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A Shared Docking Motif in TRF1 and TRF2 Used for Differential
Recruitment of Telomeric Proteins MEDICINE
¥. Chen et al. Clonal Integration of a Polyomavirus in Human Merkel Cell Carcinoma
Two similar members of the protein complex that protects the free ends of H. Feng, M. Shuda, ¥, Chang, P. 5. Moore
chromosomes have distinct binding sites for other complex members and A rare, but highly aggressive, form of human skin cancer may be caused by a
accessory prateins. previously uncharacterized human polyomavirus.
10.1126/science, 1151804 10.1126/science. 1152586
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Differential Regulation of Dynein and Kinesin Motor Proteins by Tau Rogue Mantle Helium and Neon
R. Dixit, . L. Ross, Y. E. Goldman, E. L. F. Holzbaur F. Albarede
The motor proteins dynein and kinesin both encounter the protein tau as they move Anomalously high ratios of *He to *He in the recycled basalts under ocean islands
alang the microtubules; the farmer reverses direction, whereas the latter detaches. may result from helium diffusing in from more pristine, primitive mantle.
10.1126/science. 1152993 10.1126/5cence. 1150060
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M. Ogawa, H. Shinoharg, Y. Sokagami, Y. Matsubayashi in Optical Lattices
Peptides that maintain the stem cells in the shoot apical meristem 5. Trotzky et al,
of Arabidopsis act by binding to the extracellular portion of a Ultracold atoms trapped at sites of optical lattices are used to
receptor-like kinase. investigate the superexchange interaction between neighboring
5pins. == Perspective p, 292
GEOMORPHOLOGY
Natural Streams and the Legacy of 299
Water-Powered Mills

R. C. Walter and D. . Merritls

Floodplains and streams in the eastern Wnited States were altered
extensively by milldams in the 17005 and 1800s, challenging recent
hydralogic interpretations and restoration approaches.
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Lhx2 Selector Activity Specifies Cortical ldentity 304
and Suppresses Hippocampal Organizer Fate

V. 5. Mangale et al.

The brain’s cortex begins as a one-cell-thick sheet of stem cells,
whose ultimate identity is specified by a gene that suppresses
noncortical cell fates.
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Million-Degree Plasma Pervading the Extended 309
Orion Nebula

M. Giidel et al.

Million-degree gas fills the Orion Nebula, implying that shock-heated
gas from stellar outflows is commaon in our Galaxy.
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CHEMISTRY

Elementary Structural Motifs in a Random Network 312
of Cytosine Adsorbed on a Gold{111) Surface

R. Otero et al.

Upon cooling, cytosine molecules on a gold surface form a disordered
network based on the assembly of three elementary structural units,
which may have analogies with glasses.

GEOPHYSICS

The Subduction Zone Flow Field from Seismic 315
Anisotropy: A Global View

M. D. Long and B. G. Silver

Identification of the fastest seismic-wave propagation speed

in subduction zones reveals that tremch migration induces flow
inthe mantle above and beneath the subducting slab.

EVOLUTION

A Localized Negative Genetic Correlation Constrains 3718
Microevolution of Coat Color in Wild Sheep

J. Gratten et al.

Although the fitness of wild sheep increases with size, large, dark
sheep are becoming rarer because color is genetically linked to
genes that decrease fitness.

ECOLOGY

Coastal Ecosystem—Based Management with 321
Nonlinear Ecological Functions and Values

E. B. Barbier el al.

Taking into account the nonlinear relation between preserved habitat
area and wave attenuation facilitates integrated management ol
coastal conse nation and development.

= Peripective p. 290

DEVELOPMENTAL BIOLOGY

p-Catenin Defines Head Versus Tail Identity 323
During Planarian Regeneration and Homeostasis

K. A. Gurley, |. C. Rink, A. 5. Alvarado

Smed-[icatenin-1 Is Required for Anteroposterior 327
Blastema Polarity in Planarian Regeneration

C. P. Petersen and P W. Reddien

After the head or tail of a planarian is severed, the signal intensity
of a prominent developmental signaling pathway controls whether

a new head or tail regenerates.

GEMETICS

Matural Genetic Vaniation in Lycopene Epsilon Cyclase 330
Tapped for Maize Biofortification

C. E Hares et al.

Identification of the gene that controls vitamin A levels in maize

will allow production of varieties that can improve global health
without using transgenic methods.
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CELL BIOLOGY

Dual Positive and Negative Regulation of
Wingless Signaling by Adenomatous Polyposis Coli
C. M. Takacs et al.

An important developmental signaling molecule known to be a tumaor
suppressor can also activate growth, possibly explaining the
responses of some cancers.

MEDICINE

Initiating and Cancer-Propagating Cellsin
TEL-AML1-Associated Childhood Leukemia

D. Hong el al.

Identical twins each carry preleukemic cells containing the
characteristic chromosomal translocation, but only one undergoes
further genetic changes and develops leukemia.
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BIOCHEMISTRY

Effects of Molecular Memary and Bursting on 339
Fluctuations in Gene Expression

J. M. Pedraza and J. Paulssen

A theory of stochastic gene expression suggests that noise can be
madulated without feedback loops, complicating interpretation of
single-cell experiments.
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A change of heart.

SCIENCENOW
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Building a New Heart From Old Tissue
When newborn cells are transplanted onto a "skeleton” of
an adult heart, it becomes a pumping organ in the lab.

How to Make a Submarine Disappear
Researchers think objects can be made acoustically “invisible.”

High Prices Just Feel Good
Anticipation of quality activates our brain's pleasure center,

Proteins escape from the ER surface.

SCIENCE SIGNALING
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Making a graceful exit.

SCIENCE CAREERS

WWW, SCIenCecareers.org

MiSciNet: Following the Image

A, Sass0

Ahna Skop built a career from things others pass over, from cellular
detritus to shy high schoal students.

Mind Matters: Leaving a Lab Gracefully

I. 5 Levine

When it's time to leave the lab, the key is to make sure the end isn’t
bitter,

Tooling Up: Dealing With Men Who Have a Problem

With Women

D, Jersen

You're likely to encounter men who have never learned how to relate
to strong, competent women.

From the Archives: You've Worked Hard to Get This Far
1. Austin
Don’t blow your academic job interview.

oo SCIENCEPODCAST
PERSPECTIVE: The Endoplasmic Reticulum Takes Center
Stage in Cell Cycle HEQU[?““" Listen to the 18 January Science
. Fearn and 0. ColienFii e podcast to hear aboul genetic

The ER appears to play a key role in contralling the spatial
localization of proteins involved in the cell oycle.
ST NETWATCH: UCSC Genome Bioinformatics N

Analyze your gene of interest in a range of organisms using the tools
available at the UCSC Genome Browser; in Bioinformalics Resources.

testing for psychiatric disorders,
a possible viral culprit in a rare
skin cancer, the legacy of
waler-powered mills, and more.
WL sciencemag.org/about/padcast.dil

Separate individual or institutional subscriptions to these products may be required for full-text access.
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Evolution in Soay Sheep

Quantitative trait loci (QTLs) are genetic loci corre-
lated with a typically additive phenotypic trait such
as height or color, In Soay sheep, dark coat color is
associated with large body size, which is heritable
and positively correlated with fitness. Through
mapping of the region assodated with the loci
determining coat color, Gratten et al. (p. 318)
detail the linkage of several causal mutations
within a small genomic region within a free-living
sheep population. A strong correlation was found
between coat color and weight, but these relations
showed antagonistic ellects between body size and
lifetime fitness, This study provides empirical sup
port for the role of a negative geneltic correlation in
the evolutionary dynamics of a natural population.

Organizing Brain
Development

In early development, the cortex of the mam-
malian brainis built layer by layer, from the inside
out. But before that occurs, the neural epithelium
consists of only a single layer of stem cells. Man-
gale et al. (p. 304; see the Perspective by Grove)
have now determined that in mice the gene LhxZ
determines cortical identity for cells al these earli-
est stages. Lhx2 establishes whether cells give rise
to the cortical hem, which is now seen to funclion
as an organizer of hippocampal development.

Describing Disorder

Insights into the structure of amorphous materi-
als usually come from theoretical modeling or
from microscopy studies of larger colloidal parti-
cles. Although scanning tunneling microscopy
(STM) methods can achieve atomic resolution,
molecular overlayers on metal substrates tend

www.sciencemag.org SCIENCE VOL 319

the galactic plane.

either Lo form bulk-like islands or crystallize into
ordered films. Otero et al. (p. 312, published
online 13 December) report STM images of cyto-
sine molecules adsorbed on gold surfaces which
show that the molecules are highly mobile at
room temperature. Upon cooling to below 150
kelvin, disordered hydrogen-bonded networks
form that can be characterized as being built up
from three types of subunits—zigzag filaments
and five- and six-membered rings.

The Not-So-Old Mill Streams

Our understanding of natural stream devel
opment has been greatly influenced by
many studies in the eastern United
States. Walter and Merritts

(p. 299, cover: see the Per-
spective by Montgomery) now
show that mill dams were perva-
sive—there were more than 65,000 mills in the
19th century—and that these structures thor-
oughly changed the natural character of the
{loodplains and streams. Mapping of about 20
streams in detail showed that these dams, col
lectively spanning the full length of many
streams, along with widespread deforestation
could cause up to 5 meters of sediment to accu-
mulate in floodplains. Streams were changed
from branching channels across broad wetlands
to confined meandering channels,

Vitamin A in Corn

Vitamin A deficiency affects the vision of mil
lions of children each year, a problem that could
be addressed with dietary adjustments. Harjes
et al. {p. 330} show that natural maize variants
offer a wide range of the precursors to vitamin
A. The cyclase gene (g is critical in assigning

18 JANUARY 2008
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<< Shockingly Hot

Four extremely bright and massive stars, called the
Trapezium, primarily illuminate the Orion Nebula. Giidel
et al. (p. 309, published online 29 November; see the
Perspective by O'Dell and Townsley) show that the Orion
Nebula glows in x-rays because it is flooded with very hot
gas in excess of 1 million kelvin. This heating is likely the
result of shocks from powerful outflows from one bright
star in the Trapezium. The majority of the stars in our
Galaxy are found in regions similar to the Orion Nebula,
so this phenomenon should be widespread throughout

carotenoid variants to different metabolic path-
ways. A selective breeding program, rather than
complicated transgenic methods, may be able
to deliver more nulritious maize,

Heads or Tails

Planarians—ILubular flatworms—can regener
ate all of their body parts and entire organ sys-
tems after amputation. However, the mecha-
nism by which the animal "knows"™ how Lo gen-
erate a head after head removal or a tail after
tail removal, a property called regenera-
tion polarity, is unknown. Gurley et
al. (p. 323, published online &
December) and Petersen and
Reddien (p. 327, published online
6 December) now find that a con-
served factor within the Wnt sig-
naling pathway is used to distin-
guish head from tail. Decreased
Wnt signaling through B-catenin
causes the regeneration of heads,
whereas activation of Wnt signaling
induces tails.

Cellular Origin of Leukemia

Little is known about preleukemic cells, in
which deleterious mutations lirst arise and
function, because such cells are “clinically
silent.” Hong et al. (p. 336) studied a pair of
identical twins, one of whom has childhood
acule lymphoblastic leukemia. Both twins pos-
sessed a cell population that contained the dis-
ease-causing chromosomal translocation but
was not yet malignant. Subsequent modeling
experiments in mice revealed that these pre
leukemic cells could go on to generate the self-
renewing cells that propagate leukemia.
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Engaging Iran

POLITICAL ACRIMONY IN THE WAKE OF 9/11 QUASHED MANY ALREADY-CONSTRAINED
scientific interactions between the United States and Iran, Proposed Fulbrnight and sister-city pro-
grams that could have involved universities and medical facilities were also derailed, and obtain-
ing ULS. visas for scientists became a major obstacle, And intensified confrontation over lran’s
nuclear ambitions further increased political skepticism as to the value of scientific collaboration,

Though doubted by some. the recent intelligence report that Iran terminated its nuclear
weapons program in 2003 may help heighien interest in cooperation in Washington and Tehran,
There are good reasons not to let this opportunity slip by, Science-related engagement can not only
contribute to solutons of global problems but can also help improve understanding of each coun-
try's society and politics, with atendant benefits for bilateral political relations,

The historical attachments of the Iranian scientific community to the United States remain
strong. Scientific cooperation has shaped many programs at prestigious universities in Tehran, Shi-
raz. and other Iranman aities. US.~trained Iranian professors have introduced new
programs in transportation design, materials research, and molecular genetics,
The successful career paths of Iranian students who have studied at LS. gradu-
ate schools in electrical engineering and physics are increasingly recognized in
both countries, The number of joint Iranjan-American scientific publications in

intemational journals exceeds Iranian publications with any other country. At
the same time, LLS, scientists have had access wo Iranian research on seismicity,
specilic cancers, and unique approaches to fish farming in infand ponds.

But bilateral scienufic engagement that can build on US, and Irnian tech-
nical achievements has rapidly atrophied. Many brilliant young Iranian students
seeking advanced study abroad are limited to Canada. Europe., or Japan because
of difficulties in obtmining U5, visas, And concerns over the political situation
have reduced the interest of US, scientists in visiting lran.

Durmg the past 8 years, the LS, National Academies have sponsored annual
U.S.-Iran scientific workshops in both countries in areas such as limnology, water conservation,
science and ethics, and distance education. These workshops and related individual exchanges
have shown that cooperation on problems of mutual interest is possible even in very harsh political
environments, In some ways, this brdge-building 1s reminiscent of early US. exchanges with the
former Soviet Union and China. But more needs to be done 1o help repair the broken dialogue
berween the scientific and mtellecwal communities of the two countries,

The past 3 months have seen a remarkable senes of science-related events mvolving Iran. An
October visit by a US. scientific delegation concluded with a joint decision to increase the fre-
quency of bilateral workshops and the number of exchange visitors. During that visit, Princeton
physicist and Nobel laureate Joseph Taylor delivered a lecture at Shant University in Tehran that
wits seen in person and via the Internet by thousands of Tranan Baculty members and students, In
Movember, the LS. Department of State along with the Institute of Medicine and Academy for
Educational Development organized a 3-week program for specialists in food-bome diseases from
five institutions in lran, including a joint scientific workshop and visits w0 ULS. institutions from
coast to coast. In December. Thomas Jefierson High School for Science and Technology m Fair-
fax, Virginia, began planning audio-video teleconferences with an elite high school in Tehran as a
first step toward a long-term relationship. A salient new development was the launch of annual
LS. -Iranian seminars on “Science, a Gateway to Understanding” The first was held in Tehran in
November and involved scientists, political leaders, philosophers, and theologians to discuss
scientific, political. economie, and social topics that affect understanding among nations.

Many political leaders in ran associate themselves with science, and many technically trained
Americans are active within the foreign policy community. Together, they are an influential group
that recognizes that science is based on evidence and not on ideology. They are the ones who must
become advocates of cooperative programs. Particularly now, at this time of great tension in the
US.-Iran relationship, creative initiatives from the scientific communities of both countries
deserve the broadest possible encouragement and support.

~Glenn Schweitzer and Norman Neureiter

10.1126/s5cience, 1154422
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Understanding variation, particularly in the context of genetic heterozygosity, is an important
step in the effort to improve domestic crops, especially in terms of enhancing resistance to
pathogens. Having tackled a heterozygous pinot noir cultivar of the grape Vitis vinifera, Velasco
et al. have produced a draft of the genome sequence (estimated to be B2% complete) and
uncovered a large-scale partial genome duplication of 10 chromosomes. In addition, they found
that homologous chromosomes differed by approximately 11.2% and mapped approximately
2 million single-nucleotide polymorphisms. Analyses of duplication events within the grape
genome suggest that the majority of gene duplication is Vitis-specific and not due to an earlier
rosid duplication, as has been postulated. These genomic resources will support further investiga-
tion of grape genetics as applied to secondary metabolites (volatiles) and winemaking, and to the
pathogen resistance of long-lived perennials, as well as adding to our understanding of genome
evolution in the rosids, which include the already-sequenced poplar and Arabidopsis. — LMZ

IMMUNDOLDGY

The First Sign of Defense

Soon after birth, the intestine is exposed 1o mult
ple bacterial species, as its colonization by
microflora begins, Some of the new immigrants
are pathogenic, yet it is not dear how early innate
immune protection and the initial maintenance of
the normal microbiota are achieved. In particular,
the antimicrobial peptide-producing Paneth cells
only develop some time after the initial neonatal
period, raising the possibility that the neonatal
intestine may harbor another means of defense,
In support of this, Menard ef al. observed that
although established enteric antimicrobial pep-
tides were absent from the neonatal intestinal
epithelium, they increased over time. In contrast,
expression of the active, processed form of the
cathelicidin cathelin-related antimicrobial pep-
tide (CRAMP} was prominent specifically in the
early stages of development in the epithelium of
the small intestine. This peptide showed signili-
cant activity against a bacterial pathogen, as well

wwwesciencemaq.org  SCIENCE  WVOL 319

PLo5 ONE 2, €1326 (2007).

as against commensal bacteria, and its impor-
tance for neonatal protection was confirmed
using infection of mice deficient in CRAMP.
Expression of the peptide diminished postnatally,
corresponding with a gradual prolif-
erative replacement of the epithelia,
rather than with a down-regulation
of transcriptional activity. The
results suggest that the newborn
intestine uses an ongoing develop-
mental program to help establish
control of microbial colonization
and infection early on, — 5]5
). Exp. Med. 205,
10.1084/jem.20071022 (2008).

CHEMISTRY
Mild Metal Mixing
Combining a second metal with platinum (Pt} to
form an intermetallic can reduce costs, inhibit

poisoning, and in certain cases improve the
reaclivity of this widely used catalyst. However,

DI OR (@)

the need for particle annealing at high tempera-
ture causes sintering that reduces the particle
surface area and introduces shape and size
distortions. Bauer ef al. present a milder tech-
nigue whereby Pt nanoparticles synthesized with
specific shape and size dispersity are treated in
low-temperature solution with metal salts to
form Pt-M intermetallics (M can be tin, lead, or
several other metals). When stabilized by growth
on a support such as alumina or ceria, the Pt
particles did not aggregate. In the case of PIPb
particles supported on Vulcan XC-72, a conduc-
tive carbon black pigment, the electrocatalytic
oxidation of formic acid occurred at a lower
onset petential in comparison with commercial
PtRu particles on the same support, — MSL

J. Mater. Chem. 18, 275 (2008).

CLIMATE SCIENCE
Whither Antarctic lce?

Determining how much the Antararctic ice sheet
may contribute to sea-level rise through global
warming depends on an accurale and precise
understanding of the mass balance of two broadly
defined regions: the coast and the interior. Essen-
tially, the coasts appear to be losing mass while
the interior is closer to being in balance, but con-
siderable uncertainty remains in current estimates
of mass change for the ice sheet as a whole. In

order to better constrain the coastal element of the

problem, Rignot ef af. have analyzed satellite
interferometric synthetic-aperture radar observa-
tions of Antarctica’s coastline from 1992 to 2006
to estimate ice flux to the oceans. These measure-
ments, which cover 85% of the coast, show that
although East Antarclica
probably is not losing
mass, widespread losses
in West Antarctica total-
ing 132 = 60 Gt
occurred in 2006, and
that ice losses that year
at the northern tip of the
Antarctic Peninsula

Ice mass loss from the
coasts increased by 75%
over the period of the
study. These results highlight the importance of
changes in glacier dynamics, which are so poorly
understood that the Intergovernmental Panel on
Climate Change could not include them in projec-
tions of sea-level rise inits 2007 report. — HJS

Nat. Geosd. 1, 10.1038'nge0l02 (2008).
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Darkest Matter

If you're looking to make yoursell a proverbial
black box, you may want to talk to Shawn-Yu
Lin. The physicist at Rensselaer Polytechnic
Institute in Troy, New York, and his colleagues
have just turned oul the darkest material ever
made, It's a thin film made from a forestlike
array of carbon nanotubes 10 nanometers thick
and up to a millimeter tall. The tubes reflect
nearly nothing at all: Not only do they absorb
light well, but the random way in which they
intertwine with one another scatters nearly all
the light they don't absorb.

Whereas the previous low-reflectance record
holder, an etched surface of nickel phosphorus,
reflected just 0.16% of incoming light,
the nanotube array returns merely 0.045%,

NANO-CAR

It looks like a toy and has an
engine just a tad more powerful
than a lawnmower's. But the new
no-frills minicar unwveiled by
Indian automaker Tata last week
is making big waves. At 52500,
the Mano will be the world's
cheapest car when it rolls off the
assembly lines next year. Tala

EDITED BY CONSTANCE HOLDEN

A Mathematical Gem

Diamonds may sel the standard for beauly in jewelry. Bul another crystal structure is
mathematically as exquisite as diamond's, says mathematician Toshikazu Sunada of Meiji
University in Kawasaki, Japan. Diamond and the other structure, which he dubs K,, are
the only ones that possess both of two key symmetries, Sunada reports in the February
issue of the Notices af the Amencan Mathematical Society.

A crystal lattice is a repeating spatial pattern of atoms and bonds. But it can also be
thought of more abstractly as a list of points, or vertices, and a list of lines, or edges, that
connect them. The ordering of the lists can be scrambled, and any scrambling that keeps
the same verlices and edges connected is called an automorphism. Diamond and K, have
“maximal symmetry,” which means any automorphism is eguivalent to sliding or rotating
the structure or reflecting it as in a mirror,

The two also share “strong isotropy.” In diamond, each atom has four neighbors, and the
crystal lattice is so symmetrical that, by rotating and reflecting it, the neighbors can be
made to swilch positions in any way. 50, oo, in K,, in which each atom has three neighbors,

Sunada speculates in his paper that K, doesn't appear in nature. In fact, it shows up
in inorganic compounds, lipid networks, and liquid crystals and has been known for
decades by other names, says Stephen Hyde of the Australian National University in
Canberra. 5till, Sunada has proved that K, and diamond share strong isotropy, Hyde says:
“It's very elegant mathematically.”

Lin's group reported online last week in
the journal Nano Letters, Ray Baughman,

a materials scientist at the University of Texas,

Dallas, calls the work very inleresting, even
though he can’t think of a killer application
for the new material. Lin says he and his
colleagues are staking a claim with Guinness
World Records.

Mice: Ready for Takeoff

Over the past 100 million years or so, bals
have evolved many features that distinguish
them from their mammalian cousins, One is

long, bony digits to support their wings. Now,

by manipulating one small DNA sequence,

officials say ils price and its 20-kilometers-per-liter fuel economy make it ideal for millions of
Indians who can now afford only bicycles and public transportation. But environmentalists
worry that it will further clog streets and worsen air quality. And many wonder if the lightweight,
no-airbags car will meet safety standards in developed countries.

WWW.SCIENCEMag.org
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Richard Behringer of the University of Texas
M. D. Anderson Cancer Center in Houston and
colleagues have nudged mice a tiny step
along the evolutionary path
to bat-hood.

The researchers
looked at the
expression of a
homeobox gene,
prxl, akey to the
development of
limbs in all
mammals, and
found that bats
expressed the
gene differently from
mice in embryonic limbs. 5o, in
mice they removed a chunk of DNA known to
control prxl expression and replaced it with
the same piece from bats. The forelimbs of the
resulting mice were 6% longer than those of
normal baby mice. Although small, that
increase is “important,” says developmental

biologist Clifford Tabin of Harvard Medical
School in Boston,

Similar studies have been done with
flies and worms, but this is the first to show
how a specific change in control of gene
expression—and not an actual gene—can
produce a gross morphological change in a
mammal, says Behringer, whose study was
published this week in Genes & Development.
“If you play this through with lots and lots of
genes, maybe ultimately we could make that
mouse fly out of the cage.”
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By day, Greg Graffin teaches at the
University of California, Los Angeles. By
night, the 42-year-old biologist sings
for Bad Religion. a punk rock band he
co-founded at age 15, Some of his lyrics
draw upon the language of science. In one
song. for instance. he laments about
“Modern man / pathetic example of earth’s
organic heritage / Just a sample of carbon-
based wastage.” Science spoke with Graffin
recenily while he was on a tour to promote
the group’s 14th album. New Maps of Hell.
0:Where does the name “Bad Religion”
come from?

I felt that religion was useless as a way to
answer the “big” questions about life. |
Felt that a “bad religion™ was an apt name
for a beliel system that offered incorrect
insights into questions of a scientific
nature. Today. | recognize that the name
implies that there is a “good religion.” |
guess a good religion is founded on the
principle of truth through observation
and verification.

0: How do you use science in your lyrics?
A lot of scientific words are concisely
descriptive, and this can be poetic if they
are used carefully. 1 think that questions
about evolution particularly are great
metaphors that can be incorporated.
because traditionally, our songs deal with
social hardship. inequality. and general
problems with modern man’s lifestyle.

0Q: Do you keep your two lives separate?
[People sometimes think] that I'm just
using my music to promote my science
background and vice versa: I'll use my lec-
ture podium to try and enlist new fans. |
[try] to never do that. I never talk about
music ina lecture hall. If students come by
[during] office hours, some of them ask
me [about my music]. but vou'd be sur-
prised how few. ... [And that] keeps things
nice and clean.

www.sClencemadg.org

IN BRIEF

A German neuroethologist and two American
surgeons are the winners of this year's King
Faisal International Prize, for science and
medicine, respectively, given out by Saudi
Arabia’s King Faisal Foundation. Riidiger
Wehner, a researcher at the University of
Zurich, Switzerland, wins the $200,000 sci-
ence prize for his research on how desert
ants navigate. Donald Trunkey, a professor
of surgery at Oregon Health and Science
University in Partland, wins half of the
$200,000 medicine prize for his role in

the development of mobile surgical units
for better care of trauma victims. The other
half of the prize goes to Basil Pruitt .,

a surgery professor at the University of
Texas Health Science Center at San Antonio,
whose work has led to improvements in

the care of patients with serious burn

Got a tip for this page? E-mail people@aaas.org
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injuries. Each winner will also receive a
gold medallion.

A California investment banker and his wife
have donated $20 million to Stanford
University for stem cell research. John Scully,
a Stanford business school alumnus, hopes
that such donations will help accelerate the
discovery of stem cell therapies and persuade
the United States government to end restric-
tions on federal funding for the field.

The latest project to benefit from Microsoft's
Bill Gates's fortune is the Large Synoptic
Survey Telescope, which astronomers plan to
build on the mountains of northern Chile.
This month, Gates donated $10 million to
the initiative. Charles Simonyi, a former
Microsoft executive, threw in another

520 million. The 8.4-m-wide telescope,
estimated to cost 5389 million, is scheduled
to see first light in 2014.

/,AWARDS

FROM JAPAN, WITH
LOVE. This year's
Japan Prizes honor
pioneers in com-
munications and
genetics. American
computer scientists
Vinton Cerf (left)
and Robert Kahn
{middle) were cho-
sen in “Infarmation
Communication
Theory and Tech-
nology” for creating

Research Initiatives in Reston, Virginia.

SCIENCE WVOL31%

the basic framework and the communication protocol that undergirds the Internet,
Cerf is vice president and chief Internet evangelist for Google in Mountain View,
California, and Kahn is chair, CEO, and president of the Corporation for National

Victor McKusick (right) was named winner of the "Medical Genomics and Genetics”
prize for accomplishments including the creation of the monumental Mendelian
Inheritance in Man, a catalog of inherited genes associated with diseases. McKusick,

a researcher at Johns Hopkins University in Baltimore, Maryland, also served as the
first president of the Human Genome Organisation. Each prize carries a cash award of
QSS,UDD and is sponsored by the Science and Technology Foundation of Japan.
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SCIENTIFIC PUBLISHING

A clue to songbird
communication

Uncle Sam’s Biomedical Archive
Wants Your Papers

If you have a grant from the ULS, National
Institutes of Health (NIH). you will soon be
required to take some steps to make the
results public. Last week. NIH informed its
grantees that, to comply with a new law,
they must begim sending copies of therr

accepted, peer-reviewed
manuscripts to NIH for post- P ff
ing in a free online archive, S et {

e |

Failure to do so could

delay a grant or N
Jjeopardize current e

i

o

been expanded to include review articles if

they were peer-reviewed. Many journals
retain copyright of the manuscripts they pub-
lish, 50 authors must obtain permission to

post a copy on the NIH site. It is up to
investigators and
their institutions 1w
figure out whether
their submissions

s — g 3
—— ""‘-"lll'l--l..,."_,-
s

i — e,
i - -ﬂ_
pAE= SCELECTED PUBLIC ACCESS POLICIES

The origin of
syphilis

way: Whereas other funders help pay
author fees that some journals charge to
make the full text immediately available,
NIH 15 not offering any extra money for
“open access,” Ruiz Bravo says,

Critics have long warned of potential
snags. For example, they note that it will
often result in two versions of an article on
PMC: the accepted manuscript, which has-
n't been copyedited, and the published
paper. Publishers also have worried that
making articles available for free will cut
nto the subscription income needed to run
journals and other society activities, The
Association of American Publishers had
no immediate comment on the NIH plan,
but AAP has warned that a
mandatory policy “under-
mines™ publishers’ copyrizht

research |1l|'.IL|]“‘I__'. ‘k ,.-:'::I ‘I - .ﬂgEl‘lC]‘ Grantef:i n“:ﬂ ﬂEFMIt iEl'.‘h‘a fI.IrIIIffng fﬂr, and is “inconsistent” with
NIH warns. \ "l g Manuscriptin mmediate access? | g laws (Sefence, 11 Janu-
The public-access -4 i Wellcome Trust  PubMed Central (PMC) or UK. PMC Yes ary. p. 145).
law, touted as a way to = within 6 months of publication Scientists who have been
enable taxpavers to learn { U.K. MRC UK. PMC Yos sending their papers to PMC
about the research they [ within 6 months of publication say the process is relatively
I-L.II]I.L was part of a apgndiq; i HHMI PMC upon acceptance for posting Up to $2000 eusy. but keeping 1.r-.u-.'k |.=1'|::.11.‘|‘|
bill Congress passed in mid- "H within 6 months of publication journal’s copyright policy
Yecember. It makes manda- : is not. For ex: . Kare
December. It makes manda .\ NIH PMC upon acceptance for posting No 15 not. For example, Karen

tory a policy in effect since May
2003 that requests that NIH-
funded mvestigators submit man-
uscripts accepted by a journal to
NIH: the agency posts the full text in
the archive, called PubMed Central (PMC),
no more than 12 months after the article is
published. Only about 12% of authors are
complymg with the voluntary policy, how-
ever, and of 80,000 eligible articles per vear,
only 20% to 25% are being submitted either
by authors or directly by journals, sayvs David
Lipman, who oversees PMC,

MNIH says it is ready for the glut of manu-
scripts it will seon receive, but there are signs
that some scientists may be confused about
what to submit. For example, MIH 15 already
removing old papers that authors mistakenly
posted in PMC. Lipman acknowledges that
there will be “a leaming process” but notes
that traflic on the site is already “huge.” with
12 million article views each month.

NIHS brief notice simply states that the
policy 1s mandatory for all articles accepted
on or after 7 April. Initially, NIH requested
that only original research be archived at
PMC, but now the agency says the policy has

266

within 12 months of publication

comply with the journals’ policy.

To give scientists a nudge, NIH will
require them to include the PMC number
when they cite their own papers in grant
applications and progress reports. Other
possible ways of forcing scoftlaws o com-
ply range from having a program director
call with a reminder to “the most extreme:
suspending funds,” says NIH Deputy
Director for Extramural Research Norka
Ruiz Bravo. “We hope we're not going (o
get there,” she savs,

The new law puts NIH in line with some
other funding agencies that require
grantees to send their papers to PMC or a
LK. version of the archive: these include
the LLK.s Medical Research Council and
Wellcome Trust, which adopted such poli-
cies in 2006, and the Howard Hughes Med-
ical Institute (HHMI) in Bethesda, Mary-
land, whose rule goes mnto effect this month
{sec table). All three institutions require

that papers be posted within 6 months of

publication in a journal, NIH differs in one

Allendoerter, lab manager for
HHMI nvestigator Susan
Lindquist of the Whitehead
Institute in Cambridge, Massachusetts, savs
figuring out whether the author must submit
articles directly or can rely on the journal to
do it is “a pain in the neck.” (NIH has tried 1o
help by posting a list of some 300 journals
that automatically upload articles o PMC.)
As Tor journals, although most major
biomedical publications (including
Science) already allow authors to submit
manuscripts to PMC, some publishers say
they will need to police the site for articles
mistakenly posted. such as those not vet
released from the journal’s embargo or
those published before 2005, Martin Frank,
executive director of the American Physio-
logical Society. sayvs APS asked NIH to
remove 78 papers last year, and he expects
“hundreds” of similar errors when the
mandatory policy kicks in. Lipman
acknowledges that NIH had to remove
some papers. But complying with copy-
right, he says, is not NIHs responsibility;
it’s “between the author and the publisher.”
=JOCELYN KAISER
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The world's earliest
monuments

Satellite Company Offers Earth-Observing Researchers a Ride

Looking fora way o get multiple daily obser-
vatons of Earth from space” A satellite com-
munications company called Indium may
have a deal for you.

Iridium is offering space on i1s next-
veneration fleet of 66 satellites for
researchers to do earth observation. Built
and paid for by government agencies, the
instruments would be launched by Indium,
which would manage the data transmissions
for a fee. Next week. it will pitch the idea to
scientists, funding agencies, and instrument
manulacturers at a meeting at the Roval
Society in London. But the $1.6 billion price
tag could prove a bit o steep.

“The concept can't be argued with,” says
Mick Johnson ol the European aerospace
company EADS Astrium, who also heads the
LUK s Centre for Earth Observation Instru-
mentation. “The question 1s: What's the per-
formance, what's the cost, and what will we
then not be doing™

Maotorola set up the Iridium system during
the 19905 as a worldwide mobile phone serv-
ice. But it proved a financial disaster and was
bought by a group of private mvestors i 2004,
Indm. which can handle both voice and data,
now has about 223 000 customers, mostly in
the military and m the shipping. aviaton, and
petroleum industries. Remote research
outposts such as the
Amundsen-Scott

South Pole Stationrely  1ype

heavily on it, Altimetry 24
The satellites, how-

ever, provide limited  Radiometry 18

bandwidth—at 10kilo-

bits/second, it’s slower  'Maging

than a dial-up modem ;

and are 1'.*{“;1;1'11:11 o mmnn 3

begin failing during

the next decade. So

in late 2006, the company began planning
a replacement constellation, dubbed Irid-
ium NEXT. and came up with the idea of
adding remote-sensing capabilities as a
moneymaking venture. 1t%s working with
Trident Sensors, a Brinsh company that
makes Iridium receivers for scientific uses
such as ocean-monitoring buoys and
autonomous submersibles,

www.sciencemag.org SCIENCE VOL 319

NEW TOOLS TO OBSERVE EARTH
Number of sensors  Applications

Most earth observation these days i1s
done by single satellites. often huge behe-
moths bristling with sensors. Although this
approach allows researchers to compare dil-
ferent types of data. it 1s less useful for
studying phenomena that evolve rapidly,
because a single craft can take days to return
to a particular spot. Iridium’s idea is entirely
different: The satelhites” main function will
remain communications, but the company
will make available on each one enough
room for a suitcase-sized instrument, weigh-
ing no more than 30 kilograms and using
less than 30 watts of power. Government
AZENCICs 'l.'l.'l'l'll]{l I.II'HH'I'HC what mstruments 1o
install. build them. and control them in orbit:
Indiwm would charge 1o download the data,

Because there are 66 satellites
with many carrving the same
instrument. any location
can be viewed many
times a day, capturing
fast-changing phe-
nomena such as plant
growth or how air
polluton levels vary
with the time of day.
“Science needs this,
It's unparalleled to v
have so many plat-

-

Sea surface, wave height, wind spaed,
ocean circulation, tsunami early warning

Measuring Earth's radiation budget, ice
and cloud albedo, weather forecasting

Deforestation, desertification, ice extent,
disaster remediation

Temperature and humidity profiles, electron
content of ionosphere, weather forecasting

forms.” says atmospheric chemist Paul Monks
of the University of Leicester. UK.

Iriddivum and Trdent have worked out one
possible scenario. in which different groups
of the 66 satellites would carry out four sep-
arate missions (see table): altimetry, radio-
metry, imaging, and radio occultation,
which gives temperature and moisture pro-
files (Science, 7 April 2006, p, 48). But the

space constrainis onboard the satellites
mean that not all tvpes of earth observation
would work. “UOnly some instruments would
be feasible,” says Volker Liebig, head of
earth observation at the European Space
Agency, adding that similar instruments are
two to four times that mass,

The bigger obstacles are timetable and
cost. Executive Vice President Don Thoma
says [ridium hopes o sign a contract 1o build
the satellites within a vear and so needs to
know by then whether to make space for
instruments, The satellites are scheduled 1o be
launched between 2013 and 2016 and will
operate untl at least 2030, [ government
agencies take up the offer and provide instru-

ments, they would have w pay Indium a
“hosting fee” i the form of a pre-

. Bird watching. Iridium has

# suggested adding sensors to
its next network of 66 com-

J»  Munications satellites,
buy of data services.

Bill Simpson of Tr-

dent savs the 3 1.6 bil-

lion for instrument
construction and host-
mg is 4 frction of what
it would cost funders to
build and launch their
own constellation.
But that doesn’t mean fun-
ders have budget available for such a
project in the next 12 months, The British
Mational Space Centre. which coordinates
LLE. spending. calls the Iridium proposal “an
interesting opportunity.” ESAS Liebig savs the
total is“anenormously high sum™ and savs the
agency has “no activity 1n this direction.” The
U.5. National Oceanic and Atmospheric
Administration s having a meeting this month
to discuss doing earth observation with com-
mercial satellite svstems,

Researchers are hoping that some com-
mon ground will be found at next week's
London meeting. “It's very easy to say no.”
says Monks, “But voucan’t let every opportu-
nity go by just because it’s difficult”

-DANIEL CLERY
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Mirror Neurons May Help
Songbirds Stay in Tune

The discovery of so-called mirror neurons a
decade ago has fueled much discussion in
neuroscience ever since. The onginal exper-
iments identified neurons in monkeys that
fire when an animal reaches out an arm or
sees another animal make a similar move-
ment. Brain-imaging studies have found
analogous neural activity in the human brain
in a variety of other contexts, prompting
speculation that mirror neurens could have
roles in perception, learning. and empathy
{Science. 13 May 2005, p. 9435).

In this week’s issue of Namre, researchers
describe mirror neurons in songbirds that fire
when a bird sings or hears another bird sing a
song similar to its own. The finding may pave
the way to insights into how songbirds learn

and maintain their complex songs
the few instances of learned communication
aside from human language. Some researchers
see broader implications as well.

“This is the first description of a mirror
system in a species other than primates,”
« says Pier Ferrari, a neuroscientist at the
2 University of Parma in [taly. a current

member of the team that made the original

mirror neuron discovery in monkeys.
4 Ferrari thinks mirror neurons may turn out
3 to be “a basic feature of the vertebrate
3 brain” that initially evolved to help animals
< refine their movements and eventually
§ became co-opted, at least in some species,

PRATHER ET AL, MATURE 2007}

for more complex functions, such as under-
standing the behavior of others.

In the new study. neuroscientists Jonathan
& Prather, Richard Mooney, and colleagues at

www.sciencemaag.org SCIENCE VOL 319

one of

Duke University mounted an ultralight-
weight device on the heads of swamp spar-
row s that enabled them to record the acuvity
of individual neurons as the birds sang and
listened o samples of recorded songs. Ina
brain region called HVC, part of a forebrain
circuit that mediates singing, the researchers
identified neurons that fired in a consistent
pattern when the bird sang a particular song.
(Swamp sparrows typically have several
songs in their repertoires.) During singing.,
for example, a neuron might fire at the onset
of a particular sequence of notes. When the
rescarchers played the bird’s own song
through a speaker, the same neuron would
again fire whenever that sequence appeared.
Sometimes the same neuron would also fire
in response to another swamp
sparrow’s song—but only
when the other bird's song con-
tained a similar sequence of
notes, Mooney’s team also
found HVC neurons with simi-
lar responses in Bengalese
finches, another songbird.

