molecular kevel in order to address fundamental ques-
tons in evolutionary biology. The successful candi-
date will have an outstanding rescarch program and
a commitment to excellence in teaching, Ph.D. re-
quired, Applicants should submit curriculum vitae,
statement of rescarch interests, statement of teaching
philosophy, and three lemers of recommendarion o:
Evolution Search Committee, Department of Bi-
ology, 1210 University of Oregon, Eugene, OR
97403-1210. To cnsure full consideration,, applica-
tions should be received by Seprember 5, 2007,

The Ulmiversity of Oregon & an Fgual  Cyportisity /
.'|_;||Fnr|.lrr1'|' Acion Ingrintion compnitted fo adltural diversity
i mr.lrp'mrnr unlli e Asrierciig sl I}J_-.ﬂll.frnn A,
Wonren amd mimortties are enconnged 0 apply. We e
"'ﬁ"l'.""""'"-‘ _f'rmli .Jumf_lﬁnf ..ITIJIIT‘{.HIJ_‘ wha sl s courimmil=
ment fo diversity,

POSITIONS OPEN

Texas A%M University, Chemistry.
Nominations of renowned leaders in any area
of chemistry are salicited for the DOHERTY-
WELCH CHAIFR and the BARTON-WELCH
CHAIR in the Department of Chemustry at
Texas A&M University. Nominations and in-
quiries should be made to: David H. Russell,
Head; Department of Chemistry; Texas ASM
University; College Station, TX 77843-3255
(telephone: 979-845-9829; e-mail: chembead @
muail.chem tamu.edu ),

This scarch is part of an extraordinary hiring
program in all arcas and ranks. We sronaly
enconrane applications fiom women, minorieies,
dual carcer conples, wererans, and mdieiduals
weseky o drednil i rics.

TWO TENURE-TRACK FACULTY POSITIONS
Infectious Diseases,/Microbial Immunology
The Department of Veterinary Microbiology and

Pathology in the Washingron Stare University, Col-

lege of Verennary Medicine invites applications for

two full-time (12-month) tenure-teack positions in
infections discases. The positions will be at the

ASSISTANT PROFESSOR level and are defined

as approximately 85 percent rescarch and 15

percent teaching, A Ph.D. or chnical Doctorate

(DAL, ML) with 2 minimum of pwo vears of post-

doctoral experience 15 required. The successful cndi-

daves will have evidence of conducting and publishing
high-quality resules from  hwvpothesis-based  rescarch,
potential for atrracting extramural funding, interestin
high-quality graduate educarion, and commirment to
mentoring undergraduate and professional students
in rescarch. The faculty member will be expected to
teach graduate level courses and develop and main-
tan an independent extramurally funded rescarch
program that interfaces with ongoing  infections
discases rescarch within the Department, College,
and University, Active, well-funded rescarch groups
are focused on the immunology, pathogenesis, epi-
demindogy, and genomics of animal pathogens and
goonotic agents, Rescarch traiming ar the undergrad-
vate, graduate, and postdoctoral levels are supported
by NTH training programs, and the faculty member
is expected o actively participate in these programs
at all levels. Review of applications will begin Au-
gust 15, 2007, Submit the letter of application, cur-
riculum vitae, and letters of support from three
references to: D, Guy Palmer, ¢ /o Ms. Sue Zumwalt
by e-mail; senmwalt@vetmed.wsu.edu, College of

Veterinary Medicine, Washington State University,

PO, Box 647040, Pullman, WA 99164-7040. For

maore informanon see website: hitp:/ Swww. vetmed.

wsw.edu femployment/. WS s an Equal Emplopiment

Cypportimity /Affimative. Acion Employer. Protected  group

members are encovrged to apply.

The School of Forest Resources and Ervironmaental
Science ar Michigan Technological University invites ap-
plications for a rerure-track, nine-month Beulty positon
in the area of wetland science ar the ASSISTANT
PROFESSOR level. Candidates must possess a Fh.D.
at the time of appointment. Preference will be given to
candidates with rescarch and teaching experience in
wetlind ccology, biogeochemistry, sails, or hvdrology.
Responsibilitics include teaching three courses per aca-
demic vear and development of a vigorous, extramurally
funded rescarch program supporting Master’s and doc-
roral students. For addidonal informanion see website:
hops / Aforest.mtuedu Sfaculty fopenin g{

Toapply, send curriculum site, copics of transcripts,
names of three references, a one-page statement of re-
search interests, and a one-page statement of waching
philosophy to: Dr. Blair Orr, Wetland Scientist
Search Committee, School of Forest Resources
and Environmental Science, Michigan Technolog-
ical University, 1400 Townsend Dwrive, Houghton,
MI 49931-1295, Review of applications will begin
Ocrober 1, 2007, and will continue untl the position
is filled,

,'nfr|f|.|_|.r.:|u Tedi r.u.Ju_Q“_ui’ {'rlr'w-:_ill:' (1114 H.frj.nl i !_fl_rlurfrnlur}'
Eduartion Institution/ Equal Cpportinity Engployer,
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Head, Department of Microbiology and Molecular Genetics
Oklahoma State University

The Department of Microbiology and Molecular Genetics { MIMG) a1l Oklahoma State University (OSU) mwites applications for the position of Depart-
ment Head. The position will carry the rank of Professor with tenure and will have a starting date on or after 1 July 2008, We seek a dynamic and vision-

ary leader to help us increase our national prominence in the following research areas: (1) Molecular Microbial Ecology. (2) Molecular Mechanisms of

Pathogenesis, and (3) Molecular Microbial Phvsiology.

The MMG Department is eurrently in a period of growil, with two facully hirings in the last year and additional hires anticipated. Our department has
many nationally funded research programs encompassing a broad mnge of wpics that fall under the above three focus fields in both prokarvotic and
cukaryotic systems and these programs are strengthened by excellent campus-wide core facilities, Our deparmiment offers B.S., M5 and PhD. degrees
in Microhiology, In addition, it is home of the Native Americans in Biological Sciences, an NIH-funded program devoted to empowering an under-rep-
resented minority.

OSL) s a land-grant insttution with 24,000 students at the Sullwater campus located in north-central Oklahoma, 70 miles from Oklahoma City and Tulsa.
OSL is building a new Interdisciplinary Research Building, one third of which is dedicated 1o research in the biological sciences with biodiversity and
biophysics themes directly related to research programs in the department. The new Head is expected to play an active role in developing these and other
thrust areas,

The wdeal candidate will have a doctorate degree in Microbiology or a closely related field, a nationally recognized research program consistent with our
research foct, demonsirated success in obtnining extramumal grant suppon, significant administrative expenence along with oustanding interpersonal and
communication skills, a commitment to supporting innovative teaching. and a vision for curricular reform that will produce students highly qualified for
carcers in rescarch, teaching, and other professional positions.

Qualified applicants should submit a letter of application, statements of research, teaching, and administrative philosophies. 2 cumculum vitae, and four
letters of reference testifving (o the applicant 's leadership and administrative skills to; D Loren Smith, Chair, Department Head Search Committee,
Department of Microbiology & Molecular Genetics, 307 LSE, Oklahoma State University, Stillwater, OK 74078-3020. E-mail: sallic.robinson
e okstate.cdu. [Informal inquiries to Dean Peter M. AL Sherwood of the College of Ants and Sciences are welcome (Telephone: 405/744-5663; cmail:
petersherwood@ okstate.edu ). Application review will begin 1 September 2007 and will continue umtil the position s filled. For further mforma-
tion about the position, as well as descriptions of current research activities and educational programs please see the Departmental web site at http:

Hmicrobiology.okstate.cdu.

Oklahoma State Universine enconrages applicoidons from gualified women, minorities, and persens with divabifities.

UNIVERSITY OF PITTSBURGH
Boyer Chair in Molecular Biology
Department of Biological Sciences

The Department of Biological Sciences at the
Jmiversity of Pittsburgh invites applications
for a newly created Endowed Chair al the Full
Professor rank, pending budgetary approval.
Applicants must demonstrate an exceplional
record of rescarch accomplishment based on
publications, natonal imlemational recogni-
tion and extramural funding. We seck an out-
standing scientist studyving exciting problems
in the general area of molecular biology. The
suceessful candidate will be a scientific leader
working alongside existing fculty inan inter-
active broad-based Department of Biological
Sciences. Further information on the depan-
menl, its faculty, facilities, and undergraduate
and graduate programs is available at htp:
Hwww,pitLedu/~hiology.

Applications will be accepted until the posi-
tien 15 filled, but review will commence
immediately, The stant date is Aexible but is
not anticipated to be sooner than September
1. 2008. Qualified individuals should send a
single fle m pdf format contaming their cur-
rculum vitae, briel statements of current and
future research and teaching interests, and
the names and addresses of five references o
biochria pitt.edu.

The Universite of Pinstorgh is an
Affirmative Action, Equeal Opportanity
Emplonver: Wanen amd mremfers of minorine
gronps wrder-regresended i academia are
exprecially enconraged (o apply

(il

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

We are secking an outstanding individual to
lead the Swiss Institute for Experimental
Cancer Research (ISREC), one of the four
institutes of the EPFL School of Life Scicn-
ces (http:svepfleh/'),

The successful candidate will conduet world
class research in molecular oncology or a
related field directly relevant to cancer,
while shaping the general strategy of ISREC
within the framework of a campus that fos-
ters very strong interactions between life
scicnees, basic sclences, computer scicnee
and engineering. Participation in undergrad-
uate and graduate teaching is expected,
excellent administrative support will be
provided.

Top-of-the-line  resources  and  research
mfrastructure will be available i a new
building on our lakeshore campus. Opportu-
nity will exist for the recruitment of addi-
tional junior group leaders to reinforce the
ISREC weam and fulfill the new director’s
strategic vision.

Full Professor in Molecular

Swiss Institute for Experimental
Cancer Research (ISREC) at EPFL

Oncology and Director,

To apply, please follow the procedure indi-
cated at hup:/isrecfac.epfl.ch. The follow-
ing documenms are requested in PDF format:
curriculum vitae, including publication list,
brief statements of research and teaching
imerests, names and addresses (including
e-mail) of 6 references. Sereening will start
on August 31, 2007, Further questions can
be addressed to:

Professor Didier Trono

Dean

School of Life Sciences

EPFL

CH-1015 Lausanne, Switzerland
e-mail: recruiting.isreci epll.ch

For addinonal information on EPFL, please
consult http:www.epfl.ch

EPFL is committed to balance genders with-
in its faculty, and most strongly encourages
qualified women to apply.
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1t NATIONAL INSTITUTES OF HEALTH

{-’J 3 OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITATIVES g&
S DIRECTOR, DIVISION OF STRATEGIC COORDINATION O

The Office of the Director, National Institutes of Health (NIH) in Bethesda, Marvland. is secking a Dircctor of the Division of
Strategic Coordination (DSC) within the Office of Portfolio Analysis and Strategic Initiatives (OPASI). If you are an exceptional
candidate with an M.D. and/or Ph.D.. we encourage your application.

The OPASI's primary objective is to develop: a transparent process of planning and priority-setting characterized by a defined
scope of review with broad input from the scientific community and the public: valid and reliable information resources and tools,
including uniform disease coding and accurate, current and comprehensive information on burden of discase: an institutionalized
process of regularly scheduled evaluations based on current best practices: the ability to weigh scientific opportunity against public
health urgency; a method of assessing outcomes to enhance accountability; and a system for identifying arcas of scientific and health
improvement opportunitics and supporting regular trans-NIH scientific planning and imitiatives.

As the DSC Director, you will be responsible for integrating information and developing recommendations to inform the priority-
setting and decision-making processes of the NIH in formulating NIH-wide strategic mitiatives. These niuatives will address
exceptional scientific opportunities and emerging public health needs (akin to the Roadmap, Obesity, and Neuroscience Blueprint
initiatives). You will also be responsible for providing the NIH Director with the information needed to allocate resources effectively
for trans-NIH cfforts.

Salary is commensurate with experience and includes a full benefits package. A detailed vacancy announcement with the mandatory
qualifications and application procedures can be obtained on USAJOBS at www.usajobs.gov (announcement number OD-07-
172844-T42) and the NTH Web Site at http://www.jobs.nih.gov. Questions on the application procedures may be addressed o
Brian Harper on 301-594-5332. Applications must be received by midnight castern standard time on August 10, 2007,

7 OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITATIVES {&
DIRECTOR, DIVISION OF EVALUATION AND SYSTEMIC ASSESSMENTS -

iy

The Office of the Director, National Institutes of Health (NIHY in Bethesda, Marvland. is secking a Director of the Division ol Evaluation and
Systemic Assessments (DESA) within the Office of Portfolio Analysis and Strategic Imtiatives (OPASI). I vou are an exceptional candidate
with an M.D. and/or Ph.D. and the vision and ability to integrate evaluation systems and programs across multiple disciplines and organizations,
we encourage your application.

The OPASIs primary objective is todevelop: a transparent process of planning and priority-scuing characterized by a defined scope of review with
broad input from the scientific community and the public; valid and reliable information resources and tools, including uniform disease coding
and accurate, current and comprehensive information on burden of discase; an insututionalized process of regularly scheduled evaluations basced
on current best practices: the ability to weigh scientific opportunity against public health urgency: a method of assessing ouicomes o enhance
accountability; and a sysiem for identifving areas of scientific and health improvement opporiunitics and supporting regular trans-NIH scientilic
planning and initiatives.