“These were damned diffi-
cult experiments.” says Daniel
Margoliash, a bidsong researcher
at the University of Chicago in
Iinois. Margoliash says the
findings are exciting because
the HVC neurons identified
by the Duke team may help
explain how individual song-
birds are able to maintain their
complex and distinctive songs
for life. The activity of these neurons duning
singing may be a neural representation of
what the bird intended to sing that it com-
pares against auditory feedback of what it
actually sang, Margoliash says. Such a
comparison is probably necessary for aduli
birds to mamtain their songs. he says, and
it almost certainly plays a role as voung
birds first learn their songs as well.

The HVC neurons may also help song-
birds decode each other’s songs, Mooney
says. Male swamp sparrows sing back and
forth to defend their territories, and hearing
the song of a rival would activate some of
the HVC newrons that fire when a bird sings
a similar song itself. Mooney says. That
might enable a bird to compare his rival’s
song o his own repertoire—and select an
appropriate retort.

18 JANUARY 2008
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Cheer Up, Physicists

The Bush Administration plans to ask Congress
for another double-digit increase next year for
the Department of Energy's (DOE's) Office of
Science. Budget documents obtained by Science
indicate that the president, as part of a 2009
budget lo be unveiled next month, will propose
boosting the office’s current $4 billion budget
to at least $4.7 billion. (The 2008 request for
$4.4 billion was ultimately timmed back at the
last minute by Congress.) Raymond Orbach,
DOE undersecretary for science, would not con-
firm the final 2009 number but said in an inter-
view last week (www.sciencenow.sciencemag.
org/cgiicontent/full’2008/115/1) that it "will be
a wonderful budget request,” The documents
show initial agreement on a $118 million
increase for high-energy physics over the 2008
level as of November,

Orbach also told Science that DOE wanls to
stay involved in the %6 billion ITER fusion proj-
ect despite last month's decision by Congress
to wipe out its planned 5150 million contribu-
tion for 2008. DOE told its partners it would
defer its payment this year and keep a small
staff working on the project at Oak Ridge
Mational Laboratory. Earlier this month, DOE
shuttered the Intense Pulsed Neutron Source, a
26-year-old user facility at Argonne National
Laboratory that is considered a predecessor o
the new Spallation Neutron Source al Dak
Ridge National Laboratory,  —ELI KINTISCH

New Vaccine Strategy

NEW DELHI—In a new approach to vaccine
development, a U.5. universily will dispatch
faculty members to India to help run a new
vaccine research center with Indian partners.
Until now, U.5. researchers have spent only a
few months at a time in India, says Altaf A, Lal,
a malaria researcher with the U.S. Embassy in
Mew Delhi. Emory University's School of Medi-
cine in Atlanta, Georgia, will spend %3 million
over 3 years to hire three faculty members for
the Emory Vaccine Center, a joint venture with
the International Centre for Genetic Engineer-
ing and Biotechnology (ICGEB} in New Delhi.
Tops on the center's list is developing a
DMNA vaccine against clade C of the HIV virus,
developed by a team led by Emory Univer-
sity's Rama Rao Amara, a researcher running
U.S. phase | clinical trials on a related virus.
ICGER Director Virander 5ingh Chauhan says
the new center does not intend to use Indians
as unwitling guinea pigs for new vaccines—
an allegation that has dogged some of the
mare recent Indo-UL.S. vaccine trials in India.
-PALLAVA BAGLA

~GREG MILLER |
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ASTRONOMY

New Dark-Matter Map Reveals Where Galaxies Gambol

AUSTIN, TEXAS—The most detailed
map of dark matter ever made con-
Firms that galaxies cluster together
where the density of the mysteri-
ous dark stufl is highest. The new
survey, which spanned a patch of
space 16 million light-vears across
and required 3 days of observing
time on the Hubble Space Tele-
scope, also shows that galaxies
affect one another most strongly
on the outskirts of these high-
density regions. *It’s as if people
move in from rural areas to city
centers, and most interactions
occur in the suburbs”
astronomer Meghan Gray of the
University of Nottingham in the

sdys

United Kinzdom, a member of
the team that made the map.

Dark matter can't be seen, and
no one knows what it is. But the
oravity of a dark-matter clump slightly bends
the light from faimt galaxies in the back-
ground in a process known as weak lensing.

Thus, a statistical analysis of the shapes of

tens of thousands of remote background
galaxies reveals the distnbution of dark mat-
ter in the foreground, “It’s a very. very weak
effect,” says team member Catherine
Heymans of the University of British Colum-
bia in Vancouver, Canada.

EVOLUTIONARY GEMNETICS

Space ghosts. In supercluster Abell 901/902, astronomers plotted concentrations
of invisible mass (pink regions) from their effects on passing light.

The new survey, presented here last week
at the 21 1th meeting of the American Astro-
nomical Society, was aimed at the relatively
nearby supercluster Abell 901/902, 2.6 hillion
light-years from Earth. As predicted by cur-
rent theornes on cosmic evolution, dark-matter
condensations within the supercluster appear
to be the gravitational pits that galaxies tall
into. Four particularly dense clumps (shown as
pink blobs on the map) comncide with strong

concentrations of galaxies. The
map also confirms earlier indica-
tions that most galaxy interactions
{such as tidal deformations and
mergers) oceur in regions with a
moderate dark-matter density, on
the outskirts of the densest blobs,
Grray savs galaxies in the dense
cores may be HIH'II-!EIII_',! past one
another too quickly for much
interaction to take place there.
Physicist J. Anthony Tyson of
the University of California, Davis,
warns that many more clusters
need tobe sudied before researchers
can draw firm conclusions about
how galaxies evolve and clusters
grow, I think we are witnessing
only the beginning of an exciting
exploration of the history of
assembly of structures in the
universe.” savs Tyson, who is also
director of the planned Large Synoptic Survey
Telescope (LSST) (Science. 27 August 2004,
p. 1232), “LSST will survey an unprecedented
volume of the universe. charting billions of
galaxies back o when the universe was aquar-
ter of its current age.” Tyson expects the tele-
scope, to be built in northern Chile, 1o be
ready n 2014, ~GOVERT SCHILLING

Govert Schilling is an astronomy writer in Amersfooet, the
Metherlands.

Polynesians Took the Express Train Through Melanesia to the Pacific

The Polynesians who settled the far-flung
islands of Remote Oceania several thousand
years ago accomplished one of humanity's
most rapid feats of colonization, But who were
these carly seafarers? Researchers have long
debated various orgins for them, from Taiwan
to the islands of Melanesia.

MNow, modern genetics has offered the most
definitive answer yet. A study led by anthro-
pologist Jonathan 5, Friedlaender of Temple
University in Philadelphia, Pennsylvania, indi-
cates that Polynesians bear a much closer rela-
tionship to aboriginal inhabitants of Taiwan
than to the Melanesian groups who occupied
New Guinea and surrounding islands from
SOLO0 o 30,0060 years ago.

The new study “makes excellent sense.”
says archacologist Peter Bellwood of Aus-
tralian Mational University in Canberra. [t sup-
ports the “express train™ theory, which posits

that people from Taiwan moved rapidly
through Melanesia, leaving hitle genenc foot-
print, Other ideas have included the “slow
boat™ hypothesis, in which the migrating Poly-
nesians mixed with Melanesians on their way
east. Then there 1s what has been called the
“entangled bank™ scenario, which holds that
patterns of ancient migrations are too
enmeshed o be accurately reconstructed
(Seience. 2 March 2001, p. 1735).

Until now, genetie studies have vielded
conflicting answers. Data from mitochondrial
DMNA (solely from women) told of little inter-
breeding between Polynesians and Melane-
sians, but a'Y chromosome study suggested
extensive blending between the two.,

The new study, reported onhine on 17 Janu-
ary in PLoS Generies, is based on 890 genomic
markers from the nuclear DNA of 952 people
ind | populations, The conclusion? “There was

remarkably little genetic intermixture.” says
Friedlaender. Melanesians speaking Papuan
languages
showed no sign of genetic contributions from
Polynesians, Evenamong Melanesians sharing

their own ancestral tongues

lamguages with Polynesians, there was minj-
mal genetic mixing, never more than 20%,
“When different peoples interact, ... genes
tend to be exchanged far less frequently than
ideas and kinguages,” concludes Friedlaender.

Geneticist and skeptic Martin Richards of

the University of Leeds. UK., savs, however,
that the researchers could not distinguish
whether the Polynesians originated in Indone-
sia or Taiwan; he argues that the paper “does
not really move the debate forward very
much.” But archaeologist Patrick Kirch of the
University of California, Berkeley, calls the
work “truly a major accomplishment.”
—~CONSTANCE HOLDEN
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ASTRONOMY

Most-Massive Black Hole Confirms
Relativity Rules the Universe

AUSTIN, TEXAS—You can run from Einstein,
but you can’t hide, Astronomers observing a
supermassive black hole 3.5 billion light-
vears from Earth have found that the object
brightened dramatically at just the time the
equations of general relativity predicted. As a
bonus, scientists pegged the black hole’s
mass at a staggeering 18 billion times the mass
of the sun. six imes as big as the previous
record holder,

“This is a pretty spectacular extension of’
the regime in which the effects of relativity
have been measured.” says theoretical
physicist Robbert Dijkgraal of the Univer-
sity of Amsterdam. the Netherlands, who
was not involved in the study. 1t's also bad
news for proposed alternative theories of
oravity that give slightly different predic-
tions, Dijkgraaf says.

The supermassive black
hole, known as OJ287, resides

the 2.5-meter Nordic Optical Telescope on the
Canary Island of La Palma, joined forces to
check the forecast, At the 21 1th meeting of the
American Astronomical Society held here last
week. Valionen proudly presented the resulis:
The flare showed up as predicted. beautifully
confirming the binary model. From the orbital
motion, the researchers calculated the masses
of the two black holes to be 18 billion solar
masses for the primary and a more modest
100 mullion suns for the companion.

The observations also marked vet another
triumph for Einstein’s theory of general rela-
tivity, which states that the extremely strong
gravitational field near the supermassive
black hole should distort spacetime in ways
that rapidly change the onentation of the com-
panion’s orbit. It also predicts that the loss of
energy from the emission of gravitational

Historical V-magnitude Light Curve of 0]287 (1591-1997)

in the core of a distant galaxy, 12

where its gravity sucks in mat-

ter from an enormous disk of 13

gas and dust rotating around it il

As the matter plunges toward E‘ i
the black hole, the galaxy’s 3 151 ;
core turns into a glowing '

energy furnace. Twenty years el

ago. astronomers sifting 174

through photographs dating

back to 1891 discovered that 1900 1920 u'd':l' 1560 1560

every 12 vears or so, the radia-
tion from this aceretion disk
Mlares up to about 100,000
tirnes normal, intwo bursts just
over a year apart (see figure).

To astronomers., such periodic behavior
smacked of orbital mouon. Maun L Valtonen
of the University of Turku in Finland proposed
that a smaller companion goes around the
supermassive black hole, following a very
elongated orbit strongly tilted with respect to
the primary’s accretion disk. Every 12 years, at
its closest approach, the smaller black hole
passes through the accretion disk twice, stir-
ring it up and heating nearby matter enough to
produce a brightness peak. After new flares
appeared in 1994, 1995, and November 2005,
Valtonen and colleagues modeled the binarys
orbit and predicted that the next peak would
oceur on 13 September 2007,

About 30 professional and amateur obser-
vatones, including the German 3.5-meter tele-
scope at Calar Alto Observatory in Spain and
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Ups and downs. Swings in brightness of a distant energy source mark
the orbital wallz of two black holes—one of record size,

waves should cause the orbit to shrink—an
effect that won a 1993 Nobel Prize for two
physicists who firstdetected it ina binary neu-
tron star. Without spacetime curvature, the
flare would have occurred 10 days earlier than
predicted, Valtonen says: without gravitational
waves, 20 days later.

“The result is of fundamental importance,
since precision measurements that really test
general relativity only became available quite
recently.” Dijkgraal savs, On a cosmic time
scale. this particular test case will be gone
soon as well: The two black holes are expected
tocollide and merge within some 10,000 years.
When that happens, astronomers will really
have something to stare at.

~GOVERT SCHILLING

Govert Schilling is an astronomy writer in Amersfoort, the
Netherlands.
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JPL Workers Win in Court

Scientists and engineers at NASA's Jet Propul-
sion Laboratery (JPL) have won a temporary
reprieve from a new rule mandating extensive
background checks of all government employ-
ees and contractors. Last week, a lederal
judge in Los Angeles abided by an order
from an appellate court and allowed the
28 employees to continue working at the
Pasadena, California, facility withoul giving
the government permission to investigate
their personal histories. NASA officials said
the new checks, which went into effect this
fall, are needed to improve lab security. But
the appellate court said that the employees,
who sued NASA and JPL in August, were facing
“a stark choice: either violation of their con-
stitutional rights or loss of their jobs.” The
case will now go to trial. "We were subjected
to a lot of pressure from JPL, and we are glad
to have survived,” says planelary scientist
Robert Nelson, one of the plaintiffs.
=¥YUDHIJIT BHATTACHAR]EE

Korean Science Shakeup Looms

SEOUL—>5outh Korea's research community is
worned that former construction magnate Lee
Myung-bak could bulldoze the Ministry of Sci-
ence and Technology (IMOST) when he takes
over as president on 25 February. As part of
his pro-business, small-gove mment agenda,
Lee has pledged to eliminate four of 18 min-
istries, with final details to come. Speculation
is rampant that the science ministry’s educa-
tion components—including management of
the Korea Advanced Institule of Science and
Technology (KAIST}—will be handed to the
Education Ministry, while the rest of MOST is
folded into other ministries. Merging MOST
with the Ministry of Education may only
weaken it, KAIST president Suh Nam-pyo wrote
in a statement last week.  -MARK RUSSELL

Soiled: Nanotech’s Reputation

Manotech experts agree that the health risks
of nanotechnology need more study, but the
British Soil Association, which sets standards
for erganic farming, isn't waiting for the data.
This week the group launched a preemptive
“ban” announcing that it would not allow
engineered nanoparticles smaller than
200 nanometers in the products that it cerli-
fies as organic. “Companies are going to face
greater pressure to clarify risks and benefits,”
says David Rejeski, who directs the Project on
Emerging Nanotechnologies of the Woodrow
Wilson International Center for Scholars.
=ERIK STOKSTAD
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INFECTIOUS DISEASES

Isolated Tribe Gives Clues to the Origins of Syphilis

In 1494, King Charles VI of France invaded
Italy. Within months. his army collapsed and
fled. It was routed not by the ltalian army but
by a microbe, A mysterious new discase
spread through sex killed many of Charles’s
soldiers and left survivors weak and disfig-
ured. French soldiers spread the disease
across much of Europe, and then it moved
into Africa and Asia. Many called it the
French disease. The French called it the lal-
1an disease. Arabs called it the Chnsnan dis-
ease, Today, it is called syphilis,

The sensational debut of syphilis inspired
centuries of debate. Some have argued that
Columbus’s crew brought the disease from
the New World 1o Europe: others say the dis-
ease existed unrecognized for centuries in the
Old World before urning virulent, This week
in the journal PLoS Neglecred Tropical
Diseases, a team of researchers
arzues that neither hyvpothesis
15 correct. Syphilis originated
as a milder, nonsexual disease
in the New World, they say.
and it evolved into its current
form after Europeans arrived.
Among the evidence they offer
1sa mysterious disease restricted
to an isolated tribe in a South
American jungle. Its DNA,
they argue, reveals that itis a
kind of protosyphilis.

The disease was discoverad
i 19949 by a team of Canadian
doctors who travel each sum-
mer into remote jungles in
Guyana to provide medical
care to the Akwio tribe.
Michael Silverman, a clinician
at the University of Toronto,
noticed that some of the Akwio children had
apen sores on their arms and legs,

To Silverman, 1t seemed like a combina-
tion of two diseases. syphilis and vaws. The
former, caused by bacteria known as
Treponema pallidum pallidum, produces
open sores, But it is spread through sexual
contact and forms sores around the genitals.
Another strain, T, p. pertenie, causes yaws,
which 15 spread by skin contact rather than sex
and produces sores on the limbs. But the
Guyana disease was not quite like vaws either.
That disease causes raspberrylike eruptions,
not the open sores the doctors saw. 1 thought,
“This is bizarre,” ™ savs Silverman.

The tollowing vear, Silverman and his col-
leagues proved that the disease was caused by a

form of Treponenta, which infected about
5% of the children in the tnbe. They began
treating them with penicillin. Just before
boarding a flight for his 2005 mission,
Silverman got a call from Kristin Harper. a
graduate student at Emory University in
Adlanta, Georgia. She was sequencing DNA
from every known strain of Treponema and
asked ham o get her some from Guvana,

Harper thought genetic analysis could
shed new light on the ongins of syphilis. Until
recently, the debate revolved around bones,
which can be scarred by syphilis. Some
researchers claimed to have found lesioned
bones of Europeans who lived centuries
before Columbus’s voyages: others dis-
missed those findings as inconclusive.

Harper and her colleagues hoped to
reconstruct the evolution of different strains

-

Taking the cure, Whatever its origins, syphilis hit the Old World hard. This illustration
shows a man being treated with a concoction made from the Guaiocum tree.

of Trepanema by comparing their DNA., But
gathering the DNA was difficult. Although
syphilis is common, the other strains are rare,
and none can be cultured easily outside
its human host. To get the DNA samples.
Silverman dipped swabs into sores, pre-
served them in alcohol, and sent them to

Harper, who extracted fragments of

Treponenma DNA. Months later, Silverman
got a call from Harper. “She said, *You found
the origin of syphilis!” " he recalls.

When Harper and colleagues used the
variations in the Treponema DNA to draw an
evolutionary tree, the deepest branches
belonged o samples of vaws from the Old
World. Mewer forms of yvawslike diseases
emerged from the ancestral bacteria. The

strange Treponema strain in Guyana sat on a
relatively voung branch., suggesting that yvaws
had been carried into the New World by the
First immigrants some 12,000 vears ago, and
that the Guyana strain evolved there. It shares
a close ancestry with all strains of syphilis.
The relationship also suggesis that the
Giuyana stran 15 a transitional form that had
already acquired some of syphilis’s traits,
such as the open sores,

In this form. the bactena could move eas-
ily through skin comact, because its hosts
wore little clothing. But once the bacteria
infected the more heavily clad European
explorers, the researchers speculate, it may
have had to find a new route of transmission.
“You bring in the Europeans who only touch
skin when they have sex, and it takes off as a
venereal disease,” Silverman says. For rea-
sons scientists don't vet under-
stand, the pathogen also
evolved into a far more dan-
gerous form that could trigger
an epidemic in Europe,

John Logsdon, an evolu-
tionary biologist at the Uni-
versity of lowa in lowa City,
praises the research but doesn’t
think it offers definitive proof
of where syphilis came from.
“There’s very little data o dis-
tinguish between the hypothe-
ses.” he savs. The new evolu-
tionary tree is based on vara-
tions at only four sites in the
Treponenma DNA, which
Harper agrees is a small num-
ber. One reason the data are so
sparse 15 the challenging work
conditions in the jungles of
Guyana, where Silverman preserved samples
in unrefrigerated alcohol—far from the ideal
way to keep DNA from degrading,

Logsdon and Harper agree that the besi
way to test the new hypothesis would be to
draw another evolutionary tree based on the
entire genomes of the strains. But that may
not be possible. as Silverman and his col-
leagues have not been able to get any more
DNA from the Guyanese strain. On subse-
quent missions. they failed to find anyone
infected with it. It appears that they have
eradicated the disease. “We're sull looking
for one more case,” says Silverman.

=CARL ZIMMER

e

Carl Zimmer is the author of Microcesm: E. coli and the
New Science of Life, to be published in May.
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Calculating Iraq’s Death Toll:
WHO Study Backs Lower Estimate

A team led by the World Health Organiza-

tion { WHO) has produced a new estimate of

the number of Iragis who died violently in
the first 40 months following the US. —led
invasion: between 104.000 and 223,000,
This figure. published online last week by
the New England Journal of Medicine. hews
close w some other attempts o quantify the
toll but comes in far below a controversial
2006 swudy led by researchers at Johns Hop-
Kins University in Baltimore, Maryland.
That group estimated approximately
600,000 violent deaths during the same
period., The discrepancy has prompied crit-
ics to renew their charge that the Johns Hop-
kins results are not credible.

Data from a war zone are never fully reli-
able; the best researchers can hope for i1s
“getting the numbers roughly right.” says
Fritz Scheuren. a statistician at the Univer-
sity of Chicago in Hlinois and past president
of the American Staustical Association,
Escalating violence in lrag after 2003 put a
limit on quality control. but researchers do
have a quantitative starting point: the casu-
alty tally made by Iraq Body Count, a non-
profit advocacy group based in London, By
controlling for multiple accounts of the same
car bombs and shootings, the group esti-
mates from media reports that between
S 1.000 and 88.000 violent deaths have
g occurred in Iraq since the invasion. The fig-
E ure is useful as “a lower bound on the true
§ number.” says Jon Pedersen, a statistician at
g the Fafo Institute for Applied International
g Studies in Oslo, Norway.

g To get the upper bound. says Pedersen,
& you have to knock on doors in what is known
g as a two-stage cluster survey. That's the
g method used by the WHO and Johns Hopkins
8 teams, among others. Researchers divide the
g country into regions and then sample clusters
; of households within each. Finally. they
% extrapolate mortality rates from those clus-
£ ters to the total population.

Z  Epideniologists Les Robents and Gilbert
3 Burnham of Johns Hopkins published the
g First Iraq cluster study in November 2004 in
< The Lancer. They used data collected by
5 Roberts and an Iraqi team. which, in Sep-
§ tember 2004, surveyed 988 households in
5 33 clusters across the country. They arrived
g ata figure of 98,000 “extra™ deaths since the
E invasion, about half due to violence. Soon
a after this. a team led by Pedersen and the

United Nations Development Programme,
which had used a much larger sample of
21.668 households in 2200 clusters. pro-
duced an estimate for roughly the same
period of about 25,000 violent deaths,

As the invasion gave way to occupation
and insurgency. Roberts and Burnham

&
E

&
3

:

Number of violence-related deaths

Human cost. The WHO-led Iraq Family Health Survey estimated as
many as 223,000 deaths since the Iraq invasion, far fewer than a

survey by Burnham and Roberts estimated.

mounted another study. This tume they lefi
the surveying entirely to the Iragi team,
communicating from abroad. Published in
October 2006 in The Lancer, the second
survey—based on 1849 households in
47 clusters—estimated that 601,000 [ragis
died violent deaths between the 2003 inva-
sion and July 2006, To many, the number
seemed unrealistically high. Some also
faulted the authors for not fully answering
questions about the survey’s methods
(Science. 200 0ctober 2006, p. 396).

Now comes the WHO survey. Conducted
with the help of the Iraqi government, it 1s by
far the most comprehensive mortality
assessment to date. Interviewers visited
9345 homes in more than 1000 clusters. But
its estimate of 131,000 vielent deaths has
come in for some criticism, oo, Unlike other
Iraq casualty surveys. this one includes an
upward adjustment of 35% to account for
“underreporting” of deaths due to migration.
memory lapse, and dishonesty, “That is

SAUDI
ARABIA
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really an arbitrary fudge factor,” says
Debarati Guha-Sapir, an epidemiologist at
the WHO Collaborating Centre for Research
on the Epidemiology of Disasters in Brus-
sels. Belgium. But the number falls squarely
within the range produced by a meta-analysis
of all available mortality studies by
Guha-Sapir and fellow centre epidemiolo-
gist Olivier Degomme. The Johns Hopkins
figure is an outlier, she says.

Why the Hopkins study came up with
such a high ligure is not clear. Criticism of
the study has in fact imtensified since Burmnham
and Roberts released a data set to
selected peers last vear. It did
not include the standard Kinds of
data,” says Seppo Laaksonen, a
statistician at the University of
Helsinki in Finland and a spe-
cialist in survey methodology.
For example. he says. it was
impossible “to check the objec-
tivity and randomness of cluster
selection.” Scheuren. who also
received the data, wanted to
compare results obtained by dif-
ferent interviewers to “get a han-
dle on noise™ and check for fabri-
cation by surveyors. Roberts
declined to provide all the
details, according to Scheuren,
saying that he was concerned
that this would risk the safety of
the interviewers.

Burnham told Science. how-
ever, that the Johns Hopkins
team does not have such detailed
information. “Our goal was to
reduce any type of risk to the community
and the participants.” says Burnham.
“While we have much of the raw data. we
requested that anything designating the
interviewers or the location of the neighbor-
hoods visited not be sent 1o us.” Laaksonen
responds that he would not have published
“any ligures for the country™ ifhe didn™t
have direct access to such raw information
from surveyors.

Burnham is not retreating. Because the
WHO survey was conducted by lragi gov-
ernment personnel, “people may have been
hesitant to answer honestly.” he says. He
claims that unlike those in the WHO study,
nearly all of the deaths tallied by the 2006
Lancet study were venfied with death cer-
tificates. Even if the debate may be drawing
to a close about whether the number of vio-
lent deaths in postinvasion Iraq could be as
high as 600,000, the argument about meth-
ods is clearly far from settled.

=JOHN BOHANNON
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Gene Tests

Ri_sk Polarize Resea

A small California company is the first to venture into psychiatric gene

testing. But is the science ready?

SAN DIEGO, CALIFORMNIA—Starting a biotech-
nology company was not part of John Kelsoe'’s
life plan. A respected psychiatric geneticist
here at the University of Califorma, San Diego
{UCSD), he has spent 20 vears patiently
searching for the genes behind bipolar dis-
order, tracing patterns of inheritance in fam-
ilies from Amish Pennsylvania to [eeland.
Kelsoe has now laid this solid reputation on
the line: He has founded a company that last
year quietly began selling the first gene test to
help diagnose people with bipolar disorder,
which aftects about %6 of the population,

Kelsoe knows well that he is
apening himself up o harsh cnt-
cism, And it has begun: Francis
Collins, director of the National
Human Genome Research Insti-
ute (NHGRI) in Bethesda, Mary-
land was taken aback to leam that
a gene test for bipolar disorder was
on the market. Being diagnosed
with a mental disorder carries
“oreat significance.” says Collins,
who, like many in the field thinks
a test based on current knowledge
is likely to be misleading. In
Collinss hist of accepted genes for
common diseases, “there are no
entries” yet for bipolar disorder.
he says.
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Kelsoe, tall and trim, with the slight stoop
of an academic who has spent yvears in the lab-
oratory, agrees that the genetics of bipolar are
stll cloudy. But he has grown frustrated with
the slow diagnosis and spotty treatment of the
disease, On average, 7 vears elapse trom the
onset of svmptoms to diagnosis, and patients
are misdiagnosed three times. “There 1s a
huge need™ for informanon, Kelsoe says. “As
opposed o plavime it safe and conservative
scientifically, I think we also have to think
about our obligation to provide something™
for physicians and for patients.

Unconventional. Psychiatrist Jo
Kurt Mayare putting gene testing

His company, Psynomics, is the first to
market a test in psychiatric genetics, but it
won't be unique for long. Another company,
i Lowsville, Kentucky, plans next vear to
start offering a similar test for schizophrenia,
A third. m Boulder, Colorado, will launch a

genetic screen to help identify those at nsk of

suicidal thinking from antidepressants,
Psychiatrie genetic testing i1s only a slice
of the fast-expanding genetic testing market,
but it arouses ferce emotions. The new gene
tests are very different from traditional ones
for rare and often fatal diseases hke cvstic
Fibrosis, Tay-Sachs, and sickle
cell anemia, With these, the cause
is not in question: An individual
cursed with faulty genes from
both parents has a 100% chance
of contracting the disease.
Bipolar disorder is another
ammal entirely. Dozens, perhaps
even hundreds of genes may con-
tribute to its onset, along with
largely unknown environmental
triggers, This makes it simular to
heart disease, adult cancer, and
type 2 diabetes. Each gene vari-
ant may rase risk only shghtly
say, from 1% o 2%
that the vast majority of people
with these variants never fall il

meaning
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Moving target. Many researchers say that early
studies linking genes and mental illness need to
be replicated.

from that disease. Furthermore, in bipolar
disorder, suspect genes are still being uncoy-
ered. There's much debate about which find-
ings will endure and which will be picked up
once or twice and never seen again.

Because of this uncertainty, not to men-
tion concern about how test results will be
interpreted, researchers and ethicists are ask-
ing difficult questions. Why test for genes
whose science is shaky or that boost risk only
shightly? Who will buy these tests? And how
will consumers understand and cope with the
genetic information they're given?!

The genes

The men running Psynomics, including
Kelsoe, its chief scientific officer, see them-
selves guiding this nascent field and carving
out an early niche, They also believe. in the
words of UCSD business school assistant
dean and Psynomics CEO Kurt May, that
*we ... don’t have to win the Nobel Prize on
this one. and we don’t have to solve the
problem for all time. All we have to do 1s
present a business model that is one better
than psyvchiatry today.”

At the heart of that business model is
CrRK 3, a gene on chromosome 22 that Kelsoe
identified in the late 1990s. In 2003, he
reported in Molecular Psyvehiatry that a
change in an individual DNA base in GRA 3,
called a single-nucleotide polymorphism
(SNP). was associated with about a three
times increase in the risk of bipolar disorder
in 428 families studied. But the vanant was
rare, found in only 3% of those with bipolar
and 1% of the unaffected.

Since then, Kelsoe has hit on a combina-
tion of four SNPs in GRKF that together
seemto be associated with a doubling of dis-
ease nsk and are more common, They were

found in 13% of bipolar patients (and 5% of

those without the disorder)in 181 Caucasian
families. That work was published lasi
month. UCSD has filed for global patent
protection on both sets of varianis and
licensed them to Psynomics; Kelsoe will
share in licensing fees and any profit. The
Psynomics test looks for both GRAS vari-
ants. It also checks for a publicly available
mutation in the serotonin transporter gene,
which 1s believed to influence a person’s
response 1o certain antidepressants, ofien a
component of treatment for bipolar disorder.

Does GRAS play a compelling role in

& bipolar disorder? It may or it may not. “It’s

always possible™ that its inmvolved, but “1o
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me it seems unlikely,” says David Collier, a

neuropsychiatric geneticist at the Institute of

Psyehiatry in London. In December 2006,
he published a paper arguing that bipolar |
disorder. the more severe of two known
forms of bipolar disorder. was not associ-
ated with GRA3 in a sample of 410 patients
and controls from Scotland. But Collier adds
that because of its relatively small size. his
own study “can’t be regarded as definitive.”

Collier is keeping an eye on genome-
wide association studies, which are revolu-
tionizing the genetics of complex disorders
such as type 2 diabetes. One of the first
whole-genome studies that included bipo-
lar disorder, published last vear by the
U.K.s Wellcome Trust Case Control Con-
sortium, did not {ind GRES: it also failed to
find many other genes previously hinked to
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Expanding. Psynomics expects its test to grow from
two genes to seven. Critics say few, if any, genes for
bipolar disorder have been validated.

the disease, says consortium member Col-
lier. Although such scans are not designed
o pick up every disease gene, some propo-
nents of the whole-genome approach say
their confidence in genes identified the
old-fashioned way, in large sets of affected
families, is declining. Psynomics “is using
data from the other side of the bridge, the
bad side.” says NHGRISs Collins, referring
to family linkage swudies that have been
hard to replicate.

Pablo Gejman, a psychiatric geneticist
with Evanston Northwestern Healthcare and
Morthwestern University in Evanston, [1li-

NEWSFOCUS

nois, 15 leading a project that he hopes can
confirm or reject imtial schizophrenia gene
discoveries: a genome-wide association
study of 4500 people with this disease and
4500 without. Results are due out later this
year. { Kelsoe 15 leading a parallel study in
bipolar disorder. ) Gejman wonders if even
larger trials—of 15,000 people, perhaps—
will be necessary. This week, he published a
paper in the American Jowrnal of Psvehia-
fry, reporting that none of 14 previously
described schizophrenia genes played a big
role in disease risk in nearly 3900 people.
“My message.” says the native Argentinean,
“would be that we need to be patient, [con-
duct] systematic studies, collaborate, ... and
try not to jam too rapidly the gun™ by selling
wenetic tests before the data are solid.

The doctors

Kelsoe acknowledges that GRKI may turn
ot to play a minor role in bipolar disorder, or
even no role at all, although he considers tha
unlikely. No independent group has pub-
lished a second GRAI-bipolar disorder asso-
ciation, but Kelsoe says he knows of two
groups, in lsrael and in Canada, that have
found a link. Meanwhile, in the next 3 months
Psynomics hopes to add five more genes to
its test, including four that Kelsoe discovered,
and then ramp up marketing to physicians
and patients, Of the five, three are thought
to modulate response to lithium, a mood-
stabilizing drug used to treat bipolar disorder;
one, CACNG2, is considered indicative of
bipolar risk and lithium response: and
another. 5P4. has been linked to both bipolar
disorder and schizophrenia,

In determining which genes are ready for
commercialization, “we've cut kind of a low
threshold. and that is replication in at least
one independent study,” says Kelsoe—either
by a different group or his own group exam-
ining new samples, “Docs make decisions
every day ona lot less information™ than this.

Gejman and Collins may shake their
heads. but psychiatric gene tests are coming.
Mark Brennan. founder of SureGene. a
schizophrenia-based test company in
Louisville, says such tests are “going (o
happen with or without™ his own efforts.
Brennan is SureGene’s chief scientific offi-
cer and a human geneticist at the University
of Louisville in Kentucky. His company is
designing a risk predictor and diagnostic
test around six schizophrenia genes that
Brennan discovered. 1ts good for scientists
to get into marketing, he argues. because
“we have to step up and make sure it's done
in a way that really helps people.”

Brennan has so far published informa-
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Hoping for a Glimpse of What's Ahead

It's one of the first questions people ask about testing for a gene associated
with mental illness: Who would want to know the result? One ready volunteer
for testing is Holly Finn, 13, who lives in Grand Rapids, Michigan, with her
parents and her 16-year-old sister, Katherine. Holly's mother, Kristin Finn,
was diagnosed with bipolar disorder 3 months before her 17th birthday. She
says that Katherine began showing signs of depression and difficulty concen-
trating in the fourth grade. Initially pegged as having attention deficit hyper-
aclivity disorder (ADHD), Katherine received a bipolar diagnosis in July of
2004, when she was 12. It's been a rocky road: Katherine has switched schools
three times and suffered taunting from her peers, says her mother, an active
member of the Depression and Bipolar Support Alliance in Chicago, Illinois.

Now the younger Finn daughter, Holly, is being treated for ADHD and anx-
iety. Her symptoms are different from her sister's, and she is not thought to
have bipolar disorder. But, Holly says, having witnessed her sister struggle for
years, she would welcome testing for a bipolar gene. "I think | might have a
chance of having bipolar disorder,” says Holly, who writes songs she plays on
her guitar to cope with her sister's ups and downs. A test could help her “gel
to the bottom of” her symptoms, Holly says, or at least prod her and her psy-
chiatrist to keep an eye out for bipolar disorder down the road. "It certainly
wouldnt hurt.”

But hurt is exactly what many are afraid of. "Some people would say
individuals have a right to this information and shouldn't be barred by the
medical community from receiving it,” says psychiatrist Jinger Hoop of the

Medical College of Wisconsin in Milwaukee, who is studying how people
with schizophrenia or at risk for it respond to genetic data. Her work has
confirmed what others have seen: Consumers often react favorably to hypo-
thetical genetic knowledge. “But we don’t know a lot about what the actual
risks and benefits are” of receiving genetic results, Hoop notes. “We really
need empirical data to let us know how people would interpret very subtle
changes in risk.”

One of the few projects tackling this question is the Risk Evaluation and
Education for Alzheimer's Disease (REVEAL) study headguartered at Boston
University School of Medicine. Neurologist and epidemiologist Robert
Green and his colleagues here and at other centers are examining how
nearly 700 volunteers with a family history of Alzheimer’s disease respond
to learning whether they carry a deleterious version of the APOE gene. A
single copy raises Alzheimer’s risk roughly three times, and lwo copies raise
risk 12 to 15 times, “The bottom line is that people do want this informa-
tion, and they seem lo self-select for people who can handleit,” says Green.
Those “who felt that they couldn't handle such information generally didn't
follow through and obtain” their test results.

REVEAL has examined the role of genetic counseling; whether individuals
with the hazardous form, called APOE e4, are more likely to buy long-term
care insurance—they are—and more broadly, what they take away from
knowing their APOE e4 stalus, especially given that there is no way to stall the
onsel of Alzheimer's.

One concern, notes Hoop, is that the REVEAL study has found that con-
sumers tend to recall not their numerical risk of disease but whether they

tion on two of the genes, which are on
chromosome 22: SureGene is working
with outside scientists to replicate the
results. The company declines to name
them all. But one who agreed to be idenu-
fied is Herbert Meltzer, a longtime schizo-
phrenia specialist at Vanderbilt University
in Nashville, Tennessee. Meltzer. who is
on SureGene’s advisory board and says he
has received company stock. 15 enthusias-
tic. “If we proceed
and 1t doesn’t look
as promising to me
as it looks right now,
then 'l do my best
to keep it of ™ the
market, he promises,

Company

Test available

MeuroMark  mid-2008

trees. are many bipolar patients who have
been misdiagnosed and erroneously put
on antidepressants alone, which can exac-
erbate their disease,

“Doctors are operating in constant uncer-
tainty.” he says, struggling to find the right
diagnosis. the proper recipe of medications.
“Mot to get snooty about it—it’s fine o sitin
your ivory tower and say. “We don’t want to
offer this untl 1ts perfect.” Meanwhile, that

Players in the Psychiatric Gene-Testing Business

Disease Type of test
Risk of suicidality

Major depression o, antidepressants

Before l:mn-:hllmg Psynomics  now Bipolar disorder ST deoessant
the SureGene test— _ .
slated to happen  sureGene  mid-2009  Schizophrenia  Fisk Of psychosis and

about I8 months
from now-—Brennan
wants the genes repli-
cated “in at least several hundred samples
from different centers.” That’s far fewer than
the thousands Gejman argues are necessary.
Even if the genetic associations he
and Brennan have found are small ¢lues,
Kelsoe believes that they can still help.
One reason for pushing forward, he says,
is that patients need information now.
Among the veterans he sees at the local
A hospital. a short walk from his UCSD
office down paths lined by eucalypius

* Prynomics plans 1o add fve more genes early this year,

doctor’s down there trying to work with
whatever he’s got.”

The market

Psynomics is not relying much on doctors,
however, to help it reach its goal of selling
1 800 tests in 2008 and 30,000 in the next
5 years, “This is going to initially be driven by
the patients,” savs Kelsoe, who believes that
doctors are wary of a psychiatric gene test,
Psynomics allows anyone o order its test by

Diagnosis and response 2

response to antipsychotics

paying up to S750 and providing a physician’s
name. Soon after, a small blue and white plas-
tic container arrives in the mail. The capsule
preserves a saliva sample, which the con-
sumer ships to a certithied UCSD lab for
genetic testing, with DNA results going back
to the company. Results also go to the desig-
nated physician but not to the consumer,

The process 1s meant to control who
takes the test: Kelsoe has rejected risk tesi-
ing for individuals
who have no symp-
toms but are curious,
For a healthy person,
he says, receiving a
4 positive test result
could do more harm
than good, especially
because data from
6 asymptomatic peo-

ple are lacking. Even

s0. Kelsoe admirs

that there are ways to
get around Psynomics’s procedures. A bipo-
lar patient, for example, could send in her
child’s saliva sample and claim it’s her own.
In the end. predicts May, the market will
demand risk testing, and “the market is
going to win.”

Business has already won out in another
facet of the Psynomics test: how the consumer
will be advised of the resulis. Kelsoe savs he
mitially wanted the company to provide
individual counseling for clients. After about

Number of genes
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harbor the "bad” gene. This is a
concern in testing for bipolar
disorder or any psychiatric ill-
ness: People may think that car-
rying the gene means that they
have or will develop the disease.
Making this mistake could,
among other things, induce
stress, which can exacerbate psy-
chiatric disorders.

How much of a boost in risk is
meaningful to consumers? The
bipolar test from the company
Psynomics in San Diego, Califor-
nia, currently includes the gene
GRK3, which the company says
increases risk two to three times.

In someone of average risk, that's a shift from 1% to 2% or 3%. For an
individual with a bipolar parent or sibling, whose baseline risk is about
10%, the increase may be more meaningful—but only if the gene com-

pounds family predisposition,

Another concern is how having such information will alter a person’s life.
“To me, the question is not really the risk relationship” between genes and dis-
gase, says Wylie Burke, a geneticist and bioethicist at the University of Washing-
ton, Seattle. “It's what are you going to do differently with that information?”

2 years, he came to see that this was “no longer
necessary or practical.” Interpreting and coun-
seling on test results will be up to doctors, who
receive a six-page summary noting that “a pos-
itve GRET west ... makes a diagnosis of Bipo-
lar Disorder 2-3 times more likely™ for individ-
uals with symptoms and a family history,

This is not much help, some say. “I'm in
the bipolar disorder genetics field. and |
wouldn’t know how to interpret the resulis of
a bipolar genetic test,” says James Potash,
director of mood disorders research at Johns
Hopkins University in Baltimore, Maryland.
Potash, who knows Kelsoe and calls him a
“wvery capable, very solid guy,” says that
offering a test now is premature and that
doctors cannot be counted on to decode it.

Paradoxically, interpreting the resulis of
Psynomics's test is likely to grow knottier as
the test 15 refined and more genes are
included. Interactions among genes are
poorly understood. and many psychiatric
disease genes may predispose a person to
more than one psychiatric disease. Indeed,
even though SureGene has positioned itself
in schizophrenia. Brennan notes that its test
may be more instructive about psychosis
risk generally. Psynomics’s CEQ May
frames this as an opportunity: “We would
like to establish that as a brand, this is the
destination for information, for diagnostics,
for therapeutics™ in psychiatric illness.

Another company. NeuroMark in Boul-
der, Colorado, has similar ideas, NeuroMark
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In the family. Kristin Finn'&bfrr'a and her daughter Katherine {teft) have bipolar
disarder, Younger daughter Holly wants to know if she carrles bipolar genes.
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Holly is already contemplating
this question. As she grows up and
considers having a child of her
own, she says, she could imagine
testing her son or daughter al
about age 2 for genes associated
with the disorder so as lo be ready
to spot it if it surfaces.

Currently, testing of children
without symptoms is not avail-
able, nor is prenatal testing.
Physicians focus instead on sta-
bilizing a woman's bipolar disor-
der while pregnant—something
that Kristin Finn discussed in her
2007 book, Bipoelar and Preg-
nant. But even the skeplics agree

that validated genes for schizophrenia, bipolar disorder, and other psychi-
atric diseases are likely to emerge soon. "Biotech companies are going lo
do what they're going to do within the limits of the law,” says Kay Jamison,

a psychologist at Johns Hopkins University School of Medicine in Balti-

is designing a pharmacogenetic test for suici-
dality risk from antidepressants, a side effect
for 2% to 6% of those taking the drugs. The
company hopes to launch its test, focused on
one antidepressant. Celexa, later this year,
before extending it o related drugs and devel-
oping bipolar and schizophrenia risk tests as
well. Then there are broader gene testing
companies such as 23andMe in Mountain
View, California, which offer information on
SNPs behind a host of diseases. Although
23andMe could test for SNPs in depression
and other psvehiatric illnesses. it would need
permission from companies like Psynomics
and SureGene to sell information on the
SNPs those companies have licensed.
Despite being firstin the psychiatric space,
Psynomics is very much a work in progress.
Only about a dozen people have taken the test
so far. The company hasn't determined how it
will follow its clients, although May says it is
sending them a satisfaction questionnaire,
Meanwhile, Psynomics is hunting for venture
capital to tide it over until test sales ramp up.
One critical but unsettled Factor is
whether Congress will pass the Genetic
Information Nondiscrimination Act, which
would proteet individuals against diserimi-
nation by insurance companics and employ-
ers based on genetic information, Biotech
companies and researchers have lobbied for
it for years, but it hasn’t been approved,
Another uncertainty i1s how gene tests will
be regulated, For many genetic tests, includ-

more, Maryland, who has writlen extensively about her personal battle
with bipolar disorder and who generally supports making gene tests avail-
able. It may take years before it's clear what that means for people with
psychiatric illnesses and their families.

-].C.

ing that offered by Psynomics. regulation
consists of lab certification but no assess-
ment of the science behind the test.

“This is a different kind of information™
than has been provided in the past, says
Boston University neurologist and epidemiol-
ogist Robert Green, who studies Alzheimer’s
enetics and early detection. “It's not always
clear what it’s telling us.”

Gene testing could be done prenatally.
for example, o check for bipolar risk in the
fetus. Kelsoe shudders at the thought. espe-
cially because bipolar genes are unlikely to
puarantee disease: “l think this is very dan-
gerous, scary, cugenics-type stuff, and [
don’t want to get anywhere nearit,” he says.
Kelsoe says his company would refuse o
honor such a request. But if the question
comes up in the future, the decision may not
be his to make.

In Kelsoes UCSD office. decorated with
his children’s art. a small scrap of paper is
taped to his computer. In black ink is
scrawled a quote from Virgil: “Fortune
Favors the BOLD!™ Despite that encourage-
ment, “it’s a little scary.” he says over lunch.
“I"ve spent my whole career trying ... to gain
people’s respect that I'm responsible and
cautious. So the concern is. are they going to
think this is irresponsible, am [ going to lose
credibility because of 117" But then Kelsoe
leans in, a wicked grin on his face. “Some-
times.” he says in a low voice, “it’s fun to str
things up.” =JENNIFER COUZIN
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Seeking the Roots of Ritual

In the hills of Turkey, researchers are slowly uncovering the world's oldest monumental
structures, strange monoliths built by hunter-gatherers perhaps 11,000 years ago

GOBEKLI TEPE, TURKEY—Dawn was still
half an hour away when Klaus Schmidt
arrived at his hilltop dig site here, but a
half-dozen workers from a nearby village
were already waiting for him. It was the
end of the dig season. and the enthusias-
tic. white-haired German was there for
one last look. He picked his way down
steep excavation layers toward a massive,
T-shaped slab of rock rising 3 meters out
ol the ground.

The gentle light of dawn illuminated
more T-shaped limestone megaliths and
then still more, arranged in circles and
ovals down the hillside. Some were carved
with stylized arms: on others, a carved
menagerie of snakes. spiders, boars, foxes,
birds, and other beasts crawled and soared.

Schmide, of the German Archaeological
Institute { DAL) in Berlin, claims that these
are the world’s oldest monumental struc-
tures. which he has painstakingly uncov-
ered since 1995 (see sidebar, p. 280),
Radiocarbon dating and stone tool compar-
isons indicate that they are 11,000 years
old. So these great stone circles were
erected before metalworking, before pot-
tery. before the domestication of animals.
even before most signs of agriculture,

Although people began painting in
caves thousands of years earlier, Gobekli

Tepe. in southeastern Turkey. “is the first
manmade holy place,” says Schmidt. He
and others say that the site upends tradi-
tional notions about the development of
symbolism. Archaeologists once hypothe-
sized that agriculture gave early people the
time and food surpluses that they needed to
build monuments and develop a rich svm-

SYRIA

CYPRUS

liﬂﬁm.

bolic vocabulary. But Gobekli Tepe raises
the alternative possibility that the need to
feed large groups who gathered to build or
warship at the huge structures spurred the
first steps toward agriculture, “This shows
sociocultural changes come first: agricul-
ture comes later,” says archacologist lan
Hodder of Stanford University in Palo Alto.
California, who notes that the first domes-

i]u'f- el-Ahmar

Sacred circle. Carved central slabs are
surrounded by massive monoliths nearly
5 meters tall.

ticated wheats are from this region. “You
can make a good case this area is the real
origin of complex Neolithic societies.”

If Gabekli Tepe is truly 1 1000 years old,
it also challenges the idea that symbolism
and agriculture were first developed in the
Levant—the area that includes modern Jor-
dan, Israel, and Syria—and spread north.
“The idea that the origins of monumental
architecture were in the south has been
turned on its head.” says archaeologist Gary
Rollefson of Whitman College in Walla
Walla. Washington. and an editor of the
Journal Neolithics. "What Klaus is picking
out there now is far earlier than anyone
expected. That's all back on the drawing
board now.”

A hunter-gatherer's paradise

Giobekli Tepe means “navel hill™ in Turkish,
and at 780 meters high. it seems a natural
gathering spot, the highest point for kilo-
meters. The site was first examined—and
dismissed—in the 1960s by University of
Chicago anthropologist Peter Benedict,
who assumed that the flints and broken
slabs of limestone littering the area were
the remnants of an abandoned medieval or
Byzantine cemetery.

Schmidt first visited the hilltop in 1994,
after a local farmer had run his plow into a
rectangular piece of limestone. Schmidt
found not a gravestone but the top of a
large, buried pillar, and he quickly recog-
nized that the scattered flint
tools on the surface resembled
those from nearby sites that pre-
date pottery. As he began dig-
ging, the mystery grew. He
uncovered one huge, elaborately
carved ritual structure after
another, but no houses or signs
of settlement. The people who
built the monuments apparently
backfilled them thousands of
vears ago, and the bones that
turned up in the loose fill were
all from either humans or wild
animals, not from domesticated animals,

So just how old are the monuments?
Because most of the bones found are from
backfill. dating them yields muddled
results, and Schmidt has fewer than two
dozen direct radiocarbon dates. Instead. he
chiefly relies on comparing the stone tools
and other artifacts with those from sites
with more radiocarbon dates, This relative

18 JANUARY 2008 WOL 319 SCIENCE www.sciencemag.org

CREDIT GERMAN ARCHAEOLOGICAL INSTITUTE



CREDITS TOR TO BOTTOME ANDREW CLUIREY: GERMAMN ARCHAEOQLDGICAL INSTITUTE

danng puts the early lavers at Gobekh Tepe
in the beginning of a distinctive period
called the Pre-Pottery Neolithic B, dated
elsewhere to about 11,000 vears ago.
Although the dates aren’t precise, the arti-
fact comparisons are convincing, and a few
hundred years of fudge time “don’t really
matter,” says Harvard University archaeolo-
wist Ofer Bar-Yosef,

Although the site may predate system-
atic agriculture, the people who carved
these pillars faced no shortage of resources.
Animal and plant remains suggest that
I 1000 vears ago this place teemed with
uazelle, aurochs, and deer. Groves of fruit
and nut trees lined the nivers. and focks of
migrating birds paused here regularly. *lt
must have looked like a paradise. ideal for
hunter-gatherers,” says Angela von den
Driesch. an emeritus archaeozoology pro-
fessor at Ludwig Maximilian University in
Mumnich, Germany, who has classified am-
mal remains at the site. The region was so
rich that people could have settled down
while still supporting themselves with hunt-
ing and gathering: archaeologists have
found such villages within 160 kilometers
of the site.

Von den Driesch 1s one of a number of
archacologists, plus a revolving cast of
eager German students and about 60 local
workers, who excavate the site for 4 months
each year. They drive to the site before dawn
to dig, returning in the aliernoon to a tradi-
tional. high-walled compound Schmidt
owns in the middle of Urfa’s old citv. One
day last fall, a dozen students quietly sorted
and weighed bone fragments and artifacts in
the compound’s courtvard as the afternoon
cooled into evening. It's a surprisingly
unpretentious operation, given the impos-
ing nature of the site and the roughly
$300,000 in funding Schmidt receives each
yvear from DAT and the German Research
Foundation,

Clearing a space at a long table, Schmidt
pulled out a mottled, purple schematic of the
site—a sort of bird's-eve x-ray put together
after a ground-penetrating radar scan in
2003, The excavated portion—3300 square
meters. just 5% ol the 9-hectare site’s total
was represented by a white square. All
around 1t, the scan revealed oval groups of
buried monoliths dotting the hillside like
dark-purple bomb craters.

Schmidt says there are at least 20 cere-
monial structures still underneath the soil,
and perhaps more. “Its much more complex
and advanced than we thought.” he says.
“Clearly, they could communicate with cach
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other and organize something really compli-
cated. I didn’t expect hunter-gatherers could
or would build something like this.”

The most spectacular ritual space. which
encompasses features seen at the others, is
nestled in the dig's western corner. Two
S-meter-tall, T-shaped pillars stand in the
center of a circle of slightly smaller slabs,
each weighing an estimated 5 to 7 tons. Par-
allel lines carved into the slabs” sides slant
back in a V and meet at the narrow front
edge like clasped hands. suggesting a stvl-
ized person. The two central stones face the
valley. and the surrounding pillars face

Peering into the past. Klaus Schmidt (fop) uncovered pillars
carved with frightening beasts like this lion.

NEWSFOCUS

inward toward the center of the circle. In
sharp contrast to the stylized human shapes,
the sides of the slabs are carved with images
of animals: complex arrangements of spi-
ders and snakes. foxes and wild boars, vul-
tures and cranes.

There's no way to know for sure what
these figures meant, but there are some
clues. Schmidt says the lack of female sym-
bology largely rules out fertility riwals. And
the contrast between the designs carved on
the pillars and bones that litter the backfill
seems meaningful. The backfill vields
gazelle. aurochs. red deer, boar, goats, sheep.
oxen—all wild—plus a dozen
different bird species, including
vultures, ducks, and geese. Yet
the pillar carvings are dominated
not by prey but by more danger-
ous creatures: leopards. lions,
foxes. and vulwres, plus spiders.
snakes, and scorpions, “The
symbology 15 dominated by
nasty animals.” says Stanford’s
Hodder. “It’s a scary. fantastic
world of nasty-looking beasts.”

The cathedral on the hill
So what was this place? Schmudt
is adamant about what it"s not,
although not evervone agrees
with him. Despite the site’s size,
and the contemporary villages
not far away, Schmidi insists this
was no settlement. He's con-
vinced that the circles were
designed 10 be open 1o the sky,
like Stonehenge. Telltale signs
of settlement—such as hearths,
trash pits, and small fertility fig-
urines—are conspicuously
absent. And the hilltop 15 a long
hike from any water sources,
“We know what settlements
from these times look like.”
Schmidt says. “This 1sn't one of
them.” Instead, Schmidt argues
that hunter-gatherers from
across the region gathered here
periodically, pooled their
resources temporarily to build
the monuments for some ritual
purpose, and then left.
Rollefson and others see that
as unlikely, arguing that the scale
of the site would have required m
least a small group of vear-round
residents, “To have this kind of
magnet out in the middle of
nowhere would be unprece-
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Just Don’t Call It the Garden of Eden

URFA, TURKEY—From his one-man booth at the Urfa bus station, tourist offi-
cial Serdar Avci spends his days handing out maps to the sights around this
Turkish city. To his dismay, one destination is conspicuously missing from the
tourist guides: Gobekli Tepe. “People want to come here to see these temples,
but Klaus Schmidt is digging so slow!” Avci says. "How many years do we have
to wait to go inside? This is a big problem, | think.”

Everyone in this city of almost a million people seems to know Schmidt's
name and have an opinion about his work excavating the world's first mon-
umental architecture (see main text). Schmidt's progress is charted by reg-
ular reports in the local papers, and a 2006 cover story in the German
weekly Der Spiegel speculated that the site might be linked to the biblical
Garden of Eden. Much to Schmidt's dismay, Turkish papers picked up the
story, and the ensuing debate about whether the site was the birthplace of
Adam—rconsidered a Muslim prophet—-briefly threatened to derail further
excavation on religious grounds.

Schmidt has been assigned a full-time monitor from the Turkish Ministry of

submitted months in advance. Colleagues say the notoriety has made it diffi-
cult for him to run the small, controlled dig he'd like. "He's always under pres-
sure from the Turkish government,” says colleague Gary Rollefson of Whitman
College in Walla Walla, Washington. "He's whipsawed back and forth. If he
digs too fast, he's accused of not paying attention to detail. Too slow, and
there's pressure for him to get something for tourists to see.”

As the site’s fame spreads beyond Urfa, tourism may become Schmidt's
biggest concern. Together with Turkish authorities, he's developing plans for a
tourist center that would house replicas of the site’s striking T-shaped pillars
and spectacular carvings, to take pressure off the excavators and bring money
to the impoverished village nearby. Construction may begin next year.

But with funding hard to come by, a finished facility is years away. In the
meantime, tourists find their way to the dig even without Avci's helpful direc-
tions=—about a busload of them every other day. One day this fall, 11 buses
full of German retirees rolled up in a cloud of dust. Schmidt assigns a student
Lo show visitors around or sometimes does guide duty himsell. “As archaeolo-
gists, we're not used to attention like that,” says Julia Wagner, an excavator
and student at the Free University of Berlin. "Working at the site every day, you

Culture and Tourism in Ankara to make sure he sticks toa preapproved dig plan

dented. There would have 1o be so much
work to carve these pillars,” he says, Indeed,
Schmidi says molding and carving a single
pillar would have taken months,

Some say it's just a matier of time before
evidence of settlement shows up. “They
haven™t found much human habitation, but
they will.” predicts Bar-Yosef. “It's impossi-
ble to have such a large site without people
there to take care of iL” Schmidt acknowl-
edges there must have been a few people
“personnel,” he says—but insists the site
was exclusively a ritual destination rather
than a settlement, which would make it
unigue for this penod.

And researchers agree that Gobekh
Tepe was a convergence point. “Certainly
it was a major focus for regional celebra-
tions or ritual activity.” says Rollefson.
There are hints of a regional culture: The
symbaols found at Gobekli Tepe
are echoed at similarly aged vil-
lages hundreds of kilometers wo
the south in Syria, such as one
called Jerf el-Alhmar, and at
slightly vounger sites closer to
hand in Anatolia. such as Nevali
Cori. But Gobekli Tepe is
clearly the grandest site and the
oldest of such magnitude.
“Gabekl Tepe's really the only
one with that megatemple
approach,” says Rollefson,
“After it was built, quite a few
sites with the same architecture
and iconography and style
appeared.” Schmidt agrees:
“Here we have the religious
center for settlements at least
30 kilometers away,” he says,

“Those were village churches: this is the
cathedral on a hill”

Schmidt argues that the site’s antiquity
and the lack of domesticated animal and
plant remains is strong circumstantial evi-
dence that symbolism and religion led to
agriculture and domestication, not the
other way around. “Developing from
hunter-gatherers to farmers happened
here and spread south.” Schmidt says.
*MNot just architecture and monumental
architecture, but turning wild animals
into domestic livestock happened here.
This is the starting point for a whole front
of innovation.” Indeed. the region is home
to a number of domestication *firsts.”
including the first domesticated wheat,
which emerged only 30 kilometers away
at Nevali Cori about 500 vears after the
Gaobekli monuments were built. “Its real

Mavel hill. Thousands of years of ritual building and backfill
created a high point in the Turkish landscape.

farget a little how important it is.”

-AC.

importance is that it's early and large and
symbolic a long time before agriculure,”
says Hodder of the site.

But there are claims of domesticated rve
in Syria as far back as 13,000 vears ago. And
many researchers think people planted wild
crops for a long period before actual domes-
ticated varieties appear (Science, 29 June
2007, p. 1830). Bar-Yosel notes that theres
no evidence to rule out farming in this area
at this time, complicating the vision ofa
hunter-gatherer paradise. “There’s no reason
to assume the builders were simple hunter-
catherers,” he says. “People can be planting
wild foods.”

Bar-Yosefl 1s also eager to have more
context about the larger society that pro-
duced the site. How big did the tribe need to
be to support such an intense process? “And
in a simple American way,” he asks, "who
paid for it all?™

Schmide, mindful that future
archacologists may develop bet-
ter techniques, refuses to he
rushed. At 33, he’s got 12 more
years of digging until he retires,
and he envisions the site’s exca-
vations lasting another half-
century. Mindful of archaeol-
ogy’s destructive nature, he's
carefully leaving something for
future excavators. “The idea is
not to excavate the entire settle-
ment. The idea is to excavate as
little as possible.” he says. “We
just have o have enough o be
sure we understand what was
really going on at the site.”

—ANDREW CURRY
Andrew Curry is a writer based in Berlin,
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Conservation with Sense

WITH HABITAT LOSS AND DEGRADATION OCCURRING AT AN UNPRECE-
dented rate, the protection of imperiled ecosystems has become a pri-
ority in conservation efforts (/). Amidst the urgency to conserve
wildlife, we propose a word of caution: Relying on the human percep-
tual world, instead of the sometimes very different perceptual worlds
of ammals, may compromise conservation endeavors,

Humans have raditionally relied on anthropogenic senses to under-

stand the ammals” “world,” In fact,
our percepiual felds differ pro-
foundly from most ammals. Many
animals possess unique sensory
systems [such as echolocaton (2),
electroreception (3 ). magnetore-
ception (<), and thermoreception
i.51] or famihar senses with unfa-
miliar properties [such as polarizi-
tion (#) and ultraviolet ( 7) vision,
and infra- and ultrasound (2)].
Liuttle 1s known about the
way that human-driven habita
degradanon affects ammals. For
instance. changes i ambient light
and microhabitat from deforesta-

A different view. Less familiar sen-

sory systems, such as polarization
vision in the dragonfly (Rhodathemis

that rely on vision (58— /0), sound (2}, or olfaction (/). Sensory sys-
tems that influence habitat choice and behavior of nocturnal and cre-
puscular animals require further exploration. For example, our previ-
ous assumptions that nocturnal amimals lacked color vision (/2) and
camoullage colorations (/3) have been proven wrong,

The adoption of conservation informed by sensory ecology 1s
clearly needed o decipher optimal habitats and to mitigate the effects
of habitat alterations, This approach 15 vital not only 1o conservation,
but also to behavioral ecology, animal husbandry, and forestry.

MATTHEW L. M. LIM,® NAV]OT 5. SODHI,* JOHN A. ENDLER*

1Department of Biological Sciences, Natianal University of Singapore, 117543, Singapore.

fAnimal Behaviour Research Group, School of Psychology, Washington Singer Labs,
University of Exeter, Exeter EX4 4WG, UK.
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conservation efforts.

tion or other habita disturbance
can affect the behavior of animals

[y
L)

E. Warrant, |, Comp, Physiol A 190, 765 (2004),

. E ). Warrant, Covr. Brol. 17, R209 {2007).

Scientific Meetings:
Worth Attending

AS AN OCEAN SCIENTIST CONCERNED ABOUT
ocean acidiflication and other environmental
impacts from carbon emissions, [ was inter-
ested to read B. Lester's News Focus story
“Greening the meeting”™ (5 October 2007,
p. 36) for ideas on how scientists can reduce
the carbon footprint of our professional activ-
ities. [ thought his aim was ofT-target. how-
ever, when he set his sights on the Fall
Meeting of the Amencan Geophysical Union
{AGLY, This is the one time of the year that an
international group of scientists from all
fields relevant to climate science share their

www.sciencemag.org SCIENCE  VOL 317

as=yet-unpublished results, Furthermore, the
Fall AGU Meeting saves carbon dioxide, time,
and money by elimimating the need for over
100 other separate gatherings (agency own
halls. committee meetings, and workshops).
In addition, more than 70 AGU committee
meetings take place at the Fall Meeting, and it
is animportant venue for communicating with
the press, including reporters from Science!
Indeed we all need to look for ways to reduce
our carbon emissions, but there are other ways
to do it that don’t sacrifice the unique contri-
bution we can make to solving the problem as
professional scientists,

MARCIA MCNUTT

Monterey Bay Aquarium Research Institute, Moss Landing,
CA95039=-0628, USA

Scientific Meetings:
Call In Instead

B. LESTER'S NEWS FOCUS STORY (5 OCTOBER
2007, p. 36) highlights one major plague
affecting modern science: There are far too
many meetings in faraway, upscale places. It is
especially ironic that we in the science com-
munity, who are so familiarwith modern com-
munication tools, have failed to take full
advantage of this technology.

For nearly a decade, when invited to give
a lecture, [ have excused myselt from inter-
national travel (even with all expenses and
honoranum paid! ). Instead, 1 provide my lec-
ture in PowerPoint with voice and take live
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AAAS Travels

Come explore the world
with AAAS this vear. You will
discover excellent ilineraries
and leaders, and congenial
groups of ike-minded travelers
who share a love of learning
and discovery.

Aegean Odyssey
May 14-2858, 2008
With optional Istanbul
4 Extension o Mav 31
Experience a classic adventure with
Dr. Ken Sheedy. Explore Athens,
Delphi, Delos, Santorini & Knossos.
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Wild & By
Prehistoric

France
May Z23-June 5, 2008
Explore prehistoric sites in Haute
Provence, the Massif Central, and
the Dordogne, See spectacular gorge
country, remote villages, and images
of great cave paintings at Lascaux 11,
53,695 + qir

Tibet Eclipse

July 17-August 3, 2008
Discover Lhasa, historic center of the
Tibetan world, including JThorkang
Temple, the winter palace, and
Ganden Monastery. Explore the
high plateau and Nameo Lake, and
the cradle of Tibetan civilization. Take
the train to Lanzhou, Flv to see the
Total Solar Eclipse. 54,495 + air.

Xinjiang & Hunza
September 7-24, 2008
This fall explore the northern 5ilk
Road, including the oasis cities of
Urumigi and Kashgar in northw est
China. Visit the Huneza Vallev of far
\11. northern Pakistan
ﬂf \2:5 which is encircled
R v by peaks ofthe
" Karakoram range.
A 53,895 +air

Backroads China
October 3-19, 2008
With FREE Angkor Wat Ext. (+air)
Join our guide David Huang, and
discover the delights of South-
western China, edging 18,000-
foot Himalayan peaks, the most

scenic and culturally rich area P20
in China. 83,695 + air + ext.

Call for trip brochures &
the Expedition Calendar

(800)252-4910

AAAS Travels

17050 Montebello Road
Cupertino, California 95014
Email: ArdSinfodhetchartexped itions com
On the Web: www hetchartexpeditions.com
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questions on 4 telephone { from Singapore or
India or Europe ). [t works extremely well, and
the hosts love it. They save a lot of money and
get to keep the CD, copy it. and pass it around
all the local universities. 1 keep the carbon
credits and the time,
[ await a position paper from AAAS on
this subject!
RUSTUM ROY

The Pennsylvania State University, University Park, PA
16802, Ush.

Putting a Human Face on
Energy Usage

IN THE NEWS FOCUS STORY, "GREENING THE
meeting” (5 October 2007, p. 36). B. Lester
compares the fossil fuel energy required to
transport scientists o and from a conference
by airplane to the energy used by “2230
Honda Civies during a years worth of normal
driving.” Another way to put a human face on
fossil energy usage is to think in terms of
“Virmal Persons” (VPs),

One VP represents 100 watts of average
annual fossil energy usage, which corresponds
to the nominal dietary energy of one healthy
person: 2000 calories per day (96.9 watts).
Dividing the world average energy use rate of
~ | 3-trillion watts by 6.5-billion humans gives
2000 watts per person, or 20 VPs, This means
that, on average, each living person is, from an
energy point of view, equivalent to 20 people.

Of course, energy usage is not distributed
evenly. For the United States. the ratio of
energy use to population works out to ~1 135
VPs per person. It is as if each American has
the physical power of 115 people. Each
European has about half the VPs of each
American. IF yvou subtract Americans and
Europeans and their energy usage from the
waorld total, each of the remaming human
beings has only ~13 VPs, on average.

The 115 VPs of each American are used
for heating and cooling, cooking, personal
transport, food production and delivery, light-
ing. and computers. Averaged over a year, one
round-trip flight from Washington, DC, o

Letters to the Editor

London works out to ~4 VPs [assuming T0
passenger-miles per gallon]. Domestic utility
usage in a 2000-square-foot house (without
air conditioning) in Chevy Chase, Maryland,
comes to 60 VPs, shared among those who
live there, A 1O0-watt computer that operates
vear round is about 3.5 VPs (the “energy rate”
of the fuel burned to generate and deliver 100
watts of electric power 1s about 350 watts), A
20-mpg SUY that goes 10,000 miles in a vear

15 =20 VPs,
ROBERT BURRUSS

6726 Fairfax Road, Chevy Chase, MD 20815, USA.

Fair Game for Chimpanzees

RECENTLY, JENSEN ET AL. ("CHIMPANZEES ARE
rational maximizers in an ultimatum game.”
Reports. 5 October 2007, p. 107) contributed
to the debate on the ongins of cooperation and
fairness by reporting that in a modified ver-
sion of the ultimatum game, chimpanzees fail
to act fairly. In the ultimatum game. the
human responder refuses to play if the pro-
poser offers too small a share. Generally, the
proposer takes this into account by making
fair offers. Given that the responder chim-
panzees willingly accept all types of offers
{even those that a typical human player would
deem unfair), we suggest that the chimpanzee
proposers have no motivation to play farly
instead of acting as rational maximizers,
Picture vourself in the position of a captive
chimpanzee with a history of little control over
the availability of food in terms of timing.
quality, and gquantity, Why, when paired with a
group member in the ulumatum game, should
vou expect that refusing an inequitable offer
influences the outcome of later tnals? Only by
repeated experience could you learn this. But
the chimpanzees tested by Jensen ef al. appar-
ently sufffer from a sense of powerlessness, as
they accepted all offers, including zero food
over 33% of the time. Now, picture yourselfin
the position of a proposer chimpanzee facing a
responder that accepts your offer regardless of
how uneven it 15, Why should vou not be
greedy, or learn to be so07 We argue that being
greedy is a likely consequence of interacting
with a compliant partner: The two attitudes
feed off each other, In short, do the results
really inform us about chimpanzees” sense of
fairness, given such compliant partners?
Regarding the recent nise of articles con-
cerning faimess and inequity aversion in non-
human primates (/—), we note that there is
another explanation for why chimpanzees
should not consider themselves as equals that
deserve farness. Valuing farmess to others 15 a
rather recent human moral principle, at leastin
Western cultures, grounded in the theoretical
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stance—expressed by French Enlightenment
philosophers—that people are equal,

ELISABETTA VISALBERGHI®* AND

JAMES ANDERSON?

Yetituto di Scienze e Tecnologie della Cognizione, Consiglio

Nazionale delle Ricerche, 00197 Rome, [taly. ‘Department

of Psychology, University of Stirling, Stirling FK9 4LA,
Seatland.
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Response

E. VISALBERGH! AND ]. ANDERSON THINK THAT
it is unreasonable to expect chimpanzee pro-
posers to be fair given their captive environ-
ment, as in our Report (5 October 2007, p.
107). We feel that this argument is backward.
Proposers, including human proposers, are
expected 1o try o maximize personal gains,
In the dictator game, in which the responder
is powerless (/. 2). humans make selfish
offers. but in the ulumatum same, the threat
of rejection by the responder drives the pro-
poser to make offers approaching parity

Mational Institutes of Health
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suitable formulations; Manufacture of clinical wial drug
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Girants.gov. lIdeas arising solely from a corporate source
without academic collaborators are not eligible.
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(/. 3). The interesting subject, therefore, is
the responder, According o standard economic
models of utility maximization, responder
rejection of any nonzero ofler 15 not rational
because he must forfeit gains to lower those
of the proposer. The interesting question then
15 not to “picture yoursell in the position of a
proposer chimpanzee,” but to ask why the
responder chimpanzee should be insensitive
to receiving less than the proposer
tion that 15 not easily answered through an
appeal wo captive conditions,

Our captive chimpanzees do not exhibit
“leamed helplessness™ in feeding contexts. For

d (Jues-

mstance, they show arespect for possession (4)
when feeding in the group. and they retaliate
against others who steal their food (3). Learned
helplessness is therefore unlikely to account for
acceptance of any food offers. If responders
do learn o reject low unfair offers through
repeated westing, as Visalberghi and Anderson
suggest, this finding would not provide a meas-
ure of social preferences. Such a result would
suggest instrumental leaming——i.e.. leaming to
play a long-term maximizing strategy over
repeated mteractions—in a testing situation,
ather than sensitivity to fairness. In fact, we

found no change in proposer offers or respon-
der rejections across the course of our study,
Still, the point of repeated games and reciproc-
ity bears testing, particularly wath other chim-
panzee populations and more species.
Concerning the second point on fairness
and inequity aversion, Visalberghi and Anderson
conflate equality with fairness, Norms of
fairness do not always dictate equality.
Cross-cultural studies [e.g.. ()] suggest that
although farrness norms are culturally uni-
viersal, the absolute values for what constitutes
fairness differ widely. Chimpanzees in our
study could thus have shown faimess without
relying on any sense of equality.
KEITH JENSEN, JOSEP CALL, MICHAEL TOMASELLO

Max Planck Institute for Evolutionary Anthropology,
D-04103 Leipzig, Germary.
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ECONOMICS AND CLIMATE CHANGE

Act Now (But How?)

William F. Ruddiman

science adviser to the UK. govern-

ment foresees the Antarctic as the

only habitable continent by century’s
end. Taking a north-polar view, a prominent
environmental scientist suggests that all of
humanity will be reduced to a few Arctic
breeding pars. A well-known environmental
spokesperson warns that future sea-level rise
will drown much of creation. In Coad ft (1),
Bjom Lomborz takes aim at this kind of over-
heated rhetoric on global warming.

Lomborg {an adjunct professor at the
Copenhagen Business School ) also cites pub-
lished studies that rebut the one-sided treat-
ment of future chmatic impacts on humans by
some environmentalists and media sources.
He arzues that increased economic damage by
hurricanes and floods will primarily result
from unwise placement of valuable structures
along coastlines and in floodplains, rather than
from changes in hurnicane or flood intensity.
He sees the potential effects of spreading trop-
ical diseases negated by improved disease con-
trol in increasingly wealthy nations. He pre-
dicts that more lives will be saved from
reduced cardiovascular deaths during milder
winters than will be lost to increased respira-
tory deaths during hotter summers.

Despite leveling such criticisms, Lomborg
accepts the conclusions of the 2007 report
from the Intergovernmental Panel on Climate
Change (IPCC) that anucipates a sizable
(~2°C ) warming. a moderate (~30 cm) sea-
level nse, and many larze but not apocalyptic
changes during this century. He notes:
“Global warming is happening: the conse-
quences are important and mostly negative,”
Following his own advice, he has “cooled”
{(moderated) some of the views he expressed
in The Skeprical Emvironmentalist (2),

Lomborg asks whether it makes more
sense commiiting a relatively large amount of
money to try to reduce future global warming
by suppressing carbon emissions or spending
a smaller amount to deal with many of the
problems that currently afflict humans and the
environment. He assumes that people and
nations will find it difficult to overcome their
self-interest and commit to deep carbon-
emission sacrifices for a common good that
lies mainly in the future.

The reviewer is at the Department of Environmental
Scences, Clark Hall, University of Virginia, Charlottesville,
WA 22903, USA. E-mail: wirSc@virginia.edu
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Cool It

r by Bjorn Lomborg
The book’s central

message is accompanied
by surpnisingly good news,
which Lomborg docu-
mented in (2): most glo-
bal indices of the human
condition (disease. mal-
nutrition, dirty air and
waler, poverty. infant mor-
tality, and inadeguate
education) have greatly improved in recent
decades as wealth has risen. Because he draws
on data from institutions like the United
MNations, his compilations are difficult 1o
refute—organizations dedicated to improving
human well-being would hardly present an
overly optimistic view, Lomborz argues that
spending moderate amounts of money to
accelerate these positive wends will also, by
increasing global wealth, reduce human vul-
nerability to future warming.

Lomborgs recommendations  dovetail
with most economic models, which indicate
that the most cost-effective way of dealing
with global warming is to spend modest
amounts reducing carbon emissions now and
then ramp up expenditures later. when global
wealth is greater. Critics of this cost-benefit
approach note that it does not call tor a full-
scale assault on carbon emissions levels and
would allow a major increase in stmosphernic
CO,. Lomborg, however. also proposes a sus-
tamed tenfold increase in global expenditures
on carbon emission—{ree energy technologies.
In effect, he takes up Al Gore'’s idea of a “gen-
erational mission™ bul proposes a more cost-
effective approach.

Same critics have ignored Lomborg’s cen-
tral message and attacked aspects of his treat-
ment of science, At imes, he does undercut his
credibility by recyveling disingenuous argu-
menis from global warming skeptics. For
example, he cites evidence of warm Arctic
summers several thousand vears ago in such a
way as to imply that current summer tempera-
tures in the Aretic are nothing unusual. He fails
to point out that those earlier warm summers
were caused by summer solar radiation levels
several percent higher than at present and that
the subsequent reduction in radiation had been
driving a slow Arctic cooling until humans
abruptly reversed the rend dunng the industrial
era, He also implies that a pant of the warming
in the 150 vears since the Little Ice Age ended
was natural inorigin, but the 2007 [PCC report

Alfred A Knopf, N

Commur

ISBN 97804

aw York,

tions, London,
2007. 367 pp. £19.99_

993125.

BOOK

concluded that amthropogenic warm-
ing dominated (3),

Eeological issues receive rela-
tvely little attention in this book.
The Skeptical Envirommentalist upset
some ecologists because they felt

biodiversity loss. Yet some of their
criticisms conflate the extinctions
that will be caused by future large-
scale shifis in ecosystems with those
underway now because ol habitat
fragmentation, poaching. overhunt-
ing, and over{ishing.

posing a false choice through his
implicit assumption that expenditures on
human and environmental well-being will
remain constant, and several recent develop-
ments support that objection. Well-targeted
new expenditures from private foundations
{e.z., Bill and Melinda Gates and Warren
Buftett) and international foundations that
integrate small-scale local resources (e.g.,
the Clinton Global Imitiative) have now
Joined the effort.

lee sheets are a wild card in projections of

future chmates. In contrast to the modest sea-
level rise that the [PCC predicts for the next
century. chimate scientist Jim Hansen foresees
an oncoming “tpping point” that will cause the
ireversible destruction of Greenland ice and a
sea-level rise of several meters within a few
centuries or less (4). At present, Hansen's fear
of wital ice-sheet collapse remains a minority
view: glaciologists simply do not know how
much of the ice cap will melt or when.

Scientists have waited for vears for upper-
level ULS. politicians to encourage an open
debate about the place of global warming in
national environmental priorities. Now that
such a discussion has begun, itmakes no sense
to dismiss the thought-provoking arguments
Lombore poses in Cool [t
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Aging Infrastructure and
Ecosystem Restoration

Martin W. Doyle,"™ Emily H. Stanley,2 David G. Havlick,? Mark J. Kaiser,® George Steinbach,’
William L Graf® Gerald E. Galloway,” J. Adam Riggshee®

s a result of recent infrastructure fail-

ures, particularly the tragic failure of

he Interstate-33 bridge in Minnesota,
the US. Senate passed the National Infra-
structure Improvement Act (NIIA), which
would create the Natonal Commission on the
Infrastructure of the ULS.A. The commission’s
broad mandate would be to assess the nation’s
infrastructure and its ability to meet current
and future demands. Such policy develop-
ment comnecides with ongoing efforts to man-
age and restore degraded ecosystems, This
provocative intersection of aging infrastruc-
ture and environmental degradation provides
unprecedented and larcely unappreciated
opportunities for ecosystem restoration.

Convergence of Phenomena

The United States is at an unusual juncture of

three growing phenomena. First is the wide-
spread decay of infrastructure. The 20th cen-
tury saw rapid growth in population, the econ-
omy, and infrastructure (see chart, right).
Many structures have been in place for 50

years or more, and an increasing portion of

national infrastructure is now approaching or
exceeding its originally imtended design life
and will require over $1.6 trillion to reach
acceptable levels of salety and functon (1),

The second phenomenon is the degrada-
tion of the environment and the loss of associ-
ated ecosystem services (2). Substantial eco-
logical degradation can be attributed. at least
in part, to infrastructure expansion. Roads
increase sediment erosion, fragment habita,
and facilitate the spread of invasive species
.3). Dams and levees restrict fish migration
and have drastically altered river flow regimes
(4). Offshore platforms discharge waste,
release atmospheric pollution, and compete
with commercial fishing ().

Wniversity of North Carolina at Chapel Hill, NC 27599,
USA. University of Wisconsin, Madison, Wi, USA.
*University of Colorado al Colorado Springs, €O, USA.
*Center for Energy Studies, Louisiana State University,
Baton Rouge, LA, USA. “California Artificial Reel
Enhancement Program, Santa Barbara, CA, USA. *University
of South Carolina, Columbia, SC, USA. "University of
Maryland, College Park, MD, USA. "Restoration Systems,
LLC, Raleigh, NC, USA.

*Author for correspondence. E-mail: mwdoyle@email.
ung.edu

Third is the burgeoning of ecosystem
restoration as both a science and an industry
(). To date. restoration has often been limited
in scale, and its effectiveness is frequently
unclear (7). Nevertheless, there 1s growing
demand, political will, and funding for restor-
ing degraded ecosystems (7, 8).