As the DESA Director, yvou will be responsible for planning, conducting, supporting, and coordinating, specific program evaluations and projects
of NIH Institutes and Cemers such as the Roadmap, Obesity, and Neuroscience Blueprint initiatives.  In addition, you will serve as the haison
for conducting governmentally required assessmenis according o the Government Performance and Resulis Act (GPRA) and OMB Program
Assessment Rating Tool (PART). You will also serve as a member of the OPAST Steering Commitee involved in oversight of institution-wide
planning and analysis,

Salary is commensurate with experience and includes a full benelits package. A detailed vacaney announcement with the mandatory qualifications
and application procedures can be obtained on USAJOBS at www.usajobs.gov (announcement number OD-07-172847-T42) and the N1H Web
Site at hutp://www jobsnih.gov, Questions on the application procedures may be addressed 1o Brian Harper on 301-594-5332. Applications
must be received by midnight castern standard time on August 10, 2007,

THE NIH 1S DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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i_,—""* OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITATIVES gé%
RS DIRECTOR, DIVISION OF RESOURCE DEVELOPMENT AND ANALYSIS P

The Office of the Director, National [nstitutes of Health (NIH) in Bethesda, Maryland, is seeking a Director of the Division of Resource Develop-
ment and Analysis (DRDA) within the Office of Portfolio Analysis and Strategic Initiatives (OPASI). I vou are an exceptional candidate with
an M.D. and/or Ph.D., we encourage your application.

The OPASTs primary objective is to develop: a transparent process of planning and priority-sctting characterized by a defined scope of review with
broad input from the scientific community and the public; valid and reliable information resources and tools, including uniform disease coding
and accurate. current and comprehensive information on burden of discase: an institutionalized process of regularly scheduled evaluations based
on current best practices: the ability to weigh scientific opportunity against public health urgeney: a method of assessing outcomes to enhance
accountability; and a system for identifving arcas of scientific and health improvement opportunitics and supporting regular trans-NIH scientific
planning and iitiatives.

As the DRDA Director, vou will be responsible foremploying resources (databases, analytic tools, and methodologies) and developing specifications
for new resources. when needed. in order to conduct assessments based on NIH-owned and other databases in support of portfolio analyses and
priority setting in scientific arcas of interest across NIH.

Salary is commensurate with experience and includes a full benefits package. A detailed vacancy announcement with the mandatory qualifications
and application procedures can be obtained on USAJOBS at www..usajobs.gov (OD-07-172841-T42) and the NIH Web Site at http://www.
jobs.nih.gov. Questions on the application procedures may be addressed to Brian Harper on 301-594-5332. Applications must be received by
midnight castern standard time on August 10, 2007.

NIDPK )

Post-doctoral Fellowship Positions
National Institute of Diabetes and Digestive
and Kidney Diseases

E:{% INFLAMMATION AND CANCER
_— TENURE TRACK POSITION
LABORATORY OF HUMAN CARCINOGENESIS

The Laboratory of Human Carcinogenesis (LHC), Center for Cancer Research,

Post-doctoral fellowship positions are available starting September 1, 2007 in Mational Cancer Institute, has a long tradition of excellence in the investiga-

the Diabetes Branch of the Mational Institute of Diabetes, Digestive and Kidney
Diseases (NIDDK), National Institutes of Health (NIH). Research will focus
on clucidating the roles of cell cycle regulators in the pathogenesis of diabeles
and obesity. Projects involve generation and characterization of genetically
engincered mouse models, Candidates with a strong background in molecular
biology, ¢xperence in pancreatic islet beta cell/adipocyie biology fields and
familiarity with ex vivo and in vive models of diabetes/obesity are especially
encouraged to apply. Applicants should have received their Ph.D. within the
past five years and be eligible for an appropriate US visa, if necessary. Acurrent
C.V, a statement describing research interests and carcer goals, and three letters
of reference should be sent 1o:

Sushil G. Rane, Ph.D.

Regenerative Biology Section, Diabetes Branch
National Institute of Diabetes & Digestive and Kidney Discases
Mational Instituies of Health
Building 10, Clinical Research Center, West Laboratories
5-5940 South Drive and Old Georgetown Road
Bethesda, MD 20892

E.mail: ranes@@mail.nih.gov: Tel: 301-451-9834

ton of the molecular carcinogenesis and epidemiology of human cancer. The
Laboratory now invites applications for 2 tenure track position 1o study the role
of chronie inflammation in human cancer. The applicant should have previous
postdoctoral experience; a substantive record of publications in quality, peer-
reviewed journals; and the potential to develop an independent research program
that utilizes basic research discovenes and their translation to investigate the
role of chrome mAammation m the molecular pathogenesis and progression of
human eancer. Previous translational studies of cancer-prone chronie inflamima-
tory diseases in ammal models and humans and’or molecular epidemiological
studies are recommended.

This position is available for a Ph.D. or M.D. with a salary commensurate with
education and experience. The position i avalable to LS, citizens and foreign
nationals. A one or two-page statement of research interests and goals should
be submitted in addition to three letters of recommendation and a curriculum
vilae o

Ms. Shirley Swindell, Laboratory Program Specialist, LHC. CCR. NCL
Building 37, Room 3060, Bethesda, MDD 208924258, Phone: 301-496-2048,
Fax: 301-496-0497, email: swindelsi mail. nih.gov.

Apphications must be postmarked by October 1, 2007,
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U.5. Department of Energy
Associate Director
Office of Science for
Biological and Environmental Research
Announcement # SES-SC-HQ-014 (kd)

The U5, Department of Energy’s (DOE’s) Office of Science is seeking
qualified candidates w lead its Biological and Environmental Research
{BER) Program. With an annual budget of more than 5500 million, the
BER Program is the nation’s leading program devoted 1o applications of
biology to bis-energy production and use and to environmental remedia-
tion. The BER Program supports major rescarch programs in genomics,
proleomics, systems biology, and environmental remediation, The
Program is also one of the nation's leading contributors to understanding
the effects of greenhouse gas emissions, acrosols, and atmospheric
particulates on global climate change.

The Director of Biological and Environmental Research is responsible
for all strategic program planming in the BER Program; budget formula-
tion and execution; management of the BER office including a federal
workforee of more than 30 technical and administrative stafl; program
integration with other Office of Science activities and with the DOE
technology offices; and interagency integration. The position is within
the ranks of the LS. government’s Sentor Executive Service (SES];
members of the SES serve in key positions just below the top Presiden-
tial appointees. For more information on the program please go 1o http:
fwwwse.doc.goviober!.

For further information about this position and the instructions on how
to apply and submit an application, please go to the following website:
http:/jobscarch.usajobs.opm.gov/getjob.asp?Jobl D=58520806.& A
VSDM=2007%2D06%2D06+1 3% IA44%IA02& Logo=0&q=5ES-
SC-HQ-014+(kd)& Fed Emp=N&sort=rv&vw=d & hrd=38T6& ss=10
&FedPub=Y&SUBMITLx=47&SUBMITLy=18. To be considered
for this position vou must apply online. It is important that vou follow
the mstructions as stated on the announcement SES-SC-HQ-014 (kd)
located at the website above.

Professor and Co-Director
Redox Biology Center and Department of Biochemistry
University of Nebraska-Lincoln (UNL)

The Redox Biology Center (RBC) at UNL, funded as a Center of Biomedical
Research Excellence by the National Instatates of Health, invites nominations
and applications from established investigators for o tenured Fuoll Professor
position in the Department of Biochemistry and Co-Director of the Center.
The RBC is amajor focus group for research inredox biology, incorporating
various investigators at UNL and the University of Nebraska Medical Center
in Chmaha, Areas such as thiol-based redox signaling and gene regulation,
redox control of neurodegenerative diseases and cancer, biochemistry of
redox-active trace elements, structural biology, proteomicsmetabolomics,
microbial pathogenesis and redox homeostasis are all current targets of
investigation. The Center also operates mass-spectrometry and spectros-
copy core research facilities, The successful applicant will be expected to
lead an internationally recognized, federally funded research program and
contribute to the development and leadership of the Center.

The position will be housed i the state-of-the-art George W, Beadle Center,
and carries with it a 12-month, state-funded appointment. This senior hire
is the first of several new positions that the RBC will fill in various areas of
redox biology during the next four years. To learn more about the Center
and the Department. please visit httpz//'w ww.aunledo/Redox Biology Center
and http:biochem,unl.edu,

Applicants should go to www.employvment.unl.edu and search for posi-
tion #070421. Complete the faculty acodemic/administrative information
form. Applicanis should submit letter of application, curriculum vitae, a
succinet statement of research mterests, and three letters of reference sent
to; D Vadim Gladyshey, Redox Biology Center Director, University of
Nebraska, N118 Beadle Center, Lincoln, NE 68588-0662, USA (email:
redox2i@unledu), Keview of applications will begin on September 4, 2007
and continue until the position is filled.

The University of Nebraska i committed o a pleralistic campus commiti-
nity through Affirmative Action and Equal Oppar ity and
ix responsive fo the needs of dual cancer conples. We assune
accommodation wunder the Americans with Disabilities Act;
conttact Sheila Hoaves af 402-472-4742 for assistance,

Scientific Curator

Professional positions are available as Scientific Curntors with the
Mouse Genome Informatics Program at The Jackson Labormtory,
Successiul candidates will be primarnily responsible lor data acquisi-
tion and analysis, evaluating and annotating data 1o be incorporated
into the daabase, integrating information from disparate sources,
and interacting with rescarch laboratorics and genome centers Lo
facilitate data wansler. In additon, Curators take pan in database
and interface design by contributing biological perspectives o new
data content and displays. Cumrently we are reeruiting for eurators
for the KOMP (Knockout Mouse Project). the Mouse Genome
Database, and the Mouse Tumor Biology Database. Prelemred areas
of expertise are gene annolation and analysis based on biological
data; mammalian phenotypes and genetic engineering: and cancer
biclogy, respectively. Other desimble attributes include excellen

writing/communication skills and the ability 10 work effectively in
a team environment, Ph.D. degree in Lile Sciences required, post-
doctoral expenence prefemred,

A cover letter should be submitted with your resume. Interested
individuals should apply on-line on the intemet (www.jax.org), refer
o job requisition #8C-05. Please submit cover letter and resume as
one document.

The Jackson Laboratory is one of the world's foremost centers lor
mammalian geneties research. Located in Bar Harbor, Maine, the
lab is adjacent to Acadia National Park. Mountains, ocean, forests,
lakes, and trails are all within walking distance.

If vou love high tech challenges bt vou're looking for a more
netrererd enviromment. this could be the opporfunity vou've been
seavciing for

SOUTHWESTERN

THE UNIVERSITY OF TEXAS
SOUTHWESTERN MEDICAL CENTER
AT DALLAS

Faculty Positions in Infectious Diseases

The Division of Infectious Diseases in the Department of Internal Medi-
cineat the University of Texas Southwestern (UTSW) Medical Center at
Diallas is secking new faculty members al the Assistant Professor, Assoc-
ate Professor, or Professor levels. Faculy will be expected 1o develop
independent and extemally funded independent research programs that
focus onunderstanding the molecular pathogenesis of infectious discases
and'or hest defense mechanisms. Preference will be given to applicants
performing “cutting-cdge™ research on medically important pathogens,
emerging pathogens, and'or agents of potential biothreat, Excellent
opportunitics exist for collaborations with faculty members in Infections
Diseases. the Department of Microbiology, and the Department of Tmmue-
nology at UTSW and with the Regional Center of Excellence (RCE) for
Biodelense and Emerging Infectious Discases. UTSW is an owistanding
scientific environment with established strengths i structural ology,
biechemistry, molecular biology, genetics, and numerous other areas,
Candidates will be expected to contribuite to the teaching and research
training of Infectious Discases fellows. The positions offer attractive
start-up packages and laboratory space. Candidates should have an M.,
and'ora Ph.D, degree with at least two vears of postdoctoral experience
and an outstanding publication record,

To apply, submi a C.V, three letters of reference, and a descrption
of rescarch imterests to: Dr. Beth Levine, Chief, Division of Infec-
tious Discases, UT Southwestern Medical Center, 5323 Harry
Hines Blvd, Dallas, TX 75390-92113, E-mail: Cindv.Jozefiakia
UTSouthwestern.edu,

UT Soutfowestern ix an Equal Opportunify/
Affrmtive Action Emplover,
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Professor in Oceanography and Director at NERSC

The Geophysical Institute has an opening for a professorship in oceanography. The successful candidate will also be offered
the post as Director of the Nansen Environmental and Remote Sensing Center (NERSC).

The applicant should be an internationally recognized researcher within the areas of oceanography/climate/remote sensing.
Applicants should have substantial research leadership experience as well as experience in coordinating research activities and
in strategic research planning. Candidates should further demonstrate strong interpersonal skills and the ability to work and
communicate well with others in a team environment. Salary is negotiable.

Procedures and criteria for application are given at http://melding.uib.no/doc/Ledige_stillinger/1177479945 html.

A description of the paosition is available at http://www.uib.no/mnfa/stillingsomtaler/professorat/Oceanography-Director-NERSC_07.htm
For additional information on the position please contact the Head of the Geophysical Institute, Peter M. Haugan

(phone +47 55 58 26 78; email peter.haugan@gfi.uib.no) or the Chair of the NERSC Board,

Dag L. Aksnes (phone +47 913 17 497; email dag.aksnes@bio.uib.no). ERSC

Applications should be addressed to Geophysical Institute, The University of Bergen,

Allég. 70, NO-5007 Bergen, Morway. Please do not send applications by e-mail.

Closing date for applications: 15 September 2007. Quote reference No: 07/3091/MN. A d
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U.S. Department of Energy
Office of Science
Deputy for Programs
Announcement #SES-S5C-HQ-013 (kd)

. .
I n S c I e n Ce The LLS, Department of Energy’s (DOE) Office of Science is secking ighly qualified condidates

with outstanding scientific achievements to fill the Deputy for Progams position. The Office of

n Science i1s the single largest supporter ofbasic research in the physical sciences in the United States,
I S m 0 re with a 2007 budget of $3.8 billion. [t oversees the Nation’s research programs in high-energy and
nuclear physics, basic and fusion energy sciences. and biological, environmenial and computational
= sciences, The Office of Saence 15 the Federal Govermment™s largest sangle funder of matenals
th a n l u St and chemical sciences, and it supports unigue and vital parts of US. research in elimate change,
. geophysics, enomics, life sciences, and science education. The Office of Science also manages 10
world-class laboratories and oversees the construction and operation of some of the Nation's most
S C l e n C e - advanced R&D user facilities, located a1 national laboratories and universities. These include panicle
and nuclear physics accclerators, synchrotron light sources, nonoscale science rescarch cenlers,
neutron scatterning facilities, ho-¢nergy rescarch centers, supercomputers and high-speed computer
networks, More infornation on the Office of Science can be found at http:/fscience.doe.gov.

The Deputy for Programs provides scientific and management oversight of the six program offices
by ensuring program activities are strategically conceived and executed: formulating and defend-

= ing the Office of Science budget request; establishing policies, plans, and procedures reloed to
WWW.SCIEHEECETEEfS.UI‘g the management of the program offices: ensuring the research portfolio is integrated across the
program offices with sther DOE program offices and other Federal agencies; and representing the
orzanization and make commitments for the Department in discussions and meetings with high-level
government and private sector officials. The position is within the ranks of the US. government's
Senior Executive Service (SES); members of the SES serve in key positions just below the wop
Presidential appomiees.

Science Careers

To apply for this position, please see the announcement and application instructions at http:!/
Jjobsearch.usajobs.opm.govisesasp under the vacancy announcement of #SES-SC-HQ-013 (kd).

ST e Jome S oenie ."M"ﬂ"h Qualified candidates are asked 1o submit their online .;rlplmﬂ ions by Aupust 29, 2007
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MeLamghlin Resoarch Instiote®

Faculty Position in Mammalian Neuroscience
MeLaughlin Rescarch Institule seeks an innovative scientist who can
take advantage of the Institute’s strengths in mouse genetics to address
imporant problems in neurobiology, neurological or psychiatric discases,
or related areas. Low animal eare costs and transgenic services facilitate
mouse-intensive projects that would be cost-prohibitive at many other
centers. Applicants with interests in animal models for human disease,
novel strategies for genome modification or dissection of cellular fune-
tion, aging, or behavior are particularly encouraged w apply. Candidates
should possess a doctoral degree and a record of research excellence as a
postdocioral fellow or as an independent investigator. Applicants at any
level will be considered. The applicant should have, or be capable of
developing. a productive research program that can compete successfully
fior grant funding. Candidates should be willing and able to establish both
intramural and extrmural collaborations.

The Instiute is a small non-profit organtzation located near Montana's
Rocky Mounmtain front that offers a non-burcaucratic, interactive rescarch
environment in a spacicus modern research building, Faculty members
also benefit from the active involvement of MRI's Scientific Advisory
Commitice (Irv Weissman, David Baltimore, David Cameron, Neal
Copeland, Jeil Frelinger, Leroy Hood, Nancy Jenkins, and James
Spudich). For addinonal information see www.montana.edo/wwwmri,
For specific questions about the Institute contact George Carlson, John
Mercer, John Bermingham or Deb Cabin at MRIL

Applications, including names and contact information for three to five
individuals who may serve as references, should be sent 1o
George A. Carlson, Ph.D.
Director, McLaughlin Research Institute
1520 23rd Street South
Great Falls, MT 59405

An Egual Opportumingd ffirmative Action Emplaver

Instrument Specialist/
Automation Chemist

The Merck Catalvsis Center in the Chenstry Department ol Panceton
University is engaged in supporting academic research in the area of
catalvtic reaction development as part of a fast-paced discovery envi-
ronment.

Job responsibilines for this position include, but are not limited o
operating modifving computer-based procedures for the control of high-
throughput equipment and the mamienance of automated high-throughpu
mstrumentation, Instrumentation meludes hguid and sohd dispensing
robots, parallel reacior systems, and analytical instrumentation (HPLC,
SFC, GO, MS, ete.). Additionally, there is the opportunity fora motivated
candidate to conduct/publish independent research in affiliation with the
Catalysis Center.

The job candidate will have a Ph.D. or M.S. degree in chemistry and
practical experience i the mamtenance and operation of automated
HTS mstrumentation, analvtical instruments (SFC, HPLC, GC, MS),
glove boxes, ete. The candidate should have a strong background in
homogeneous catalysis with experience in analytical characterization,
as well o8 basic computer programmung skills, The alahity 10 work in
a leam environment is required with effective interpersonal skills to
commumicate clearly and mteract with academic collabormtors (faculty,
graduate students, and postdoctoral associates),

Applicants should send their CV, a brief statement of rescarch interests,

and three lemters of reference 1o: Ms, Caraline Phillips. Department of
Chemistry, Princeton University, Princeton, NJ 08544-1009.

For information about applying to Princeton and how w self-identify. please
link to httpifweb.princeton.edu/sites/dof/ApplicantsInfo.htm.

FPrinceson Universine is an Egual Opporiuniny
Affirmative Action Emplover

ETH

Eidgendssische Technische Hochschule Zirich
Swiss Federal Institute of Technology Zurich

The Zurich Center for Imaging Science and Technology
(CIMST) and the National Center of Competence in
Research (NCCR) on “Meural Plasticity and Repair” invite
applications for an independent group leader position.
The successtul candidate will initiate a new research
program on the development of “Optomechanical
Microtechnology for High-resolution Endoscopic
Imaging™ aimed at minimally invasive deep tissue
imaging, in particular in the brain. We are seeking a
young scientist with outstanding expertise in micro-
mechanics, micro-optics or related fields and a genuine
interest in biomedical research. The Junior Group will
be embedded in the Nano-Optics group at the Laboratory
of Physical Chemistry at ETH Zurich in close collaboration
with the Brain Research Institute at the University of
Zurich and will be an active part of the existing networks
for optical sciences (www.opteth.ethz.ch), imaging
science and technology (www.cimst.ethz.ch),
micro&nanosciences (www.micronano.ethz.ch), and
neuroscience (www.nccr-neuro.ethz.ch). The position is
at the “Oberassistent” level. Funding includes a start-up
package and salaries for 5 years.

CIMST

Applications including CV and a brief research outline
should be sent by September 30™ 2007 to Prof. V.
Sandoghdar, Laboratory of Physical Chemistry, ETH
Zurich, Wolfgang-Pauli-Str. 10, CH-8093 Zurich,
Switzerland. For information please contact Prof. V.
Sandoghdar (vahid.sandoghdar@ethz.ch) or Prof. F.
Helmchen (helmchen @ hifo.uzh.ch).

Director, Research & Development,
» Kemin AgriFoods North America

Director, Research & Development,
Kemin Food Ingredients

Kemin Industrics, Inc., is a privately held global life science company
headquartered in Des Moines, lowa, with a vision o “umprove the quality
of life by touching half the people of the world every day with our products
and services.” Kemin develops nutnitional solutions that serve a varety of
industries ranging from Agrifoods to Pharmaceuticals,

Kemin currently secks R&D Directors for two of its business units. Both
positions are responsible for all research and development of products from
conceplion 1o commercialization in their respective markets. The positions
require extensive management experience, including budgeting and manage-
ment of o wide array of projects and research teams, Excellent inferpersonal
and communications skills are required in these hands-on roles. Domestic
and international travel 15 hikely.

Director, Rescarch & Development - Kemin AgriFoods: Ph.D. in Animal
Seience, Biochemistry, Organic Chemistry or Microbiology;: At least 7 years
of broad sciemific/ag-onented experience and knowledge base (chemisiry,
biochemistry, animal feedmutrition, microbiology, agronomy, statistical
analysis, techmical writing, practical field expenience, etc.); A proven track
record of accomplishment in product commercialization.

Director, Rescarch & Development - Kemin Food Ingredients: Ph.D. in
Food Science or Biochemistry; At least 7 years of broad experience in cut-
ting edge biological, chemical, food science and/or agricultural technology
management and a proven track record of accomplishment in product com-
mercialization: Food ingredient industry experience a plus.

More information about Kemin, its products and indusiries served can be
found at www, kemin.com.

Please submit resume, cover letter, and salary expectations to: Kemin Human
Resources, 2100 Maury Street - PO Box 70, Des Moines, LA S0306-0070
or jobsia kemin.com.

Kemin is an Egual Opportunite Emplover.




UNIVERSITY OF BASEL
The Medical Faculty of the University of Basel, Switzerland, invites applications for a tenured faculty position as

Associate Professor (Extraordinariat) in Neurophysiology

at the Institute of Physiology. Candidates should heold an M.D. andfor a Ph.D. degree and are expected to have an out-
standing research record in the field of neurgsciences. The successful candidate will complement research activities
in the "Focal Area Neurosciences” of the Department of Biomedicine and is expected to collaborate with the neuros-
cience research groups at the University Hospital and the University, particularly the Biocenter

Basel has a high density of neuroscientists that cover a wide spectrum of neuroscience research, ranging from basic
to clinical and applied research (to be found under this link: http:/hwww?2 biozentrum unibas.ch/neuro). Physiclogy tea-
ching of medical students will be required. The position provides access to core facilities and includes one post-doc-
toral position, and one technician as well as secretanal assistance.

online @sciencecareers.org

Applications must be submitted in electronic and written form and should include a letter of motivation, a CV and cover
the past five years with a list of publications, a list of external research funding, and a description of teaching expenences
A detailed outline of research interests should also be part of the application. For further information please contact the
chairman of the search committee Prof. Dr. U. M. Spomitz { Tel. +41 61 267 39 66, email udo.spornitz&unibas.ch )

<
:
?

Please submit you application no later than September 1. 2007 to Prof. Dr. A. Urwyler, Dean of the Medical Faculty,
University of Basel, Klingelbergstrasse 23, CH 4031 Basel, Switzerland, albert.urwyler@unibas.ch

Mg Interna tional

You got

the offer
you always
dreamed of.

Now what?

Faculty of Mathematics and Natural Sciences

Professorship/Associate Professorship in Petroleum Geophysics,
Department of Earth Science, University of Bergen, Norway

WWW.SCi ree Applicants must have an established international record of research in
-SCienceca 15.018 petroleum geophysics with emphasis on seismic processing, imaging and

inversion of complex geological structures and their rock properties.

For further information please contact Professor Olav Eldholm,

Head of Department (phone +47 55 58 32 81; email olav.eldholm@geo.uib.no)
or Professor Tor Arne Johansen (phone +47 55 58 34 15;

email TorArne.Johansen@geo.uib.nao).

SCIEHCE Careers Complete announcement on the University of Bergen's website
http:/iwww.uib.no/stilling. Applications (in 5 copies) should be sent to g
From the journal Science ~ IAVAAAS The Department of Earth Science, University of Bergen, Allég. 41, g
g MNO-5007 Bergen, Morway. Application deadline 25 August 2007. §
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Chair of Biomedical Engineering Department

The College of Engineering is seeking a dymamic, innovative leader for the position of
Chair of the Biomedical Engineering Department. The Chair is responsible for ovemll
E L 'ﬁéé;m" ! deparimental leadership and admimistration and reports to the Dean of Engineenng. The
_____ﬂ individual should be an active rescarcher with a strong history of external funding in

addition to being recognized for distinguished contributions to biomedical engineering
of a related field. The individial will be expected 1o attract. lead, and mentor high quality faeulty.

The Biomedical Engineering Department is the only depariment in the nation io have received both a
Whitaker Foundation Leadership Award and a Coulter Foundation Translational Rescarch Partnership Award.
The department also has an MIH Pre-doctoral training grant in Quantitative Biology and Physiology and
il mainlains new cuting-edge core fcilities in micro and nano biofabrication, micro and nano imaging.
biointerface technologics, biomedical computing, and teaching laboratorics, The department atiracts abouwt
S18 million per yvear in external imding with research strengths including systems and synthetic biology,
cell and tissue engineening, drug delivery and biomatenals, neuroengineening and sensory systems, multi-
scale bioimaging, cardiopulmonary engincering, and orthopedics among others. The department is currently
ranked 6™ i U8 News and World Repori.

The BME department is poised 1o impact the major biological-thru-biomedical challenges of the nexi few
decades, The next chair will have a mandate for faculty growth in areas that sustain world-class research
and education in cross-culling arcas.

One of four departments within the College of Engineering, the Biomedical Engincering Department
consisis of 28 pnimary faculiy members, 16 secondary faculty members, 4 research faculiy members, 21
stafl members, 150 graduate stedents and 350 undergradustes. Department faculty play key roles in many
of the College and University rescarch centers, including the BioMolecular Engincering Rescarch Center,
the Center for Advanced Biotechnology, the Center for Advanced Genomic Technology, the Cenler for
BioDynamics, the Hearing Research Center, the Neuromuscular Rescarch Center, the Center for Manosci-
ence and Nanobiotechnology, and the Photomies Center. For additional information about the department,
please visit www.bieduwhme,

Persons interesied in being considered for this position should submit a brief letter of inlerest. a vision
statement for the field of Biomedical Engineering, and a current curriculum vitag. The search will be open
until a sustable candidate 15 found. Please send applications and nominations to: Jim Collins, Blomedical
Engineering Search Committee Chair, College of Engincering, 44 Cummington Street, Boston, MA
02215 or by email (pdf or text documents) (o bmechairsearchio bu.cdu.

BOSTON | Boston University is an Affirmative Action, Equal Opportunity Emplover:
m Women and minority candidates arve encowraged o apply.