Restoration via Decommissioning
Decommissioning can take several forms,
including full removal. partial removal ofkey
components, or abandonment. Publicly ver-
sus privately owned infrastructure may differ
in decommissioning procedures and ability,
but all are subject to the National Environ-
mental Policy Act and equivalent state laws,
although these laws generally do not facilitate
ecological restoration,

Onrivers, dam decommissioning is increas-
ingly common, whereas levee decommission-
ing is rare. OF the =79.000 dams in the United
States, 3500 have been rated as unsafe, collec-
tively in need of $30 billion for rehabilitation,
repair, or removal (/). Levee inventories are
less clear, but estimates exceed 25,000 km (%),
many with unknown structural integnity (/).
To date, =600 dams have been removed, prima-
nly for safety and economic reasons, Dam
removal is followed by rapid recovery of inver-
tebrate, fish, and riparan vegetation communi-
ties (/7). Levee decommissioning, ofien aban-
doning breached levees, reduces economic
demands of levee reconstruction while improv-
ing loodplain habitat and water quality (/2).

OfF the =6 million km of roads in the United
States, 885,000 km are on public lands main-
tained by federal land agencies, a portion of
which are rarely used (/3). The US. Forest
Service (USFS). with =250,000 km of roads
over 30 years old, estimated its maintenance
backlog at ~510 billion for 26% of system
roads ( /3). The USF5 decommuissioned 7900
km of roads between 2002 and 2005 and has
identified almost 300,000 km for possible
decommissioning over the next 40 years ( /4).
Decommussioning decreases economie liabili-
ties but is also an important tool for restoring
forest ecosystems (/3).

In ULS. federal waters, there are =3900 ofl-
shore oil and gas platforms, primarily in the
Ciulf of Mexico (GOM), about one-third of

Targeted decommissioning of deteriorated
and obsolete infrastructure can provide
opportunities for restoring degraded
ecosystems.
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which are idle (/5). Fed-
eral policies require that
platforms be remaovad with-
in | year of lease expira-
tion, and =2700 platforms
have been removed. Re-
moved platforms  have
been primarily shallow-
water platforms and mosthy
disposed of onshore (/3).
Costs andenvironmentim-
pacts of removing deep
water platforms are sub-
stantial.

Full platform remowval
has drawbacks, including
environmental  impacts
and loss ol the potential
ecological value of the
structure as an artificial
reef { /6). Research shows
that platforms Facilitae
the expansion of corl populations in the GOM
(I7) and act as refuges for juvenile fish,
increasing fish production off the coast of
California { /8). Rigs-to-Reefs Programs allow
reuse of decommissioned structures as antificial
reefs. Through 2004, =190 retired platforms
were dedicated for fisheries enhancement,
which reduced decommussioning costs and led
to =520 million in industry donations to state
emvironmental management trust funds ( /35),

Department of Defense (DOD) facilines
pose an unusual challenge and opportunity. OFf
the 257 million ha of federal lands in the United
States, =10 million ha belong to the DOD (/9).
Access restrictions have made military bases
some of the nichest ecological reserves of any
of the nation’s public lands (/9). Through the
Base Realignment and Closure (BRAC) pro-
aram, 400 militwry sites were closed or reclas-
sified between 1988 and 2002. To date, man-
agement of 21 bases on =>445,000 ha has been
transferred from the DOD w the ULS. Fish and
Wildlife Service to become National Wildlhife
Refuges (e.g.. Jefferson Proving Ground be-
came Big Oaks National Wildlife Refuge).

Perhaps the largest combination of in-
frastructure managememt and ecosystem
restoration is the Comprehensive Everglades
Restoration Project (CERP). anetlort to restore
the 2.3 million-ha watershed and its ecosystem
{#). Hydrology in the Everglades is manipu-
lated through hundreds of control gates. thou-
sands of kilometers of levees, 2900 km of
canals, and dozens of pump stations, which
largely continue o function well, The CERP is
based on infrastructure modification and par-
tial removal to move the ecosystem 1o 4 more
natural and sustainable configuration through a
40-vear, 320 hillion project,
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Infrastructure decommissioning and removal. Removal of Carbonton
Dam resulted in rapid recovery of the federally listed endangered Cape Fear
shiner (Notropis mekistocholas), found in the former impoundment after <2
years of removal. The dam was removed to generate environmental restora-
tion credits, which were then sold to offset stream impacts elsewhere.

Policy Directions and Exit Strategies
Infrastructure policy should do more than fund
projects: it should set national prionties and
initiatives, The Mational Commission on
Infrastructure would set such strategic priori-
ties and consider mfrastructure Nnancing, reha-
bilitation, and maintenance. Rehabilitation
under the NITA includes considering removal
of infrastructure that 15 deteriorated or no
longer useful. When infrastructure has been
decommissioned, ecological restoration has
been a side benefit. Priontizing decommission-
ing sites based on a combination of ecological,
economic, and safety concerns can benefit
multiple stakeholders, possibly reducing over-
all decommissioning costs (/3),

Infrastructure decommissioning 1s likely
to oecur during discrete windows of opportu-
nity. These may be policy-related (e.g.. expira-
tion ofa dam license), natural {e.g., flooding),
or through deliberate legslation (e.g.. CERP).
However, political will for such expenditures
is difficult to maintain. particularly during
political transitions (200, A less broadly
applied funding mechanism is the use of
market-like principles in which infrastructure
decommissioning 1s used to generate credits
to offset environmental impacis elsewhere
(see figure above).

The greatest lesson from current aging
infrastructure is the need for exit strategies,
which vary greatly among infrastructure tvpes.
Policies for decommissioning dams are sur-
prisingly rare and vague ( /1), whereas policies
for decommissioning oflshore platforms are
unambiguous (/3). Because the costs of
decommissioning and cleanup for infrastruc-
ture can be substantial, more explicit policies
should require provisions fordecommissioning

POLICYFORUM

as part of infrastrucure license or lease terms,
perhaps similar to that for offshore facilities,
where bonding requiremenits are specified and
based on the estimated cost of full removal,

Any infrastructure policy approach must
confront the national conundrum of pressing
infrastructure problems and continuing envi-
ronmental degradation, Specifically, a National
Commission on Infrastructure should squarely
face decommissioning as a viable option. and
the environmental benefits gained through
such decommissioning should be assessed as
definable benefits and leveraged when possible
and practicable.

References and Notes

1. Amencan Society of Cvil Engineers (ASCE), Report Card
far America’s Infrastructure (ASCE, Mew York, 2005).

2. Heinz Center, Stote of the Mation’s Fcosystems
(Cambridge Univ. Press, Cam bridge, 2002).

3. Mational Research Council (NRC), Assessing and
Managing the Ecological Impacts of Poved Roads
(Natsional Academies Press, Washington, DC, 2005).

4, C. Nilsson el al., Science 308, 405 (2005),

5. 5. Patin, Environmental impact of the Offshore Oif and
Gas ndustry (EcoMonitor Publishing, East Morthport, NY,
1599],

6. NRC, Compensating for Wetland Losses Under the Clean
Water Act {National Academy Press, Washington, DC,
2001),

7. E.5 Bernhardt ef al., Science 308, 636 (2005).

8. MRC, Progress Toward Restering the Everglades (Mational
Acadernies Press, Washington, DC, 2006).

9. G.Tobin, Water Resour, Bull, 31, 359 (1995).

10. Interagency Levee Policy Review Committes, The
Notional Levee (hallenge (Federal Emergency
Management Association, Washington, DC, 2006).

11. M. W. Doyle et ol,, Geamarphology 71, 227 (2005).

12. D. Galat et al., BoScence 48, 721 (1998).

13. D. Havlick, No Place Disteni (sland Press, Washington,
DC, 2002).

14. D. Ihara ef al., Reinvesting in Jobs, Communilies, and
Farests (Center for Emdronmental Ezonomic
Development, Arcata, CA, 2003).

15. M. Kaiser, A Pulsipher, Ceean Dev. lnl. Low 36, 125
(2005).

16. D. M Schroeder, M. 5. Love, Ocean Coast. Manag, 47, 21
(2004},

17. P.W.Sammarco ef of,, Mar. Frol Prog. Ser. 280, 129 (2004).

18. M. 5. Love et al,, Fish. Bull. 104, 383 (2008).

19. M. Leslie et ai., Conserving Biodiersity on Military Lands
{U.5. Department of Defense, Washington, DC, 1996).

20. Mational Councl an Public Works Impravement (NCPWI),
Fragite Foundation; Final Repoart ta the President and
Congress (NCPWI, Washington, DC, 1988).

21. Sources: Population (L5, Census Buseau, 2007}
bridges [U.5. Federal Highway Administration (FHA),
2007): surlaced roads (FHA Anvual Highway Stalistics:
surfaced roads include soil-surfaced; slag, gravel or
stone; asphalt; or concrete); dams (ASCE, Natranal
Inventory af Doms, Mew Yark, 2007); sanitary sewer
pipe (U.5. Environmental Protection Agency, The Clean
Water and Drinking Water Infrastruchure Gap Analysis,
2002); and offshore platforms (Minerals Management
Service, 1.5, Depariment of the Interior, 2007} (instal-
lation numbears are only for the U.S. outer continental
shell},

22. Funding: U.5, Department of Agriculture (2004-35102-
14793} and NSF (DDIG 05217 28). Views expressed here
do not represent the views of any supparting organiza-
tign. We thank E. 5. Bemmhardt, L. Band, M. ). Small, and
D. Carr for comments.

10.11 26/ ience. 1149852

18 JANUARY 2008

287




288

NEUROSCIEMCE

Organizing the Source of Memory

Elizabeth A. Grove

he hippocampus is essential for a

meaningful human life. Without it. we

cannot form new memones, Engaging
in a normal social life would not be possible
because new expenences would fade from
memory within minutes (/). In keeping with
its complex function, the hippocampus, part
of the brain’s cerebral cortex, has a distinctive,
intricate anatomy, A rolled laver of pyramidal-
shaped newrons. divided into subregions
called CAL CA2, and CA3, is capped by the
dentate gyrus. a packed sheet of granule neu-
rons, curved around the pyramidal cell layer.
Dissected free of the brain, the entire rolled
structure bears an uncanny resemblance 1o a
seahorse, or, in Greek, “hippocampus™ (2). On
page 304 of this issue. Mangale er al. (3)
reveal how this intricate structure develops in
the mammalian embryo.

One hippocampus develops on each side
of the brain, close to the brain’s midline,
Within this midline lies the “cortical hem.” a
source ofsecreted proteins that regulate a van-
ety of developmental processes (). Among
these signaling molecules are bone morpho-
genetic proteins (BMPs) and Wingless-Int
(Wnt) proteins. whose functions include
directing fields of cells to develop as a spe-
cific cell type or part of the body.

Although the cortical hem has been a
likely candidate 1 specify the hippocampus,
evidence has been surprisingly hard to find.
Investigators have focused on manipulating
Wnt or BMP signaling in mice. the favored
species for studies of mammalian develop-
ment, When Wnt signaling 15 disrupted, hip-
pocampal fields are reduced or lost, but this
can be explained by decreased cell division or
increased cell death (3-7). When Wit signal-
ing 1s activated throughout the embryonic cor-
tex, small paiches of cells resembling hip-
pocampal neurons develop out of place; how-
ever, no particular source of specifyving signals
can be distinguished (¥). Loss of BMP recep-
tor activity causes loss of the hem itself { ¥).

Mangale et of. identified an elegant solu-
tion to the technical problems of transplanting
ahem into a mammalian brain, to test its effect
on hippocampus development. They used
genetic methods to implant several hems into

The author & in the Department of Neurobiology,
University of Chicago, Chicage, IL 60637, USA. E-mail:
egrove@bsd uchicago.edu
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Transplant of Spemann’s organizer

. .

: Primary
organizer

Second
arganizer

Genetic insertion of many hem organizers

Jentate gyrus

Hippocampus |

Organizers. (Top) Transplant of a second Spemann’s
organizer in the early frog embryo generates a sec-
and body axis, resulting in joined, twin tadpoles.
{Bottom) Insertion of extra cortical hem organizers
into the mouse forebrain induces extra hippo-
campuses to form (right; normal brain, left).

the embryonic forebrain, next to tissue come-
petent o become the hippocampus. In the
chimeric mice that they generated. normal
cortical cells intermixed with cells that were
labeled with green fluorescent protein and
genetically engineered to lack the transerip-
tion factor Lhx2, In the absence of functional
Lhx2. cells are predicted to express a comple-
ment of other genes typical of the hem, includ-
ing Warand Bmpr (10, L1},

This method of introducing new hems ino
a chimeric forebrain would not have worked
without an interesting cell property demon-
strated by Mangale er al. Lhx2-deticient cells
prefer w stick to each other, as do cells

Signals from the midline of the embryonic
brain direct formation of the hippocampus.

expressing Lhx2, Thus, in chimeric mice, cell
adhesion created patches of each cell type. In
normal development, Mangale er al. suggest
that such cell affinities help to form a sharp
boundiry between the Linc 2-negative hem and
Lix2-expressing cortex.,

Next o patches of hem tissue, new hip-
pocampal ields emerged in regions with
Lhx2 function, The dentate gyrus, CAJ, and
CAl were oriented in the appropriate order
beside hem tissue. The most straightforward
imterpretation of these results is that Lhx2
makes a region of the forebrain competent 1o
generate cerebral cortex, and the hem organ-
izes a hippocampus in the competent tissue.

Identification of any embryonic tissue
with “organizer function”™ recalls the historic
discovery of a primary embrvonic organizer
by Spemann and Mangold (/2). At a stage of
development when the salamander embryo
looks like a hollow, collapsing ball of dividing
cells, transplanting a portion of the ball,
“Spemann’s orgamizer.” to another embryo
duplicates the body axis, resulting in con-
Jomed twin amimals ( see the figure). The hem
is not a primary, but a “secondary™ organizer:
It regulates a particular component of the
body, the hippocampus. Nonetheless, the
position of this secondary organizer deter-
mines a4 major developmental axis that runs
from the dentate myrus through the CA Nelds.
Integrity of the hippocampal axis is important
to its function, because information travels
largely one way, from the demtate gyrus
through the CA fields. Disruption of the axis
affter birth causes profound memory loss (/).

Remaining questions concern the mecha-
nisms of axis formation and the molecular
identity of hippocampal organizing signals
including, but probably not limited to. BMPs
and Wnis. Answers may shape investigation
into the genetic basis of human disorders that
implicate the hippocampus, such as epilepsy
and schizophrenia. As for experimental mice
engineered to develop more than one hip-
pocampus per hemisphere, are more hip-
pocampuses better or worse for their memory
after birth?

Other putative organizers have been ident-
fied in and around the embryonic cortex,
based on their expression of genes encoding
secreted signaling proteins (4). A model has
been proposed in which organizers regulate
the cell types, subdivisions, and functionally
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specialized areas of the cerebral cortex.
Orgamizer function has now been demon-
strated for two such signaling sources: the cor-
tical hem, and a region of the forebrain that
secretes libroblast growth factors to direct
neocortical orgamizaton (/3, 74). A broad
implication of the work by Mangale et af. is
that it tips the balance in favor of this model,
transforming it from a provisional 1o a work-
ing model and a platform for future studies of
how the cortex is first organized (4, 1.3).

References

1. L. R. Squire, Memory ond Brain (Ouford Univ. Press, New
York, 1987).

2. W.). H. Nauta, M. Feirtag, Fundamental Newroanafomy
{Freeman, Mew York, 1986).

3. V.5 Mangale et of. Scrence 319, 304 {2008).

4. . W. Ragsdale, E. A. Grave, Curr. Opin, Newrobiol 11,
50(2001).

5. 5. M Lee, 5 Tole et ol., Dewlopment 127, 457
{2000).

6. ]. Galceran ef ol., Development 127, 46%
{2000).

7. A. Miguelajauregui ef ol., Proc. Mol Acad, Sa. US.A
104, 12919 (2007).

PERSPECTIVES

8. 0. Machon ef al., Dev. Biol, 311, 223 (2007).

9. M. Fernandes &t ol., Development 134, 3789 (2007).

10. 5. Bulchand erf al., Mech. Dev. 100, 165 {2001},

11. E. 5 Monuki, . D. Porter, C. A Walsh, Nevron 32, 591
(2001).

12. H.Spemann, H. Mangold, Roux's Arch. Entw. Mech. 100,
599 {1924).

13. T. Fubkuchi-Shimogori, E. A Grove, Saence 294, 1071
(2001).

14. 5. Gared ¢t 0., Development 130, 1903 (2003).

15. D.D. O'Leary ef al, Newron 56, 252 (2007).

10.1126/science. 1153743

ASTRONOMY

Orion Continues to Surprise

C.R. 0'Dell and Leisa K. Townsley

he closest example of a region of mas-

sive-star formation is the famous Orion

Mebula, which is easily visible even
with small binoculars. The accompanying fig-
ure 15 a mosaic of Hubble Space Telescope
optical images and shows the rich detail in this
beautiful object. The brightest stars in the mid-
dle are the most massive of the several thou-
sand stars that form the eponymous cluster.
Star formation within Orion’s Giant Molecular
Cloud began about 2.5 million years ago and
has continued through recent times, The Orion
Mebula has frequently been one of the first tar-
gets viewed with new astronomical techniques
( 1), beginning with the optical telescope, the
introduction of astronomical spectroscopy.
and most recently, radio-wavelength observa-
tions. Now on page 304 in this issue, Giidel
et al. (2) present x-ray measurements with the
X-Ray Mult-Mirror (XMM)-Newton satel-
lite that reveal something new: hot gas that can
only be powered by hypersonic winds from
the massive stars.

Understanding these new observations
requires understanding the three-dimensional
structure of the Orion Nebula (3), The location
of the center of star formation 15 somewhat
like Goldilocks's porridge. neither too deep
within the cloud (or we wouldn't see the stars)
or o close 1o 1ts surface (or there would not
have been enough matenial to form the cluster
stars). This selection effect means that the
Orion Mebula is an irregular concave thin
layer of gas being wnized by ultraviolet pho-
tons coming from the hottest star. The lonized

C. k. O'Dell is in the Department of Physics and Astronomy,
Vanderbilt University, Nashwville, TN 37235, USA. L. K
Townsley is in the Department of Astronomy and
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thin layer is near the surface of the molecular
cloud. The massive stars lie i the center of the
cluster and are on the observer’s side of the

ionized layer. Finally, there is a thin laver of

neutral mas and dust that lies in the foreground
and forms a semitransparent veil through
which we see the nebula. The thickest portion
of the veil extends across part of the brightest
region of the nebula. superimposing a dark
thumb outline in the figure.
The cavity between the ion-
tzed laver and the vell opens
to the lower right in the
figure, and there 15 a slow
flow of low-density gas in
that direction.

The 1onized gas of the
visible nebula has a temper-
ature of about 9000 K. This
is the equilibrium estab-
lished between the heating
that occurs from the excess
energy of the photons that
ionize the nebula’s hydro-
gen and the cooling that
occurs by collisional excita-
tion of heavy elements such
as carbon, nitrogen, and
oxveen, The hot gas ob-
served by Gilidel er al. 1sata
temperature of 2 million K
and so must be formed in
a wvery different manner.
Higher-temperature gas has
been seen in earlier studies
of other similar objects. but
the diffuse light caused by
scattering n the Chandra
Observatory’s camera pre-
cluded detecting any diffuse
source of x-ravs in Orion

Observations of a nearby nebula reveal an
unusual region of extremely hot gas whose
high temperature is the result of wind from
massive stars.

{(4) near the brightest star. [t may also be that
the thickest veil material obscures emission
from hot gas in the central region,

The new study shows two extended regions
of gas at 2 million K, one in the 3:30 o'clock
direction from the compact group of four
bright stars in the center of the nebula and the
other in the 5:00 o’ clock direction, both lying
within the outer rim of the extended nebula.

Cradle of star formation. This mosaic image depicts a 12.8 square light-
year portion of the Orion Nebula, the nearest region of massive-star for-
mation. The bright area in the upper left center is the well-studied
Trapezium region of 9000 K gas, and the much larger nearly circular
region to the lower right is the Extended Orion Nebula within which dif-
luse x-ray emission from 2 million K gas was observed by Gldel ef al.

18 JANUARY 2008

289



PERSPECTIVES

290

starlight cannot heat gas to this high tempera-
wire, and the power must come from the hyper-
sonic wind emitted by miassive stars (5).

This wind carries about 10,000 umes as
much power as the observed x-rays, which
means that it 15 the pime candidate to be the
engine driving the x-ray emission. The wind
will overtake the escaping low-density gas in
the outer nebula, producing shock fronts that
immediately reach temperatures of millions
of kelvin. This 1s the same mechanism
invoked w explain the hotter x-ray emission in
the similar but more populous Omega and
Rosette nebulae (4). but many questions
remain in Orion. Why is the x-ray emission
confined to these two areas? s there a chan-
neling effect of the stellar wind, a rapid cool-
ing of any other shocked gas closer to the star,
or does extinetion in the veil simply preclude
observation of hot gas in the optically bright-
est part of the nebula?

Researchers can answer these questions by
reanalyzing the earlier Chandra Observatory

observations and by employing careful sub-
traction of the instrumental scattered light and
mapping the extinction of optical light from
the Extended Orion Nebula. Once these obser-
vational questions have been resolved, the ball
will be in the theoreticians’ court: it is they
who must then confront the problems of why
the Orion gas is at 2 million K and why it is
located where it is.
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ECOLOGY

Managing Coastal Wetlands

Ivan Valiela and Sophia E. Fox

Wetland management may be improved by evaluating nonlinear relationships of economic value

and ecological services.

bout 30 to 50% of the area of Earth’s

major coastal environments has been

degraded during past decades (/).
The rates of these losses exceed those of the
much better publicized losses of tropical for-
est. Loss of coastal habitat areas reduces key
ecological services: for example, fish and
shellfish stocks may decline and shorelines
may be destabilized (7). On page 321 of this
issue, Barbier ef al. (3) find that habitat area
might not relate linearly to economic value
of certain ecological services furnished by
coastal wetlands and argue that ecosysiem
management strategies might benefit from
consideration of such nonlinear functions as a
basis for coastal preservation.

Previous work has suggested that the more
salt marsh area present, the greater the likely
harvest of shrimp in adjacent coastal waters
{(4). Such linear results suggest that the best
course is to protect as much of these environ-

The authars are at the Ecosystems Center and Boston
University Marine Program, Marine Biological Laboratory,
Woods Hole, MA 02543, USA. E-mail: valielagymbl.edu;
sefox@mbl.edu
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ments as possible: this has largely been the
basis for management strategies. Barbier eral.
show that for at least one ecological service
provided by wetlands such as marshes and
mangroves—the wave attenuation service

i
T B

Costs and benefits of conversion. Pands are construcled to raise
shrimp in areas previously covered by mangrove forests in north-

west Java, Indonesia.

that protects coastal areas from storms and
tsunamis—the relation between service
and wetland area 1s not linear, but is decid-
edly curved.

Such nonlinear links have consequences
for management. Barbier ¢f al. focus on the
key management problem in mangroves: con-
version of forests to shrimp ponds, Is there
some best solution to the dilemma of weigh-
ing the value of ecosystem services against
the economic value of the shonmp crop? The
authors calculated the “economic value™ of
intact mangrove forests in Thailand, incorpo-
rating the nonlinear behavior of wave attenua-
tion as well as the value of shrimp production
after mangrove conversion, Economic value

caked at an intermediate level of conversion
from mangrove torest to shrimp ponds. Thus,
it may be possible to define an economic opti-
mum for conversion of mangrove forest area
to shrimp ponds.

The work is based on the premise that an
ecological function can be converted into a
currency directly equivalent to money (5, 6).
We have at least two qualms with regard to
this interesting idea. First, given the paucity of
available information, practitioners of ecosys-
tem valuation are often forced to make daring
(and not always compelling) leaps of faith o
convert ecological service to monetary value.

Second, by putting a price on a natural
environment. we put it up for sale—and the
monetary value of natural services will sel-
dom reach the value accrued by conversion to
industrial or commercial use. For instance,
some years ago there was a proposal to build
an imdustrial plant on a wetland parcel in the
Hackensack Meadowlands of New Jersey, As
a counterpoint to the proposal for construe-
tion, decision-makers asked for a valuation of
the wetland, which came to about
59000 per acre, per year, in per-
petuity. The builders offered
§200,000 per acre and showed
that the added jobs, taxes, eic..
would by far exceed wetland
“proceeds”™ in the short and long
term. Today a refinery stands
on the site,

That said, there are several
valuable features of the results
reported by Barbier et al. They
show that consideration of nonlin-
ear aspects of coastal variables
improved the ability to incorpo-
rate conflicting demands in man-
agement strategies, Use of nonlin-
ear relationships could elucidate
diminishing ecological returns
associated with different amounts
of area preserved. This may pro-
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vide an objective way to decide on the degree

of preservation of different environments of

the world's coasts,

The results also suggest several fertile
areas for further research. First, it is important
to determine how general nonlinearities may
be: in the Thai mangrove example, the value
of coastal protection by wave attenuation was
nonlinearly related to the area of mangrove
loss, but yields of fishery and wood products
were linearly related 1o habitat area. Second,
scientists must establish whether the devia-
tions from linearity are sigmficant in both
ecological and management terms to make
sure that implementation of policies resulting
from use of curved functions leads to
detectable differences. Third more solid evi-
dence is needed that a service is actually being
provided:; for mstance, there has been consid-
erable debate about how much wave protec-
ton is provided by mangroves( 7-11). Fourth,
future studies should more comprehensively
cover the suite of locally relevant factors influ-
encing economic value. Barbier (/) made a
wood start oward addressing local issues by
quantifving the net effects of economic cosis

and benefits resulting from conversion of

mangrove forests to shrimp farming. but the
valuation might benefit by addition of a few

key terms. In Ecuador. for example, the
shrimp industry came to a standsall not be-
cause of deficit income, but because the sup-
ply of juvenile shrimp in nearby waters (used
as the “seed” for shrimp ponds) was depleted
by overfishing. In Ecuador and elsewhere, the
mangrove conversion rate may be accelerated
by the need to abandon ponds that, as a result
of high-yield culture methods, have become
too chemically altered to be suitable for
shrimp growth.

Finally. Barbier ¢t al. point to the need
to determine ecosystem-based manage-
ment for coastal areas by weighing and
incorporating the interests of several play-
ers: shrimp farmers, who will think about
the price of shrimp. but are unlikely to con-
sider long-term. regional benelits of
coastal protection when deciding whether
to dig another pond: outside investors, who
might not know or care about mangrove
services: and officials, who might be
responsible for implementing regional
environmental strategies that foster eco-
logical services.

The report by Barbier er . highlights the
complexities involved in making the com-
promises needed for future coastal manage-
ment. Research from the study areas pointed

PERSPECTIVES

out above will show whether “bent™ rela-
tionships make for compromises that are not
only ecologically desirable. but also enable
compromises for planned management of
coastal wetlands that are acceptable to the
dverse stakeholders.
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Dreams of Natural Streams

David R. Montgomery

hat does a natural river look like?

Centuries of human influence can

mask historically distinctive river
forms in and among regions around the world
(see the Nigure). Results reported by Walter
and Merrits on page 299 of this issue (/) sug-
gest that human modification of niverscapes
has been so extensive that even some funda-
mental ideas about how rivers work bear the
stamp of human influence. The authors show
how colonial mill dams and land use changed
Mew England’s streams from a marshy multi-
channel morphology to today’s meandering
single-channel form.

This transformation is obviously fascinat-
ing to students of regional environmental his-
tory, but it is not only of academic interest.
Understanding how natural streams work is

The author is in the Department of Earth and Space
Sciences, Quaternary Research Cemter, University of
Washinglon, Seattle, WA 98195, USA. E-mail: dave@
ess.washinglon.edu
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cructal for river restoration. an academcally
young discipline that is rapidly maturing into
a hillion-dollar-a-vear industry. The classic
sinuous form of meandering channels (2) has
come to represent a natural ideal in channel-
restoration design—even for rivers for which
such an ideal is historical fiction.

Modern fluvial  geomorphology—the
study of rivers—evolved out of the studies of
Luna Leopold. M. Gordon Wolman, and their
colleagues in the 1950s. As the field devel-
oped. pioneering studies of streams in the
eastern United States contributed to a stan-
dard model for how fluvial processes shape
rivers and floodplain environments. This
model has been elaborated upon and exported
around the world. Indeed, these now classic
studies provided the basis for the so-called
natural channel design central to many river-
restoration efforts across the United States (3).

Walter and Merritts now show that some of
the rivers studied by Leopold. Wolman. and
colleagues were not so natural after all, The

Human influences have fundamentally
changed river morphologies in temperate
regions around the world.

new study does not challenge their funda-
mental insights into how the interplay of
hydraulics and sediment transport shapes
river and stream channels, but in light of the
new findings, what constitutes a natural chan-
nel form requires reexamination,

The results parallel findings in Europe
and the Pacific Northwest of how historical
clearing of large wood and logjams altered
river morphology. Before European rivers
were cleared to promote waterborne com-
merce, large trees and logjams obstructed
many rivers; local blockages split flow into
multichannel networks of branching streams
i4). Similarly, downed wood split channels
into branching networks of small channels
flowing across slough-rich valley bottoms in
the forested foodplains of the Pacific
Northwest (5, 6).

Walter and Mermitts now present com-
pelling evidence for a similar change that rad-
ically altered rivers in the eastern United
States. Thus, a comparable wansition from
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multithread channels to meandering single-
thread channels occurred in all three regions.
This abservation suggests that a common
trans formation accompanied human develop-
ment of temperate forest rivers.

Walter and Merntts also help to resolve a

Natural or not? A single-channel mean-
dering form provides the template for
many river engineering and restoration
projects, but as Walter and Merritts show
in this issue, it may not reflect forms that
predated anthropogenic modifications.

long-standing geographical conun-
drum. Recent studies have con-
firmed the long-articulated idea
that modern agriculture greatly
accelerated rates of soil erosion
( 7-9). but at the same time, sedi-
ment delivery to oceans declined by
half (/1. Where 1s all the dirt
thought to have been stripped from
upland farms? Walter and Merrits
show that tremendous amounts of
floodplain  sediment  previously
thought to date back thousands of
vears actually represents material
impounded behind mill dams. Here
may liec much of New England’s
precolonial topsoil.

The study by Walter and Merrius
also has substantial implications
for nver restoration. The implicit
mantra of such restoration pro-
grams—enough studving, let's just fix it—has
been based on the 1dea of reengineering an
archetypal meandering channel form. Given
the compelling demonstrations of extensive
human alteration of the fundamental mor-
phology of river systems in New England (/).

Europe (4), and the Pacific Morthwest (3, 0),
the first step In a river-restoration program
should instead be to develop a solid under-
standing of what the targeted rivers were actu-
ally like before the changes that restorationists
seek to undo or mitigate.

Ower recent decades, substantial progress
has been made in deepening the understand-
ing of how rivers work and addressing how
different environmental contexts in different
rezions left their own mark on rivers. The
report by Walter and Merritts shows that it
pays to do the painstaking work of historical
sleuthing—even in areas thought o define
benchmarks in understanding.
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Probing Quantum Magnetism

with Cold Atoms

Maciej Lewenstein and Anna Sanpera

n 1995, ultracold atoms were experimen-
tally locked together in a single quantum
state known as a Bose-Einstein conden-
sate( /). Since then, researchers keep broaden-
ing the scope of research with ultracold atoms,
On page 295 of this issue, Trotzky er af. (2)
report measurement of interactions between
atoms trapped in an optical lattice that are
analogous to the interactions between atomic
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spins in magnetic materials, a phenomenon
called “superexchange.” This is an essential
step toward experimental realization of mod-
els for studying arrangements of guantum
spins, These relatively simple models will
help us study and understand the most funda-
mental physics associated with quantum mag-
netic ordering. quantum phase transitions, and
a large zoo of exotic quantum phases.
Although spin models have been tradi-
tionally constructed as ideal approximations
of real magnetic materials, many theorists
have pointed out that ultracold atoms in opui-
cal lattices allow for an almost perfect real-
ization of these systems [see review (3) and

The interactions of atoms held in an optical
trap reveal fundamental mechanisms of
magnetism.

references therein], An optical lattice is a
spatially ordered array of potential wells or
traps produced by the interference pattern of
counterpropagating laser beams. In simpler
terms. the optical lattice looks effectively
like an egg carton, where the atoms, like
egos, can be arranged one per well to form
crystals of quantum matter.

These quantum erystals can be controlled
and manipulated by modifying the frequency.
intensity, or polarization of the lasers forming
the lattice. One can also supenmpose a sec-
ondary optical laitice {or “superlattice™) on
top of the primary one to further modify
the potential in which the atoms are trapped.
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Moreover, one can use internal atomic proper-
ties, such as the magnetic moment of atoms
(the spins). to design strongly correlated
quantum spin models with a varety of exotic
properties. In condensed matter, interactions

between spins arise from the overlapping of

different electronic orbitals, In aptical lattices,
however, where there is only one atom ineach
potential well, the overlap between the elec-
tronic orbitals is very small. Nevertheless,
interactions between spins can be induced
through virtual hopping of atoms between
adjacent lattice wells. In other words. gquan-
tum mechanics allows the atoms o tunnel
through the barrier so the spins can interact.
These are called superexchange interactions
and were discovered by Kramers (4) and
Anderson(5).

The experiment of Trotzky er af. uses a
superlattice o examine the dynamical evolu-
tion of the simplest matier crystal consisting
of a pair of wells, where
each well is loaded with an
individual rubidium atom
(see the figure). The two
atoms are initially prepared
i different  spin
Although the average num-
ber of atoms in each poten-
tial well does not change in
time, the atoms are allowed
to interact by virtual tunnel-
ing. Passing through a vir-
tual state of double occu-
pancy, the energy of the sys-
tem can increase as a result
of collisions inside a single
potential well, giving in this
wiay a clear signature of
superexchange interactions.

By imposing an addi-
tional magnetic field to
mismatch  the potential
energies of the two wells, it
is possible to tune the hop-
ping (that is, the hopping

sLates,

increases from a shallower
well) while keeping the col-
lision energy unchanged,
This allows the researchers
to test the accuracy of the
underlying theoretical spin
model {in this case. the
so-called Bose-Hubbard
model ) and even to control
the sign of the interactions.
Depending on the value of
the apphed tield. the super-
exchange interactions can
either be antiferromagnetic
or ferromagnetic, where a

zero temperature the spins orient in antiparal-
lel or aligned fashion. respectively.

The experiment of Trotzky ef al., although
dealing with an ensemble of nearly noninter-
acting pairs of atoms, opens a direct path
toward realization of low-temperature quan-
tum magnets and a variety of many-body spin
madels with ultracold atoms, Studies of this
kind focus on both the equilibrium state and
the dynamics of such systems. Trotzky er af,
discuss some particular spin models in lattices
of vanous geometries and ansotropic interac-
tions. Even more fascinating 1s the possibility
ol studving polymerized lattices that consist
of regular arrays of plaquettes (1.e.. complexes
of a few close sites, forming dimers, rimers,
ete.). Such systems could be used o mimic
some theoretical models of particle physics,
such as lattice gauge theories that oceur in
quark physics,

The three-dimensional lattice of double

Atomic hopping. An array of double well potentials, where each well

PERSPECTIVES

wells, used in the present experiment, s an
example of a dimerized cubic latiice. A
trimerized kagome lattice (1.e.. a triangular
lattice of smaller mangles) was onginally
introduced by Mila (6) to study resonating
valence-bond (RVB) states that are super-

positions of states in which random pairs of

neighboring atoms attain zero total spin, and
are examples of a so-called quantum spin lig-
urd, The BVEB state 15 important for, among
other reasons, the possibility that it may be
the basis for high-temperature supercondug-
tvity. The possibility of realizing trimerized
kagome and other polymerized latices, such
as a quadruply polymerized square lattice
of square plaquettes, using cold atoms
and superlattices was suggested by one of us
(7). A very simple proposal for a quadruply
polymerized square latuice was recently
formulated by Paredes and Bloch (8) and is
expected to be mvestigated by several expen-
mental groups for novel quantum informa-
tion processing applications.

One of the most challenging questions
concerns not only how o experimentally cre-
ate “exotic” quantium magnetic phases but
also how o detect them. Recent prominent
examples ol detection schemes include inter-
ferometry that seeks correlations in noisy sig-
nals (¥). methods mvolving cavity quantum
electrodynamics ( /), or guantum spin polar-
1zation spectroscopy, formulated by us (1)
as a quantum nondemolition method (i.e.,
where the quantum state 15 exammed but not
destroved) particularly suited for studying
unusual quantum magnetic F‘hll"tﬂﬁ.

Since the first Bose-Einstein condensates
were created researchers have started to unify
atomic, molecular, and quantum optics with
condensed matter physics and quantum infor-
mation. Now recent developments (2. 3. 4. [1))
show that experiments with ultracold gases
can address gquantum magnetism and might
even allow us w0 make progress on some
unsolved problems of high-energy physics in
benchtop experiments,
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Arabidopsis CLV3 Peptide Directly
Binds CLV1 Ectodomain

Mari Ogawa, Hidefumi Shinohara, Youji Sakagami, Yoshikatsu Matsubayashi*

renewing shoot apical merstem (SAM), A

[eedback signaling loop between stem cells
and the underlying organizing center balances
stem cell renewal and differentiation (/). CLAVATAS
VCLYY and CLAVATAS (CLVZ), which are
expressed in adjacent regions in SAM and fune-
tion in the same genetic pathway, arc key compo-
nents of the regulatory network controlling this

P lants comtinuously produce onzans rom self-

balance in Arabidopsis. Mutations m the OLIF

genes cause accumulation of stem cells and en-
largement of the SAM. In contrast, overexpres-
sion of CLF3 causes loss ol stem cells and, in
turn, developmental arrest. CLFT encodes a
leucing-rich repeal reeeptor Kinase (LRR-RK)
2 and CLIE encodes a secreted polypeptide
that is converled into a 12-amino acid peptide by
protec]yiic processing (3, 4. Although these mol-
ccules are thought to act as a ligand-receplor
pair, biochemical evidenee remains lacking,

The ligand-binding charsctenstues of CLV
are difficult to assess because i acts as a negative
regulator of cell growth and therelore cannot be
overexpressed in plantcells in

sullicient quantities for ligand- A B ) C'E‘ o]
binding assays. Deletion of the o - £ oo
cytoplasmic Kinase domain CIIININEI T

improves expression of LRR- 2, oo W i

RK proicins without affecting [i@sissibnisininieninnllil | 50-

ligand-binding aflinity of the % i W ey

extracellular domain (5 We

therefore overexpressed aCLVE D E :

in which the kinase domain
was replaced with HaloTag
{Promega, Madison, WI)
(CLVI-AKD-HT) in tobaceo
BY-2 cells (Fig. 1, A and B),
To test whether CLY -
AKD-HT specifically interacts
with CLV3, we incubated mem-
brane fractions derdved from
wild-type and tanseenic BY-2
cells with [*HICLV3. Mem-
brane fractions derived  from
transgenic BY-2 cells overes-
pressing CLVI-AKD-HT had
signilicantly  higher specific
[PHICLV3 binding activity
than fractions derived from
wild-type BY-2 odls (Fig 1C),
The specific [PHICLV3 bind-
ing 1o membrines was mpid,
saturable, and reversible (fig.
S1A) Incubation of the mem-

v =+ = +
W OX

brane fractions derived from transgenic BY-2
cells with a photoactivable | 25 ASA-CLV3 ( lig.
SELB and C) Dllowed by cross-linking by ulira-
violet (UVY imadiation resulied i specific label-
ing of the 130-kD band that comesponds 10
CLVI-AKD-HT (Fiz. 1), These results indicate
that CLV3 direetly binds the CLV] eetodoman.
A broad 90-kD labeled band probably represents
C-terminal-truncated CLV1-AKD-HT in which
the HT doman was lost Truncated receptor
kinases are often detected @ considerable amounts
in membrane fractions (5). Scatchard  analysis
revealed that CLVI-AKD-HT interacts with

PHJCLV3 with a dissociation constant (Ky) of

17.5 oM (Fig. 1E). The interaction was only
partially inhibited by excess [Al®JCLV3, a Jess-
active CLV3 mnalog comesponding 1o ched-f and
cfied-5 alleles (), indicating that the observed bind-
ing is specilic (Fig. 1F)

Several CLE peptides, strueturally related w
CLVE, play pleiotropic roles in plam growth and
development (6). OF the wial of 31 CLE genes in
Arabiclapsis, 16 can be grouped mto three phy-

Q

Baund / Free (x10)
g

- A

8 o1 62 o3
Bownd PHICLYS M}

E LR L |
Compet oo (M)

Fig. 1. (A) Schematic structures of CLV1 and its HaloTag fusion
protein (CLV1-AKD-HT). CLV1 is a 980-amino acid LRR-RK containing
a signal peptide (5P), 22 tandem LRRs, a transmembrane domain (TM),
and a cytoplasmic kinase domain (KD). (B} Visualization of CLV1-AKD-
HT in wild-type (WT) BY-2 cells and in transgenic BY-2 cells
overexpressing CLV1-AKD-HT (OX) by specific incorporation of the
fluorescent dye HaloTag TMR (Promega, Madison, WI). (€) [*HICLV3
binding assay of microsomal fractions derived from WT cells and
transgenic cells overexpressing CLV1-AKD-HT (OX) in the absence or
presence of excess unlabeled CLV3 as a competitor (mean = 5D, n = 3).
(D) Photoaffinity labeling of CLV1-AKD-HT by [**I]ASA-CLV3 in the
absence or presence of excess unlabeled CLV3. (E) Scatchard plot of the
[PHICLV3 binding to CLV1-AKD-HT. (F) Competitive re
[PHICLV3 (32 nM) binding to CLV1-AKD-HT by CLV3, [Ala®JCLV3, CLE2,
CLEY, CLE44, and [1-BJCLV3 peptides (mean = 50, n = 3). Amino acid
sequence of each peptide is given in fig. 51D.

cement of

logenetic clades: CLES to CLET. CLEY o
CLELS, and CLES T wo CLES 7Y Overexpression
of the first group of CLE genes caused pheno-
types similar 10, but milder than, those caused by
CLIZ overexpression (7). Overexpression of the
second CLE group induced termination of SAM
with high mortality, similar 1o the SAM of CLV3-
overexpressing  plants. Overexpression of the
third group of CLE genes did not aflect the
SAM. ["HICLV3 binding 10 CLV1-AKD-HT
was inhibited similarly by cither CLEY or
CLV3 (Fig. 1F). CLE2 also inhibited [PHJCLV3
binding to a considerable degree, whereas
CLE44 only partially inhibited binding (Fig.
1Fy, Thus, CLVI1 mteracts both with CLV3 and
also CLE peptides, cach with umgue affimitics,
The relative binding affinities of the CLV and
CLE peplides for the ectodomain of CLV3 and
related receptors may, together with the location
and uming of expression of these components,
form the basis for the physiological importance
of these signals in the SAM and other tissues.