Research Professor (Division Chief)
Microbiology and Immunology
Yerkes National Primate Research Center at Emory

The Yerkes National Primate Research Center (YNPRC) at Emory University secks a
new Chiel for its Division of Microbiology and Immunology, The successful candi-
date will have an established and intermationally recognized research program in the
arcas of vaccine development or microbial pathogenesis and will have clear leadership
skills. The Chief will be designated as a Core Scientist of the YNPRC and, as such,
will be expected to have a role in the leadership of the Center as well as be expected
o promote an open exchange of ideas, interdeparimental and interdisciplinary col-
laborations, and publication of fundamental discoveries and 10 espouse the highest
standards ol scientific integrity.

The Division of Microbiology and Immunology and the associated Emory Vaccine
Center have established research programs focusing on HIV, malaria, HCV, and
biodefense; all have as their foundation a strong commitment o world-class basic
science in the immunology and pathogenesis of microbial infections. The Chicl of the
Division of Microbiology and Immunology will have an academic appoiniment in an
appropriate Department within Emory University s School of Medicine and will also
be a Member of the Emory Vaceine Center. The Emory Vaceine Center is a pariner in
anew State-wide Initiative launched by the Georgia Research Alliance 1o develop and
deploy next generation vaccines and therapeutics. The selecied candidate will play a
major role in this Vaceine Initiative. Applications should be submitied by September
30, 2007 and should be addressed to; D Rali Ahmed rafe microbio.emory.eduo: 1510
Clifton Road, Atlania, GA 30322

Please reference job requisition #1269BR on the Emory employment website:
http:/emory. he.emory.edu/carcers/index. html

Emaory University is an EECVAA Emplover.

From
life on Mars
to life sciences

For careers in science,
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From the journal Science l‘ AAAS
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INSTITUT PASTEUR KOREA

Institut Pasteur Korea (IP-K) is a translational research institute, linking cell based disease models to therapy development. Using o
chemical genomics approach, IP-K's technological platform relics on computer-aided visvalization in conjunction with high throughput
live cell imaging. The mstitute integrates all steps from basic cell biological rescarch on discase models, w sereening and pharmacology,
medicinal chemistry as well as automated visual target 1D and systems biology. It focuses on both chronic and infectious discases,
Institut Pasteur-Korea is an international institute, currently of 130 employees (30% forcign): the institute is to quickly grow and move
into a newly constructed campus by the beginning of 2009, For more information, visit our website at www.ip-korea.org.

Head of Scientilic AlfTairs & International Relations

Institut Pastewr Korea is inviting applications for the position of “Head of Scientific Affairs and International Relations”, The main focus
of this position is to plan, integrate, and focus the scientific efforts within the institute and w foster collaboration with a network of
international partners in Asia, Europe and the US. A Ph.D. in life sciences and editorial experience are ideal qualifications for this
position, and good communications skills are essential. Based in Scoul in the colural hean of dynamic Korea., the position comes with
a highly attractive salary and benefits package.

Applications including a CV and brief letter of intent should be submitted clectronically to: recruit@ip-korea.org.

Group Leader of Hepatitis C Virus Biology
Institut Pasteur Korea also seeks an accomplished scientist to lead a research group in HCV biology and infection. During our current
expansion we seck an outstanding researcher with a strong interest in the molecular basis of host virus interaction during HCV
replication. The applicant’s rescarch program should make use of our high content visual platform technology, allowing for large scale
chemical screening. Research groups within IP-K pursue a basic science research agenda in coordination with drug discovery efforts.
Candidates should have post-doctoral experience and a proven track record in research. Group leaders receive initial appointments of
up to five years. Salaries will be commensurate with experience and achievements. The allocated research budget (including equipment)
and size of the supported staff will be in aceordance with the activity.
Letters of intent describing your proposed research program (in English, 3 pages max. ). a detailed CV. a description of past activities,
as well ds contact information of three references should be submitied clectronically to: recruit@ip-korea.org,

? il Department of Health and Human Services
{ National Institutes of Health ﬁ
» National Institute on Aging e pet™

Intramural Research Program

RAYAAAS

EDITOR-IN-CHIEF

The American Association for the Advancement of Science
(AAAS), publisher of Seience, 15 initiatng a scarch for Editor-
in-Chief. The journal is published weekly with worldwide cir-
culation to members of the AAAS and mstitutional subscribers,
mcluding libraries. Sefence serves as a forum for the presentation

and discussion of important issues relating to the advancement of

science, with particular cmphasis on the ineractions among sci-
cnee, technology, government, and socicty, [ includes reviews
and reports of rescarch having interdisciplinary impact.

In selecting an editor-in=-chicf, the Board of Dircctors will
attach special weight o evidence ol signilicant achievement in
scientific research, editorial expericnce and creativity, awaneness
of leading wrends in the sciennlic disciplines, and managerial
abilities,

Applications or nominations should be accompanied by com-
plete curriculum vitae, including refereed publications, and
should be sent 1o: Gretechen Seiler, Executive Secretary,
Search Committee, 1200 New York Avenue, NW, Washing-
ton, DC 20005, Salary is negotiable based on qualilications and
experience. Application materials should be sent by August
15, 2007.

The AAAS &s an Equal Opportunity Emplover.

TENMURE TRACK - TRANSLATIONAL INVESTIGATOR

The Laboratory of Clinical Investigation { LCl) of the National Institute
on Aging (MNIA) 15 recruiting a translational scientist for a tenure-track
position within its Intrmmuml Research Progrom (IRP). This position 15
1004 research, includes an attractive set-up package and operating budget,
and provides the unigue and extensive resources of the NIH.

The success ful individual must possess an M. D, MDD PHD., ar o PhD.
degree wath trining and expenience in translational research with a specific
interest i stem cell biology, preferably in hematopoictic or cancer sysiems.
The ideal candidate will have an established record of scientific accom-
plishment wathin the fields of clinical immunology/oncology and a strong
publication record. The ultimate goal of the research should be inmovative
clinical trials for the treatment of human diseases.

Salary 15 commensurate with rescarch expenence and accomplishmenis,
and a full Civil service package of benefits (including retirement, health,
life and long term care insurance, Thrift Savings Plan panticipation, etc.)
15 available, Addimonal information regarding the NIA/IRP and the LCI
are available at the following websites:

http:/fwww.gre.nianih.gov
hitpdwww.gre.nianih.gov/branches/IN s/index. html

Toapply: Please send a cover letter, curriculum vitae, bibliography, and
statement of research interest to: Pegegy Grothe, Intramural Program
Specialist; Office of the Scientific Director (Box 09); Macancy # NIA-
IRP-07-05; National Instingte on Aging. 5600 MNathan Shock Dnve,
Baltimore, MD 21224-6825, Applications must be received by September
4, 2007. If additional information is needed, please call 410-558-8012 or
email grothepi gre.nia.nib.goy

DHHS and NIH are Equal Opportunity Employers
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IF YOU THINK OUR
PIPELINE IS IMPRESSIVE,
YOU SHOULD SEE

THE SCIENCE
BEHIND IT!

Every day, your work has the ability to impact lives. Many
of GSK Consumer Healthcare's well-known products
are global brands, and offer people a new lease on life,
Whether smoking cessation, weight loss, pain management
or even restoring a quiet night's sleep, our products make
life better for millions.

Recently named the 2006 Pharmaceutical Company of
the Year by Med Ad News, G5K is no stranger to
the power of exceptional science and global product
marketing. As we expand our portfolio of consumer
products, which already include such market leaders as:
Nicoderm, Breathe Right, Panadol, Abreva, Polident, and
Alli, the first FDA approved OTC weight loss product, GSK
Consumer Healthcare is eager to attract the most
passionate scientific talent in the marketplace.

Our Mew Product Development and MNew Product
Research departments, located in Parsippany, Mew
Jersey, currently have the following opportunities avail-
able for exceptional professionals:

+ Senior Developmental Scientist
(Req. ID: 44110, 43448, & 43018)

* Principal Scientist, Smoking Control
(Req. ID: 41512)

To learn more about these
positions and to apply onling,
please visit www.gsk.com/careers,
Indicating Req. 1D is essential
Lo search.

A pettel

Bpether #.22

gsk.com/careers

Forschungszentrum Karlsruhe
in der Helmholtz-Gemeinschaft

The Forschungszentrum Karlsruhe GmbH, member
of the Helmholtz Society, is one of the leading
research centres of Europe. Its synchrotron light
source ANKA will be build up to a national and
European user facility on specific science areas. Its
2.5 GeV storage ring provides light from hard
X-rays to the far-infrared for spectroscopy, scatter-
ing, imaging and lithography.

ANKA focuses on the use of synchrotron radiation for
micro- and nanctechnologies, condensed matter
research, actinide and environmental research and on
the development of synchrotron technology.

For the current expansion of ANKA we are looking for
the following staff:

Scientists for

- undulator development and project management
(227/2007)

- beamline development program (74/2006-2)

Senior Scientists wr

G5K s prowd 10 promole &0 open oulue, Bntoumping peopée to be themseles and ghving
their ideas a chante o fibwnish. We ane proud fo be 3n equal oOpOTUEY empoyer

GlaxoSmithKline

Cansumer Healthcare

- beamline development program (73/2006-2)

- coherent X-ray micro imaging methods and instru-
mentation (195/2007)

- scientific praject management and the acquisition of
3rd party funding projects (23/2007)

- development of modern synchrotron X-ray diffraction
techniques (225/2007)

Detailed information about these vacancies can be
found at http://jobs.fzk.de.

For more information please contact Prof. Dr
Baumbach, Tel, +49 (0)7247 82-6820 or Mrs. Méaurer
+49 (0)7247 82-5006.

Kindly send your application to Mrs. Maurer, HPS,
making explicit reference to the vacancies or apply
online httpy//jobs.fzk.de.

Forschungszentrum Karlsruhe GmbH

in der Helmholtz-Gemeinschaft
Hauptabteilung Personal und Soziales
Postfach 36 40, 76021 Karlsruhe, Germany

Internet: www.fzk.de

T

online @sciencecareers.org
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POSITIONS OPEN

TENURE-TRACK POSITION
Department of Chemical Engincering and
Materials Science
University of California, Davis

Applications are invited for a faculty position ar the
ASSISTANT PROFESSOR level in thermodvnamics
of materials with an experimental emphasis focusing,
on problems related o energy, nanomaterals, and
complex matenals. Commitment to cross-disaplinary
undergraduate and graduate education is essential. A
Ph.ld, i materials sacnce, chemical engineening,
chemistry, or related discpline is required. (The suc-
cessful applicant will have access 1o the Peter A, Rock
Thermochemistry Laboratory which is a center of ex-
cellence in calorimerric measurements as well as o
other characterization equipnent in the departmental
central facilies, the Nanomarerials in the Environ-
ment, Agriculture, and Technology Organized Re-
scarch Unit website: htwp:/ /neat.neda-vis.edu
and elewhere on campus. ) Consult website: httpe//
www.chms.uedavis.edu/employnent/ for our on-
line application procedure and requirements.

The position is open until filled; but to assure full
consideranion, applications should be submitted no
later than Ocrober 30, 2007, for a start date of July 1,
1‘]“H. Lic ”ul'r'_n pE udni .'[_ﬂ;ﬂﬂ.rflll’ .-‘]:ff.lu ."fipr.rf f}}rjulﬂ'u-
nity Emplayer, and is dedicated to recmiting o diverse fculty
cnimnniinty.  We welowe o] guilified applicinis po .lﬁ:ll'r.
including woanen, minontics, individvals wich disabilities, and
Peferins,

THE UNIVERSITY of TEXAS SOUTHWESTERN
MEDICAL CENTER at DALLAS

The Department of Internal Medicine, Division of
Mephrology, sccks faculty at the ASSISTANT/
ASSOCIATE PROFESSOR level who will develop
independent research programs in kidney biokogy
and disease. Individuals with expenise in human ge-
netics or glomerukar biology and who are eligible for
Endowed Scholars or Discase-Onented Clinical Schaol-
ars Programs are particulardy encouraged to apply.
Preference wall be given to phvsdan-scientists, but
basic scentists will also be considered. Sucoessful can-
didates will participate in our newly funded O'Brien
Kidney Rescarch Core Center. Applicant must have
an M.D. or Ph.D). degree. Clinical dutics, if apphi-
cable, include paricnt care activitics in nephrology,
Other responsibilities will include the teaching and
rraining of medical students, graduare swidents,
house staft, and fellows.

Vist our website: hp:/ Svwwoutsouthwestern,
edu/nephrology. Send curnculum vitae, descrption
of rescarch, and three refarence letters to: Peter
Igarashi, M.D., Chief of Nephrology, University
of Texas Southwestern, 5323 Harry Hines Boule-
vard, Dallas, TX 75390-8856. E-mail: peter.
igarashi®husouthwesternedu. U7 Sorthursion is an
f;'.Fr.il' i *r_ﬂ’.ﬂ'rlrﬂrr-".-!_ﬂI-l1l|.il‘ll'r Artian I;}uq:‘;l}u?.

Two POSTDOCTORAL POSITIONS availa-
ble immediately ar the Vanderbilt-Ingram Cancer
Center to investigate pl20-catenin function in cell-
cell adhesion and cancer, Secking highly motivared

and mreractive individuals with keen interest in one of

two arcas, One imvobves pl 20 mechanism of action
with respect to cadherin stability and Bho guanosine
triphosphate activity; an interest in signaling and
expertise in moleoular and cellular biology is desir-
able, The other involves pl 20 ablaton in vivo using a
pl120 condiional knockour mouse model; expertise
in signal rransduction and mouse modeling with in-
terest in colon cancer is desrable. Candidares should
have recent Ph.D., or be near completion of Mh.D.,
and have strong academic backgrounds in relevant
technologies. Salarics are competitive.  Pormanent
ULS. residency i required.