Our results provide direct evidenee that CLV3
and CLV1 function as a ligand-receptor pair
involved in stem cell maintenance, Our results
also indicate that the CLV 1 ectodomain alone is
sullicient for CLV3 binding, This suggests that
armays of ectodomains derived from LRR-RKs
phylogenctically related 1o CLV1 may be able o
bind CLE peptides in a sequence-specific manner
in vitro, Such a biochemical approach could help
clanty highly redundant and pleioiropic CLE
signaling by identifving the individual hgand-
reCeplor nteractions.
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Time-Resolved Observation and Control
of Superexchange Interactions with
Ultracold Atoms in Optical Lattices

S. Trotzky,™ P. Cheinet,’ S. Félling,* M. Feld,™* U. Schnorrberger,® A. M. Rey,?
A. Polkovnikov,* E. A. Demler,* M. D. Lukin,® I. Bloch™t

Quantum mechanical superexchange interactions form the basis of guantum magnetism in strongly
correlated electronic media. We report on the direct measurement of superexchange interactions
with ultracold atoms in optical lattices. Alfter preparing a spin-mixture of ultracold atoms in an
antiferromagnetically ordered state, we measured coherent superexchange-mediated spin
dynamics with coupling energies from 5 hertz up to 1 kilohertz. By dynamically modifying the
potential bias between neighboring lattice sites, the magnitude and sign of the superexchange
interaction can be controlled, thus allowing the system to be switched between antiferromagnetic
and ferromagnetic spin interactions. We compare our findings to predictions of a two-site
Bose-Hubbard model and find very good agreement, but are also able to identify corrections
that can be explained by the inclusion of direct nearest-neighbor interactions.

uantum spin systems on a lattice have
served lor decades as paradigms for
condensed matter and statistical physics,

clucidating fundamental propertics of

phase tansitions and acting as models for the
emergence of quantum magnetism in strongly
comelated electronic media. In all these cases, the
underlving systems rely on a spin-spin intermction
between particles on neighboring lattice  sites,
such as in the sing or Heisenberg model (7-3).
As imitally proposed lor electrons by Dirac (4, 5)
and Heisenberg (2, 6), effective spin-spin inter-
actions can arise due o the imerplay between the
spin-independent Coulomb  repulsion and  ex-
change svmmetry and do not require any dinect
coupling between the spins of the particles. The
nature of such spin-exchange interactions is
typically short-ranged, as it is governed by the
wave [unction ovedap of the underlying clec-
tronic orbitals. However, in several topical in-
sulators, such as jonic solids like CuO and Mn(O,
antiferomagnetic order arises even though the
wave function overlap between the magnetic ions
15 practically zero. In this case, a “superexchange”
mteraction mediated by higher-order virlual hop-
ping processes can be elfective over a lange dis-
tance ( 7, &), which leads w an (anti-fermomagnetic
coupling between bosons {fennions ) on neighbor-
ing lattice sites (3). Such superexchange inter-
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actions are believad to play an imponant role in
the comext ol high-lemperature  superconduc-
tivity (9). Furthermore, they can form the basis
for the genemtion of robust quantum gates
similar o that recently desenbed in electronic
double quantum dot systems (/0. /1) and can be
usad for the efficient gencration of multiparticle
entangled states (J2, 13), as well as for the
production of many-body quantum phases with
topological order (14-76).

We repont on the direet observation ol super-
exchange interactions with ultmeold atoms in
optical lawtices (17, 18). Previous experiments
have shown that spin-spin interactions between
neighboring aoms can be implemented in dis-
crete time steps (4 20) by bringing the atoms
together on a single sile and carrving out con-
trofled collisions (20-22) or onssite exchange
interactions (23). The superexchange incractions
demaonsirated here, however, directly implement
nearcst-neighbor spin interactions in the many-
body system and allow for a continuous “analog™
simulation of spin lattice Hamiltonians,

A

Wy,

We probe the superexchange interactions by

first preparmg two atomic spin states of *Rb in
an antiftrromagnetic order (249 and then record-
ing the time evolution of the spins of neighboring
atoms in isolated double-well potentials (25-27)
for weak 10 strong tunnel couplings, For domi-
paling on-site intermctions over the tunnel cou-
pling between lattice sites, we lind pronounced
sinusoidal spin oscillations due 10 an effective
Heisenberg-type superexchange Hamiltonian,
whereas for stronger tunnel coupling, a more
complex dynamics emerges. In addition, we
show how the strength and sign of the super-
exchange intermction can be dircetly controlled
by introducing a potential bias between neighbor-
ing wells, Funhemmore, we lind tha comections
to the twoesite Bose-Hubbard model { BHM) that
take nto account the direct interaction between
particles on neighboring lattice sites are neaded o
fully explam our data,

Theoretical model. An isolated system oftwo
coupled potential wells constitutes the simplest
concept for the investigation of superexchange-
mediated spin dynamics between neighboring
atoms. We consider a single double-well poten-
tial occupicd by a pair of bosonic atoms with two
dilferent spin states denoted by (1) and (| IMthe
vibrational level splitting in cach well is much
larger than all other relevant energy scales and
intersite interactions are neglected. the system
can be deseribed in a two-mode approxima-
tion by a two-site version of the Bose-Hubbard
Hamiltonian

- ; e 2 I
H= ¥ [~ Hdygdse + degdar)
a=T.l
;._"l.[rrﬂ;_ figr ) |+ Ui + smitg ) (1)

where the operators dy p and dgy gereate and
annihilate an atom with spin o in the left and Aght
well respectively, /gy g count the number of atoms
per spin state and well, J is the wnnel matrix
clement, A is the potential bias or 1ilt .leu_. l!h.
double-well axis, and U'= Uy = g » '“L Rm:f X
is the on-site interaction L:n,li_} hc._['n. cen two

[+ + o)
® o
u (iii)
4 PE — |8
5{__§ ¥ £+l

Fig. 1. Schematics of superexchange interactions. (A} Second-order hopping via | 14,0) and [0, 1))
mediates the spin-spin interactions between atoms on different sides of the double well. (B} Energy levels
for A = 0 and U == J. The evolution in the upper doublet of states (i} corresponds to the correlated
tunneling of atom pairs (27), whereas the superexchange takes place in the lower one (ii). Both doublets

are coupled by first-order tunneling processes (iii).
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atoms in [1) and [} ). Here, g = (4nh’alty/M is
the effective interaction strength with a!! being
the positive scattering length for the spin states
used in the experiment, M is the mass of'a single
atom, and w_g(x) denote the wave funclions for
a panticle localized on the left or nght side of the
double well. The state of the system can be
deseribed as a superposition of the Fock states
I 1L 1103, 10110 where the lelt and
right side in the notation represent the occupation
of the lefi and rght well, respectively, and the
states 1100 and 0,7 1) are spin wriplet states. In
the following, we will focus on the dynamical
evolution of the population imbalance x = ny, — ng
and the Méel order parameter or “spin imbalance™
Ne=m + wpr — mpr — )2 starting with
double wells mitially prepared in [1.1). Here,
ek = () denote the cormesponding
quantum mechanical expectation values and
Le=MLr T 9 LR
Inn the Lt of dominatng inleractions (L7 == /),
when stating in the subspace of singly occupied
wells spanned by 1.1 and [[,1). the enerpetically
high-lying states '11.0) and 0.7]) can only be
cached as “vinual” intenmediate states in second-
order tumeling processes. Such processes lead o a
nonlocal (super) spin-exchange interaction, which
couples the states [T.1) and [L.7) (Fig. 1A) More
gencrally, for an arbitary spin configuration with
cqual mteraction energics Uy = Uy = Uy (28),the
second-order hopping events are described by an
isotropic Heisenberg-tvpe effective spin Hamilio-
mian in the limit == 0 (3, 5, 20, 30y

Ha = 2Ja8 50
= Ju(E K+ 55

where ST = THlir S e = [N Tirand STp =
(iyp — figr)2 denote the corresponding spin
operators of the system, with S|_g = S, iS,. The
effective coupling swength WL, represents the su-
perexchange and can readily be evaluated by
perturbation theory up to quadratic order in the
tunneling operator, which vields J,, = 204U

When a potential bias A = 0 is applicd, the
degenermey of the two intermediate states in the
superexchange process is lifted (Fig. 1A). For J,
A << [/ this leads o a modilication of the
effective superexchange coupling with now J, =
SUU+ 8+ U - A) = 22UKU? - AP (15).
By tuning the bias 1o A = U, it s possible wo
change the sign of Jo and therelore o swiich
between fermomagnetic and antiferomagnetic
superexchange interactions. For J =< (U — Al
the picture of an eflective coupling via two
virual intermediate states is again valid, and the
full reversal 10 J, 274U is found 1o be
reached for A= 21,

For symmetric double wells (A = 0), the
Hamillonian Eq. 1 can be diagonalized analyi-
ically to give a valid picture for all values of J
and U within the single-band BHM. A conve-
nicnt basis is given by the spin triplet and singlet
state [t} = (11,00 £ L, 1YW2 and the staes [£) =

(1105 + 0.1 ¥V, Two of the eigenstates are
lincar combinations of 1) and +), where the one
having the larger overlap with r) 15 the ground
state. The spin smglet s) and the state |- are
already  cigenstates themselves with encrgy 0
and U, respectively (Fig, 1B As a direct con-
sequence, | cannot be reached from the nitial
state (1.1} = (&+ 10Y V2. Therclore, the dy-
namical evolution of the spin imbalance con-
tains only two lrequencics

2
|

vl [ras
Mz = = 13' ({—) + 141 (3)

The extraction of these frequencies from time-
resolved measurements allows for the deternu-
nation of 2J =k Jopen and U = Moy — on)
within the BHM.

Because these frequencics can be measuncd
with high accuracy, we are able o observe de-
viations from the simple BHM. We obtain a firsst
correction by the inclusion of nearest-neighbor
interactions (3 in an extended two-site Bose-
Hubbard model [EBHM; see Eq. SI i (31)).
This modification introduces the interwell interac-
tion energy Uy = g * Iwixmgix)dy and a
correction 1o the wnncling matrix  element,
which becomes S = J+ AJ, where AJ =g =
fwiixmgix)x. The interwell interaction leads
o a direet spin-exchange term, which in the
limit ' => J reduces the comected super-
exchange coupling 10 Jo = 20U - Ug.
Although we lind that the comections to the pure
twoesite BHM are not negligible m the experi-
memtally relevant parameter region, numencal

Fig. 2. State preparation A
and detection. (A} Spin trip-
let pairs are created on dou-
bly occupied lattice sites and

calculations basad on the muliband Schridinger
cquation show that the direct exchange can nev-
cr overcome the supercxchange coupling term
(fig. S1) and therefore change the nature of the
ground state 1o be antiftrromagnetic. This is in
agreement with the Lich-Mattis theorem (32),
which states that the ground state for two bosons
his 1o be a spin-triplet state,

Initial state preparation. To investigate the
spin dynamics between neighboring atoms, we
initally prepare a sample of ultracold newral
atoms with two relevant internal states (1) and
L inathree-dimensional (3D) array of double
wells with Néel-tvpe antifemmomagnetic order
111t along one spatial direction (Fig, 2A).
State preparation was started by loading a *'Rb
Bose-Finstein condensate of typically -8 = 10*
atoms in the [F = 1, mp = - 1) Zeeman sublevel
with no discemible thamal fraction from a
miagnetic trap with high oflsat field into a 3D
optical lattice of double-well potentials ( 25), This
“superattice”™ potential 15 obtained by superim-
posing on one axis two standing light ficlds with
pedodicity 382.5 nm (short lattice) and 765 nm
{long lantice) and additional standing waves with
perodicity 420 nm on the two perpendicular axes
127). Controlling all depths and the relative phase
of the shon and long lattice allows one 1o wine the
doubleawell configuration in terms of the Ham-
ilonian parameters J, U, and A The depths of the
lattices are given in units of the shon-lattice recoil
enerey E, = P2MAY) with & = 765 nm through-
out the article. The loading mmps were optimized
tor fvor an occupation of two atoms per double
well and 1o avoid heating 1o higher vibrational
levels (30) Adier merging the double wells by

subsequently split under the - = Yy g’
influence of a netic field

gradient & to g:tgin antifer- 0,07 [+ 0+ [+1;-1) ——
romagnetic Neel order. (B) B

Evolution of the eigenener- o LI0.21 1t} . ) ; ]
gies with respect to the [ D2]1s) - . 4F 1) ]
ground-stateenergyduring -~ [ . 777777 "

the splitting with Vigng = 3 15[ g 2t U
10 E, Vyans = 25 E,, and a ~ TPt "'”
gradient of 8" = 17 Glem. i 100 1] 1)~ 0 e "
The notation [v,,v;) denotes ! 0 B w0 8
the number of vibrational W™ s} -
excitations for the first and ! = e T L e e
second particle. The inset o HO.0)1t). _ -

shows the eigenenergies 5 * 15
and (eigen)-states for the fi- Vi (E))

nal barrier height of Vg = ©C

44 E,. (€} Detection of the

population and spin imba-

lance. The population of the

left well is transferred to a "
higher vibrational level of

the underlying long-lattice

R
- 1R 18

well (25, 27). Subsequent band mapping and a Stern-Gerlach filter allow one to determine x(t) and N,{r} from

the time-of-flight images.
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ramping down the shon lattice, a microwave rapid
adiabatic passage was usad to transfer all atoms
mte the F = |, mp = 0} state. Subsequently, the
magnetic trap is switched off and while maintain-
ing a homogencous offset fidd of 1.2 G, atom
pairs were coberently ransferred from mg = O
mip =0 into spin wiplet pairs (#1310 14 D)2
by means of spin-changing collisions (33, 34),
The two magnetic sublevels my = +1) corre-
spond 10 the two spin states [17) and ||}, The
remaining atoms in the iy = ) state, ¢.g., on
singly occupied sites, are tmnsfemred into F= 2,
mp = ) and removed in a filiering sequence
before the detection (3/).

Finally, the shon lattice was mamped up
slowly in 20 ms, therchy inlubiting a coherent
splittimg of the atom pairs and  leaving  the
double wells in a state with one atlom on cach
side (26). For the time of the mmping up. a
magnetic field gradient of & = 17 Glem in the
dircction of the superlattice 15 swilched on.
Therefore, the degencracy of the states [1.]) and
L1y in the double well is lified by 90 He,
which cnables an adiabatic loading of the state
t.1) during the spliting process (Fig. 2B). Nu-
merical inegration of a muliiband ansatz for this
procedure vields an expected fidelity of =99%
for creating an antiferromagnetic order along
the axis of the superlatice. The mean popu-
lation imbalance xir) and spin imbalanee A1)
of the ensemble ol double wells was detected
by applving a mapping technique (26, 27)
combined with a Stern-Gedach liler (Fig.
200 A maximum spin imbalance of 60 o
T0% was observed for our initial state
corresponding 1o a probability ol 80 10 83%
tor having prepared the desired state (1,)). We
believe that this measured value is mainly
reduced as a result of our detection method.
Direct spin-exchange processes emerge during
the mapping sequence (24) and can lead 10 a
mixing of the spin configuration and thus a
reduction of the measured Néel order
parameter (37).

Time-resolved observation of superex-
change interactions. The spin dynamics are
mitiated by mpidly ramping down the short
lattice and therchy the double-well barrier in
200 us, thus substantially increasing the tun-
ncling and superexchange couplings. After
letting the system evolve for a hold tme ¢, the
spin configuration was frozen out by mmping
up the barrier in 200 us, quenching both J and
Jop again, The measurement of the ensemble
averages or) and N1 is carried owl as de-
seribed above,

Three typical time traces obtained by this
procedure are shown in Fig, 3. For low barier
depths (U = 1), we observe a pronounced time
cvolution of the spin imbalance NA1) consisting
of two [requency components with comparable
amplitudes and frequencies (Fig. 3A). With in-
creasing interaction encrzy U relative 1o J, the
frequency mtio increases, leaving a slow com-
ponent with almoest full amplinnde and an add;-
tional high-frequency modulation with  small
amplitude (Fig. 3B). The fast component cor-
responds 1o fst-order wnneling due o the
coupling of |§y and [+), which bocomes more
and more off-resonant as the barier height is
increased and therefore J/U is decreased. For
JU == 1, it is completely suppressed, and the
only process visible is the superexchange
oscillation (Fig. 3C). For all barrier heights, the
population imbalance () stays Mot emphasiz-
ing that even though strong spin cumrents arg
present in the system, no net mass flow can be
observed for our mitial state. We it the traces
for N.7) with a sum of two damped sine waves
with varable frequencies vy »2m and amplitudes
Ay 2 For the damping we assume Gaussian
characiensiics with e-damping constants ¥y ».
The resulis of the fit are displaved in Fig. 4. For
Vawn = 13 E. (Fig. 4A, inset), we can identify
only a single frequency component comespond-
ing 1o the superexchange oscillation with 4P
and full relative amplitude (Fig. 4B). We are able
to observe this frequency down to 4.8(4) Hz a

Fig. 3. Spin and population dy-
namics in symmetric double wells.
The time evolution of the mean
spin NAt) (blue drcles) and pop-
ulation imbalance xit) (brown

2 2

circles) are shown for three barri-
er depths within the double-well

o
th

potential: (A) Vi = 6 E, JIU =
1.25; (B) Vyoe = 11E, JJU =0.26;
and (€ Vo= 17 E, U = 0.048.
The measured traces for the spin

o
tn

imbalance are fitted with the sum
of two damped sine waves (blue

o
tn

lines). The population imbalance
x(t) stays flat for all traces.

Population imbalance x(t)
and spin imbalance N,(t)
f=]

(=]

& o
{4 T = |
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JU = 0,023 for Faon =
the signal can be explamed by the inhomoge-
neows distribution of coupling parmcters due to
the Gaussian shape of the lattice beams, which
leads to a dephasing of the evolution within the
ensemble. For Ve = 1TE,, additional damping
mechanisms like wnneling w empty adjacent lat-
tice sites (defects) or small residual inhomoge-
neous magnelic field gradients become relevant
and limit the measuranents (Fig. 4C).

The comparison of the results with the
theoretical predictions by the simple BHM shows
statistically significant deviations o low barrier
heighis, which cannot be explained by our uncer-
taintics in the latice depths, In this region, the
EBHM can model the expenmental data much
more accurately. This can be understood by the
fact that the interwell interaction enerzy increascs
with decreasing bamier and begins 1o noticeably
influence the dynamies (3/7). In fact, the EBHM
deseription yields Moy — onh = 07+ 305 and

therelore dircetly explains the upward trend of

this frequency dilterence for small short-lattice
depths (fig. S2). For large barrer heights, our
expenmental data are compatible with both mod-
els within the uncertainties of the lattice depths.
However, here the predictions of the EBHM are
always closer 1o the measured values,

Sign reversal of the effective coupling
parameter. To demonstrate the controllability
of superexchange inleractions, we investigated
the spin dynamics with an applied bias on the
double wells for a shon lottice depth of 15 £,
and the same depths Tor the long and trmnsverse
latee as belore. Staing with an initial anti-
femromagnetically ordered state, as above, we
first let the system evolve in symmetric double
wells (A = 0) for 4 = 4.5 ms until the first node
Ny = D of the spin imbalance is reached for the
state () + is)) /2 (Fig. 5). Afier freezing out
the relative phase between &) and 1) by mmping
up the potential barrier, a delined potential bias
A s applied and a second evolwtion sequence
with hold time ¢ = 1 fy 15 initialized by
rmping down the shon laitice again 10 135 £,
The subsequent detection follows the scheme
described above,

Figure 5A shows the evolution of the spin
imbalance NAf) in symmetric double wells to-
gether with the time traces for two differemt
bias enerzies A = ) yielding an effective cou-
pling of Sl &) = JedA = 0) and Jo(A = )2,
respectively. The sign reversal of Jg due 1o
the introduction of the bias is direcily visible
bw the change in slope of the spin imbalance ¢
f It should be noted that the now negative sign
of Sy Tor bosons does not imply a violation of the
Lich-Manis theorem, because the new ground
state in this regime is the spin trplet stae |7.1.0)
and the superexchange couples the first and
second excited staes ) and [0, which have
reversed order for A = U (Fig, 3B, lefl inset).

The mmsduction of a nonzero tilt leads w an
increascd sensitivity of the exchange frequency
to Muctuations due o the inhomogeneiies in the
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army of double wells, which are most effective
around & = U, Therclore, the damping of the
signal due to dephasing 15 stronger as A ap-
proaches U1 A fit of a single dampened sine

wave o the time races obtained lor various tilis
viclds the frequency curve shown in Fig. 5B
together with the ampliude of the oscillation.
Startng around 50 He, the osaillation frequency

1u_l ¥ T T T T T — m1 PR —
E:¥ I e w/2n ofi-t)2r — A E o noapooﬂ_n_.n_gg-
— :"' .‘: - ‘E"_"‘mh : = L
¥ o—— ] EosHg ]
E M lﬂ‘ L .\‘.
— | "“'ﬂ.; i GB-B hasair o |
21 _ B
U b
E Z o1} esd ]
= s E
el D B
5 0 15 20
Vshort (E) Varort (E))

Fig. 4. Frequency components of the spin oscillations. (A) The frequencies obtained by fitting the spin
imbalance data for various values of V. (red and blue circles), as well as the frequency difference and
the geometrical mean (green and black circles), are compared to the theoretical predictions of the simple
BHM (colored regions). The width of the regions represents a 2% uncertainty in all lattice depths. The 2o
error bars on the fit results and extracted values are in all cases smaller than the data points, The dashed
lines are the predictions of the EBHM. The inset shows the data for high barriers, where only a single
frequency component can be identified. (B) The plot of relative amplitudes versus short lattice depth
shows the suppression of the first-order tunneling process toward small values of JU. The damping
coefficients for the two oscillatory components versus lattice depth are displayed in (C). The error bars
denote the 2o uncertainties as obtained from the fit results,

Fig. 5. Sign reversal of

the superexchange cou-
pling. (A) After a quarter
of a superexchange os-
cillation in symmetric
double wells {black and
gray dots, JIU = 0.08), a
defined bias is applied,
leading to a reversal in

T e

® AU=0, JU=008 |

o AU=132

o AU=1T0 4
1 1

1 i 1 i

Spin imbalance N,(f)

the slope of the spin im-
balance and ongoing os-
cillations. For Al =1.32
{blue circles), the magni-

40 B0 B0

tude of the coupling is
almost the same as for

03F' '

A = 0, whereas it is
decreased to ~50% for
AU = 1.70 (orange cir-
clesh, (B} The fit of the

data for various tilts to a
damped sine yields a res-
onance in frequency at
A = U, where the ampli-
tude reverses sign (right
inset). The solid lines show

Frequency (kHz)

the theoretically expected
frequencies for the given
parameters where the
shading reflects the am-

1.0

0.5
Potential bias A/ U

1.5

plitude of the corresponding Fourier component. The left inset shows the three lowest eigenenergies of
the Bose-Hubbard Hamiltonian versus the potential bias. The error bars denote the 2o uncertainties as

abtained from the fit results.

reaches a resonance for AU = 1, where the
amplitude reverses sign, leading o the observed
time reversal in the dynamics.

Summary and outlook. We have demonstratad
time-resolved  measurements of superexchange
spin interactions  between ulracold atoms on
neighboring latice sites and have shown how 1o
control such interctions with optical superlat-
tices, Comparing the measurements to theonctical
predictions of these spin interactions from first
principles, we find excellent agreement ol our
data 1o an extended two-site version of the BHM.
Although superexchange interactions become
exponentially suppressed for deep optical lattices,
the coupling strength 2.0 can be several
bundred henz for Tatice depths of amound 12 ©
15 E, and thus almost a factor of 1000 larger than
the direet magnetic dipole-dipole interaction of
Rb atoms on neighboring lattice sites. Coupling
strengths one order of magmitude larger than the
ones shown here, however, could sull be achieved
with the use of clectric dipole-dipole-mediated
spin interactions between ground-state polar
imolecules (35),

The demonstrated scheme 1o change the
superexchange coupling strength and reverse
the sign of the spin interaction can also be
applied 1w the Wl 1D chain, offering new pos-
sibilitics for engincering spin-spin inleractions in
optical attices. I is now, cg.. conceivable o
engineer a setup with ferromagnetic interactions
along one and antiferromagnetic  interactions
along another lattice direction. Furthemmore, one
can dynamically switch between ferro- and
antiferromagnetic imtermctons along a given lat-
tice dircenion and tollow the subsequent dynam-
ical evolution of the quantum spin system.

When the presented loading scheme is carried
out without any magnetic gradient (eld during
the splitting process, a valence-bond solid (VBS)
type spin staie (3, 36) can be efliciently engi-
necred. Such VBS states can be viewed as a larpe
artay of robust Bell pairs (37, 3% In principle,
the superexchange interaction can be changed
be of Ising type. e.z. by wuning the interspecies
scattering length (/5). Thereby, it can be used o
create large enangled sies out of the initially
disconnected pairs, which have been shown to be
powerlul resources for measurcment-hascd quan-
tum computation (J/ 3, 39). Morcover, controlling
the superexchange interactions along different
lattice directions also oflers novel possibilitics for
the genemtion of topological many-body staies
for quamum information processing ( /4, 15),
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Natural Streams and the Legacy
of Water-Powered Mills

Robert C. Walter*t and Dorothy ). Merritts*t

Gravel-bedded streams are thought to have a characteristic meandering form bordered by a self-
formed, fine-grained floodplain. This ideal guides a multibillion-dollar stream restoration industry,
We have mapped and dated many of the deposits along mid-Atlantic streams that formed the basis
for this widely accepted model. These data, as well as historical maps and records, show instead
that before European settlement, the streams were small anabranching channels within extensive
vegetated wetlands that accumulated little sediment but stored substantial erganic carbon.
Subsequently, 1 to 5 meters of slackwater sedimentation, behind tens of thousands of 17th- to
19th-century milldams, buried the presettlement wetlands with fine sediment. These findings show
that most floodplains along mid-Atlantic streams are actually Fll terraces, and historically incised
channels are not natural archetypes for meandering streams.

he meandenng gravel-bedded siream bor-
I dered by a sell~fommed, fine-grined lood-
plain emerged as the characieristic niver
fiorm hased on pionecring siudies in mid-Atlantic
and western streams of the United States (£-4).
Today, this ideal—of alternating pools and riffles
albong sinuous channels with gravel point bars
and fine-grained overbank floodplain deposits
guides a multibillion=dollar stream restoration in-
dustry (3, 6). Many streams in the low-relicl,
tectomically mactive mid-Adantic Picdmont of the
United States are deeply incised, with steep erod-
ing hanks, and carry anomalously high amounts
of suspended sediment (7). Fine-grained deposits
bordenng many eastem streanis ane thicker than
would be expected from just their recent Mood
deposits (4, 3). These Holocene deposits typical-
Iy form broad surfaces, referred 1o as the “valley
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Mat.” that were inmerpreted as (loodplains formed
by a combination of migmting. meandering sircam
channels and overbank deposition of silis and
clays (£, 3, &) The geomeiry of single-channel
meandering streans has been viewad as the nesult
of selfFadjusting hydraulic varables in response
to changing discharge and sediment load, and
agriculture and wbaniztion have been cited
widely as the causes of recent ageradation and
degradation (f, 3, 4, 5-10), This pattemn of stream
development and morphology  has been con-
sidered as typical of sireams and Avers in stable
landscapes.

We observe that crests of breached, histonc
milldams merge with valley-flat surfaces and
that most modem streams are incised  deeply
below this surface. This observation led us 10
hypothesize that a rmpid, regional transfomation
of stream valleys had occurred in castem Nonh
America, from widespread aggradation as a re-
sult of domming (base-level nse) wo subsequent
incision and bank crosion due 1o dam breaching
{hase-level fall), We propose that valley sedimen-
tation not only resulied from accelerated hillslope
crosion ciused by deforestation and agricultural

development (&, 14) but also was coupled with
widespread  valley-bottom  damming  for water
power. after European scttlement, from the late
[ 7th century through the carly 20th century.
Damming was essential o the extensive tmpping
of sediment in broad valley flats that comrespond
to reservolr surfaces,

We test this hypothesis by examining the lol-
lowing lines of evidence: (i) historical accounts
of widespread, imensive water-powered milling
that impacted most [irst- to third-order streams
in the mid-Atlantic region: (i) historical maps
showing multiple dams and ponds, and our ob-
servations in the field and from light detection
and ranging (LIDAR) dma of ageradation in
these ponds that coused sedimentation upstream
into tributaries and swales; (iii) historical, geo-
logical, and geochemical data showing rapid
sedimemation in valley botioms duning the pe-
riod of early land cleanng: (iv) ficld observations
and remote-sensing  data, including LIDAR,

showing that downstream-thickening wedges of

sediment grade 0 milldam heights and, hence,
that dams produced temporary, higher base
levels: and (v field observations and laboratory
data showing that the momphologics and func-
tions of prescttlement streams were substantially
differant from those of modem streams. We re-
visited the same streams and specilic neaches
wsed n carly studics that proncered modem flu-
vial geomorphology, including fundamental ideas
regarding meander migration, floodplain forma-
tion, hydraulic geomeiry, and (luvial response o
land clearing. These strcams include the Brandy-
wine River (in Pennsylvania and Delaware) and
Seneca Creck, Watts Brinch, and Western Run
(in Marvland) (/4. & 9, 1), all of which lie
within the Piedmont physiographic province
of the mid-Atlantic region. In all, we stdied
Picdmont streams m 20 watersheds throughom
Pennsylvania and Marvland (drinage arcas
from 11 to 1230 km™; fig. SI).

Milldam history. Dam building for water
power in the castern United States began in the
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late 16005 and persisted until the carly 19005,
Dams and mces that delivered water from the
prond upstream of a dam were built to run ron
forzes, fumaces, mining opertions, and—most
commonly—mills; we refer to all of these water-
powered activitics as milling. Before the adoption
of steam engines during the lae 19th century,
every mill required a milldam reservoir to supply
a relatively constant head and reliable supply of
water. Early Amercan settlers brought milling

technologics from Europe, where thousands of
water-powered mills lined streams as carly as
100 CE (12} [sce supporting online material
(SOM) text, table 54, and fig. S5]. Milling in-
tensified with economic growth in carly Amer-
ica, and dozens of mill acts dating 1o the 17005
encouraged mill and dam building. Our analysis
ol historic reconds in Lancaster County, Penn-
sylvania, for example, indicates that peak mill
development was from 1780 10 1860, but water-
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Fig. 1. Density of water-powered mills along eastern U.S. streams by 1840 by county (872 county
boundaries are shown for 1840). The highest densities are in the Piedmont and the Ridge-and-
Valley physiographic provinces of Maryland, Pennsylvania, New York, and central New England.
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Fig. 2. Historic 19th-century milldams {triangles) on Piedmont streams in York, Lancaster, and Chester
counties, southeastern Pennsylvania, located from =100 large-scale township maps dating to 1876
(York), 1875 (Lancaster), and 1847 (Chester). The total number of dams shown is 1025. Main stems of
Conestoga (Lancaster) and Brandywine (Chester} rivers are highlighted in dark blue.

powered milling extended from 1710 1o 1944,
Our county-by-couny compilation of LS, man-
ufacturing census data reveals =65000 water-
powercd mulls i 872 counties i the castem
United Sunes by 1840 (73) (Fig. 1), Water-
powered milling was especially intensive in the
mid-Atlantic Piedmont region along and west
of the fall line, where stream gradients are con-
ducive to milldam construction and  shipping
ports of the Coastal Plain are in close proximity
(e, Wilmington, Delaware: Philadelphia, Penn-
sylvania; and Baliimore, Marvland), The Piedmon
provided the bulk of manuliciuing and agri-
cultural goods to port cities and a large portion
of the wheat and lour for mid-Atlantic shipping
(14, 13).

Historic maps show locations of mill build-
ings, millponds, and mees dating to early
American history, and historic photos ol dams
date to the late 19th contury. Lancaster, York,
and Chester counties, Pennsylvania, have large-
scale mid- o late 19th-century historic maps
from which we located 1025 milldams (Fig. 2).
which is similar to the number of mills reconded
in the 1840 U5, manufacturing census. From
county historical socicties and the Pennsylvania
commonwealth’s inventory ol dams, we
acquired photographs and records of hundreds
of historic milldams. The Pennsylvania Depart-
ment of Environmental Protection (PA DEP)
has an inventory of about 8400 dams in the
commonwealth, of which 4100 are breached.
and estimates that 8000 w 10,000 more might
cxist (J6) These estimates resull in an averge
density of 0.14 10 0.15 dams per km® for the
commonwealth of Pennsylvania. The possibility
of 16000 1w 18000 dams in Pennsylvania is
consistent with the ~10,000 mills listed for
Pennsylvania in the 1840 ULS. manufacturing
census, considering that mill and dam building
continued throughout the 191h century. In Chester
County, Pennsylvanda, for example, which includes
much of the drainage arca of the Brandywine
River, the 1840 US. manufaciuning census lisis
379 water-powered operations, and our exami-
nation of historic maps from the 18405 1o the
1860s revealed at least 377 dams. The Brandy-
wine Valley comtained “the most notable con-
centrmtion of mill ndustrics in the colonies,”
with 60 paper mills alone w 1797 (7)., Using
|8d0-cra county boundancs, we calculaie a
density of 0.19 milldams per km® in Chester
County, which is only slightly greaier than the
density of water-powered mills in other Picd-
mont countics of Pennsylvania, Maryland, and
Virginia calculated from the 1840 US. man-
ufacturing census data

Our field observations and LIDAR analysis
(e = 200 millpond reaches) for the Conestoga,
Brandvwine, and Codorus Rivers (among others)
in Pennsylvania, and for Westem Run, Seneca
Creek, Wats Branch, and the Monocacy River
in Mary land (figs. 51 10 54}, demonstrie a serics
of aggradational wedges of fine-gramed sedinment
that thins and extends upstream of dams on all
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of these streams for several kilometers, Aggra-
dational impacts extended upstrcam o many un-
dammed tnbutarics as well, as a result of
backwater eflects.

Low stream gradients (0001 1o 0004 i the
Picdmont) and low 1o moderate dam heights con-
trolled milldam spacing; typically, one dam was
placed every 2.4 10 5 km along the Brandywine,
Conestoga, and Codorus rvers, Sencea Creck,
and Western Run, Historic photos and our fickd
observations indicate that early milldams spanned
entire valley bottoms of what are now fimst-,
second-, and third-order streams (g, 53). Such
streams comprise greater than 70% of stream
length in the region, and damming them would
have a substantial impact on a large portion
of watersheds, including upstream tributaries,
Milldam heights were generally 2.5 10 3.7 m.
Direct step caleulations (f8) imply that Now
velocity would have been reduced by as much
as 60% at least 1 o 3 km upstream of milldams
(How reduction is impacted 1© a greater extent
by higher dams and/or lower stream gradicnts).
Our estimates of trap elliciencics (19) of =60%
for Piedmom reservoirs suggest that sedimenta-
tion rates would have been high during periods
of accelerated soil erosion. Various early Amer-
ican mill acts that regulated the mising of dams
and compensation for Mooded lands, both of

which were common occurrences, also indicate
that milldams had well-known backwater cffects
on valley bottoms (see SOM text). Because of
these backwater cllects, later mull acts were
passed to control mill crowding (77, 20) (sce
SOM text). Historical accounts also show that
milldams altered the original stream ccology: (1)
In 1731, settlers tore down a milldam on the
Conestoga River because it was ruining the
local fishing industry, and (i) in 1763, a petition
cited complaints regarding the abundance of
milldams on the Conestoga River “as destroying
the fomner fishery of shad, salmon, and rock
fish, which were before in abundance, and the
tributary streams had plenty of wout—all now
gone™ (2/).

Stream sediments. Basad on geochemical
and strtigraphic analysis of sediments exposed
in stream banks (100 sites) and samples from
45 backhoe trenches and =110 hydraulic cores
in adjacent Nl weraces, we constructed a com-
posite stratigruphic profile for a representative
Picdmont stream (first to thid order) (Fig. 3).
Similar profiles have been deseribed throughout
the Piedmont, from South Caroling to Pennsyl-
vania (¥, 22-24). The bedrock (weathered)
valley floor typically is overain by: (i) a thin
(<0.5-m) bed of angular 1o subangular quarte-
rich gravel: (i) a thin (<0.5- w l-m), duk

Buried Holocene
wetland
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s B Racant
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Fig. 3. Streams throughout the mid-Atlantic region (see also figs. 51 and S2) have similar charac-
teristics: vertical to near-vertical banks consisting of 1 to 5 m of laminated to massive fine-grained
sediment overlying a Holocene hydric soil and a basal gravel overlying bedrock. (A) Western Run,
Maryland. (B) Big Spring Run, Pennsylvania, Scale bars in {(A) and (B) are marked in 0.5-m increments;
the banks in (A) and (B) are ~2.2 and ~1.4 m high, respectively. (C) Conceptual model based on composite
stratigraphy from multiple sites, including stream-bank exposures, trenches, and cores.
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{black, 1OYR 21}, organic-rich silt loam; and
(i) a thick (1= to 5-m) pale 1o yvellowish brown
sequence of hine sand, sl and clay [commaonly
referred to s silt loam and clay loam; US.
Departiment of Agriculture (USDAYNatura] Re-
sources Conservation Serviee classification |, Ex-
ceptions (o this tvpical sequence ocour whene
strcam channels were diverned along  valley
walls (e.g., 1o drmin valley bottoms for agrcul-
ture) or where stream beds were mined for metal
ores and gravel,

We interpret the dark, organic-rich silt loam
12 10 9% by weight total carbon in the <2.0-mm
lraction ) above the basal gravel as a buried hy-
dric (wetland) soil (tables S1 and S2). Through-
out the region, this hydrie soil contains abundant,
well-preserved woody debns, seeds, nuts, moots,
algal mats, and pollen, and sometimes s a peat
with mosses, AL multiple sites, we observe de-
ciduous tree stumps (which olien show evidence
of having been logged) mooted i this stratum
and corduroy (wooden log or plank) roads upon
its surlce. The overlyving fine-grained, pale brown
sediments are lower in oreanic matter (~1 1o 2%
by weight total carbon in the <2.0-mm lraction).
generally horizontally bedded, typically linely
laminated, and contain rre lenses of subrounded
gravels and historic antifacts that include brick

fragments, cut logs and planks, and picces of

coal. Seventy mdiocarbon dates from this buried
witland soil (samples of wood, leaves, or seeds)
throughout Pennsylvania and Marviand  vield
ages ranging from 11,240 to 300 years before
the present (table 53), ndicating that these soils
gccumulmed and stored organic matter through-
out the Holocene epoch. We cstimate that these
valley-botom wetlands were efficient  carbon
sinks, storing from 2.5 = 10° 10 135 » 10° kg
of carbon per hectare that now is buried beneath
histone sediment (23).

We interpret the -.md‘:rlg;in%r gravels as de-
rived from long-term (10% 10 107 vears) hillslope
crosion and denudation of the landscape. Many
may have formed from downslope movement
associated with episodic penglacial processes
and tundra conditions during the late Pleistocene
or carlier. The predominance of quartz, a highly
resistant mineral, and the position of these col-
luvial gravels beneath pervasive Holocene inter-
glacial hydne soils support this deduction.

We constrained the tming of millpond sedi-
mentation using >'Pb geochronology (26) and
historic documents. Analysis at two sites where
historic sediment is 1 and 5 m thick indicates
that secular equilibrium for *'°Pb is reached at a
depth of 15 to 20 cm below the surface. This
linding indicates that sediments near the surface
were deposited by 1830 or carlier and that these
ackwater reservoirs reached sediment stomge
capacity by at least that vear (fiz. S3) At mul-
tiple sites in Maryland and Pennsylvania, we
ohserve groves of large trees estimated 10 be up
to 150 vears old on valley fill deposits, This is
consistent with fossil seed and pollen evidence
showing that a riparan forest became

b
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eatablished circa 1850 in an estuary Gl deposit
m the upper Chesapeake Bay, alter peak
scdimentation rom the watershed occumed
between 1840 and 1850 (27). Historie air photos
dating to the 19305 and maps dating to the carly
1800s indicate that ponds diminished in size unil
the mid- o late 18005 and became stable swamps

and meadows thercatter, until dam breaching and
INCIsion.

The charactenstics of the prescttlement sedi-
ments and organic matenal suggest that valley
bottoms were broad, Torested wetlands (alder
shrub-serub) with small, shallow (<1-m) anabrnch-
ing and chain-of~pool streams that expericneed

A

100

Elevation {m)

Fig. 4. Methods for locating dams and assessing their impact on reservoir sedimentation, subsequent
channel incision, and bank erosion with high-resolution LIDAR. (A) Long profile of Little Conestoga Creek
and West Branch Little Conestoga Creek extracted from LIDAR-derived DTM (digital terrain model),
depicting locations of milldams (black and red vertical bars). The lower (blued line for stream profiles
approximates the water surface, whereas the upper (red) line approximates banks above streams fi.e.,
reservoir fill surface). Dams shown in black are still in place; those in red are breached, some only
partially. The influence of dams on relative terrace height is apparent, such as at kilometer 7, where the
Lake Mill dam is still in place on the Little Conestoga. The area in the dashed box is illustrated in (B} and
(C). (B} Hillshade rendering of LIDAR-derived DTM clearly depicts the low-gradient relict millpond surface
along the valley corridor. Note that channel incision occurs upstream of the breached dam (denoted at
bottom) but not upstream of the partially breached dam ("existing dam,” denoted in middle). This
difference is documented in (C), which maps the height of the terrace surface above the stream water
surface. Upstream of the breached dam, the terrace is up to 3.2 m above the water surface, rising
upward toward the dam in the downstream direction. Upstream of the unbreached dam, the temrace
height is less than 1 m. Light and dark gray contour lines in {C} are 2- and 10-m intervals, respectively.

frequent overbank flow, which is consistent with
accounts by carly explorers of ubiguitous swampy
meadows and marshes fod by springs at the base
of valley side-slopes (28). The upper surface of
the dark hyvdric soil has low reliel and typically
extends across valley bottoms [see Fig, 3 and
valley cross sections in (4, 2], Along a ruml
section of Western Run northwest of Balimore,
Maryland, for example, we followed the modem
deeply incised channel from one side of the val-
ley 10 the other and mapped a Holocene hydric
soil {buried beneath 2 m ol historic sediment) for
the entire distance; no buried channel deposit
was encounterad, and a1 times the hydric soil
became more peaty and rested  directly  upon
bedrock. This regional network of small streams
and low, vegetated islands within the flood ame
was probably impacied heavily by beaver dams
and small ponds, which could explain the lack of
buried stream channcls at all sites observad 1o
date (29), Plant fragments and seeds extracted
from these buried hydrc soils indicate obligate
and facultative wetland species, including vari-
ous hydrophytic trees, shrubs, sedges, rushes,
and cresses. Groundwater flow  throughout
valley-bottom  gravels would have supplicd a
near-continuous base flow to these wetlands.

Recent responses. In the past 100 years, many
historic dams have been breached as mills were
abandoned. Breaching has led to incision of
streams into the milldam reservoir sediments and
to locally heavy erosion of steep stream banks.
High-resolution (1 5-cm-ventical) LIDAR data for
the Concstoga River and Westem Run indicate
that dam height controls stream-hank hesght (via
depth of incision} above the water surface (Fig. 4).
These remote-sensing observations are consistent
with our field studies, which encompass a much
greater area. Fill wemaces increase in height down-
siream toward the wops of breached dams and then
drop 1o the level ol backwater effects from the nexi
slackwaier reach downsiream. By mapping
charnnel banks on high-resolution digital ortho-
photos from the carly 19905 1o 2005 for Lancaster
and York counties, Pennsylvania, we estimate that
bank erosion mtes are =02 m/vear locally and af
least 0,05 m'vear along many stream reaches up-
sircam of 20th-contury dam breaches, In Mary-
land, stream cross sections monitored for 41 yvears
in a study of meander migrmtion and foodplan
formation near the beadwaters of Watts Branch,
Maryland (2, %), are located <1 km upstream ol a
breached  19th-century dam, which was not
recognized by previous workers, This dam
supplicd water from a millpond to Wooton's Mill,
which operaed unil 1905 (G 54). Our historie
rescarch indicates that the dam breached sometime
between 1905 and 1952, The higher valley-fla
surfaces upstream of the dam are interpreted here as
Bl vermaces rather than Moodphins, even hough they
might reecive oceasional overbank fow, Although
previous workers imterpreted  Tae 20th-contury
enlargement of the channel o upstream urbaniza-
tion, we propose that enlargement was a natural
response 1o dam breaching and incision,
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Where dams are unbreached or partially
breached, decp incision has not vet occurned,
and streams are shallow and wide as they spill
over the historic dams. In some cases, more o=
cent dams have been constructed within: incisod
channels near the site of older breaches: many
of these second-gencrition dams arc also breached,
In Pennsylvania, these inset dams typically were
constructed in the late 1800s o carly 19005,

Increasing channel width at a breached dam
site on the Brandywine River during the past
~ 0} years is consistent with 671 repeat measure-
ments of fair to excellent quality for less than
bankfull discharge at the Chadds Ford US,
Geological Survey (USGS) gage station, which
15 located between two closely spaced breached
milldams (see SOM text), Our analysis ol these
data indicates that the ratio of width to discharge
for a given discharge range incrcased from (0.4
to 5 between 1908 and 2007, This increase
yiclds an estimate of at least a 10-m merease n
channel width, likely resulting from bank cro-
ston, since 1908 and s consistent with (1) our
mapping of bank erosion along this reach, (i)
air photos from 1937 to the present that show
channel widening, and Gii) the marked rise in
suspended sediment loads recorded m this gage
station Trom 1964 10 1978 (USGS data; see
SOM text), Similarly, we caleulate a power fune-
tion exponent of 0.26 for the relation between
width and discharge at the Chadds Ford gage
station, whereas an analvsis of hvdraulic geom-
ciry relations in 1935 viclded an exponent of
00T (3). A 30% increase in this exponent dur-
g the past =50 years s consistent with chan-
nel evolution by lateral crosion and long-tenm
widening alier mesion in response 1o dam breach-
ing (30,

Similar 1o carlier studics (2. 3. 8), our mea-
surements of sediment size indicate that modem
channel-bed sediments are much coarser grained
(coarse sands and gravels) than the fine sedi-
ments (mostly silt and clay and some sand) that
are exposed along stream banks. We attibute
this difference not 1o a meandering stream that
deposits gravel in bars and sili and clay on
Noodplains dunng overbank flow but rather 1o
increased Mow velocitics and shear stresses that
accompany decp incision of streams into fine-
smined millpond sediment. Afier dam breach-
ing, incised channels have shear siresses =3
10 times as high as those of presctiloment streums
(shecar stress is proportional w0 water depth and
slope) and, consequently, are capable of trans-
porting Pleistocene gravels that croded from the
burded woes of hillslopes (Fig, 4). Further, bank
erosion emoves ol only vast amounts of
postsettlement alluvium bl also wide arcas of
Holocene wetland soils and Pleistocene basal
aravels that covered stream valleys in this region
since the end of the last ice age,

To assess the impact of bank crosion on sedi-
ment load of the modem streans, we collected
37 data on sediments from several southeast-
e Pennsylvania streams and  stream banks,
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Cesium-137, produced by atmospheric nuclear
bomb testing, reached its peak production in
1963 and ceased in the mud-1970s with the
banning of atmospheric bomb tests, This non-
natural sotope readily infiltrated surface sedi-
ments and is strongly adsorbed onto the surfices
of fine-grained soil panticles (34, 320, It thus
provides a metrie tor sediment loads and surface
crosion (3.3), Companson with suspended load
data from gage stations indicates that 30 1o 80%,
ol suspended sediment s derved from bank
erosion (23). Historic sueam-bank sediments,
which we measured at 15 sites, also have high
levels of wtal carbon, nitrogen, and phosphorus,
ranging from 0.5 1o 3, 1% (C), 400 10 2100 pans
per million (M), and 340 1o 938 ppm (P} thus,
bank crosion 15 contributing to the high nutrient
loads of many of these streams (25). These ne-
sults are consistent with bank erosion rates and
with sediment and nutnent loads measured in
other watersheds in the Umited States and around
the world (34-36),

Condusions. We conclude that fluvial aggra-
dation and degradation in the castern United
States were caused by human-induced  base-
level changes from the following processes: (i)
widespread milldam construction that inundated
presettlement valleys and convented them into a
series of linked slackwater ponds, coupled with
deforestation and agricultural practices that in-
creased sediment supply: (i} sedimentation in
ubiquitous millponds that gradually convered
these ponds 1o sediment-filled reservoirs: (iii)
subsequent dam breaching that resulied in chan-
nel incision through postsettlement alluvium and
accelerated bank erosion by meandening streams;
and (iv) the tommation of an abandoned valley-
Mat terrace and a lower inset loodplain. This
cvolution explains why so many casiem sircams
have bankfull (discharpe) heights that are much

lower than actual bank heights. Assessments of
bankfull discharge are crucial o estimates of

lood potential and w0 design criteria for swream
restoration.

Early workers considered wesiemn and casi-
ern streams in the United States to have similar
origins and forms |compare with plate 2 in (/)].
However, westem streams anc in @ more tecton-
ically active region, generally have high stream
eradients, and cary substantial bed-load frac-
tions, whereas castern Piedmont streams are in a
tectonically quiescent region, have low sircam
eradienis, and largely did not carry gravel (or
even much fine sediment) dunng the Holocene
betore formation of modem incised channels.
Formation of gravel bars in the wake of eroding,
meandering  channels, followed by overbank
deposition of fine sediment, was not the natural
process of Roodplain formation in the castem
United States before mill damming and subse-
quent clhannel meision alter dam breaching, Valley
bottoms along castem streams were characterized
by laerally extensive, wetland-dominated  sys-
tems of forested meadows with stable vegetated
islands and multiple small channels during the
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Holocene, These lindings are consistent with
rescarch on streams i the Pacilic Nonthwest,
which revealed that large woody debris from
forested riverine arcas was crtical o geomor-
phic processes and habitat before logging, chan-
nel clearing, and ditching during the late 18005
o carly 1900s (37-39). In particular, logjams

blocked channcls and led 1o the formation of

side channels and floodplain sloughs, producing
multiple anabranching channcls and riverine
wetlands that are in stark contrast 1o the large,
single channels that exist in these streams today,

Our results explain the unusually thick depos-
its of fine sediment in siream banks relative
the limited amount of modem overbank depo-
sition ([, 3). They also explain the lack of levees
on mid-Atlantic streams (1) the grem contrast
between fine stieam-bank and coarse stream-bed
matenal: the observation that castern (incised)
streams, In comparison with westem streams,
change litle i width as discharge mcereases at a
station (3, 10y and the anomalously high sus-
pended sediment and nutrient loads measured in
Picdmont streams (7).

Postsettlement milldam  construction  and
millpond sedimentation were rapid and pervasive.
This process inundated. buned, and sequesterad
presettlement wetlands and altered  regional
stream functions probably within two generations
of settlement. Our field and histonical rescarch
shows that stream valleys were once lined with
millponds, which then silied in to form broad, s
bottom lands. The modem, incised, meandenng
stream is o artifact of the rise and fall of mid-
Atlantic streams in response 1o human manip-
ulation of stream valleys for water power. Our
results indicate that a substantial portion of mod-
em suspended sediment and nutrent loads could
be due to dam breaching and crosion of reservoir
sediment, which is consistent with studies of ne-
cent dam removals elsewhere in the United States
i, 41

These conclusions change the interpretation
of hydraulic geometry in eastem ULS. streams
that is based on the archetype of an “ideal me-
andenng river form™ and imply the need 1o re-
consider curment procedures for stream restormation
that rely on reference reach conditions and the
assumption that croding channel banks are
matural and replenishable, The cumrent condition
of single gravel-bedded channels with high, fine-
erained banks and relatively dry valley-lat sur-
faces disconnected from groundwater 15 in stark
contrast 1o the presetilement condition of swampy
meadows (shrub-scrub) and shallow anabranch-
ing streams descnbed here,

This work has implications for inerpretation
of alluvial sedimentation and stream channel
form and evolution in Evrope as well as in the
Linited States, Tens ol thousands of mills exisied
throughout Europe by the 13th century, and 0 is
possible that Europein streams have been re-
sponding 1o anthropogenic base-level rse and
fall for up to a millennium (SOM text and fig.
55). We propose that widespread mid- o late
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medieval alluviation and bunal of pre-Roman
organic-nch soils observed i “all lowland and
predmont nver valleys in Botun and much of
Norhem Europe™ (420 mught have been the re-
sult of mill damming,
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Lhx2 Selector Activity Specifies
Cortical Identity and Suppresses
Hippocampal Organizer Fate

Vishakha S. Mangale,** Karla E. Hirokawa,”* Prasad R. V. Satyaki,'* Nandini Gokulchandran,**
Satyadeep Chikbire,* Lakshmi Subramanian,” Ashwin 5. Shetty,® Ben Martynoga,® Jolly Paul,*
Mark V. Mai,? Yuging Li,* Lisa A. Flanagan,® Shubha Tole,*+ Edwin S. Monuki®**t

The earliest step in creating the cerebral cortex is the specification of neuroepithelium to a cortical
fate. Using mouse genetic mosaics and timed inactivations, we demonstrated that Lhx2 acts as

a classic selector gene and essential intrinsic determinant of cortical identity. Lhx2 selector activity
is restricted to an early critical period when stem cells comprise the cortical neuroepithelium,
where it acts cell-autonomously to specify cortical identity and suppress alternative fates in a
spatially dependent manner, Laterally, Lhx2 null cells adopt antihem identity, whereas medially
they become cortical hem cells, which can induce and organize ectopic hippocampal fields. In
addition to providing functional evidence for Lhx2 selector activity, these findings show that the

cortical hem is a hippocampal organizer.

lassic genctic analvses in Drosophila
‘ have desenbed the mles of “selector™

genes (1-3) which dnve developmen-
tal patteming events by cell-amonomously
specifying cell identity, suppressing altemative
fates, regulating cell affinity, and positioning
developmental borders that ofien serve as sec-
ondary signaling centers, The LIM homeobox
gene L2 —a vencbrate ontholog of the well-
described  Drosoplila selector gene Apterons
(AP (1) has been postulated o act as a selec-
tor gene in the developing mouse cercbral cor-
tex (4) Lhx2 15 expressed in cortical precursor
cells but not in the adjacent elencephalic dorsal

midline, which consists of choroid plexus
cpithelium (CPe¢) and the mtervening  cortical
hem, a secondary source of bone morphogenctic
protein (Bmp) and wingless-int (Wnt) signals
(figs. SI and S4) (4, 5). Previous studies in-
dicate that the hem is required for hippocampal
induction and/or expansion (4, 7), but evidence
that the hem is sullicient w0 mduce and organize
hippocampal tissue has been lacking. Conven-
tional Lhx2 null embryos (“standard™ knockouwt,
or sKO) (8) possess excessive hem and CPe
at the expense of hippocampus and neocorex
{4, 3). Although this is consistent with a selector
gene phenotype, the basic issue of cell autonomy
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could not be resolved, because a cell-autonomous
fate transformation (conex-to-hem/CPe) could
nid be distmgushed from a nonautonomons
hemCPe expansion as a result ol delects m
corical precursor proliferation (&),

The preneurogenic critical period. Lhx2
expression arises in the forchran before neuru-
lation and is strong in the conical neuroepi-
thelium, but absent from the dorsal midline, aller
neural tebe closure (fig. 51, A and By At em-
brvonic day 10.5(E10.5), Lhx2 and Lmx la (hem
marker) displayed substantial spatial overlap,
which became markedly reduced by E12.5 (Fig,
IA) (4, 5). These patlerns suggest @ Cross-
suppression mechanism () regulating  cortex-
hem cell fae and contributing o cortex-hem
border (CHB) formanon and refinement. Con-
sistent with this, Lhx2 sKO anbryos displayed
expanded hem (Fig. 1B and fig. S1C) and Lhx2-
hem overdap domamns (fig. S1D) by E10.5,

To better defime the entical period for hem
fate suppression by Lha2, we perfomed umed
inactivations with an Lhx2 conditional knockout
(eKO) mouse (fig. S2) (9. Lhx2 inactivation al
EOS {ACTBCre driver) (/1)) or ER.5 (tamoxilen-
inducible R26CeER driver) (1) resuliod in E12.5
hem expansion or diminished dorsal welencephalic
phenotypes that were qualitatively and quantita-
tively indistinguishable (Fig. 1, C and D, and fig,
S3IA)(L2) This indicated a entical period starting
on or after EX.S and no essential Lhx2 functions
in the forchrain before this stage,

Tamoxifen (TM}-mediated recombination
typically ocours within 48 hours of administra-
tion (11, 13). To west EVOLS as the entical period
endpoint, we used EI0S TM imjections or
Emx1Cre, which drives dorsal telencephalon-
specilic Cre recombination by EN0L3 (14). Both
strategies resulicd in subtle w inapparent E12.5
phenotvpes (Fig, 1. C and D, and fg. S3A).
This defines ER.5 o ENLS as the critical period
for hem suppression by Lhx2, a period when the
cortical neuroepithelium is composed almost ex-
clusively of stem cells (/5) and 5 not wet
producing definitive cortical plate neurons (/6.

Lhx2 selector activity at the molecular level.
To examine cellautonomy unambiguously, we
generated Lha2 null mosaics using two come-
plementary methods: (1) mouse embryvonic stem
cell (ESC) aggreganon chimers (/7. 18) using
green uorescent protein (GFP)-cxpressing
L2 null ESCs derived rom Lhx2™ matings
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Fig. 1. Hem fate sup-
pression by Lhx2 during
an EBS to E10.5 critical
period. (A) Double fluo-
rescent in situ hybridiza-
tion (ISH), boxed regions
enlarged (right). At E10.5,
cortical (Lhx2, green) and
hem (Lmxd, red) markers
overlap. By E12.5, this
overlap is reduced (arrow-
heads). Scale bars, 100
pm (Hoechst panels, 300
pum). (B) Lmxla I5H. By
E105, the excessive hem
phenotype (dotted lines)
is present in Lhx2 sKO

ACTBCre

R28CreER RA26CreER Emx1Cre

mutants, Scale bar, 300 um. (C) Temporal inactivation studies Wnt3a I5H. E12.5 kKO hem expansion (dotted
lines) is similar after EQL5 (ACTBCre) or E8.5 (R26CreER) inactivations but inapparent after E10.5 inactivations
(R2&CreER or Emx1Cre). Scale bar, 300 pm. (D) Quantification of hem:dorsal telencephalon area ratios (Wnt3a:
Ngn2 areas). White bars, littermate controls; black bars, Lhe2 ¢kO mutants; error bars, SEM; 1 test, *P < 0.05;
**P = 0.005. Unless otherwise noted, all images henceforth are coronal sections, medial left.

Fig. 2. Cell-autonomous
cortex-to-hem fate trans-
formation in Lhx2 null mo-
saics. (A) In control ESC
chimeras, GFP-expressing
cells intermix randomly
with host cells, and dor-
sal telencephalic pat-
terning is normal. (B
and € Lhx2-null cells in
miutant ESC chimeras [GFP-
positive cells in (B)] or in
tamoxifen-generated cKO
mosaics [Lhx2-negative
patches in (C)] do not
express Foxgl, Emxl, or
Paxt in medial cortical
regions [arrowheads in
(Q)]. Surrounding wild-
type cells express these
markers [open arrow-
heads in (B)]. Laterally,
Lhx2-null cells express
Faxgl but not Emixd [black
arrowheads in (B)]. (D
and E} Lhe2-null cells ex-
press cortical hem mark-
ers Lmxla, Wnt2h, and
Wnt3a medially [arrows
in (D), arrowheads in (E)]
but not laterally in the
dorsal telencephalon [ar-
rowheads in (D)]. Scale
bars, 100 um. d, dien-
cephalon; dt, dorsal tel-
encephalon; wt, ventral
telencephalon.
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(fig. S4) and (ii) low-dose TM injections at E3.5
i Lhix2 KO mice (1 2) To identity null cells in
Lhx2 cKO mosaics, we developed and validated
an affinity-purificd Lhx2-specific polyclonal
antisennm (£}

Whereas control ESC chimeras had ran-
dom distributions of GFP-cxpressing cells and
nommal dorsal telencephalic pattemning (Fig,
2A), Lhx2 null cells in mutant ESC chimeras
and ¢KO mosaics clustered imo patches, Null
patches within medial cortex displayed down-
regulation or absence ol cortically expressed
Emxl, Foxgl or Pax6 (Fig. 2, B and C, and
fig. S5C) and ectopic induction of hem markers
Lmxla, Wb, or Wni3a (Fig. 2, D and E).
These resuls esablish a cell-autonomous ole
for Lhx2 m the molecular specification of cor-

Fig. 3. Hem and anti-
hem fate expansion in
Lhx2 sKO and ESC chi-
meras. (A) In E12.5 con-
trols, a false-color overlay
of Wnt2b (green) and
Dbx1 (red) expression
shows hem and antihem
domains separated wide-
ly by the relatively large
cortical (neocortical and
hippocampal) neuroepi-
thelium. (B) In E12.5 Lhx2
sKO brains, hem (green)
and antihem (red) are
both expanded and meet
with no intervening cor-
tical neuroepithelium.
(€C) Schematics of mutant
darsal telencephalic phe-
notypes illustrating how
the complete absence of
hippocampus and neo-

tical identity and suppression of hem fate.
Interestingly, although Lhx2 null embrves have
excessive CPe o addition 1o hem (), no molec-
ular (Tir) or morphelogic (epihelial simphitica-
tion) evidence of ectopic CPe was detected in
mosaic embryos (Fig. 2) Thus, Lhx2 activity in
cortical stem cells specifically regulates a
corex-hem rather than cortex-CPe fe decision.

The cortex-to-hem transformation in Lhx2
null cells was spatially dependent (Fig, 2, B
and D, and fig. $5). Similar o Lhx2 sKO
mutanms (4, ), the “hem competent zone” in
mutant ESC chimeras and ¢KO mosaics com-
prised the medial welencephalic wall and ex-
tended some distance lmerally but did not
melude the entire pallium. Lateral Lhx2 null
patches did not express hem markers or the

cortex is unique to the Lhx2 mutant (4, 5, 28-30). AH, antihem; H, hem; Hippo, hippocampus; Nex,
neocortex. (D} Lhx2-null cells in ESC chimeras express Wnt2b medially (arrowheads) and Dbxl laterally
(open arrowheads), confirming ectopic cell-autonomous adoption of hem and antihem identity, respectively.
GFP images in (D) are assembled from multiple frames. Scale bars, 200 um.

Fig. 4. Lhx2 on-off
state confers differen-
tial cell affinity. E12.5
mosaic (Lhx2°KO/sK0.
R26*%%) and con-
trol (Lhx2°%0'+:
R265*) littermates
after 5 pg per gram
of weight T™M in-
jection on E5.5. (A)
X-gal histochemistry
{blue) and Lhx2 im-
munahistochemistry
(IHO) (red), with cor-

responding dot panels. X-gal—positive cells in mosaic animals are scattered,
whereas Lhx2-negative cells in mosaics form contiguous patches. Dotted lines
designate pial surfaces. Scale bar, 50 um. (B} Quantification of recombined
cells (black circles) completely isolated from nonrecombined cells. The
percentage of completely isolated X-gal—positive cells in Lhx2 <KO mosaic
embryos (9.8%) was similar to that calculated in R26R embryos lacking the
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Xgal+ Lhxd-

definitive cortical marker Emx| but had
reduced Pax6 and unallfected Foxgl levels
(Fig. 2 and fig. S5). This marker profile charac-
tenacs the subpallivm; however, like Lhx2 sKO
mutants (<, §), subpallial genes DIx1, DIx2, and
Mashl were not ceopically induced in lateral
Lhx2 null patches (fig. 54

Emx! absence, with Pax6 and Foxgl pres-
ence, also chamcteriees the antihem, a putative
secondary signaling center at the lateml extreme
of the pallium (9, 20y, Strikingly, the antihem-
specific marker Dbxl was induced i lateral
Lhx2 null patches in mutant ESC chimeras (Fig.
DY and in lateral regions of the Lhx2 sKO
dorsal telencephalon (Fig. 3. A and B, and
fig. S6) Adjacent sections demonstrated an
Lhx2 sKO pallium composed almost exclusive-
Iy of antthem and hem faes (Fig. 3B). Lhx2
activity in cortical precursors therelore suppres-
ses two altemative fates (hem and antihem) a
the edges of cortex and results m an Lhx2 null
pallium devord of luppocampal and neocortical
ientity @ the molecular level (5), a distingt
phenotype among contical transenption [actor
mutants (Fig. 3C).

Lhx2 selector activity at the cellular level.
In mosaic embryos, a high degree of Lhx2
null cell clustering was apparent in dorsal wel-
encephalon, lesser degrees in ventral welencepha-
lon, and no obvious clustenng elsewhere in the
lorcbrain (Figs. 2 and 4). Conversely, wild-ivpe
{Lhx2-positive) dorsal telencephalic cclls also
aggregated in mutant ESC chimerms and often
formed true neurnl rosentes (Fig, 2, B and D, and
fig. 87} a momphology not displayved by any
Lhx2 null eell aggregate. To examinge clustering
further, we compared E12.5 distnbutions ol
cells recombined for L2 or an unlinked locus
(rowa2) using the low-dose TM strategy. Both
qualitmively and quantitatively, Lhx2 null cells
displayed signilicant clustering throughout the
dorsal telencephalon, whereas roxa26 recom-
bined cells did not (Fig. 4, A and B, and fig. 853,
B and ). Taken weether, these findings indi-

Lhx2 cKO allele (8.5%%). (C) Lhx2 IHC. Compared with controls, the medial
Lhx2-negative domain (between arrowhead and asterisk) in mosaic embryos is
enlarged. Scale bar, 100 pm. (D} Three-hour in vitro aggregation (21} of
E14.5 Emx1Cre;Lhx2 cKO mutant and control littermate cells. Cells in mutant-
mutant mixes distribute randomly, whereas cells in mutant-control mixes
segregale into discrete clusters. Scale bar, 25 pm.
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Fig. 5. Multiple hippo-
campal fields induced by
ectopic hem cells in Lhx2
null ESC chimeras. (A, D,
F, and 1} At E15.5, control
Proxl-positive dentate
granule cells [arrowhead
in (D)] have accumulated
after migrating along a
curved trajectory [pink ar-
row in (&), arrow in (D)].
KA1 expression [arrow in
(P identifies the adjacent
hippocampal field CA3.
Wnt2b-expressing cortical
hem & reduced to the
fimbrial ventricular sur-
face [open arrowhead in
iNl. B, E G, and 1) In
mutant chimeras, GFP ex-
pression and Prox1 stain-
ing (same section} show
dentate cells [arrowheads
in (E]] juxtaposed to Lhx2
mutant patches [open
arrowheads in (B} and
(€)] and an adjacent re-
gion of KAl expression
[arrows in (G)]. Lhx2 mu-
tant patches express
WntZb in the ventricular
zone [open arrowheads in
(D). i€ and H) Overlay of

(B}, {E), and (G} shows Prox1-expressing cells arranged around the KA1 patch, suggestive of a migrating stream

Lhx2 mutant chimera

[arrows in {Q)]. Images in (B) and (O assembled from multiple frames, Scale bars, 300 um.

Control

Lhx2 mutant chimera
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cate that both Lhax2-null and Lhx2-positive cells
have homophilic allinity preferences.

In mutant ESC chimeras, including those
contanmg a very low percentage ol dorsal tel-
encephalic ESC incorporation, the endogenous
cortical hem invarahly contained Lhx2 null cells
(fig. 54), consistent with loss of Lha2 confeming
hem identity. Lhx2 null cells in these chimeras
dlso preferentially  colonized the dorsomedial
corex. To cxamine this further, we inspecied
Lha? and rosa2é recombined cells in low-dose
T™ embryos. Whereas rosa6 recombination or
accumulation did not display a dorsomedial bias
(fig. S3C) (20 sections from theee embryos), the
dosomedial telencephalon in the cKO almost
ivariably displaved an enlarged Lhx2-negative
domain (Fig. 4C) (30 of 54 secuons from four
embryos). Lhx2 null eells therefore preferential-
lv colonize, son, andlor migrate to the endoge-
nows hem and dorsomedial conex.

To determine whether cell surlace propentics
account for differential clustering in vivo, we
performed short-terme in vitro aggregation
studlics (24} Mixes of Lhx2 mutant and control
livtermate cells displayed significant segregation
compared with mutant-mutant mixes within
3 hours (Fig. 40) (82% versus 37% segregation
mtios, ¥° P < 0.01). The Lhx? mutant-mutant
segregation mtio (37%%) was similar w control
rtios deseribed previously for embryonic coni-
cal cells (-36%) (27, 22), whereas the Lhx2
control-mutant  ratio (82%) appeared  greater
than control-Pax® ™ mixes (=-50%) (22). Thus,
in addition 10 molecular markers, Lhx2 specilics
cortex versus hem fates ot the level of cell sur-
face propertics that dnve dilferential cell clus-
enng in vivo.

Lhx2 selector activity at the functional level.
Because definitive evidence for hem activity as
an organizer has been lacking (23), we ox-
amined whether ectopic hem cells exened cell-
nonautonomous effects on neighboring wild-type
(Lhx2-positive) cortical tissue. In E13.5 mutam
ESC chimeras, Wnt2b expression in Lhx2 null
patches became resiricted 1o the ventricular sur-
face (Fig. 5, B and 1), as occurs in the nonmal
hem (Fig. 51). Juxtaposed to the ectopic Wni2b
domains were Prox lcxpressing regions (dentate
grnule cell marker) (Fig. 5, C and E) (24).
which in tum were adjacent o KA J-cxpressing
clusters (hippocampal CA3 ficld marker) (Fig.
3, C and G) (23), thus recapitulating the nonnal
hem-dentate-CA3 spatial relationships. Muliple
Prox /KA patches wene ereated at considerable
distances from their nomal locations (Fig. 5, D

LES

Fig. 6. Structural organization of ectopic hippocampi in Lhx2-null ESC
chimeras. (A and B) At E17.5, Prox1 immunostaining labels the control dentate
gyrus and two morphologically distinct dentate gyn in the mutant chimeric
brain {open arrows). (O A phase-contrast image of an adjacent saction reveals
that the normally continuous cell-dense layer of the CA fields has split in the
chimeric brain (arrows). (F) This split layer corresponds to two distinct Ammon's
homs, labeled by CA3+DG marker Lhx9. (D and E) Nestin immunostaining 3A). Notably, all Prox] and KAl paiches were
labels the control radial glial palisade and marks two such palisades in the limited 10 wild-type tissue, consistent with a
mutant chimera, which take a curved trajectory (red amows) from the ventricular zone, terminating adjacent tothe  cell-nonamonomous effect by ectopic hem cells
two dentate gyri (open armows), (G} Schematic of migration paths in chimeric brain (pink arrows, dentate; blue  and an mability of Lha2 null cells o 1ake on
arrows, CALICA3). Images in (A), (B), (D), and (E) were assembled from multiple frames. hippocampal idenntics.,

and F) and an several rostrocaudal levels. Within
wach patch, Prox1 staining was typically stron-
gost adjacent o the ectopic hem tissue (amow-
heads in Fig. 3E) which suggests recapitulation
of nomal dentate cell migmtion pattems (Fig.
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By E17.5, hem size and Wl expression are
nommally diminished; correspondingly, cctopic
hem patches were oflen undatectable, None-
theless, one chimeric hemisphere displayed two
distinet Prox 1-expressing dentale gyn onented
in the same direction (Fig. 6B), Nowbly, cach
gyrus was associated with its own presumptive
Ammon's hom (Figs. 6C), as well as an inde-
pendent mdial glial palisade (Fig, 6E), a scal-
folding that guides the migration of demate cells
(26), The wo madial ghal palisides originated
from widely separated positions in the veniric-
ular zone, with imervening regions correspond-
ing 1o CA field ongins (Lhx9) (Fig. 6, F and G),
consistent with hippocampal duplication. Wt
signaling is also known 1o orgmie the radial ghal
palisade (27), providing a basis for both the
specitication and organization of ectopic hippo-
campi that form adjacent © ctopic hem patches.,

Ectopic induction ol multiple hippocampal
fields was also apparent i another E17.5
hemisphere that contained  detectable GFP-
positive cells distant from the endogenous hem
(fig. 58). These paches were associated with
cctopic expression of dentate/CA3 marker L9
adjacent 10 CAl/neocoriex marker SCIP, which
appeared between LhxY-positive domains (fig.
S8}, indicating the presence of distinet hippo-
campal felds at a considerable distance from the
nommal hippocampus.

Discussion. The molecular, cellular (affinity ),
and functional (organizer and responder activ-
itics) evidence for classic selector functions (/)
define Lie? as a cortical sclector gene, Lhx2 se-
lector activity 15 specilically required by cortical
stem cells, withou which these cells eventually
adopt hem or antihem fates mther than hippo-
campal or neocortical identitics. Lhy 2-negative
hem cells, in twm, act nonautonomously on
Lhx2-positive cortical cells 1o induce and pattem
hippocampal tissue. The absence of neocoriex
and hippocampus in Lhx2-null embrvos con-
trasts with the preservation of one or both of these
contical structures in Pax6-, Foxgl-, and Emx1/2-
null mutams (Fig, 3C) (2830, These tran-
scription Factors are therefore likely to act afier
Lhx2, with Foxg being a mediator { 25) of Lhx2-
dependent hem fate suppression (fig. 59) Lha2 1s
isell downstream of Six3 in zcbralish (313,
which is required to form the entire rostral pros-
cncephalon (32), suggesting that Six3 creates a
rostral forebrain field within which Lhx2 spee-
ilics coical identity. The similarities between
Lhx2 in the coriex and Ap in the Drosopdhila
dorsal wing compartment— which specifics cell
identity  (dorsal), suppresses alemative fate
(ventral), and conlers differential atfinity proper-
ties that position a signaling center (dorsoventral
wing boundary) (33, 34)—are sinking Thus, con-
served ApLha2 selector functions, as demonstrted
in human'fly rescue expeniments (33), apparemly
extend to the mammalian cercbral conex,

Cross-suppression and  differential  afliniy
are typical mechanisms used by selector genes
to make tssue borders (2), and our swudics

implicate Lhx2 sclector activity in CHB forma-
tion and refinement. CHB refinement may also
mvelve cell sorting and'or nugrton (Fig. 400
Differential affinity Is tvpically central o ccll
lincage restrictions @ tissuc borders (2), and
previous studics provide evidence for lincage
restnctions al the CHB, Wn3a-Cre (7) and
GdIT-Cre lincage analyses (4, 36), & well as
Frizded10-lacZ studics based on cvidence for
lac perdurance (37), indicate strong conline-
ment of hem precursors from E10S 10 EI2.5,
and D6-Cre lineage tmcing provides similar
evidence from the cortical side of the CHB (385).
Together, these data imply that the CHB is an
Lhx2-dependent lineage boundary. As both a
developmental compariment and secondary sig-
naling center, the hem may share similantics 10
the zona hmitans imtrathalamica (ZL1), a sec-
ondary Sonic hedgehog (Shh) production site
that also displays lincage restriction (3%).

Although Lhx2 also regulates the cortex-
antihem border (CAB), Lhx2 roles at the CAB
and CHB probably differ, because Lhx2 is ex-
pressed in a continuous fashion across the lateral
pallium-ventral pallium (antihem) border. How-
ever, Lhx2 does not regulate the pallial-
subpallial boundary (PSB). which instead relies
on Paxb seleclor gene activities (2, 5, 40),
Muorcover, Paxb is required to gencrate antihem
(19). Thus, reduced but maintained Paxb ex-
pression in lateral Lha2 oull cells sullices 1o
maintain antihem and suppress subpallial fates
(40, allowing distinet CAR (Lhx2-dependent)
and PSB (Pax6-dependent) formation mecha-
nisms o be distinguished (g, S9).

That ectopic hem cells can induce and
organize cctopic hippocampal tissue in a cell-
nonautonomous [ashion provides definitive fune-
tional evidence that the hem is a hippocampal
organizer. These hem functions may occur be-
fore E12.5, because previous explant studies did
not uncover hem organizer activity at this stage
(41). Hem organizer activity is likely mediated
by Wit signals (6, 27, 42, 43), whereas Bmps
may specily hem faie miher than hippocampal
identity (4, 44, 43). Fel%, a rostromedially local-
od simaling molecule, may serve as an inter-
mediary, because it is inhibited by Bmps and in
twm suppresses Wt expression (46). Our findings
extend the known carly mteractions of the Bmp-
Fets-Wn signaling mechamisms at the telence-
phalic midline. Within this signaling framework,
Lhx2 plays a dual role in suppressing hem fate
while specifying the fae of heme=responsive tis-
sue o allow tor hippocampal specilication within
the Lhx2-positive contical fickd.
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Million-Degree Plasma Pervading
the Extended Orion Nebula

Manuel Giidel,***** Kevin R. Briggs,"!' Thierry Muntmulle,‘ Marc Audard,"'?