Mease send by e-mail a brief cover letter with
currictlum vitae and three references o Dre. Al
Beynolds, e-mail: al.reynolds@vanderbilt.edu,
For links o Revnolds Laboratory website and
postdoctoral affairs at Vanderbilt, go 1o website;
htep: / Sbret.mevanderbilt.edu /bret/.  Vianderhalr

Lnnversity i aw Bqual Opportimity Enployer,

POSITIONS OPEN

THE UNIVERSITY of TEXAS SOUTHWESTERN
MEDICAL CENTER ar DALLAS

The Deparvment of Internal Medicine /Dinvision of
Mephrology sccks an ASSISTANT /ASSOCIATE
PROFESSOR tor our expanding dialvsis, transplan-
tarion, and dinical /rranslational rescarch programs.
Applicant must have an M.D. degree or equivalem
from an approved Liison Committee on Medical
Education medical school and satisfactory comple-
tion of an internal medical ressdencey and a nephirol-
opy fellowship from an Accreditanon Counal for
Graduate Medical Education-aceredited program.
Level of appointment will be commensurate with
experience, Candidate must be cligible for Texas
medical licensure and be Board-cernfied /ehigible in
internal medicine, We are recruiting both CLINI-
CIANS and CLINICAL SCHOLARS, Dutics of
Climician will include patient eare with emphasis on
diabysis and mransplantation; Clinical Seholars will be
expected to develop independent rescarch programs
and participate in our newly funded O'Brien Kidney
Research Core Center. Duties will ako include the
teaching and training of medical students, graduate
students, house staff, and fellows. Indmaduoals who are
cligible for our Discase-Onented Clintcal Scholars
{DOCS) Program are particularly encouraged to apply.
Visit our website: hip:/ /www, utsouthwestern.,
edu/nephrology. Send curmculum vitae, description
of rescarch interests, and three reference berters to:
Robert Toto, M.D., Director of Clinical Nephrol-
u[.:‘p;y, University of Texas Southwesterm, 5323

arry Hines Boulevard, Dallas, TX 75390-8856.
E-mail: robert.toto@usonthwestern.edu, 177 Souh-

westere is ann Egeal Opportunivy/ Affinnsive Acion Enplayer.

RESEARCH COLLABORATORY for
STRUCTURAL BIOINFORMATICS
SCIENTIFIC LEAD
University of California, San Diego (UCSD)
Location: La Jolla, California 92093

The Rescarch Collaboratory for Structural Bio-
informatics (RCSB) Protein Data Bank (PDB) site ar
the University of California San Diego (UCSD) is
secking an expercnced BIOLOGIST for the posi-
tion of Scientific Lead for the PDB Web development
group. The incumbent will work with the PDB
Dircetor, Co-Dircctor and scientific staff at both
Rutgers and UCSIDY in defining the sdentific objectives
for the ROCSBE website, provide funcrional require-
ments, and participate in the design and development
of data amalysis tools. The Sdentific Lead will have
deep domain knowledge in structural biology, com-
putational biclogy, or related discpline. The Scien-
tfic Lead will be skilled ar working with sdentists
from diverse disciplines as well as IT development
staff. The over arching goal for this individual will be
to provide the PDE user commumty with relevant
and creative tools with which to access and analvee the
wealth of the PDB content to enhance thar own
rescarch offorts. Qualified individuals will have the
opportumiy to pursue an academic rescarch track.

Applicants should send a leter describing their
interest in the position, complete curriculum vitae,
ang names of three references to Professor Philip E.
Bowrme at e-mail: pbourne@ucsd. edu.

Lquad Opportunity (Affirmative Adion Employer.

ABOUT MICROCHIP BIOTECHNOLOGIES

Microchip Biotechnologics Incorporated (MBI ) 1=
a privately-held startup company located in Dublin,
California that is developing advanced nanofluidic
sample preparation and analysis systems for the ge-
nomics, life sciences, and moleqolar diagnostics mar-
kers, These solutions are based on MBI's proprictary
Nano BioProcessor pladform and associated Microscale-
on-Chip Valves { MOV rechnology.

We are secking highly qualified applicants who
will thrive in a fast-moving starmup environment for
the following open positions: SENIOR MICRO-
FABRICATION ENGINEER, STAFF SYSTEM
SCIENTIST, SENIOR SYSTEMS ENGINEER,
MICROFABRICATION PROCESS ENGINEER.

For more information on other open positions
and on the company, please visit website: htip: //
www.microchipbiotech.com.
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lowa Center for Muscular Dystrophy Research
and the Department of Neurclogy
University of lowa Carver College of Medicine

Faculty Positions
Skeletal Muscle Biology and Disease

L —

The University of Towa Carver College of Medicing is seeking outstanding
candidates for tenure track positions as members of the lowa Center for
Muscular Dystrophy Research. Candidaies are expected w establish inde-
pendent laboratenes focusing on skeletal muscle biology or discase.

The Umiversity of lowa s expanding 1ts well-established program in
basie and clinical musele research, Applicants should havea M. D, and/or
Ph.D., two vears of relevam postdoctoral training, and a strong record
of research accomplishment, We are particularly mterested i mdividu-
als who would complemem existing strengths in muscular dystrophy
researc b, This recrunment is open to all mnks, but weare especially inter-
ested m mdividuals with established research programs, o be appoimted
1o the Associate or Full Professor rank.

Substantial startup funds are available for equipment, personnel support
and supplies. The University of lowa is located in lowa City, an afford-
able college commumity with many cultural amenities.

Interested applicants should submit curmiculum vitae, aone page summany
of future plans and copies of major publications to:
Muscular Dystrophy Research Center Search
The University of lowa, Carver College of Medicine
4283 Carver Biomedical Research Building,
Towa City, 1A 52242

The University of fowa ix an Egual Oppartumine A firmative Action
Emplover. Women and minorities are strongly enconraged o appdy.

TEXASvk STATE
UNIVERSITY

SAN MARCOS
The rising STAR of Texas _

Texas State University-San Marcos is a member of the Texas
State University System.

CHAIR
DEPARTMENT OF CHEMISTRY AND BIOCHEMISTRY

Texas State University-San Marcos (www.txstate.edu) seeks o Chair for the
Department of Chemistry and Biochemistry (chemadmin.chemistry.txstate,
edu), The successful candidate must hold a doctoral degree, have a strong
record of extramurally funded and internationally recognized research, and
be eligible for tenure at the rank of professor in the Department, Preference
will be given to candidates having previous administrative and umversity
teaching experience, a history of mentoring research students, and research
interests that complement existing departmental programs. The Department
consists of 17 tenured and tenure-track faculty members, offers B.S. and M5,
degrees in Chemistry and Biochemistry, and participates. in interdepartmental
PhDD programs. The University has an enrollment of 27,500 students and
is increasing its number of graduste programs. San Marcos (www.elLsan-
marcos.tus) is a community of almost 50,000 and is located on the eastemn
edge of the Texas Hill Country, 30 miles south of Austin and 30 miles north
of San Antomo.

Interested candidates are invited to submit, as asmgle PDF file, a letter ofappli-
cation, a curriculum vilae, a personal statement on deparimental leadership,
and contact information for five references to: chemehairsearchia txstate,

edu. Applications will be treated confidentially. Review of applications will
begin October 1, 2007.

Tevas Starte Universitv-San Marves is an Equal Qpportunity
Edvcational Institution and ay such does nof diseriminate on grounds of
race. color, xex, mational ovigin, age. sexual orfentalion oF sfafs o o
disafled or Vietmam era veteran, Texas State is commirted to increasing
the diversity of s foculty and semior adminisirafive positions.,

CHAIR

DEPARTMENT OF
PHYSIOLOGICAL SCIENCES

EASTERN VIRGINIA MEDICAL SCHOOL,
NORFOLK, VA

Eastern Virginia Medical School is secking an exiraordinary
individual 1o Chair its Depariment ol Physiological
Sciences. EVMS has made a major commitment 1o strength-
en, expand, and inegrawe the academic enterprise in basic
and clinmical research and o develop an academic culiure
which places EVMS at the [orelront in hiomedical science,
education, and health delivery. The new Chair ol
Phvsiological Sciences will have exceptional suppon [or
recruiting new [aculty and building nationally prominemt
research and education programs. Candidates for this posi-
tion must have a Ph.D. anddor M.D. degree, a distinguished
record of scholarly achievemenis including international
recognition in research, an owstanding record of maintain-
ing extramural research lunding, and demonstrated com-
mitment o excellence in teaching. Candidates should have
superh leadership and interpersonal skills and the ability 1w
develop programmatic research arcas that bridge the
Department’s three divisions (biochemistry, pharmacology
amnd phvsiology). Major current research focal areas are
reproductive biology and cardiovascular science with fund-
ing [rom the National Institues of Health and private foun-
dations, Candidates with research expentise and NIH ROL-
type grant support in the Female Reproductive Sciences are
especially encouraged o apply. Faculty provide instruction
to students in the lisst and second vear of medical school,
in the allied health prolessions, and train M5, and PhDD.
graduate stucdents in the biomedical sciences, The success-
ful candidate will be expected to articulate and implement
a vision for development of the department and recruiting
talented research scientists in ways that enhance current
research and educational programs, and that may include
strong programs in new areas of cutting edge research. For
[urther information, please visiv the Department Web sie:
hup: wwwevms.edu,

All inguiries, nominations, and applications will be held in
strictest conlidence. Applicants should forward electroni-
cally (hubandsb@evms.edu) a letter of interest along with
(1) curriculum vitae, (2) research interests and (3) the

names of three relerences addressed to:

Edward M. Johnson, Ph.D.

Chair, Depariment of Plwvsiological Sciences
Search Committee

Eastern Virginia Medical School

Post OMfice Box 1980, Norfolk, VA 23501-1980

EVMS is an Equal Opportunity/Affirmative Action and

Drug Free Workplace Employer and encourages applications
of women and minorifies.

EVMS

Eastern Virginia Medical School
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POSITIONS OPEN

FACULTY POSITION
Molecular Virology
Deparmment of Microbiclogy and Immunology
University of Western Ontario

The Department of Microbiology and Immunol-
ogy is secking a position in the area of molecular
virology. This position i for a probationary (tenure-
track) faculty member at the level of ASSISTANT
PROFESSOR. Outstanding candidates will also be
considered at a higher rank.

The successhil candidate will hold Ph.DD., M.y,
or cquivalent degrees and is expected o establish an
independent, externally funded research program and
collaborations with others ar the University, the LI
Hobarts Rescarch Instinure, and the Lawson Health
Rescarch Institure, Prioioe will be given to candidanes
with rescarch interests and experise in viral pathe-
genesis including virus-mediated immune modulation
and vaecines and those who use a functional genomies
approach, which will complement existing arcas of
rescarch strength withan the Department and inmatives
on Functional and Genomics and Svstems Biology at
the Schulich School of Medicine and Dennstry. The
successful candidate will be expected to participate in
the teaching programs of the Department ar the under-
graduare and graduare levels,

Mease send detaled curriculum vitae, a brief de-
scrption of rescarch accomplishments and  future
plans, copics of representarive publications, and the
names of three references to

Miguel A. Valvano, Chair
Department of Microbiology and Immunology
Room 3014, Dental Sciences Building
The University of Western Ontario
London, Ontario, Canada
N6A 5C1

Applications will be accepted until the position 1=
filled. Review of applications will begin after No-
vember 30, 2007,

These positions are subject to budger approval.
Appliarnts shodd bave fluent umitten aond orsl commcanton
skally in Enplish, AN gualified candidates ame enconraged 1o
apply: however, Cionadian atizens and permanent residents
will be given priodty. The University of Westem Ontanio is
aoumnritted fo emplopment equity and welamse appliaigons frou
all qualifind wonren and  wren,  including  viible  ninonties,
aboriginal peaple, and persons with disebilintes,

ASSOCIATE DIRECTOR
Massachusetts Institute of Technology
Pharmacentical Manufacturing Program

The Associare Direaror will work directly with the
program director, an MIT professor, to run the daily
operations of a multivear program on pharmaceuts-
cal manuficturing based at MIT. This challenging
program presently involves seven-plus MIT profes-
sors and will be ramped up to include thirty-plus
graduate students and postdocroral associates.

The objective of the program s to perform
rescarch dirccted at creating a new vision in
pharmacenncal manufacturing. The Associare Diree-
tor should be able to demonstrate technical creartiv-
ity and innovational and our-of-the-box thinking,
Will also need 1o possess proven technical and project
management skills.

The positon will invelve coordinating and man-
aging student and postdoctonal rescarch projects in
addition to faclitating communication between
industrial sponsors and MIT staff and students,
Position alkso involves working doscly with supplicrs,
vendors, and external collaborators,

Requirements: a Pho). in chemical engineering,
chemistry, or similar ficld and wen w fifteen-plus
years of experience in pharmaceutical process devel-
opnient or manufacuring.

Intercsted candidares may apply online ar website:
hitp:/ fweb.mit.edu. Please reference job number

mue-00004357 and nclude the names and contact
intormation for three refercnces,

MIT fag a stroerg aned continmed connmniiment fo diversity in
erigineering  educdtron, resoerch, i prastece aend 1',=jrn:|r]'|'"
TR .i”:h.'.ur'u!'u.l_ﬁ'.lm wnwnen aed apsrorities, MIT & an
Affrmative Action/ gl Oypprortiity Emmployer,
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RESEARCH ASSISTANT PROFESSOR

Applications are invited for a Rescarch Assistant
Professor in cell signaling Aimmunaology. Requires a
Ph.D. in biomedical sciences with minimum threc
vears of experience. Apply with curnculum vitae and
three references to: Dr. Mitzi Nagarkatti, Chair,
Department of Pathology, Microbiology and Im-
munology, University of South Carolina School
of Medicine, Columbia, SC 29208 or e-mail:
mnagark@pw. med.sc.edu, 1750 Collnbin is an Egal
Opporinity Affimsioe Action Enyployer and coconrages -
plicattions from wonnen dond minorfies.

ASSOCIATE DEAN for RESEARCH and
GRADUATE PROGRAMS
Auburn University
Harrison School of Fharmacy

The Auburmn University Hamison School of Phar-
macy seeks applications and nominations for the new-
Iy created position of Associme Dean tfor Rescarch
and Gradvare Programs, a tenure-track position.

Applicants must possess a terminal degree in phar-
maceutieal sciences or a related fidd, exeellent commu-
nication and interpersonal skills, and demeonstraved
expericnce in leadership and management to ensure
success in addressing, the School’s vision and mis-
sion. The ideal candidare should have academic ereden-
tials sufficient to meet tenure cligibility requirements,
an outstanding sdentific background in the area of
drug-related sciences, an established and ongoing
record of obtaining extramural funds, and editorial
board or study secrion experience. Candidares should
have proven abilities to foster an interdisciplinary
approach to research o assist the School in achieving
the next level of biomedical rescarch. Salary will be
competitive and commensurate with education and
expencnce. Camdidares selected fie Hus position nenst
be able to mect elygitnlicy requirements for work in the
United States at the e the apposntment borins and
be alle to communicate offectively in Englesy,

Nominations are invited. To assure full consader-
anon, applications must incdude curriculum vitae, a
letter of interest providing a summary of qualifica-
rons for the positon, along with three lerers of ref-
erence. Review of applicanons will begin August 1,
2007, and continue until the position is filled. Appli-
canons and nominations should be submied to:
Harrison School of Pharmacy, Search Commit-
tee, Associate Dean for Research and Graduate
Programs, 2316 Walker Building, Auburn, AL
36849-5501. Applicants may conract Ms, Brinda
Lisano, Assistant to the Dean, for further infor-
martion at telephone: 334- B44-8348 or via e-mail:
lisanbp@auburn.edu.

A full advermsement, including an overview of
responsibilitics, can be viewed at website: hiepes//
pharmacy.auburm.edu,/professionals,/positions htm.

Womment anrd mrinosities o eocvaeraped to apply. Asdume Ui
versity i an Equal Opportnity /A fmeative Action Engeloyer,

QUANTITATIVE,/ THEORETICAL ECOLOGIST

The Department of Ecology and Evoluton s
sccking to fill 2 faculty position with an individual
working ar the interface of theory and data in
ccology. Rank is open, with a prefercnce for
ASSISTANT or ASSOCIATE PROFESSOR.
Interested applicamts should submir curriculum
vitae, selected reprings and preprines, statements of
research and reaching interests, and the names and
addresses of three references to website: hetps:
ccologysearch.uchicago.edu; letters of refercnce
can be submitted at this site as well. Applications
will be acocpted until the position is filled, but
applications should be recerved before 15 September
2007, w ensure full consideration. The Ulsiversity of
Clhuanpo £ an Affiwative Adton gl Oyporteanty Evmployer,

POSITIONS OPEN

FACULTY POSITION
Eukaryotic or Viral Pathogenesis
Department of Microbiology and Immunology
Dartmouth Medical School

The Department of Microbiology and Immunal-
oy at Darmmouth Medical School (DMS) invites
applications from outstanding scientists studying the
maolecular basis of pathogenesis of cukarvotic patho-
gens or vimises, with a strong emphasis on inter-
actions with the host. Candidates working on
medically relevant fungl, protogoans, or virses arc
particularly encouraged to apply, The intent is to
recruit a tenure-track faculty member ar the AS-
SISTANT PROFESSOR level (cmiry or cxperi-
enced) who wall expand our exisung strengths in
microbial pathogenesis and microbe-host interac-
tions. The successful applicant will hold the M.D.
andfor Th.D. degree and have strong rescarch and
teaching credennals. Candidares wall be expecred to
develop and /or expand upon a robust, independent
vet collaborative, extramurally funded rescarch pro-
gram. Teaching expectations include participation in
courses i medical microbiology Ammunology Avi-
rology and graduate courses in the Molecular and
Cellular Biology (MCB) Ph.D. Program. Opportu-
nitics also exist to participate in relased under-
E’.rJt{l.l:ltl.'.' COHITSES,

This position affords the opportunity to utiliee the
state-of-the-arr fcilities and resources associared
with a major rescarch and teaching institution and
cancer center, while enjoving the high quality of life
characteristic of the arca of New England surround-
ing the Dartmouth community, For further infor-
mation on the varnous programs at DMS sce the
listings ar websites: hup://dms. dartmouth.edu/
microbio/ and hrtep:/ Swww.dartmouth.edu,/
~molpath

Applications should consist of curriculum vitae, a
brict statement of rescarch interests and plans, and
three letters of reference. Direct the comail or
hardcopy applicatons to: George O"Toole, Ph.D.
¢/o Karen Thompson, e-mail: karen.|.thompson@
dartmouth.edu, Administrative Assistant, Depart-
ment of Microbiology and Immunology, Dart-
mouth Medical School, Vail Building HE7550,
Hanover, NH 03755, Review of wrﬁmrinns will
start Seprember 15, 2007, and continue unrl the
pasition is filled. Dammonth Medical Schoal is an Affir-
mative Adion/Eqeal Opportimity Employer and  encovrages
applications from swomes aed mentbers of minonry guips.

HUMAN ANATOMY LECTURER, Univer-
sity of Kansas, Biological Sciences secks applicants
for term contract Lecturer position to teach four
university-level courses /semester with primary cm-
phasis on directing Human Anatomy Laborarories,
Teaching of human anatomy disscction laborarorics
includes mraining/evaluaring reaching assistants,
Required: Ph.D. in bielogy or related discipling;
demonstrated rraiming in human anatomy dissection
at the level of medical school anatemy with strong
cadaver dissection component; demonserated record
of ctiective teaching. For a complete position de-
scription, refer to website: hetps:/ Swww.kuub.
ku.edu. Contact: Jan Elder, Biological Sciences,
1200 Sunnyside Avenue, University of Kansas,
Lawrence, KS 66045-7534; c-mail; jelder@ku,
edu; telephone: 7E5-B64-5883. Initial review of
applications begins August 31, 2007, and will con-
tnue untl position is flled.

Eiqual Chpprorturity A fimnative Adion Enplayer

CAREER OPPORTUNITY

This unique program offers the candidate with an
carned Doctorare in the life sciences the opportunity
1o obrain the Docror of Opromerry (O.D.) degree in
27 months (beginning in March of each vear).
Emplovment opportunitics exist in rescarch, educa-
tion, industry, and pavate practice. Contact the
Admissions Office, telephone: 800-824-5526 m
the MNew England College of Optometry, 424
Beacon Strect, Boston, MA 02115, Additional infor-
mation at website: htip:/ /www.neco.edn, e-mail:
admissions@neco.edu.
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Six Specialized Associate Professors and/or Lecturers

Applications are invited for 6 tenure-track positions at the ranks of Associate Professor and
Lecturer in the arcas specified below for a g—yelr term, ending in March 2012,

Appointees will be provided with independent laboratories, startup budgets and research
funds (altogether JPY 23,000,000 in the first year), as well as n&gﬁaﬂ staffs (post-doctoral
fellows and RA's). Annual salary is over JPY 8,000,000 (USS 64,000) and is fixed during the
period of employment. Their promotion to tenured positions (employment guaranteed by
the age of 65) with a minimum guaranteed annual salary will be determined through two
reviews at the ends of their 2nd and 4th vears after appointment.

5
:
3
;
2

. The research areas of interest are as follows; 1) Information and Control Frontier, Creative
WW.SCIEHEEEEI‘E«EI‘S.DI‘g Design and Production Engineering, Thermal and Fluid Engineering Frontier, and Creative
Materials Engineering in the field of Mechanical Engineering, 2)Electronic Devices and

Search thousands Orptical Electronics (Photonics-/Nano-Devices, ete.), Intellipent Control, Generation

. _ Actuator and Pulse Power, Information and Communication System Enginecering,

of ng pgg[[ ngs Intelligent and Knowledge-Based Information Engineering, and Integration and Creation

Information Engineering in the field of Electrical Electronics and Information Engineering,
3} Materials Science, Ceramic Materials, Polymer Materials, Nano-scale Pskhh:ri.l.'ll.r
Synthetic Organic Chemistry, Supramolecular Chemistry, and Materials Simulation in the
field of Materials Science and Technology, 4) Environmental Chemisiry, Environmenial
Materials Engineering, Environmental Energy Engineering, Environmental Information
Engineering, and Environmental Preservation and Maintenance Engineering in the field of
Environmenial and Civil Engineering, 5) Life Science, System Biology, and Biotechnology in
the ficld of Bioengincering, 6) Kansci Enginecring (Affective Technology) and Intelligent
Systems, and Environmental Symhiotic System Science on Society, Economy and Technol-
ogy in the field of Management and Information Systems Science, and 7) Safi Te:hnnlq?f
Safety Device, Safety Design, Risk Evaluation, Failure Analysis and Life Evaluation in the
field of System Safety.

Applicants with their interest should visit at the website on
http:/www.nagaokaut.ac.jp/e/index.html for detailed information and way of application.
For inguiry, please contact Prof. Keizo Uematsn, a secretariat for the Committee of
Selection of Young Investigators, e-mail: toprun@vos.nagaokaut.ac.jp

—updated daily —
all for free.

Science Careers
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Tinas AiM
Iﬁﬂ HEALTH SCIENCE CENTER
CoLLEGE oF MEMCINI

Tenure-Track Faculty Positions
Neuroscience and Experimental Therapeutics

The Department of Newroscience and Experimental Therapeutics (NEXT)
invites applications for multiple tenure-track faculty positions af the level
of ASSISTANT/ASSOCIATE PROFESSOR. We arce interested in out-
standing scientisis in the neuroseiences or translational sciences with a
strong record of research achievement and a commitment o graduate and
medical education, Research n the NEXT Depaniment involves molecular,
eellular and behavioral approaches 1o study braim function and disease
processes including CNS development and aging. neurcendocrine and
inflammatory processes. neural stem cells, mechanisms of drug abuse
and ocular therapeutics ( see http://medicine.tamhse.cduw/basic-sclences/
next/index.htmlj.

The College of Medicing also has strong research programs in infectious
disense, virology, cordiovascular physiology and structural biochennstry,
Faculty participate in the Interdisciplinary Faculty of Neuroscience and
have collaborative ties in Biology/Psvehology Veterinary Medicine at
Texas A&M University, the Texas Brain and Spine Institute as well as
Psyehatry and Behavioral Science. Women and minonties are strongly
encouraged o apply.

Review of applications will begin immediately and continue until the
positions are filled. Applicants should submit a current curriculum vitae,
a slatement of research zoals and names/addresses of four references
by c-mail wo: Dr. Gerald D. Fryve, Dept of Neuroscience and Experi-
mental Therapeotics, Texas A&M Health Science Center, College of
Medicine MS1114, 228 Revnolds Medical Building, College Station,
TX TTR43-1114 (pdfrved medicine tamhsc.edu)

The TAMHSC is an Affirmative Action/Equal Opportunite Emplover
Wornen coned miinerities are strongly enconraged o apply.

Research and Tenure-Track Faculty Positions
NANOTECHNOLOGY CENTER
Bascom Palmer Eye Institute
Evelynr E and William L. MeKnight Vision Research Center
University of Miami Leonard M. Miller School of Medicine

Bascom Palmer Eve Instiute 15 i the midst of renewing and expanding
its research enterprise with the goal of capturing advanced technology for
ophthalmic innovation. Through aggressive faoulty reeruitment over the
past five vears, we have established imteractive, imterdisciplinary prograoms
in neuroscience, medical imaging, biomedical engineering. and clinical
research. With additional wet lab space becoming available in carly 2008,
we now launch this new initiative in nanotechnology.,

Ophthalmoelegy 15 ripe for application of nanctechnology. The National
Eve Institute is actively promoting rnanotechnology funding ininatives,
providing opporunity for program growth even in a tlime of NITH budget-
ary flat-lining.

Faculty recruitment for the nanotechnology initiative will encompass all
ranks and include scientists and clinician-sciemists. Generous siar t-Lip
packages and competitive salaries will be offered for the right individu-
als. Endowed chairs are available for senior candidates, as well as the
opporumity o reerut faculty colleagues, A current focus m ophthalmol-
oy is nol required. only the flexibility 1o move in new directions, the
willingness o be drawn inte shared leadership projects, and an interest
in clinical application.

Ranked as the #1 eve hospital in the nation by US News and World Report,
Bascom Palmer Eye Institute provides an ideal environment for advancing
medical innovation. A successful capital campaign and new senior leader-
ship are transforming the University of Miami's research environment,
making many new resources avalable.

Toapply for these positions, please submita CV with a cover letter deserib-
ing qualifications and expectations 1o: M. Elizabeth Fini, Ph.D, Professor
and Scientific Dircctor, clini@ med.miami.odu. For more information
aboul us, please see our website al www.bascompalmerorg.
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POSITIONS OPEN

FACULTY POSITIONS, Virology. The Depar-
ment of Microbiology at University of Texas (LUT.)
Southwestern Medical Center at Dallas i secking
new faculty in molecular virology at the ASSIST-
ANT PROFESSOR (renure track) level,

This will be a rolling search thar continues unril all
positions are filled. Faculty will be expected 1o de-
velop front-rank, competitive, independent research
programs that focus on one of more aspects of the
viral life cvdle { host-pathogen ntaracnons, viral patho-

genesis, dismuption of viral replication, command of

host cell processes, viral immunology, et cerera) that
will complement existing strengths in hepatitis C,
poliovirus, West Nile virus, HIV/SIV, Kaposi's
sarcoma-associated  herpesvims, and wviral onco-
genesis. Research on any virus of medical relevance
or that may be a potential biothrear is of inrerest,
The candidare also is expected ro contribute w the
teaching of medical and graduare students. Atrracr-
e startup packages, including a competitive salary
and new hboratory space, are available to conduce e

search in an expanding, dynamic environment. For
exceptiomal candidates, an Endowed Scholars Program
offers startup funds of 700,000 (plus S300,000
towards salary support) over a four-vear period,

Candidates should have a Ph.D, and for M., dl.,E,!'s,L
with at least three vears of postdoctorl experience
and an exceprional publication record, Candidares
please forward currculum vitae, three leters of rec-
ommendation, two or three representative publi-
cations, and a brief summary of future research o
Dr. Michael V. Norgard, Chair, Department of
Microbiology, University of Texas Southwestern
Medical Center, 6000 Harry Hines Boulevard,
Dallas, TX 75390-9048 (e-mail: michael. norgard@
utsouthwestern.edu). U07. Southwestern £ an Egual
fJ]'!pmJ‘rlraff;-.-".-l_.li';:r.u.]hnr Addiai L"mpﬁl]n.