Luisa Rebull,® Stephen L. Skinner”

Most stars form as members of large associations within dense, very cold (10 to 100 kelvin)
molecular clouds. The nearby giant molecular cloud in Orion hosts several thousand stars of ages
less than a few million years, many of which are located in or around the famous Orion Nebula,
a prominent gas structure illuminated and ionized by a small group of massive stars (the Trapezium).
We present x-ray observations obtained with the X-ray Multi-Mirror satellite XMM-Newton, revealing
that a hot plasma with a temperature of 1.7 to 2.1 million kelvin pervades the southwest extension of
the nebula. The plasma flows into the adjacent interstellar medium. This x-ray outflow phenomenon

must be widespread throughout our Galaxy.

he Ordon Nebula (M42, Fig. 1), togaher
I with its parent Orion Molecular Cloud., is
the prototypical massive star-formation re-
gion (1), in which thousands of stars are fonming
from collapsing cloud cores (2, 3) Many fomming
stars are sumounded by molecular envelopes or
show cireunstellar disks and bipolar jets ().
The Huygens region of the nebula s the
braght region sumounding the massive, onizing
stars of the Trapezium group, the most mpor-
tant member being 0'0ri C (5). This region is a
thin layer of ionized (11} gas Iving on the sur-
face of the background molecular cloud, with
the ionizing stars ofl3et wward the observer.
There is a foreground veil of neutral matenal that

confines the central cavity, To the southwest of

the Huvgens region, the brightness drops rapidly
as one views the much larger Extended Orion
Nebula [EON henceforth (6)]. Jonizad gas ows
through the thin layer a1 about 10 km s ! and
then into the southwest cavity (3, 7, 8), where its
density of 30 em 3 or somewhat ligher (%) 15
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much lower than the 10* em ™ in the Huvgens
region (3). The geometry of the EON is not well
understood, but it must be confined on the far
side by the molecular cloud and scems o be
laterally bounded by neutml gas and dust.

 bright lanes

The Orion Nebula has been a fivorite target
of x-rvy satellites For 30 years (J0-12), the Chandra
XN-ray Observatory having detected almost cvery
single Onon member star as a vigonous X-ray
source in a 17 are mun-by- 17 are min licld con-
tered on the Trapeziom (12} In this paper, we
deseribe deep x-ray observations with the X-ray
Mulu-Mimor satellite XMM-NMewton (/3) tha
afford much wider spatial coverage of the region.
The half-degree diameter field we discuss here
5 centened W the southwest of the Trapesum,
almost tully covering the EON cavily.

XMM-Newton's charge-coupled device
(CCD) cameras (/4. 13} observed several ficlds
covening this region (Fig, 2A). The combined
image shows the anticipated large assembly of
x-ray bright stars but also exhibits a faint, ex-
tended structure in the EOX, roughly consisting
of a brighter patch in the north and a more ¢x-
tended arca in the south, Overaying the x-ray
extended structure on an nfrared mage taken by
the Spizer Space Telescope (at 4.5 and 5.8 pm,

1.parsec

“cavity"

="

Extended Orion Mebula{EON)

Fig. 1. The Orion Nebula in the optical light (UK Schmidt telescope). [Copyright Anglo-Australian
Observatory/David Malin Images] Features described in the text are labeled. The bar in the upper
right corner gives the length of 1 pc (3.1 x 10 cm). North is up, and west is to the right.
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Fig. 2. The Orion Nebula with its
hot gas bubble, The x-ray image (A)
is color-coded for photon energies
in the 0.3 to 7.3 keV range (red to
blue). The diameter of each of the
near-circular fields & 30 arc min
(3.5 pc), and the angular resolu-
tion is about 5 arc sec. (B} On the
same scale, the excess diffuse emis-
sion in the 0.3- to 1-keV band with
respect to the hard band extracted
from the longest observation (16)
in blue, overlaid on a composite
4.5-um (green channel) and 5.8-um
(red channel) mid-infrared image
from the Spitrer Space Telescope.
X-ray point sources have been re-
moved, and the residual image has
been adaptively smoothed (16}, The
intersity scale is Logarithmically com-
pressed, The white contour shows

the detector field of view for this x-ray observation. IRAC, Infrared Array Camera. North is up, and west s to the right.

Fig. 2B). we sce that the x-ray feature fills in the
arcas between the infrared structures formed by
dense wann dust, such as the shocks (6) in the
west and bright lanes in the south of the cavity.

The spectrum of the extended emission (Fig, 3)
shows a strong (unresolved) O VI line triplet at
(.55 keV, indicative of | 10 2 MK plasma, Fitting
the denved x-ray spectra with a hot plasma mod-
el reveals a dominam temperaiure of 1.7 10 2.1 MK
(16). The observed x-ray luminosity s propor-
tional to the product of the square of the elec-
tron density, ne. and the volume, I the so-called
volume emission measure (EM = 21, for
which the spectral fit found 1.5 = 10™ + 03 »
10* em™ (SD) and 19 = 10% + 03 « 10 em™
for the northem and southern area, respectively.
Emission from hotter plasma is also present in
the spectrum but has been successfully modeled
as residual counts from the (incompletely) ex-
cised point sources that show much  harder
emission than our extended structure (16). The

much harder stellar emission and the absence of

a dense group of young stars in this region in
the Spitzer images show that the soft x-rays
cannot be unresolved siellar emission but are
genuinely diffuse.

Chandra has not detected any diffuse x-my
cmission in the central Huygens wegion (17),
most likely because the dense veil of neutral gas
located i front of this region, but not of the
EON, absorbs sofi x-rays. The very low neutral
2as column densities we measured m the spectra
of the two regions of observed diffuse x-my anis-
sion [Ny =41 = 107 £ 0.7 = 107 em™ for the
northem region and <107 an 2 an the 1o level for
the southem region] suppon this view and con-
chsively demonstmte that the hot plsima is kbcated
in from of the dense molkecular gis and therelore
also the mther thin, optically visible 1onization
[ront on the surface of the molecular cloud,

The cnergy requirement 1o heat the large-scale
x-ray cmitting plasma s severe, The absorption-
comected  intinsic x-ray  luminosity of the ob-
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diffuse emission
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Fig. 3. X-ray spectra of the diffuse emission. The red and black spectrum refer to, respectively, the
northern bright patch and the southern more-extended structure in Fig. 2. The ermor bars attached to
each data point reflect 1o errors from counting statistics. The solid histograms represent a model fit to
the spectra on the basis of emission from a thermal plasma (16). The bottom graph gives the fit
residuals, The green spectrum shows the contribution from stellar x-rays to the spectrum of the northemn

diffuse emission,

served diffuse source is Lx = 5.5 < 10" ez s in
the 0.1- to 10-keV range (or =3.4 = 10*! oI 5 !
pe % additional absorbed radiation may be
present). Adthough massive molecular lows cm-
anate from within the embedded cloud region,
their velocities are typically <100 kms ™' (/8), o
show 1o shock-Teat the gas w the observed tem-
peratures, The total power in fast microjets gjected
by the numerous yvoung stars falls shon of the

observed x-my power by about two orders of

magnitude (). The structure of the Oron Nebula,

its young age |[=3 My (/9)], and the absence of

radio shell stuctures (9) ague against a hot

supernova bubble such as those observad in star-
forming regions in the Lage Magellanic Cloud
{200, The only efficient energy souree is provided
by the fast winds from the hot Trapezium stars.,
The wind from 0" Ori C alone has a kinetic en-
egyrale Ly = MV2=T7= 10" eg s (M =
8 = 1077 M. vear ! is the mass-loss rate (27).
and ¥, = 1650 km s ' is the wind terminal ve-
locity (21}], Le., lour orders of magnitude Jarger
than the observed Ly the high velocity wind can
casily hem the observed plasma,

The onization structure and dynamics of
the Orion Nebula is very complex and not casily

wuw.acienaemag.o rg



accessible o comprehensive modeling (5). We
can, however, gain insight by applving a sim-
plitied. classic mterstellar bubble model (22).
This model of a massive star wind imteracting
with a surrounding uniform neutal gas vields
four quantitics: the radius of the shocked wind
bubble, R its wempertune and atomic density,
Ty and my: and its luminosity, Ly, using as nput
parameters the density g of the gas sumrounding
the expanding wind bubble, the stellar age ¢, and
the wind parameters M and V,, Because of the
weak power-law dependence on the input pa-
rameters, Ty is robustly of the order of 1| MK
and m, is of the order of 1 em ™ [with g = 107
em  (8)and 1= 10° vear for 8" Ori C, one finds
T =24 MK and nmp, = 1.3 cm 3|. Ciiven the
simplistic model, the computed bubble radius,
Ry = 3.9 pe, 15 acceplably close to the ob-
served EON cavity rdius of =2 pe (Figs. 1 and
4. especially because the plasma is not entirely
confined (in contrast 10 the model) by the sur-
roundimg molecular matenal.

The cavity depih is Iikely 1o be at least 0.9 pe
[the distance between the absorhing veil and the
weniztion front in the Trapeziwm region (3)] and
no moere than 4 pe (Tor a spherical volume Dlling
the EON cavity ). With the estmated progected
arcas of 0,24 pe? and 1.4 pe? for the northem and
the southem diffise x-riy regions, respectively, the
observed x-ray cmission measurcs suggest elec-
tron densities of 7, = 0.2 10 0.5 em * and 0.1 10
0.2 em ™, respectively. Because the density of the
radio-cmitting matetial is =100 1o 1000 times high-
er and its temperature of 0.5 < 10010 1 < 10° K is
=000 1o K times lower (3, 9, the two pressures,
p = nd T, we comparable: that 15, pressure equi-
librum approximately holds between the HIT gas
and the hot plasma il they are in contact, This
sugeests a leaking cavity i which plasma s con-
tmuously replenished. Therelore, the hot x-ray gas
is likely to be clanncled by the cooker, denser stiuc-
tures rather than dismupting them by expansion.

Extrapolating 1o the entire cavity (Fig. 4; cav-
iy radius = 2 pe), the above densitics suggest

Fig. 4. A multiwavelength view of the Orion Nebula region. The four panels show identical regions;
the width of each panel is about 42 arc min, corresponding to 4.9 pc at a distance of 400 pc. (A)
Diffuse x-rays (in blue) superimposed on a Spitzer infrared image (Fig. 2B); (B) an infrared image
(3.6 um plus 4.5 um plus 5.8 um composite from the Spitzer Space Telescope); (€) an optical
image (from the UK Schmidt telescope) [copyright Anglo-Australian Observatory/David Malin
Images]; (D} same with radio contour overlays [from the Very Large Array, observed at 330 MHz
{9), reproduced by permission of the American Astronomical Society]. The dotted contour outlines
the area where most of the detected diffuse soft x-ray emission is located.
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a total mass in the hot gas of 007V (for both
geometnic modelsy The mass loss rake of @' O ¢,
8= 107 M year Y20, mplics replenishment
of this gas mn only = 10 years, much shorter than
the radiative cooling time of 1.8 0 3.9 My de-
rved from the density of the southern source.,
Because near-pressure equilibrium has been cs-
tablished, the hot gas must low out of the cav-
ity in the form of an x-ray champagne How (7)
in the case of our observed plasma, mass con-
servation for the wind of 8" Ori C implies a plas-
ma bulk velocity of a few 10 km s, depending
on the adopted geometry Tor the channel con-
fined by the cavity, This oumllow phenomenon
ney be common 1o all massive star forming ne-
gions. The existence of wind-powered extended
x-ray emission, theoretically predicted over 30
vears ago (22) wis demonstrated only recently
by Chandra observations of very massive star

forming regions like MIT and Rosctie {spectral
types O35 and carier, or M. = 60 M), the hot gas
however showing harder enussion (/7). Here, in
contrast, we suggest that diftuse x-ray emission
is commonly present in classic, Orion-like HII
regions that host fewer, less massive O stars
with powerful winds.

The most likely outlet for the x-ray Now is
the nearby Eridanus superbubble discovered
by the Rontgen satellite (ROSAT) (23, This
buge, hot bubble, 207 in diameter (=140 pe), is
thought 1o be the result of several supemova
explosions having waken place in previous gen-
crations of Onon OB stars (24). The wind-
shocked gis leaking from the Onon Nebula
would thus continuously replenish the Endanus
superbubble. Also, the Onon/Endanus region
has been known to emit 1 809-MeV ganma
rays, comesponding o the decay ol Al in less
than a million vears. Although the cxact site
remains uncertain, “*Al production by the Orion
massive stars, past or present, followed by fun-
neling into the Eridanus superbubble, has been
suggesied (25). Our x-ray observations provide
a matural explanation for the existence of such a
funnel.

Our Galaxy (and other star-forming gal-
axics) could thus maintain a network ol x-ray
bubbles and plasma Nows, cooling over a few
million years but continuously being replen-

ished by shocked winds from a mulmude of

modest Onone=like star=forming regions, gently
leaking out from the paremt molecular clouds,
in addiion w0 being fed by discrete, but mre,
supemova explosions.
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Elementary Structural Motifs in a
Random Network of Cytosine Adsorbed
on a Gold(111) Surface

Roberto Otero,™ Maya Lukas,'t Ross E. A. Kelly,’+ Wei Xu," Erik Laegsgaard,”
Ivan Stensgaard,” Lev N. Kantorovich,” Flemming Besenbacher'§

Nonsymmetrical organic molecules adsorbed on solid surfaces may assemble into random
networks, thereby providing model systems for organic glasses that can be directly observed by
scanning tunneling microscopy (STM). We investigated the structure of a disordered cytosine
network on a gold{111) surface created by thermal quenching, to temperatures below 150 K, of the
two-dimensional fluid present on the surface at room temperature. Comparison of STM images to
density functional theory calculations allowed us to identify three elementary structural motifs
(zigzag filaments and five- and six-membered rings) that underlie the whole supramolecular
random network. The identification of elementary structural motifs may provide a new framework
for understanding medium-range order in amorphous and glassy systems.

he microscopic description of glasses and

I amomphous solids is in general very chal-
lenging because of the lack of long-range

order in their structure (7). The structure of amor-
phous solids has waditionally been sidied by
space-averaging  diffraction techniques, which
have provided a detailed description of such ma-
terials on the macroscopic scale ([, 2) However,
much less is known about the local structure of
such disordered solids. Important breakthroughs
i this respect came from optical microscopy
studics of colloidal glasses (3, 4), However,
because of the nonscalable behavior of the
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cnengy-relaxation processes with particle size,
many details of how the molecular glasses persist
and the dyvnamics of the glass transition cannot
be answered with these model svstiems ().
Some organic molecules can form hydrogen
bonds via peripheral functional groups that may
be distributed in a highly anisotropic way. Such
molecules have the potential to organize in ran-
dom amangements when deposited on atomically

1lat solid surfaces. The structure and dynamics of

these systems can be addressaed by scanning probe
techmiques at the molecular level (5-7), provided
the adsorpuon geomeiry is planar; they thereby
have the potential 1o become a model system for
studics on the structure of amorphous solids. In
prnciple, the realization of such disordened svstems
also requires molecule-surface imteractions o be
much weaker than molecule-molecule interactions:
I the molecules had an ability 1o arange them-
selves inthe gas phase in planar disordered struc-
tures, a strong imterction of the molecules with
the surface would foree them to form well-ordered
structures controlled by the surface periodicity,
The fommation of a planar network s ex-
emplified by the case of guanine (G on Au(111)
(&), In this case, G scll=assembles into a network
ol G quartcts, as determined almost entirely by

hvdrogen bonding between the adsorbates; the
role of the surface is only that of promoting
planarity, as the cormugation of the potential ence-
gy surfice s mther flat However, the symmetry
of the functional groups around the G molecules
enables ordered networks 1o be formed.

We have studied the molecularscale sell-
assembly ol a eytosine (C) network onthe Au(111)
surface in real space by means of scanning tun-
neling microscopy (STM). In this case, a supra-
molecular network also forms, but unlike the
previously reportad case of a G sructure, the C
network lacks long-range order. DNA base mol-
ecules adsorb weakly on noble metal surfaces, with
an adsorption potential energy surface displaying a
small cormugation and a wesk charge transfer
between molecule and substrate (8-17). Experi-
mentally we find that the C maolecules are
sulliciently mobile on the Au{111) surface, so tha
the molecular laver can be considered a5 a two-
dimensional (213 fluid at room  temperature.
Previous theoretical sudies indicate that because
of the large number of hydrogen-bond donor and
acceptor groups with which C is provided, a rel-
atively Large number of stable C-C dimer conlig-
urations could form, involving double hydrogen
honds between groups of neighbonng penpheral
functionalities (or “binding sites™, sec insct in
Fig. 1A) (/2). The multiplicity of the strongest
C-C' dimer states with similar binding encrzics and
the nonsymmmctncl distnbution of the comespond-
g binding sites over the penphery of the mole-
cules sugzest that intenmolocular imerctions alone
might direet the growth of disordened structurnes.
Indeed, our STM results reveal that the 2D fuid of
mobile € molecules found at room tempermture,
when quenched 1o low temperatures at a cooling
rate of about 20 K/'min on average, assanbles into
disordenad structures, thus behaving like a 2D gliss.

When C molecules at a coverage of less than
one monolayer (ML) are deposited on Au( [T m
room temperature and the sample is imaged by
S5TM at temperatures of =180 K, no individual
¢ molecules are observed because of their high
mobility. Insicad, noise is observed i the STM
signal, the ongin of which is associated with
mobile C molecules diffusing under the STM
tip much faster than the average STM scanning
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Fig. 1. 5TM images of cytosine structures with increasing surface coverage
(as denoted by the pink arrows). (A to € Blue arrows indicate mobile C zigzag
branches (A) and C molecules or clusters trapped in nanocages that appear as blurs
[(B) and (C)]. The inset of (A) shows the most important binding sites used to farm

C-1D(1)

et

C-1D{2)

Fig. 2. Three elementary structural maotifs (filaments, 5- and &-fold rings) are compared with the theoretical
maodels, The color coding in the filament models (see inset of Fig. 1A) indicates the binding sites 5 and 7 involved
in the two filaments, which makes the chirality of the molecules easier to recognize. The enlarged image shows
that the seemingly straight filaments have no translational periodicity. The noncircular shapes of the molecules,
which are clearly not tip artifacts {molecules A are mirror images of B), can be recognized in the high-resolution
STM images. A line connecting the centers (indicated by green dots) of molecules 1 and 6 is used as a reference,
Molecules 1, 3, 4, and & binding to molecules A are centered along the reference line, whereas molecules 2 and 5
binding to molecules B are off the reference line, Thus, the above evidence strongly suggests that the dimers 1-4,
3-A, 4-A, and 6-A should be different from dimers 2-B and 5-B, indicating that the filament changes its structure
after two or three dimers. Scanning conditions: f = —0.7 nA, L =-1250 mV.

time { 1.3, 14). We refer 1o this state as a 2D Auid,
A series of STM mages recorded o low
temperatures (120 1w 150 Ky for increasing
coverages on the surface is shown in Fig, 1, Near
| ML, the observed O structure s cleary dis-
ordered (Fig. 1D) with no long-range periodicity,

WWW.SCIencem ac].org

and the C structure thus represents an amorphous
2D system. This long-range disonder s reflected
im s fast Fourer tmansform (FFT), shown in
the inset of Fig. 1D, which reveals only a bright
rim cormesponding roughly to a constant first-
ncighbors distanee. This short-ringe order s

SCIENCE WVOL 319

double hydrogen bonds between cytosine molecules. (D) At higher coverages, the
blurs show internal structures as 5- or &-fold rngs. Scanning conditions: (A),
tunneling current /, =—0.5 nA, unneling voltage 1, = —1767 mV; (B}, f,=—-0.3 nA,
Vy==1767 mV; (C), h==0.7 nA, 1y ==1250 mV; (D), k==0.2 nA, 1} ==1250 mV.

characteristic of most covalent and metallic glasses,
thus indicating that the amomhous structure de-
picted n Fig. 1D can be desenibed as a 2D glass.
The lack of bong-runge order is also apparcnt
at lower C coverages (Fig. 1. A to C), although a

slight anisotropy in the imtensity distribution of

the FFT of the STM images along the high-
symimetry directions of the gold substrate seems
to indicate a small but measumble templating
effeet of the substrate on the molecular arange-
mant, For low C coverages (below 0.5 MLY, the
diffusion dynamics of the C molecules and supra-
molecular clusters is revealed even at 100 K
Time-lapse STM movies recorded with the fast-

scanning Aarhus STM reveal rearrangements of

the different structural elements with respect o
cach other (see movie S1). Some ol the C strue-
tures appear as blurred protrusions i the STM
images mnd cannot be resolved into their molecu-
lar constituents. In Fig. 1, B w D, these blumed
protrusions can be found in the “nanocages™
between randomly oriented C filaments. Movie
52 shows that the C-related protrusions may
move in and out of a “nanocage” i manipulation
with the STM tip breaks one of its “walls.” Upon
subsequent increase of the C coverage, the num-
ber of blured protrusions decreases, and these
initially featureless blumed protrusions (sce Fig,
1B, where one example is indicated by blue
armow) begin to display some intemal structure,
first appeanng like a “doughnut™ (Fig. 1C, bluc
arrow) and subsequently like blurred 5- and
f=fold rings (Fig. 1D, blue amows), These find-
ings suggest that the blurred structures corne-
spond 1o mobile C molecules or elusiers enclosed
in the “nanocages” of the random C network, un-
able to attach to it

A detailed analysis of the STM images ob-
tained for coverages below 1 ML revealed tha
every U molecule belongs 1o at least one of the
following three structural units: (1) zigeag Glaments,
i} 3-told nngs, and (i) 6-fold nngs (Fig. 2).
More than 200 images were analyeed for more
than [ive differem coverages, and for cach cov-
crage at Jeast 20 images were examined, Thus,
for our model system, the problem of describing
this disordered structure can be reduced 1o the

18 JAMUARY 2008

313




REPORTS

314

much simpler problem of undestanding how these
three clementary structural motifs link together.

To turther charactenze the structure of the
random C network, we performed ab nitio den-
sity Tunctional theory (DFT) caleulations. The
minimum-energy configurtions for C molecules
with geometries similar o the zigeag chains and
the 5- and 6-fold rngs revealed in the STM
images are shown in Fig, 2, By systematically
attaching molecules 1o cch other in all possible
ways (12), several configurations with very sim-
ilar binding energies were found for all three
structures, The two most stable models for the
periodic zigeag Hlaments, obtained by assuming
that the unit cell is composed of two O molecules
(that is, a C-C dimer), are denoted C-1141) and
C-1D(2), respectuvely. The caleulated binding
energics of about 0.9 eVimolecule for these two
structures are very similar and are much larger
than those oblained for 5- and 6-fold C rings (LG
eVimolecule), m good agreement with the ex-
perimental finding that the flaments are the most
common structure observed in the STM images.
Because the stabilization energics of the two
filamentary structures C-1I3 1y and C-1D42) cor-
responding to the same motifare very similar, we
assume that all of them coexist in the random
cviosine network, and their very similar geome-
try makes them indistinguishable by STM, From
the caleulations we find that the intemction with
the gold surface is much weaker (adsorption
energy found to be 0.1 V) than the identified
imtermolecular hvdrogen bonding strength between
the C molecules. Although there 15 a weak indi-
cation i the FFT images ol a preferential align-
ment of the filarments along the symumetry directions
ol the gold surface (Fig. 1C), this effect is much
smaller than that of the hvdrogen bonding that
drives the assembly of C molecules.

We next addressed how these different ele-
mentary structural motifs interconnect with cach
other o form the specilic disordered cyiosine
networks, The ends of the two stable finie fila-
ment segments (Fig, 2) exhibit a number ol ex-
posed hydrogen-bonding groups-—that s, they
are “sticky™—whereas the peripheral functional
groups exposed on the sides of the filaments are
mostly nonpolar and thus are less prone to form
stable bonds o neighboning C molecules. Corre-
spondingly, we never observed a “bare™ filament
termination. As shown in Fig, 3, A and C, the
filaments are always linked o some other
filament through a 6-fold ring or ina T-junction
tashion (possible models for which are displayed
in Fig. 3, B, D, and E). Similarly, the “sticky
ends” ofany two filaments can join head-to-tail,
resulting in either bent or apparently lincar fila-
ment structures (Fig, 3. F and G). Our STM
images show that indeed most of the observed
filamems that are longer than four 1o six dimers
quite often are bem (Fig, 3C) Funhemmore, our
high-resolution STM images reveal a change in
the shape of molecules (marked as A and B in the
enlarged STM image in Fig. 2) along straight

lilaments in positions that would be equivalent if

% _
SRR,

C-1D(1)

X%,
P teans et

C-1D(2) #‘j“f

C-1D(1)

- i‘:b(#?% i;::( e wﬁf“‘;‘ﬁ:ﬁx

iy

, X
#“?‘#‘##‘######

Fig. 3. (A and B) An 5TM image (A) and a theoretically predicted structure (B) show the connections
between C filaments and é-fold rings in a “roundabout” fashion. (C) An STM image shows the C filaments
linked together mainly via T- and bending junctions. (D to G) The corresponding theoretically predicted
structures. Examples of “roundabout” and T-junction motifs are highlighted by a red ovalin (A} and a red
square in (C). Scanning conditions: (A), /y = 0.4 nA, I, = <1051 mV; (O, |, = =0.7 nA, V, = =1250 mV.

there were trmnslational periodicity. This indicates
that these A and B molecules do not have the
same onentation; thus, ranslational periodiciy
appears only over two 1o three dimer distances
along the (laments,

Figures 3A and 3B depict experimenially and
theoretically, respectively, how the “sticky ends™
of eytosine filaments can link 1ogether through
the 6-fold ring in a “roundabou™ fshion. As in
the case of 5- and 6-fold ring formations, the
bonds involved in the interconnections among
the different elementary struciural maotifs will be
weaker than those involved in the stabilization of
the C-1D structures, On the other hand, the
“nonsticky™ natre of the (lament’s side borders
makes it difficult for molecules or molecular
clusters rapped inside “nanocages™ o attach 1o

their “walls,” and thus they diffuse fast in the
enclosed regrions (they appear as blurred protru-
sions in the STM images discussed above). Thus,
by connecting and combining the three elemen-
tary structural motifs in the faidy small number
of ways just described, the C structures observed
in the STM images can be explicitly characier-
teed; an example of this is shown in Fig. 4.
Previous STM experiments performed in an
electrochemical environment (/5) reveal tha
another structure for the C-Au( 11 1) system exists
in which ordered arravs of zigeag lilaments of
C molecules lic pamllel 1o each other, bound by
weak van der Waals (vd W) forees acting between
nonpolar (nonsticky ) arcas of the filaments, Note
that in this amangement, cach molecule s also
hydrogen-bonded o two other molecules along
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Fig. 4. STMimage of a “glassy state”
of cytosine on Au(lll), with an
overlay illustrating that a few ele-
mentary hydrogen-bonded structural
motifs and their possible connections
explain the image. Scanning condi-
tions: f,=—0.15 nA, I, =—1767 mV.

2 nm

the filament. but it also interacts with two mol-
ecules of the neighboring filaments through vdW
interactions, In the random network we observed,
only hydrogen bonding is involved and the ma-
jority of the C molecules are bound 10 only two
neighbors through hydrogen bonding. Hence, be-
cause ol an addinonal vdW interaction, the bind-
g energy per molecule in relatively large islands
of paralle]l C fillamems will be greater than in a

random network contiming the same number of

molecules. This ensures that the ordered arange-
ment has the lowest energy, and thus it serves as
the 2D eviosine ground siate.

Because crvstalline islands can only survive il

they are larger than some enitical size, kinetically
their formaton & highly unlikely. Indeed, upon s
cooling, the fonnation mic of a lage sible oys-
talline nucleus cannot compete with the lonmation
rate of much smaller structures such as 3- and
(i-fold rings, roundabouts, and T junctions

which are encrectically the most stable clusiers
containing small numbers of C molecules—and
the svstem gets trapped in a random network

dunng the first stage of the kinctic process of

asscmbly fomnaton, Thus, this kinetic process
leads 1w a dynamical capiure of the 2D fluid upon
fast cooling when the available thermal energy in
the system becomes insufficient o facilitate es-
cape from the local order of the liguid state into
the ground crystalline state.

We thus conchade that, despite the lack of

periodicity in the mndom eviosine network, we
have revealed that only a few clementary stroctural
motils exist through which C molecules bind 1w
cach other, and yet very complex structures can be
formed from these gruciral building blocks, The
present eytosine model system is kinetically trappoed
in a disordenod state, much like glass is wapped in
the amorphous stale, becuse it would need w

WWW.SCIencemac).org

overcome prohibitively large encrgy bamiers 10
move away from it Examples of glass-forming
systems where the constituents are molecules that
can form hydrogen bonds in one of their ends but
interact only weakly through their other parts (e.g.,
ethanol) are known in the Itermure (/6), Our results
may reveal an interesting route for studying the
structure of organic plasses: performing a system-
atic scarch of partcularly stable motifs and their
possible miereonnections.

The structure we descenbe here 15 similar 1o a
continuous random network, where the constitu-
ents of the network are not individual atoms or
molecules but instead consist of a small number
of supramolecular elementary motifs, some of

REPORTS

which present medivm-rmnge order. The identili-
cation of such structural motfs would not have
been possible withowt the proper chowee ol a
miodel system and the use of STM 1o reveal the
nanoscale onder.
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The Subduction Zone Flow Field from
Seismic Anisotropy: A Global View

Maureen D. Long® and Paul G. Silver

Although the morphologies of subducting slabs have been relatively well characterized, the character
of the mantle flow field that accompanies subduction remains poorly understood. To analyze this
pattern of flow, we compiled observations of seismic anisotropy, as manifested by shear wave
splitting. Data from 13 subduction zones reveal systematic variations in both mantle-wedge and
subslab anisotropy with the magnitude of trench migration velocity IV;l. These variations can be
explained by flow along the strike of the trench induced by trench motion, This flow dominates
beneath the slab, where its magnitude scales with 4. In the mantle wedge, this flow interacts with
classical corner flow produced by the convergence velocity Vy; their relative influence is governed by

the relative magnitude of IV, and V,.

pon propagation through an anisotropic
medium, a shear wave s split into two
orthogonally polanzed components and

accumulates a delay ume, &, between the fast
and slow waves; the fast direction, ¢, and 8¢ are

SCIENCE VOL 219

mczsured (/. 20 In the upper mantle, anisotropy
results from the strain-induced latice prefemed
onentation {LPOY of olivine (3-6), so that if the
relationship between deformation and LPO s
known or infermed, shear wave splitting measune-
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ments can provide a direct constraint on the ge-
ometry of upper mantle deformation and, if the
fabric 15 not a fossil one, the upper mantle How
ficld.

Although anisotropy has been found in most

subduction zones (cg., 710y a wide vanety of

splitting behavior s observed, including both
trench-parallel and trench-perpendicular ¢, sub-

stantial lateral heterogencity, and a large mnge of

&t from U s to greater than 2 5. Anisolropic struc-
ture likely varies throughout the four-layered
structure of subduction @ones: the subslab mantle,
the slab, the mantle wedge, and the overlying
plate, This complexity makes it difficult o re-
solve where the anisotropy s originating, and i
also limits the ability 1o construct numerical mod-
cls of mantle Jow with which to compare 10
observalons,

The classical low model for subduction sys-
tems is two dimensional (20, characterzed by
comer low above the slab and entmined Now
bencath the slab (cg., 1) (We wse the lerm
“subduction system™ to refer o the subduction
zone and the sumounding mantle flow.) Assum-
ing A-type lor similar) LPO and the local align-
ment of the fast direction and the flow direction,
this model makes the simple prediction of rench-
nommal orientations for ¢ for anisolropy originat-
ing both in the wedge and below the slab, As is
well known, this modd fails 1o account tor the
dramatic variability in ¢ noted above. Allernative
models include trench-parallel Dow in the mantle
wedge (120, Tow induced by crustal foundering
{ 1.3}, trench-parallel Now beneath the subducting
slab (74, and tmnspression due 1o oblique sub-
duction (/35). It has also been proposed that oli-
vine changes from A-ype LPO 10 B-type LPO
ithus changing the rebionship between anisotropy
and strain) as a way 1o explan rench-parallel st
directions in the mantke wedge while retaining 2D
comer Mow (/6-/5). Conditions needed for B-ivpe
LPO may be present in portions of the mantle
wedge, alihough A-type |or other fabric types that
give the same strain-anisotropy relationship, such
as Cor E (6)] likely prevails elsewhere in the up-
per nantle, Each of these explanations has been
successlul in accounting for local observations in
specific subduction zones butl none explains the
full range of splitting behavior observed globally,
We have compiled a global data set of averaze
splitting parameters o reveal broad global rends
in splitting behavior in erms of tectonic and kin-

ematic subduction parameters, with the aim of

determining the dominant propentics of the sub-
duction zone low field,

Our compilation comes from 26 published
studies and new measurements from six perma-
nent stations in the Adeutians, Tonga, and Indone-
siit, covering 13 subduction zones | sec supporting
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online material (SOM)]. In regions where both
local and elescismic measurcments are available,
we characterize the wedge and the subwedge
region separately, The data are suflicient to con-
strain the orientation and magniude of subwedge
anisotropy for 11 subduction zones, and wedge
anisotropy for 10 (Fig. 1) We compared average
splitting parmmeters o overriding plate velocity,
trench migration e, the stress state of the over-
riding plate, subducting plate age, convergence
rate, slab depth beneath voleanoes, and slab dip,
from previous compilations (19, 20,

The splitting results are relamively simple for
the subwedge ansotropic signal (see SOM),
Nearly all regions where we identified substantial
subwedge spliing exhibit trench-paralle] @, al-
though many also show vanable onenatons (c.g.,
Japan and South America) (hig. 52). Cascadia is
a notable exception, with consistently trench-
perpendicular ¢ We found little or no spliting
beneath the Ryukyu or Aleutian wedges, but a
large &7 (~1 to 2 s) for Tonga and Calabria. One
question s whether the anisotropic signature
comes primarily from the subslab mantle or
from the slab isell Two lines ol evidence argue
against a primary contibution from the slab:

kamchatka
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lsu-Bonin

Marianas

N Fot
"I d'js.-‘aﬁr"

"\1IJII.I1I'-.I b
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First, the preponderance of trench-parallel
argues for a mechanism related to subduction
geometry and not o lossilized anisotropy in the
downgomg Ithosphere (there s no obvious
relationship between fossil spreading direction
and @), Second, a slab origin would predict an
increase in & with increasing age (and therefore
thickness) of the downgoing lithosphere; we
observe no such correlation. Therelore, we
interpret the subwedge splitting signal as Mow in
the subslab mantle, Given the physical conditions
of the subslab mantle, namely low stress, low
water content, and relatively high tempernure, the
LPO s likely o be A-tvpe [or similar (6)], which
argues for trench-parallel fow there,
Forsubduction systems with nearly stationary
trenches, there 1s lile or no subslab splinimg,
whereas for systans with migrating renches, &r
tends 1o increase with the magnitude of trench
migration velocity (1) (Fig. 2). We propose that
subslab amisotropy s primanly controlled by 3D
relum Now, gencrally parallel 1w the wench, -
duced by trench migration, combined with a
barricr 1o entrained low beneath the slab, likely
at either the top or base ol the transition #one. As
the trench-slab system migrates relative 1o the
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Fig. 1. Summary of available constraints on shear wave splitting in subduction zones. Regions for
which robust constraints have been obtained are marked.

Fig. 2. Average subslab
of versus [, Retreating 25/
trenches are shown with
blue diamonds, advancing
trenches with red squares, a}
Error bars roughly repre-

sent the 95% confidence

region on average splitting

times (see SOM for further

detail on emor calcula-
tions). Cascadia 5 marked

with a dashed line; al- 1t
though it is consistent with
the trend with 114, its fast
directions are not consist-
ent with our preferred
model. A linear fit to the
data (weighted by errors)
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produces a relationship of
ot = 0.026(W) + 0.17;
this best-fitting slope &
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significantly different from zero (the 95% confidence interval on the slope is 0.026 + 0.07).
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upper mantle, subslab mantle is forced around the
slab edges and flows pamllel to the trench, as has
broen proposed (74) tor South Amenca, The cor-
relation of &7 with |1y holds regardless of whether
the trench is advancing or retreating, We suggest
that | Iy serves as a proxy for the coherence of
low bencath the slab. Subduction systems with
fast-moving trenches are more likely 1o sct up a
more coherent, larger-scale retum low beneath
the slab that results in a larger region of coherent
LPO, Similarly, dr, being proponional wo the pro-
duct of innnsic anisotropy and effective path
length, should also be a measure of the length
scale of coherent Mow, assuming that the intrinsic
anisotropy s saturated in the subslab region,

In comtrast to the relatively simple trends in
subslab amsotropy, ansotropy i the mantle
wedge is more difficult o interpret for two nea-
soms, First, the observed spliting patterns in the
wedge are much more vanable (fig. 833 Many
subduction xones exlubit a trnsition from trench-
parallel & close 1w the trench o wrench-perpendicular
farther away |e.g.. Ryukyu (21), Marianas (/10),
and Tonga (12)], but a few exhibit the opposite
pattern [e.g., Kamchatka (22)]. & also varies

dramatically between regions: Some wedges are
nearly sotropic (e.g., Indoncsia and South Armer-
ica), whercas others exhibit large & > 1 s (2.,
Ryukyvu and Tonga). Second, wedge conditions
increase the probability of a chinge 10 B-type
LPO, which rotwtes by 90F the expedied geomet-
rical relation between strain and ¢ (5).

11 2D comer Now dominated the wedge flow
ficld, one would expect 8¢ 10 increase with either
convergence velocity 1 or with slab dip, which
controks path length through the wedge, Yeat, there
is no such comrelation (figs. 54 and 55). Afier an
examination of other plate parameters (eg., age
of subducting lithosphere and stress state of the
overmiding plate), we find, as with the subslab re-
gion, o strong dependence on |1y, There is a sink-
ing relation between &7 and | 1y normalized by 14,
which we define as Foom = | WP (Fig 3)

Becauwse I, and |1 should govem the strength of

2D comer flow and 3D trench-parallel Bow, respec-
tively, this ratio 15 a measure of the relative im-
portance of these two components in a subduction
zone. For subduction systems that are dominated
by downdip motion of the slab {1 gqq < =0.2),
of decreases with increasing 1oy For systems

Fig. 3. Average wedge it 2
verss Vigm = (VIAV) *
(trench velocity normatized ~ '# LEh.
by total convergence veloc- Tanga
ity). The x axis i plottedon [ L ta- (09
a log scale. Retreating o
trenches are shown with 1.4 A“?, ! 1 1
blue diamonds, advancing 1.2} Tooh
trenches with red squares. * {cantral)
Error bars roughly repre- g | I
sent the 95% confidence  © L
region on average splitting 0.8 i
times. | America P
0.6 ¥ | L] .
] ¥ /'r
0.4 Kamchatka Sumatra Mﬂhl'iﬂ-
02 &
America
2 10" " = 10
{Distant) barrier
Arg volcanocs o heorkaosial
flow ———a—
Trench migration
(ndvance or
Corner flow :
induced by p— Convengence
downdip motion ;
of siab Flow beneath slab
induced by trench
migration
3D Maw
Barrier to entrained | around siab ;) decoupling
flow at depth edge 700¢ beneath slab
(410 km? 660 km?)

Fig. 4. Schematic diagram of model, showing the dominance of 3D flow beneath the slab and the
competing influence of 2D and 3D flow fields in the mantle wedge.
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that are dominated by trench migration (Fasan =
~(0.6), &f tends o increase with mcreasing 1 pomm-
although this pattem is less clear-cut. For systams in
between these two regimes, delay times are small.

We hypothesize (Fig. 4) that anisotropy in the
wedge is controlled by the competing influences
of two flow ficlds: the 2D comer flow ficld,
which is controlled by viscous coupling between
the downgoing slab and the overying wedge,
and the 3D Now feld, which is induced by mi-
gration ol the trench (as in the subslab case), The
relative imponance of these two flow lelds is
controlled by the relative magnitudes of |1 and
., The greater twe extent 1o which the wedge
flow field is dominated by coheremt comer flow,
the stronger the anisotropy and the larger 81, Con-
versely, for systems whene the trench mugrates
mpidly compared with downdip motion, the
woedge Mow field s dominated by rench-paralle]
Movw, and tor mpidly moving trenches, 8f s luge
as well. For subduction systems i the mtermadi-
ate regimie, the two ows compete, and the result-
ing flow licld is less coherent. In such a situation,
where the flow is weak or changes mpidly over
shon length scales, coberent and strong LPO does
not develop (25) and 67 is small.