FACULTY POSITION
Behavioral NMeuroscience

The Diepartment of Psvchology at the University
of Memphis invites applications for a tenure-track
faculty posiion ar the ASSISTANT PROFESSOR
level, Candidares must possess a Ph.I). and
doctoral experience. While the specific area of spe-
cialization within behavioral neuroscience is open,
preference will be given to candidates who have a
strong record of research publications, currently have
ar are hkely to obran external funding, and have had
expericnce in successful collaborative rescarch. The
person who fills the positon will also be expected 1o
teach both undergraduate and graduate students and
to periedically teach a course in research methods or
staristics. Our Deparoment currently includes 32 full-
ame faculty and offers Ph.DD. degrees in experimental,
clinical, and school psychology. Evaluation of candi-
dares will begin on November 15, 2007, and may
continue until position is filled. Send currieulum vitae,
three lemers of recommendation, and repangs/pre-
prints o Guy Mitteman, Chair, Faculty Search
Committee, Department of Psychology, The Uni-
versity of Memphis, Memphis, TN 38152, The
Unnwwrity of Memphs 15 an Equal Opportiuniry .'!rfi'rrll.li.l'“'
Aion  Employer and enconrages appliations from wamen,
cthnre menovitics, o persons wide disabilitecs,

FACULTY FPOSITIONS
EVOLUTIONARY BIOLOGIST
PHYSIOLOGIST-PROTEOMICS BIOLOGIST

Two tenure-track positions in the Department of
Riological Scences ar California Stare University,
Long Beach, starming fall 2008; ASSISTANT PRO-
FESSOR. preferred, ASSOCIATE PROFESSOR
considered. Sce websites: hitp:/ Swww.esulb.edu /
depts /biology or heep: /S www.csulb.edu /

divisions faa/personnel fjobs /asm for application

details and addinenal informanon. Application review
begins on Scprember 10, 2007, CSULB & an Epeal
Clppont ity Emgloyer comnnitted fo el tiroupl diersity,
stnid takes pride fon ity el lianal eoneinaminent
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POSITIONS OPEN

COMMUNITY, ECOSYSTEM ECOLOGY

The Department of Eoology and Evolutionary Bi-
ology ar the University of Toronmo invites applica-
tions for a renure-track position in community and/
or ccosvstem ccology. The position is ar the AS-
SISTANT PROFESSOR level with an expecred
start date of 1 July 2008, Derails are at website:
http: / /link.library. utoronto.ca,/ academicjobs /
display_job_detail public.cdméjob id=2350.

We are particularly interested in applications from
mdividuals who use expenmental and feld ap-
proaches in rescarch that addresses fundamental
questions in ccology, The successful applicant will
have a I'h.1., postdoctoral or equivalent expenience,
an ourstanding academic record, and is expecred o
build an active, externally funded and international -
recognized rescarch program. The appointee will have
the porential for excellence in reaching and contribute
to the education and training of undergraduare and
graduate students.

Applications wall be accepred unnl 15 October
2007. Applicants should clectronicallv submit curricu-
lum vitae, statement of teaching philosophy and
interests, and an outline of their proposed rescarch 1o
e-mail: jhaugan@ech.utoronto.ca,

rphumt: should arrange to have three confiden-

tial letters of rccommendation sent on their behalf
to: Professor Robert Baker, Chair, Ecology and
Evolutionary Bial%gy, University of Toronte, 25
Willcocks Strect, Toronto, Ontario, Canada. AN
quistlified arndidites are eneonraped o apply; howerer, Cirg-
dian citizens and pesmarent residorts il be gaven priovity.
The f'ml'rnlr}' -_lf' Taronte i }rruraln,.{]' comnired o Jll'rr_urr
witlnn i compnrimty and especally welcomes applications from
risable aninanty gronp neewebers, wonten, Aborginal persns,
persons it disalilities, members of sexnel umonity goups,
and others whe may onmbute to the firther diversificanon of
Tifeas.

ASSISTANT PROFESSOR
Insect Genomics/ Proteomics,/Bioinformatics
University of Kentucky

The Department of Entomology ar the University
of Kentucky iwites applications for a tenure-track
faculty position in insect  genomics,/proteomics
bicinformarics. This is primarily a research position,
with some teaching and advising resporsibilicies. Indi-
vidual will develop a strong independent rescarch
program that will interact with and svoergize ex-
isting departmental strengths. Applicants must have
a Ph.. in entomaology, the biological sciences with
a spedalization in molecular biology, or in a closcly
related ficld. Postdoctoral experience in genomics
proteomics /bioinformatics is highly desired. The
full position descniption, qualifications, and applica-
tion requirements are ar website: hoop: /S waww,
uky.edu/ Ag/Entomology. Application deadline
is Seprember 1, 2007, or until a suitable applicant
is identified.

Submit applications to: Dr. Reddy Palli, Chair,
Search Committee, University of Kentucky, De-
partment of Entomology, $-225 Agricultural Sci-
ence North, Lexington, KY 40546-0091 U.S.A.
E-mail: rpalli@uky.edu. Website: http: /S waow,
uky.edu.

The Upiveniry of Kenticky s an Fpual ”p;wrmrrj’]. Enp=

jl.rﬂi'\ll' r.lfl; !'ll'fl."ﬂf’lﬂ rjrj-fn Flaes .rlf'l.".ll.l M |frﬂr.l |f.|l|.|I lrrr.l[dlll'.l-

RESEARCH ASSISTANT. Full-time, any level
(B.5., M5, Ph.D. in biochemistry-molecular biolo-
v or fickd relared), available immediately, two-vear
minimum, NIH-funded, to study pre-tRNA 37 end
maruration by tRNase 2. Bescarch expericnce re-
quired. Curriculum vitae and contact nformation
for academic/professional references to: D, Louis
Levinger, York College,/City University of Mew
York in Jamaica, New York by e-mail:lovic@york.

POSITIONS OPEN

LABORATORY MANAGER (Job Number 38464)
Laser Ablation-Inductively Coupled Masma Mass
Spectrometry Arizona LaserChron Center

The University of Arizona secks a highly mori-
vated scientist to serve & Manager of the Arizona
LaserChron Center, which i a multi-user facility
that focuses on U-Th-Pb geochronology by laser
ablativn-multicollector inductively conpled  plasma
mass spectrometry (ICPMS ) Responsibilities would
include: (1) directing installation of a new multi-
collector ICPMS and Excimer laser, (2) developing
new analvtical techniques and applications using an
existing muliicollector ICPMS (GV] [soprobe) and
Excimer laser (DUYV193), (3) performing minor
maintenance and oversceing major repairs of these
inscruments, (4) supervising visits of rescarch scien-
tists, and (5) conducring independent rescarch. The
position is full-time and permanent. Applicants
should have a M.5. or Ph.D. in carth science or
chemistry, and have demonstrated expenence with
ICTPMS mstrumentanon. Applications wall be reviewed
beginning 15 August 2007, and will continue until the
posinon s flled. Applications should be submimed ar
website: https:/ Swww.uacareertrack.com for job
number 38464 For addinonal information, please visit
the Arizona LaserChron Center website; hop: /S
www.geo.arizona.edu fale and contact George
Gehres (e-mail: ggehrels@e-mail.arizonaedu) or
Joaquin Ruiz (e-mail: jrute@e-mail.arizona.edu).
The Univwnity -_II'.'h‘F:m.:I iy an Egiad Opportririry, .'i_ﬂ]‘r:lrl.ll'l‘l'l.‘
Atfon f.l'_kl.hﬂ:.lﬂl.lrl.

MULTIPLE FPOSITIONS
U.5. Army Research Laboratory

Multiple positions are available in the Sensors and
Electron Devices Directorate (Optics Branch) of the
U5, Army Rescarch Laboratory, Adelphi, Marand,
All positions involve the research and development
of sensing technologies for a broad range of appli-
cations including chemical and biological hazard
detection. A Master’s or entnv-level Ph.D. /Postdocroral
Fellow in engincering, physical science, or life sci-
ence disciplines s required. However, demonstrated
skills in interdisaplinary problem solving and the
abibty to functon as part of a multidisaphnary team
arc highly desired. Qualified candidates wall also have
expenience in one or more of the following arcas: Ver-
sarile knowledge of optical design and instrumenta-
ton development; biosensors, bioassays, and molecular
recognition; explosives derecrion including poine and /
or standoft sensing rechnologics; separanons and mi-
crofluidics; in-depth expertise in optical /laser spectros-
copy; bio/manotechnology including charactenzation
system enginecring,

Interested candidares should submit curriculum
vitac along with at least two to three references to
e-mail: arl-est@arl.army.mil. Salarv 15 commenso-
rate with cxpericnce and qualifications, The posi-
tons will remain open unol filled. Aldongh s are
il el serviee positions, U1K, eiizenship & rguired,

EDITORIAL ASSOCIATE
The Mational Academies, Washington, D.C,

The National Academics in Washingron, D.C., i
secking an Editorial Associate o facilitate recruiting
of onginal rescarch submissions for the mulodis-
ciplinary rescarch journal, the Proceedinas of the Na-
tional Academy of Scicnees (PNAS) and relaved
activities. A scence-related Bachelor's degree, or
cquivalent kn:miuig;. with threc vears of n:l:lm{ pro-
fessional experience is required. A Ph.D. in a biolog-
ical or physical science and publishing expericnoe 15
highly desired. Superior communication skills and
atrention to detail are essential as well as a demon-
strated ability to prioritize, multitask, and meer enit-
ical deadlines.

For addinonal information on this posiion and
to apply online, please visit website: http:// waww,

nationalacademies.org. Under emplovment, view

cuny.edu. For more about rescarch projects, sce
Zarcen et al,, HNA L2:1104, 2006; Yan et al.,
_Jr. Biod Chem, 281:3926, 2006, Egual Opportunity Fng-
ployerd Affirmnative Adion,

current opportunitics by department, Proceedings of
the National Acadeny of Sesemees, requisition number
0701436, Egual Oyyportunity Engploper,  Minorities /
Fevunles ! Pergong uith Dagabalities / Veterang,
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C CONFERENCES

online @sciencecareers.org
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MOUSE MOLECULAR GENETICS 5-9 SEPTEM BE 2007

Science Careers

Nineteenth annual meeting on Mouse Molecular Genetics Topics

The specific goal of this conference is to bring together a Patterning, Germ Cells & Stem Cells, Epigenetics,
diverse group of scientists studying various molecular and Genomics, Human Disease Models, Genetics,
genetic aspects of mammalian development. Neurobiology and Organogenesis

Abstract and registration deadline 26 July 2007 Rosa Beddington Lecture

To Register please visit www.wellcome.ac.uk/conferences Richard Harvey

Victor Chang Cardiac Research Institute, Australia

The Wellcome Trust Conferance Centre is oparaled through two companies: Hinxton Hall Limiled, a chanty registerad in England (no. 1048066) and a compary
registered in England (no. 3062160); and Wellcome Trust rar:u‘r}; Limited, a non-charitable company registerad in England (no. 3227027), controlled by the Well-
come Trust, The registered offices of both companies ame at 215 Euston Road, London MW 1 2BE, LIk

PRIZES

MARCH OF DIMES PRIZE IN
DEVELOPMENTAL BIOLOGY

DO W h at Nommations of candidaes are solicited for the 13th annual prize 1o

be awarded i 2008, Please make your recommendations on or before

yo u love 2 September 14, 2007.

The March of Dimes Prze in Developmental Biology, a cash award

of 250,000 and a silver medal in the design of the Roosevelt dime, 15
awarded to investigators whose research has profoundly advanced the
scienee that underlies our understanding of birth defects.
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Nomination forms are available upon request from:

Love what oo
yo u d 0. St VR R T Pt b it G Programs

March of Dimes
1275 Mamaronccek Avenue
White Plains, NY 10605
Telephone: (914) 9974555
Facsimile: (914) 997-4561

WWW. SCie ncecaree rs_ﬁrg_‘ mkatzia marchofdimes.com

The previous recipients were:
2007 - Anne McLaren and Janet Rossant
2006 - Alexander Varshavsky
2005 - Mario K. Capecchi and Oliver Smithics
2004 - Mary F. Lyon
" 2003 - Pierre Chambon and Ronald M. Evans
2002 - Sevmour Benzer and Svdney Brenner
SClence Careers 20101 - Corey 5, Goodman and Thomas M. Jessell
; ) " 2000 - H. Robert Horvite
From the journal Science  RRYAAAS 1999 - Sir Martin J. Evans and Sir Richard L. Gardner
1998 - Davor Solter
1997 - Walter J. Gehring and David 5. Hogness
199 - Ralph L. Brinster and Beatrice Mintz
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POSITIONS OPEN

The Department of Biological Sciences at South-
castern Lowsiana University invites applicants for a
tenure-track ASSISTANT or ASSOCIATE PRO-
FESSOR position in molecular microbial ecology.
Candidates should wse modern methods of molecu-
lar biology and genctics to answer basic questions
regarding the facrors thar influence the diversity and
function of microorganisms in ecological systems.

The candidare will be an active participant in our
Institure of Biodiversity and Interdisciplinary Stud-
ics. Candidates should have a 'h.D. in microbiology
or a related held, postdoctoral experience, and a
commitment to tcaching and rescarch. Applicants
will be expected to establish an extemally funded
rescarch program and will reach courses in microbial
ccology, introductory microbiology, and other un-
dergraduare /gradvare courses in the biology curnic-
ulum. Applicants must be committed to working with
diversity. To ensure review, application materials must
be recerved by Seprember 30, 2006,

Qualificd applicants should send a letrer of

application, curnculum vitae, copics of both under
graduate and graduate tanscopts (official transcript
will be required of finahst), statement of teaching and
research nterest, and the ranws and contact inforn-
ton for three references : Dre, David M. Severs,
Department Head, Department of Biological Sa-
ences, Southeastern Louisiana University, SLU Box
10736, Hammond, LA 70402, Informaton about
the Department of Biological Scienees can be found ar
website: heep://www.selu.edu /Academics /Depis/
Biology /. Southotstom is an Affinnanive Action /AL Aqal
Enploymnent Oppornnity Enployer.

The Department of Medicine/Section of Car-
diology is secking qualificd applicants for a full-time
RESEARCH ASSOCIATE (ASSISTANT/AS-
SOCIATE /PROFESSOR) position to study the
cardiovascular structure and function in small ani-
muals (using a 947 magner) and humans, The posi-
ron will be integrared into the small animal magnerie
resonance program and will work on both animal
models of pulmonary hypertension and on human
right ventricular function in a shared imaging core
for amimals. The primary activity of the Rescarch As-
soclate | Assstantt /S Assocociate / Trofessor) 1s academ-
ic rescarch i association with a fculty member or
team. Oualified applicants are required to posscss a
Doctorate degree in engincenng, biomedical engi-
neering, or relared fickds, Applicants should possess
excellent knowledge of cardiac imaging in humans
and small animals, Three to five vears of postdocroral
training is required. A demonstrated track record
of publication and the potential o apply for peer
reviewed funding is preferred. Compensation and
level of appointment are dependent on qualifica-
tons. The University provides a generous package
of fringe benefits. Intercsted applicants should
submit cover berter, curnculum vieae, and three let-
ters of reference via e-mail to: Dr. Stephen Archer,
e-mail: sarcher@medicine.bsd.uchicago.edu. 10
University of Chicago i an Afimeative Adtion /Equal Oppor-
trirriry J':'m}rf.-p':.

POSTDOCTORAL FELLOW
University of Cincinnati
Department of Molecular Genetics, Biochemistry,
and Microbiology

We have an opening for a Postdoctoral Fellow in
the arca of gene regulaton centered on both vas-
cular and cardiac rissues. Much of the work will in-
volve genes that maintain vascular invegrty. The
applicant should be cxperienced in gene regulation
analvas and /or vascular or cardiac physiology. Re-
sumes should be sent to: Jerry B. Lingrel, Ph.Dy.,
Department of Molecular Genetics, University of
Cincinnati, .0, Box 670524, Cincinnati, OH
45267-0524 or to e-mail: Hg;_llflﬁl‘f,!@&fﬂ&
The Uniiemiry ;_lf' Climeinniati &8 am Affomntioe Aeion S Egual
Clpportunity Employper,
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POSITIONS OPEN

ACADEMIC SUPPORT in BIOLOGY
Fall and Spring Semester 2007-2008

The St Lawrence University (SLU) Biology De-
partment secks a full-ime Academic Suppor person
to work in their general biology course, Biology 101
(fall) and 102 {spring), during the 2007-2008 aca-
dermie vear. The Academic Support person will jomn a
team of faculty and staft in implementing a dynamic,
mquiry-based sequence of courses for both major
and nonmajor students. Primary dutics will include
teaching two lhboratory sections cach weck, attend-
ing all lectures, participating in a weckly team meet-
ing, participanng in a weckly teaching assistant
rraining session, and assisting with course grading.
Further, this particular support person will be in
charge of working with the ream 1o develop and
manage a new, peer-based study component for
the courses. Additional duries may include order-
ing supplics, making and disposing of reagents,
maintenance of laboratory instrumentation, testing
laboratory exercises, supervising and training stu-
dent workers, and publishing the course laboratory
manual.

Requiring approximately 40 hours per weck, this
position requires excellent organizatonal skills, com-
purcr skills, rescarch and data amalysis skills, and
attention to detail. The candidare also needs excel-
lent interpersonal skills to work with undergraduates, a
departmental technician, and a team of instructors.
A Master's degree {(or equivalent course work) in
biology or a related subdisaipline is preferred.

Interested candidates should submit a letter of
application, current curriculum vitae, and have three
lerrers of reference sent to: Dy, Michael Temkin, Bi-
ology Department, St Lawrence University, Romaoda
Drive, Canton, NY 13617. Review of applications
will begin immediarey.

For more information please visit the Biology De-
partment webpage ar website: hrep:/ Sicstlawu,
edu/~biology and SLU'S homepage ar website:
http:/ Sovww stlawn.edu, Si Lauweree University ds an
Affimrtie Adion/Epa Emplopnen Opportuniry Ewgilayer
Weonten, prpontics, ivtenmeg, and perzong uirh disalelities ane
encanraged to apply,

FOSTDOCTORAL POSITION in cancer ge-
netic epidemiology and genomics. Starting I’.ﬁf
winter 2007, a Postdoctoral positon is available 1o
pertorm whole genome association studics. The focus
of this transktional laboratory 15 on inhented suscep-
ribility o cancers of the breast, ovary, colon, and
prostate and lymphoma, Access to high-throughput
genotvping platforms and a large number of rescanch
samples from a generic isolate (Ashkenaz ) isavailable.
Methodology indudes candidare gene association
studics (see Serenee 297:2013, 2002, Caneer Res
G6:5104-10, 2006 and 64:8891-900, 2004) and
linage disequilibrium mapping (sce Generie Epide-
mfofpgy 30:48-01, 2006). Applicants will generally
lhave a strong background in molecular genetics and
statistical genetics. Send curriculum vitae and three
letters of reference to: Kenneth Offie, M.D.,
M.I'NH., Clinical Genetics Service, I'.0. Box
192, Memorial Sloan-Kettering Cancer Center,
1275 York Avenue, New York, NY 10021, Fax:
212-434-5166, E-mail: offitk®mskec.org. Mone-
il .'\?.l.m-Ka'J'h'rl.lr_\'l Camicer Clenider I ahni .r_‘:;|lr1.l‘ f:&ynlriumrr
Lanployer uidh a stromg commitmront fo enluncing the diversity
af st faculty and staff. Wowen and appliaets from diverse
raciied, ethnic and cultinrd backgronnds are enconraged fo apply

POSTDOCTORAL POSITION

A Postdoctoral position is available o study cell /
maolecular and biology of complications of diaberes
mellitus and kidney development. Motential candi-
dares must have documented expenence in this arca
of rescarch and in eell and molecular biology tech-
nigues, Please send curriculum vitae with references
to: Yashpal 5. Kanwar, M.D., Ph.D., Northwestern
University Medical School, 303 E. Chicago Ave-
nue, Chicago, IL 60611 U.SA. E-mail: y-kanwar@

northwestern.edu.

POSITIONS OPEN

FOSTDOCTORAL FELLOW
Membrane Transporters
University of Nebraska-Lincoln
Lincoln, Mebraska, US.A.
Mostdoctoral Fellow positions funded by the NIH
are available immediately at the Redox Biology Cen-
ter and the Department of Biochemisery at the Uni-
versity of Nebraska-Lincoln, A Fh.D. in the field of
biochemistry, cell biology, molecular biology, or a
relevant discipline is required. The goal of the rescarch
project 15 to cluadate the funchion, mechamsms of
action, and regulation of metal-lon transporters using
veast, mammabian cells, and genetically-modified mice,
A mulidisciplinary approach combining biochem-
istry, cell biology, genetics, and biophysics will be
emploved, For more information please sce website:
hetp: /S www.unl.edu /RedoxBiologyCenter /;

D. Simani et al.,, Proc. Natl, Acad. Sci. 98:6535,
2001; [ Bl Claenn, 282:947 2007 and 279:17428,
2004, and in press. To apply, c-mail a cover letter, cur-
riculum vitac, statement of rescarch expenience and
carcer goals, and contact information af three refer
ences to D, Jackwon Lee, e-mail: jlee?@unlnotes,
unledu. The LUlrivwriiry q." Nelwaska=Lingoln 5 Bl
:J?-pwrmnr}r, ,‘!!.IFHH.HTIT Ao f,"rlrpl'n]'l':.

POSTDOCTORAL POSITION available im-
mediately on a NIH-funded grant in the Department
of Molecular Microbiology and Immunology ar the
Johns Hopkins University School of Public Health,
Our bboratory s interested in the genomic/maoleoular
mechanisms which control [imlc-ttwciﬁc eviokine
gene cxprossion pamens. The successtul candidate wall
be highly motivated, have Ph.D., and for MDD, and a
have strong background in molecular biology and
immunology. Applicants with demonstrated  expen-
ence in the latest techniques to amabvee chromatin
structure and gene regulation will be given prefer-
ence. Experience with animal models is highly
desirable. Please e-mail curriculum vitae and names
and contact informanon of three references to e-mail:
jbream@jhsph.edu. Jolue Hopling Usversity i an Egual
Chpportunnity/ Affirmative Adion Englayer,

We deliver
customized job alerts.

www.ScienceCareers.org
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Free shipping for 204 reactions.
High throughput, Direct sequenc-
ing from bacteria, phage, genomic
DNA, PCR products, hairpin, ete.

1-586-mclab-868, waw. mctab.com

Oligo Labeling Reagents
t BHQ /CAL Fluor /Quasar_Amidites

+ Amidites for 5' & Int. Modifications
¥ Standard and Specialty Amidites

BIOSEARCH  +1.800.GENOME.1
NONEEY wwwibtilabeling.com
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Believe it! & 48

Ly per reaction.

* Read length up to 900 bases. } -
* High quality electropherograms.
* Fast turnaround.

* Plasmid and PCR purification available. "-
i

Polymorphic exclusively uses ABI 3730XL sequencers.
Data delivered via secure FIP, email or CD.

$2 50 No charge for standard sequencing primers.
] 384 sample minimum order.

per reaction!

96 well plates only—no tubes.

POLYMORPHIC

——————a® Folymorphic DNA Technologies, Inc*

www.polymorphicdna.com 888_362 .0888

info@polymorphicdna.com
1125 Atlantic Ave., Ste. 102 . ) -
Alameda, CA 94501 For more information please visit

www.polymorphicdna.com

For research use only. & Polymorphic DNA Technologles, 2005
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Eliminate steps. Enhance your cloning efficiency. All with the new E-Gel” CloneWell™ Gels, E-Gel” iBase™ and
E-Gel” Safe Imager™ Real-Time Transilluminator. isolating DNA bands for cloning just got easier. Now you can retrieve DNA
bands separated by agarose gel electrophoresis directly from the gel without slicing or additional purification steps. The extracted
DNAis compatible with common cloning methods. It couldn't be safer or easier. See how at www.invitrogen.com/clonewell.

é@invitrogen-

© 2007 Imvitrogen Corporation. AR rights reserved. These products may b covered by one or more Limited Use Labal Licenses (sea e Invitrogen catalog or our wiebsite, www mitrogen comi




	1.jpg
	2.jpg
	3.jpg
	4.jpg
	5.jpg
	6.jpg
	7.jpg
	8.jpg
	9.jpg
	10.jpg
	11.jpg
	12.jpg
	13.jpg
	14.jpg
	15.jpg
	16.jpg
	17.jpg
	18.jpg
	19.jpg
	20.jpg
	21.jpg
	22.jpg
	23.jpg
	24.jpg
	25.jpg
	26.jpg
	27.jpg
	28.jpg
	29.jpg
	30.jpg
	31.jpg
	32.jpg
	33.jpg
	34.jpg
	35.jpg
	36.jpg
	37.jpg
	38.jpg
	39.jpg
	40.jpg
	41.jpg
	42.jpg
	43.jpg
	44.jpg
	45.jpg
	46.jpg
	47.jpg
	48.jpg
	49.jpg
	50.jpg
	51.jpg
	52.jpg
	53.jpg
	54.jpg
	55.jpg
	56.jpg
	57.jpg
	58.jpg
	59.jpg
	60.jpg
	61.jpg
	62.jpg
	63.jpg
	64.jpg
	65.jpg
	66.jpg
	67.jpg
	68.jpg
	69.jpg
	70.jpg
	71.jpg
	72.jpg
	73.jpg
	74.jpg
	75.jpg
	76.jpg
	77.jpg
	78.jpg
	79.jpg
	80.jpg
	81.jpg
	82.jpg
	83.jpg
	84.jpg
	85.jpg
	86.jpg
	87.jpg
	88.jpg
	89.jpg
	90.jpg
	91.jpg
	92.jpg
	93.jpg
	94.jpg
	95.jpg
	96.jpg
	97.jpg
	98.jpg
	99.jpg
	100.jpg
	101.jpg
	102.jpg
	103.jpg
	104.jpg
	105.jpg
	106.jpg
	107.jpg
	108.jpg
	109.jpg
	110.jpg
	111.jpg
	112.jpg
	113.jpg
	114.jpg
	115.jpg
	116.jpg
	117.jpg
	118.jpg
	119.jpg
	120.jpg
	121.jpg
	122.jpg
	123.jpg
	124.jpg
	125.jpg
	126.jpg
	127.jpg
	128.jpg