Our model for wedge anisotropy may re-
solve the apparent conflict between studies tha
explain trench-parallel & with trench-parallel
fow (12, 1) versus with B-type olivine LPO
(16, 24, 18). For subduction systems predicied w
be dominated by comer Mlow, such & Ryukyu,
the low-temperature conditions in the foreare are
cxpected 1o favor the development of B-type LPO
(7). For systems prodicted 1o be dominated by
rench-parallel ow, such as Tonga, we hypoth-
csize that this Now regime increases overall veloc-
ities in the mantle wedge. This resulis in the
removal of wedge matenial that has been conduc-
tively cooled by the slab, as found in laboratory
models of subduction systems with rollback (24).
The resulting higher forcare wmperatures would
favor A-type (or similar) rather than B-type LPO
(6. so that o close 1o the wench would reflect
trench-parallel flow. For either tvpe of subduction
zone, Farther away from the trench, & should be

trench-permpendicular, away from the influence of

cither the trench-paralle]l low or B-type olivine
fabric, This pattem s, indeed, observed in many
subduction zones (23, including both Tonga and
Ryukyu (/2, 2f). When this change in fast
direction is controlled by a fabric rmnsition, the
change in onentation should coincide roughly
with the are (/7): this would not necessarily be the
casc lor sysiems with substantial trench-parallel
fow. Again, this prediction is consistent with
observations from end-member regions (12, 21).

Our model does not include possible elfects
on anisotropy due o aligned mel, lithospheric
anisotropy in the overiding plate, crustal foun-
dering, or wench-parmllel Now due 1o oblique sub-
duction, We have investigated whether splitting
parameters comelate with the deformation regime
of the overmiding plate, subduction obliguity, vol-
canie production, and other parameters and find
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no other notable global comelations. These effects
may be important Jocally, but they do not rep-
resent a dominam global pattem. Addmonally, we
have not evaluated the possible effcets of 3D slab
morphology on trench-parallel flow in the wodge
(e, 26)or beneath the slab (14, 271 Such flow is
likely mmponant locally and may serve 1o strength-
en or otherwise modulate the trench-pamalle] low
induced by trench migrtion,

Our model essentially requires a thin decou-
pling zone between the downgoing slab and the
subslab mantle, because we observe no deteat-
able anisotropic signal from slab-entmined Now,
[Cascadia represents an exception (8) to this rule;
this may be a conscquence of the very young age
of the subducting lithosphere or the region’s com-
plicated subduction history and slab momphology. |
This decoupling zone appears 1o be universal, in
that slab-entrained fow is not generally detected
even Tor subduction zones with a nearly stationary
trench, and may be a consequence of the entram-
ment ol a thin layer of buoyant asthenosphere
(28). The inferned subslab low field also requires
a partial bamer to mantle fow beneath the slab, as
proposed by (14), as well as an elfective barmier 1o
horizontal ow in the trench-nonnal direction
(29), 50 that mantle material is Torced o escape
laterally in response o the motion of the rench,
The barrier w0 entrained low beneath the slab
provides a constraint on mass transfer between the
upper and lower mantle, which in wm has major
implications for mantle evolution and dynamics,
Finally, the existence of trench-paralle] Now in the

mantle wedge as a common (although not ubig-
uitous) phenomenon implies that along-strike
transport of mantle material s imporant for many
arcs, with consequences for magma gencsis, vola-
tike transpon, and thermual structune,
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A Localized Negative Genetic Correlation
Constrains Microevolution of Coat

Color in Wild Sheep

). Gratten,* A. ). Wilson,? A. F. McRae,? D. Beraldi,? P. M. Visscher,? ). M. Pemberton,? ). Slate?

The evolutionary changes that occur over a small number of generations in natural populations
often run counter to what is expected on the basis of the heritability of traits and the selective
forces acting upon them. In Soay sheep, dark coat color is associated with large size, which is
heritable and positively correlated with fitness, yet the frequency of dark sheep has decreased.
This unexpected microevolutionary trend is explained by genetic linkage between the causal
mutation underlying the color polymorphism and quantitative trait loci with antagonistic effects on
size and fitness. As a consequence, homozygous dark sheep are large, but have reduced fitness
relative to phenotypically indistinguishable dark heterozygotes and light sheep. This result
demonstrates the impoertance of understanding the genetic basis of fitness variation when making
predictions about the microevolutionary consequences of selection.

volutionary theory staes that directional
selection on a heritable rait should resuli

in evolulionary change (/). Analyses of

long-term dana sets from wild vertehrate popula-

‘Department of Animal and Plant Scences, University of
Sheffield, Sheffield 510 2TN, UK. *institute of Evolutionary
Biology, School of Biological Sciences, University of Edinburgh,
Edinburgh EH9 3]T, UK. *Genetic Epidemiology, Queensland
Institute of Medical Research, Brishane 4029, Australia

tions reveal directional selection on hertable
traits, vet many studies repont no microevolu-
tionary change (stasis) or, in some cases, re-
sponses in the opposite direction to that predicied
(21, Explaining such discrepancics is a major
challenge in evolutionary biology (). The ab-
sence of a predicted microcvolutionary response
may be due 1o constmints imposed by genctic
correlations between the phenotype of intercst

and other fitness-related traits (3). 11 this is rue,
then the loci affecting the focal trait should be
colocalized in the genome with genes for other
fitness-related iraits, either because the same
eenes alfect both traits (pleiotropy ) or because
genelic cormelations anse between tightly linked
genes (linkage disequilibrium). However, em-
pirical evidence for colocalized amagonisti-
cally acting quantitative trait loci (QTLs) tha
constrain microevolutionary change is current-
Iy lacking.

In the freeliving Soay sheep of St Kilda,
Scotland, coat color is cither dark brown or light
tawny (Fig. 1) (4); the two phenotypes have been
documented Tor a keast N years (5, 6). Vanation
in coat color 15 controdled by a single autosomal
locus at which the dark allele is dominant w the
light allele (6). The light phenotype is determined
by homozyzosity of a single recessive amino
acid-changing Gi—T transversion at coding posi-
tion 869 in the hrasinase-related protein 1{TYRPT)
gene (7),

Coat color in Soay sheep is relaed o litness
because of an association with body size: Dark
sheep are larger than light sheep (%), Body size is
hertable throughout life (¥, /) and is positively
comelated with survival (/1) and reproductive
success (£2), Moreover, a genetic response o
selection for increased siee has been detected (9).
I the association between coat color and body
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siae has a genetic basis, then dark sheep should
be favored by selection because of their sizc ad-
vaniage relative o light sheep. However, a 20-year
time serics of phenotypic data shows a significant
decrease in the frequency of dark sheep (lincar
regression, slope of - 0,38%/year, R* = (1.326, P=
0,009; Fig. 2A).

We considened two competing hypotheses 1o
explain this disparity; fest, that the correlation
between coat color and body size s a conse-
quence of environmentally induced, mther than
genetic, covarance between tmits, In this case,
selection on body size would not result in a par-
allel response for coat color. Allematively, if
there is a genetic association between coal color
and size, the failure of dark sheep o merease in
frequency may indicate a negative genetic cor-
relation between body size and other fitness-
related kot in the vicinity of TYRPS. Under this
scemario, dark sheep are larger but less fit than
light sheep, Other explanations for the discrep-
ancy can be dismissed. For example, sclection
cannot favor light sheep on the basis of cryptic
coloration (13), because predators have never
existed on St Kilda (4). Similarly, light sheep are
not favored by sexual selection because there is
no evidence for assorative mating with respect to
either coat color [y = 0.32, P = 0.570] or
TYRP! genotype |3y = 153, P = 0.822] on the

Fig. 1. Dark (left) and light (right) coat
color morphs in Soay sheep. [Photograph:
1. M. Pemberton]

75

TO
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basis of 3539 phenotyvped and genotyped parent’
oflspring trios,

To test our hypotheses, we genotypad the
TYRP! mutation in 2509 sheep living between
1985 and 2005 and integrated these data with
estimates of body siee and individual lifetime
fitness. We used a lincar mixed model (LMM)
(the so-called anmimal model) (14) that accounts
for shared additive genetic effects on phenotype
among relatives, in addition 1o the effects of non-
genetic factors and environmental variation on
the covariance between traits (13}, In all analyses,
we present estimates of the mean and standand
error (SE) of the differences in tmit value be-
tween TYRPT genotypes and between dark and
light sheep, rther than the population means for
cach genotype and phenotype, because we are
primarily intercsted in these contrists,

We identificd a strong genetic association be-
tween TYRPT and birth weight [LMM, Fia je01.13=
8.96, P = 00001, n = 1757 sheep; Fig. 3A and
table S1|; sheep with genotypes GG and GT
(dark coats) were heavier at birth than sheep with
genotype TT (light coats) by an average of 1323
(374 gand 111.3 (£28.5) g, respectively. Dark
homoeygotes (GG) were largest but nol signifi-
cantly larger than dark heteroeygotes (GT) {memn
difference 21,0 + 32,0 g). Overall, dark sheep
were an average of 1224 (#2400 g heavier at

B0 - .
BI
55 =
m =
A5 =
40 f
1545 1980 1965 2000 2005
Yeaar

Fig. 2. Estimated frequency of (A) dark sheep and (B) the TYRPI G allele {dominant for dark color) in
the Village Bay study population from 1985 to 2005. Frequency estimates are from August of each
year, Linear regression lines are fitted and show a significant decline in the frequency of both dark
sheep (slope of —0.38%/year, R = 0.326, P = 0.009) and the TYRP1 G allele (slope of —0.49% fyear,

R = 0.390, P = 0.004).
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birth than light sheep [LMM, Fiyam.5 = 26,03,
P= 0000 e = 23700: thas ditTerence is similar to
that betwoeen males and females (1299 + 238 ).
The general pattem of larger size in sheep
carrying the TYRP! G allele was also present in
lambs [LMM, Flamam = 439 P = 0014, n =
1087; Fig. 3B] and adults [LMM, Fa g0 = 386,
P = 0023, n = 1367; Fig. 3D] but was non-
significant in yearlings [LMM, Fi3 3,6 = 0.40,
P=0.672, n=3556; Fig. 3C|, presumably due to
a lack of power associated with the relatively
small sample size in that intermediate age class
(table S1).

Our resulls suggest that the TYRPY G allele
idominant for dark color) is associated with par-
tial dominance for body siee. We determined
whether this was due w0 genetic inkage by ap-
plyving a transmission disequilibrium test (TDT)
i/6) 1o a set of birth weight records from 492
fully phenotyped and genotyped parent/oflspring
trios (45). This revealed linkage between TYRPS
and birth weight | LMM, within-families cocflicient
(b)) Fy gz = 460, P= 0.034] and discounted a
spurious association arising from recent admix-

ture or the nonmndom spatial distibution of

sheep in the study area (17, 18) [LMM, between-
families cocllicient (bpp). Fyyare = 148, P -

A 150 B 500 -
400 <
200 -
1T 0 f—
-200 =
m.—
|
B0 =
C 1000 — D 1000 -
B0 — 800
00 — 600 +
B ang - 200
? 0. E oL |
- LW «] W]
400 400
B0 — A0 4
A0 B0 -

Fig. 3. Bar plots showing the mean (£5E) weight
differential of homozygous (GG} dark sheep (dark
gray bars) and homozygous (TT) light sheep (light
gray bars), in each case relative to heterozygous
(GT) dark sheep, and of light sheep (white bars}
relative to dark sheep at (A} birth, and in (B}
lambs, (€} yearlings, and (D) adults.
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(1L.225). We can theretore reject the hypothesis
that the comelation between coat color and body
stee anses purely from environmental eflicts,
Consequently, because body siec is positively
comelated with fitness (£1, 12) and the TYRP! G
allele 1s associated with large size, the failure of
dark sheep to increase in frequeney may be due
to microcvolutionary constraints imposed by other
genetic factors in the vicinity of TYRPL.

We charscterized the genctic relationship be-
tween coat color and lifetime fitness with the de-
lifing approach, which estimates an individual’s
contribution 1o annual population growth, .
through survival and reproduction (79), De-lifed
fitness 1s standardized by the population mean in
cach year, correcting for annual environmental
varation, which can afect fitness (). Our analy-
ses were based on the hifetime sum of pyq, from all
sheep for which complete life histories were avail-
able ( £3) We identificd a sigmilicant genctic asso-
cration between TYRPT and lifetime prg,, [LMM,
Faaaey =403, P=0020, n = 1355] and showed,
using a TDT, that this is due to genctic linkage
[LEU'IF'-"I. F”,.q.z'lr. - ﬁ.H?. P . “.UHL n = 4“2'
Intriguingly, the relationship between coat color
and fitness is inconsistent with that between dark
cont color and large body size (Fig. 4 and wble
52} Homoeygous dark sheep (GG) exhibited a
finess disadvantage relative 1o phenotypically
identical heteroeygous dark sheep (GT) (e, a
cryptic difference), but there was no evidence
for differential fimess between heterozygous dark
sheep and light sheep (TT). Ata phenotypic level,
the average fitness of dark sheop (genotypes GG
and GT combined) was indistinguishable from
that of light sheep, and thus there was no evi-
dence for selection on com color iscll [LMM,
F{I,I“?Jﬂ = .70, P = U_IH.‘L n= 233-”.

Gienetic linkage between TYRP! and both
birth weight and lifetime gy, can be explained by
cither pleiotropy or linkage disequilibrium with
neighboring QTLs. We consider pleiotropy
unlikely for two reasons. First, TYRP! has a
limited range of expression, in melanocyies and

0.2 -
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&
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Lifetme py; (x10°)

08

104 1

-1.2

Fig. 4. Bar plots showing the mean (+5E) relative
lifetime de-lifed fitness pyy of TYRPI genotypes
and coat color phenotypes, as in Fig. 3.

retinal pigment epitheliuvm (20), Because there is
no evidence of color-associated discases of the
skim or eves in Scay sheep, it s ditlicult w0
envisage how TYRP! could dircetly mflucnce
size or finess. Second, there 1s no evidence that
TYRP! has pleiotropic effocts on size, survival,
or fecundity in mice and humans, despite the
chamcienzation of mutations that share a similar
molecular basis with the Soay sheep mutation
(the loss of a conserved cysicine residue) (7) and
that have identical effects on pigmentation (2/).
Linkage disequilibrium to body sige and fitness
OTLs is plausible. Strong linkage disequilibrivm
extends for a considerable distance in the TYRPY
region in our study population (supporting online
text), The FLOLR gene, which in mice s
associted with vanaton in neonatal siee (22)
and is believed 1o be tightly linked o TYRPYS on
the basis of conserved synteny with cattle (231, is
a promising candidate gene for the body-size
OQTL. Sumlarly, a fiiness-associated phenotype
named “brown-associated finess,” determined
by the PTPRD gene inthe vicinity of TYRPY, has
been deseribed in mice (24).

Our results therefore imply that the relative
fitness of TYRP! genotlypes is determined by
linkage 10 QTLs for both body size and fitness.
These QTLs appear 10 have antagonistic effects
because the TYRPD G allele (dominam for dark
coat color) is associated with large body size (and
hence with increased fitness) but also with
decrcased lifetime pryg,. Thus, despite an overall
positive correlation between body siee and fitness
(11, 12, these traits are negatively correlated in
the chromosomal vicinity of TYRPI. This is
because of linkage disequilibrivm between the G
allele and both a large body size QTL and a
recessive QTL allele with deleterious eflects on
liness. Notably, the direct fiiness cost associaied
with G outweighs the expected benelits of being
larger, and this will constrain the frequency of dark
sheep. Our results actually imply that the light
mutation {T) should be increasing in frequency,
although genetic drifi will also play a role in
determining the allelic frequencics,

Our findings are therefore consistent with the
observed decrease in the frequency ol dark sheep
(Fig. 2A). They arc also consistent with a 20-year
time serics of TYRP! penotype data (linear re-
gression, slope ol - 0.49%/ vear for frequency of
the G allele, £ = 0.390, P = 0.004; Fig. 2B).
Although sensitive o incomplete sampling in
the carly vears of the study (supporting online
maienal), this genotypic trend is supporied by a
significant increase in light sheep (and hence the
TT genotype) (7) that is based on almost perfect
sampling (/.5 Thus, the microeyvolutionary dy-
namics of coal color are consistent with expec-
tations arising from the presence ol a negative
genetic correlation between size and finess inthe
vicinity of TYRPL, This result holds whether the
comclation is caused by pleiotropy or by linkage
discquilibrium with nearby loci,

This study shows that sclection acting on
simple Mendelian traits in nawml populations

can have a complex genetic basis, This has -
plications for the siwdy of microevolutionary
change in natural populations, because finess
vamation at the level of the genotype may not be
evident inan analysis of selection on phenotype.
Consequently, phenotypic studies may wrongly
conclude that sclection is not acting on genomic
regions contaiming the loci undedying focal traits
and may be unable 1o explain the micro-
evolutionary dynamics of trait variaion,
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Coastal Ecosystem—Based
Management with Nonlinear
Ecological Functions and Values

Edward B. Barbier,’* Evamaria W. Koch,? Brian R. Silliman,? Sally D. Hacker,*
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Gerardo M. E. Perillo,*? Denise ). Reed™*

A common assumption is that ecosystem services respond linearly to changes in habitat size.
This assumption leads frequently to an “all or none” choice of either preserving coastal habitats
or converting them to human use. However, our survey of wave attenuation data from field studies
of mangroves, salt marshes, seagrass beds, nearshore coral reefs, and sand dunes reveals that
these relationships are rarely linear. By incorporating nonlinear wave attenuation in estimating
coastal protection values of mangroves in Thailand, we show that the optimal land use option may
instead be the integration of development and conservation consistent with ecosystem-based
management goals. This result suggests that reconciling competing demands on coastal habitats
should not always result in stark preservation-versus-conversion choices.

ore than one-third of the world’s hu-
Mm:m population lives in coastal ancas
and small islands (/). which togather

make up just 4% of Earh's total land area.
Coastal population densitics are nearly  three
times that of inland arcas () and they are in-
creasing exponentiallyv. The long-term sustain-
ability of these populations is dependent on
coastal ccosysiems and the services they pro-
vide, such as storm buffenng, fshencs produc-
ion, and enhanced water quality. Despite the
importanee of these services, degradation and less
ol coastal ecosystems over the past two 1o three
decades —including marshes (30%% cither lost or
degraded), mangroves (353%), and eels (30%)
15 intense and increasing worldwide (2-4).

To aid in conservation of these coastal com-
munitics, ecosysiem-based management (EBM)
has recemtly been proposed as a benefit op-
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many natural syvstems “in healthy, productive
and resilient conditions so that they can provide
the services humans want and need” (5). Yet the
mmplamentation of EBM cannot take place without
addressing a fundamental challenge: assessing
the true value of these ccosystens and the ser-
viees they generate, so that practical compro-
7 mises can be made (8- 1),

The inerrelationship of ecosystem structure,
lunetion, and economic value is eritical 1o coastal
mamagernent decisions, which are offen concemed
with how much natral habita o “preserve”™ and
how much 1 allocate w0 human development
activitics (2 ) In assessing such tade-ofls, it s
frequently assumed that ccosystam services change
Inearly with eritical habitat varmbles such as
stz (e.g., area). This assumption can lead w the
misrepresentation of cconomic values inherent
in senvices, particulardy at their endpoints, The
endpoint values ofien either overcstimate or un-
dercstimate the service value, resuliing i an *all
or none” habitat seenano as the only decision
choice (91}, A common reason for invoking
such an assumption is that few data exist for ex-
amining the marginal losses associaled with
changes in nonlinear ccological functions, making

timization and decision-making strategy  that
incorporates ofien conflicting development and
conservation uses (5 7). EBM strives o recon-
cile these pressurcs by valuing ccosysiem ser-

A
$20,000,000:1 —+—Shrimp faming
$18,000,000 (commercial retums)
@ $16,000,000 == Coastal protection
T $14,000,000 -
£  $12,000,000 Wood products
% $10,000,000 ~e—Habitat-fishery linkage
S $8,000,000
2 $5,000,000 - All values
£4,000,000
$2,000,000
&0
0 1 2 3 4 5 6 7 8B 85 10
Mangrove area (sq km)
B
$20,000,000 -
$18,000,000 -
2 $16,000,000 - —+—Dutside investors
o
= $14,000,000 -
=+ Mangrove-dependent
E #12,000,000 coastal community
D $10,000,000 5 I
5 $8.000,000 - community
< 56,000,000 -
54,000,000 -
$2,000,000 -

50

0 1 2 3 4 5 & T B 8

10
Mangrove area (sq km)

Fig. 1. Conventional comparison of shrimp farming to various mangrove services at coastal landscape
level (10 km?), Thailand (net present value, 10% discount rate, 1996 dollars) on the basis of (A) total
economic retumns as a function of mangrove area {(km®) for the commercial retums from sh rimp farming
plus three mangrove ecosystem service values: coastal protection, wood product collection, and habitat
support for offshore fisheries; and (B) the distribution of benefits as a function of mangrove area (km?)
among three stakeholders: outside investors in shrimp farms, the mangrove-dependent coastal
community, and the wider coastal community (up to 5 km away). [Based on data from (11, 16, 17)]
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it difficult to value accurately the changes in cco-
syslom senices i response o meremental changes
i habitat chamctenstics (eg. arca). 15 howewer,
relationships between the structure and function
of coastal habitats are nonlinear, as ccological
theory suggests ([2-14), then assuming that the
value of the resulting service is lincar (with
respect to changes in habitat chametenstics) will
mislead management decisions,

To test the key assumption that ccosystem
services and their cconomic value are lineardy
related 1o habitar arca, we used daw collecied
in the field from key coastal interlface systems
around the globe, including mangroves, sall
marshes, seagrass beds, nearshore coral reels,
and sand duncs (/5). We focused on arguably
the most undervalued ecosystem service until
recently: protection azainst wave damage caused
by storms, hurricanes, and tsunamis, These leld
data reveal that for all these coastal habitats,
nonlinear relationships exist between  habitat
area and measurements of the ceosystem function
of wave attenuation (fiz. S1). For mangroves and
salt marshes, there are quadrtic and exponential
decneases, respectively, in wave height with increas-
ing habitat distance inland from the shoreline (lig.
S1. A and B). In the case of seagrasses and near-

shone coral reels, wave attenuation is a function
of the water depth above the grass bed or neef,
and these relationships are also nonlinear (g, 51,
Coand D). Addmonally, there s an exponential
relationship between the percent cover of dune
grisses and the size of oceanic waves blocked by
sand dunes produced by the gross (lig. S1E).
These data suggest that the assumption of lincar-
ity is likely 1o be ingecurte for many coosysiem
services that depend on habitat size—a result that
could have imponant implications for conserva-
tion, especially as it relates 10 EBM.

To explore this possibility, we applicd these
nonlinear wave attenuation relationships Kr coastal
systens 10 a case study from Thatland (1, 6, I7)
where cholces have been made between conver-
stion of mangroves o shnmp aquacoliure versus
their preservation for key ecosystem services (such
as coastal protection and fish habitat). Our case
study assumes o mangrove habitat that extends
1000 m mlard from the seaward adge along 10 km
of coast. Newby communitics depend on the man-
grove for forest and fishery products in coastal
waters that are populated by mangrove-dependent
fish. Coastal communitics up to 5 km inland are
protected from tropical storms by mangroves, The
aliemative 1o proserving nangroves s converting

A

$18,000,000 L

£16,000,000 {commercial returns)
5 $14,000,000 =+—Wood products
E $12,000,000 =e—Habitat-fishery linkage
=
% PLAS0% D —+—Coastal protection
& 58,000,000
S $6,000,000 == All values

4,000,000

£2,000,000

50
o 1 2 3 4 5§ & 7 B 9 10
Mangrove area (5q km)

B $18,000,000

£16,000,000
£ $14,000,000 —i—Dutside investors
?, $12,000,000 == Mangrove-dependent
& $10,000,000 coastal community
= e community
E 56,000,000

54,000,000

£2,000,000

S0

a 1 2 3 4 5

B 7 B a

Mangrove area (sq km)

Fig. 2. Alternative comparison of shrimp farming to various mangrove services at coastal landscape level
(10 km?), Thailand (calculated as in Fig. 1), incorporating the nonlinear wave attenuation function from
fig. S1A, on the basis of (A) total economic returns as a function of mangrove area (km?) for the
commercial retumns from shrimp farming plus three mangrove ecosystem service values: coastal
protection, wood product collection, and habitat support for offshore fisheries; and (B) the distribution of
benefits as a function of mangrove area (km?) among three stakeholders: outside investors in shrimp
farms, the mangrove-dependent coastal community, and the wider coastal community (up to 5 km away).

them o intensive shiimp ponds, which ovar-
whelmingly benelits outside investors (21, 16, /7).

Figure 1A depicts the economic retums
from conventing the 10-km? mangrove habaat
to commercial shimp famms as well as the val-
ues generated by three ccosystem services: coastal
protection, wood collection, and  habitat-lishory
linkage. The figure also ageregates all four values
to test whether an “integrated” land wse option
involving some conversion and some preseryvation
yields the highest wtal value, When all values arc
lincar, the outcome is a typical “all or none™
scenario; either the aggregate values will Favor
complete conversion, or they will favor preserving
the entire habitat (Fig. 1AL Bocause the ccosys-
tem service values are large and mcrease lincarly
with mangrove arca, the preservation oplion s
prefemed (Figo TA) The ageregate value of the
neEngrove system is at its highest (STE.98 million)
when it is completely preservad, and any con-
version 1o shnmp faming would lead 1o less ag-
gregate value compared to full preservation. Thus,
an EBM strategy that considers all the values of
the coosystem would fvor mangrove presena-
tion and no shrimp o conversion,

Figure 1B shows that mangrove-dependent
communitics and the wider coastal community
would benefit from the EBM decision, whereas
outside investors would prefer conversion of the
mangrove o shrmp ponds, Overall, our analy-
sis shows that the EBM strategy of Tull preser-
vation of the mangroves would face opposition
from outside investors, who would oblain no
commercitl gams from this scenano but would
nuke profits of more than 59.6 million from
complete conversion (Fig. 1B). It is also clear
that the “all or none™ decision o preserve man-
proves hinges on the coastal protection value
service of the mangroves, which is assumed 1o
increase lincarly with mangrove arca.

However, il we consider that coasial protection
afforded by mangroves depends on their functional
ability 1o atienuate storm waves (I8-21) and tha
this relationship is nonlinear (fig. S1A), a different
EBM strategy is supported (Fig. 2). In fig. S1A.
we show that a wave height of 1.1 m at the
offshore edege of the mangrove forest would be
educad to 0,91 m il the forest extended [0 m
mland; if the forest extended 200 m inland, the
wive would drop to roughly 0075 m. The wave
would cominue 1o fall, albert at a declinmyg mite, for
cvery additional 100 m of mangroves mland from
the sea. For a forest exiending 1000 m mland, the
wave would be reduced 1o a negligible 0,12 m

Using the nonlinear wave attenuation func-
tion for mangroves (fig. S1A), it is possible 1o
revise the estimate of stomm protection service
value for the Thailand case study (22) (Fig. 2).
The stomm profection service of mangroves still
dominates all values, but small losses in man-
groves will not cause the economic benefits of
stom buffering by mangroves 1w fall precipi-
tously (Fig. 2A). The consequence s that the
aggregate value across all uses of the mangroves
{ie., shrimp farming and ccosystem values) is o
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its highest (S17.5 million) when up to 2 km® of
mangroves are allowed o be convened to shimp
aquaculture and the remainder of the coosystem
15 preserved. This outcome also yields a more
equitable distnbution across stakeholders (Fig,
2B), which may be an imponant objective in
any EBM stratcgy for coastal management. Lo-
cal mangrove-dependent coastal communitics and
other coastal communities living within 3 km
inland would obtain approximately the same
share of cconomic benelits from the mangrove
system (3156 and 5132 million, respectively), but
now outside invesiors woukl eam some commeial
profits from shanp frmmg (51,9 million), Fmally,
we note that the ouicome from owr Thailand
mangrove valuation example corresponds 1w
“hest prxctice” gusdelmes for mangrove manage-
ment i Asia, which recommend that deal
miangrove pond mtios should not excoed 200 of
the habitat area converted 1o ponds (23, 24

By mcludmg nonlinear relationships o an
ceonomic valuation of ccosystem serviees, our
results challenge the assumption that the compet-
ing denunds ol coastal interface systans must
always resull in either conservation or habitat de-
struction. As the case study of Thailand man-
groves illustrates. the way in which ecological
and ceonomic analvsis is combined o estimate
the values of vanous ccosystem services can have
a large impact on coastal EBM outcome. 17 point
estimates of these values are used 1o project linear
relationships between the benelits of acosystom
services with respect to changes in key ocosys-
tem physical attributes, such as arca or distanee
from shore, then the resull might be o foree
EBM decsion-making imo a simple “all or
none” choice. This result is at odds with EBM

strategies, which emphasize reconciliation be-
tween cconomic  development pressures and
conservation of cntical ccosystem resources and
services (3-8) However, if the nonlinear ecolog-
ical function underdying a service, such as coastal
protection afforded by mangroves, is incomporated
mte cconomic valuation, then we more wealisti-
cally represent how ccosystem serviees  change
with habitat conversion and how EBM may best
be used.
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B-Catenin Defines Head Versus
Tail Identity During Planarian
Regeneration and Homeostasis

Kyle A. Gurley, Jochen C. Rink, Alejandro Sanchez Alvarado*®

After amputation, freshwater planarians properly regenerate a head or tail from the resulting
anterior or posterior wound. The mechanisms that differentiate anterior from posterior and direct
the replacement of the appropriate missing body parts are unknown. We found that in the
planarian Schmidtea mediterranea, RNA interference (RNAI} of [i-catenin or dishevelled causes
the inappropriate regeneration of a head instead of a tail at posterior amputations. Conversely,
RNAi of the [i-catenin antagonist adenomatous polyposis coli results in the regeneration of a tail at
anterior wounds. In addition, the silencing of B-catenin is sufficient to transform the tail of uncut
adult animals into a head. We suggest that [i-catenin functions as a molecular switch to specify and
maintain anteroposterior identity during regeneration and homeaostasis in planarians.

- Catenin s a multfunctional protein tha
controls transcriptional output as well as
cell adhesion, During embryonic develop-
ment of both vertebrates and invenebrates,
f-catenin regulates a variety of cellular processes,
including organizer ormation, cell fae specifi-

www.sciencemag.org  SCIEMCE  VOL 319

cation, proliferation, and differentiation (/-9), In
adult animals, the WnvB-catenin pathway panic-
ipates in regenertion and tissue homeostasis;
misregulkuion of this pathway can lead to degen-
erative discascs and cancer in humans (972} In
response 0 upstream cues, such as Wm ligands

binding to Frizzled receptors, f-calenin accumu-
lates in nuclei (Fig. | A) and invokes trnscrip-
tional responscs that direet the specification and
patterning of tissues (f3, 1) Adenomatous

polyposis coli (APC) is an essential member of

a destruction complex that phosphory lates -
catenin, resulting in its constitutive degradation.
Hence, loss of APC leads w0 a nse in p-catenin
levels that is suflicient o drve transcriptional re-
sponses (15), The inracellular protein Dishevelled
has muliple functions but plays an essential wle
as a positive regulator of B=catenin by inhibiting
the destruction complex (/4).

As part of a systematic effont 10 define the
moles of signaling pathways in planaria, we ana-
lyzed the canonical Wit signaling sysiem in
Schamidrea mediterranea, We cloned and deter-
mined the expression patterns of all identiliable
homologs of core pathway components (Fig, 1A)
and silencad them, mdividually or in combina-

Department of Mewrobiology and Anatomy, Howard Hughes
Medical Institute, University of Utah School of Madicine, 401
MREE, 200 1900E, 5alt Lake City, UT 84132, USA.
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tions, on the basis of likelihood of redundancy as
gleancd from the expression data (figs. S1 o 56
and table 51). RNAtreated anmimals were then
amputated o assess the role of the silencad genes
during regeneration (Fig. 183, Aflter head and tail
amputations of control worms, the remaining

A

tnunk fomed one anterior and one  postenor
blastema, which then differentiated to replace the
missing structures (Fig, 1C; w = 28) However,

RNAI of a single Preatenin (Smed-Poatenin-1),
both dishevelled homologs (Smed-ovi=f, Smed-
dvi-2), or

APC (Smed-APC-1) caused sinking

Porcupine (2)

DKK (0)
WIF (0) =] Wnt (9) |—=sFRP (3

Frizzled (10}
Dlshawrad (2

.ﬂF"G (1)
Axin (2)

L

B-Catanin (3)

Ll B
® L7
i. ‘-

* nucleus

Day 1-8
3 RMAI feedings

Day 9

CER (0) 1

Amputations

A 1

| Anterior |

Day 23
Score and Fix

| Pasterior |

— —L —

Fig. 1. Signaling through [-catenin defines head versus tail during regeneration. (A} Canonical
Wnt pathway. Numbers denote S. mediterranea homologs identified and silenced. (B} Experimental
strategy. (C to V) Trunk fragments 14 days after amputation. Dashed lines, amputation planes;
control, unc-22(RNAP). (C) to (F): Live animals. (D) and (E): Smed-[icatenin-1(BNAI and Smed-dvi-
I(RNAD); Smed-dvl-2(RNAF) posterior blastemas formed heads with photoreceptors (arrowheads).

Smed-dvl- 1(RNAIL Smed-dvi-2(RNAI} fragments also developed ectopic photoreceptors,

often

within old tissues {arrows). (F): Smed-APC-1(RNA{} anterior blastemas formed tails. (G} to (V) In
situ hybridizations {m = 5 per marker), Markers: CNS, prohormone convertase 2 (PC2); gut, porcupine
(Smed-porcn-1); anterior, secreted frizzled-reloted protein (Smed-sFRP-1); posterior, frizzled
(Smed-fz-4). (G} and (K): Normal brain and ventral nerve cords; single anterior and dual posterior
gut branches (dotted lines). (H), (), (L), and (M) Smed-icatenin-1(RNAi) and Smed-dvl- 1{RNAI)Smed-
dvi-2(RNAI) posterior blastemas developed brain tissue and head-like gut branches. (]} and (N):
Smed-APC-1(RNAi) anterior blastemas developed tail-like nerve cords and gut branches. (0) and (5):
Normal anterior and posterior marker expression. (P), (Q), (T), and (U): Smed-icatenin-1(RNAI)
and Smed-dvl-1(RNAI)Smed-dvi-2(RNATD induced anterior marker expression at both ends,
whereas the posterior marker was virtually undetectable, (R) and (V): Smed-APC-1(RNAI) induced
posterior marker expression at both ends, whereas the anterior marker was virtually undetectable,

Scale bars, 200 pm.
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alterations in the anteroposterior (AP) identity of
regencrating tissucs (Fig. 1. D 1w F). Both blas-
temas of Smed-Poatenin-4{ RNAD wonms adopted
an antenior [ate, resultmg in ammals with two
heads of opposite orentation (penctrance = 100%,
no= 3N, Smedld-0RNAD Smed-ahvl-2(RNA
worms also regencerted heads from both blastenas
but displayved additional phenotypes, including
eetopic and supermumerary photoreceptons in the
anterior region. This is consistent with the
multiple woles of Dishevelled in different path-
ways (Fig. 1E; penetrance 200, On the
other hand, Smed-APC-TRNAT animals regencr-
ated tils fmom both amputation planes (Fig. 1F;
penctrance = 602, i = 43),

To address whether these changes were super-

T5%, i

ficial or reflected a fate ransfomaton of mtemal
cell types and organ systems, we used anmomical
and molecular merkers of AP identity. Anatomically,
two onzin sysiens with charnclenstic asymnwines
along the AP axis were examined: (1) the central
nervous system (CNS ), composed of two anterior
cephalic ganglia (brain) and two ventral cords
projecting  posteriody (Fig. 1G)L and (i) the
digestive system, consisting of a single anterior
and two posterior gut branches (Fig. 1K) The
“posterionr” head of Sired-Peatenin-TRNAT and
Simed-vl-F(RNAD) Smed=vl-2(RN D) animals
contained a chamcteristically antenior nervous
svstem and gut, as did the “anterior™ head (Fig. 1,
I, L L, and M) In contrast, the “anterior™ tail of
Sired=APC-HRNAD amimals was devoud ol dis-
cemible brain tissue and exhibited posterior struc-
tures, as did the “posterior™ wil (Fig. 1, J and N).

To define the molecular extent of AP mis-
specification, we used two markers identified during
our in i analyses that are specifically expressed a
the antenor and postenor ends ol intact and regen-
crating animals (Fig. 1, A, O, and S). Smed-
sFRP-1, a homolog of secreted Frizded-relaed
prodeins (sFRP). was expressed in an arch of cells
capping the anterior edge of the animal. In con-
trast, Smed-2=4, a homolog of Frizeled recepiors,
was expressed at the posterior edge in a posicrior-
to-anterior gradient. We reter o Sted-sFRP- 1 and
Stiied-2~F as the “anterior marker” and the “'poste-
ror marker,” respectively, inall subsequent anmalyses.

In Smeed-Poatenin-HiRNAD and Smed-dvi-
HRNA Smed-dvl-2(RN AT} wonms, the “poste-
nor” head expressed the anteror marker, whercas
the postenor marker was severely reduced or
absent (Fig, 1, P, Q, T, and U). Conversely, the
“amterior” tail of Smed-APC-I{RNAD animals
expressed the posterior mardker, whereas the an-
teror marker was severely reduced or absent
(Fig. 1, R and V). We noted that misspecified
heads and tails in RN Ai-treated worms moved
independently from the rest of the animal,
hence this tissue was functioning autonomously
imovies S1 1o 83 We conclude that silencing
Smed-Boatenin-1, Smecd-dvl- RN Ai:Smed-dvl-
HRNAi, or Smed-APC-! s sullicient 1o mis-
spoci iy blastema wdentity.

The mapproprate regeneration of complete
heads and tails in RNAj-treated  animals sug-

wWww.science mag.org



Fig. 2. Smed-Peatenin-1(RNAD and Smed-
APC-1(RNAI) phenotypes manifest early, and
the Smed-APC-1(RNAI) phenotype depends
on Smed-featenin-1. (A} Anterior (Smed-
sFRP-1) and (B) posterior (Smed-fz-4) marker
expression time course in regenerating trunk
fragments. Anterior (ant.) and posterior (post)
blastemas from the same representative frag-
ments are shown (0 = 15 per condition). Scale
bars, 200 um. (C) Double-silencing experi-
ments assaying Smed-sFRP-1 expression in
anterior trunk blastemas 4 days after ampu-
tation; animals were scored as high, low, or
absent (see examples, top row). Proportions
of scored animals are listed for each cat-
egory (n = 24 per condition). Contral,

unc-22 (RNAQ).

Fig. 3. Smed-[icatenin-1, Smed-dvl-1;
Smed-dvl-2, and Smed-APC(RNAI
phenotypes do not depend on posi-
tion or orientation of amputation. Frag-
ments 14 days after amputation are
shown; control, unc-22(RNAD. (A to E)
PC2 in situ hybridization (CNS) (n = 5).
Smed-ficatenin-1(RNAI} and Smed-dwl-
1(RNASmed-dvi-2(RNAI) fragments
regenerated posterior brain tissue; Smed-
APC-1(RNAI) fragments failed to regen-
erate anterior brain tissue. (F to M) During
lateral regeneration, Smed{icatenin-1(RNAY
and Smed-dvi-1{RNAISmed-dl-2(RNAD
animals developed supernumerary heads
and photoreceptors; Smed-APC-1(RNAD
prevented proper regeneration of these
structures {n = 15). Photoreceptors were
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visualized with VC-1 antibody (25). (N to U) In situ hybridization {n = 5 per marker). Anterior marker
(Smed-sFRP-1} expression expanded posteriorly along the blastema in Smed-fatenin-1(RNAD and
Smed-d-1(RNAIL Smed-dl-2(RNAD) animals, whereas Smed-APC-1(RNAD restricted expression to
preexisting tissues. Posterior marker (Smed-fz-4) expression was severely reduced in Smed-[catenin-
1(RNAI) and Smed-dvi-1(RNAI); Smed-dvi-2(RNAI) animals but expanded throughout regenerated
tissues in Smed-APC-1(RNAD animals. (F) to (I: Live animals. White arrowheads, photoreceptors; black
arrowheads, extent of anterior marker expression. Scale bars, 200 um.
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gested that regulators of freatenin act early dur-
ing regencration. We therclore used the anterior

and postenor markers o investigate the onset of

blasterma differentiation - control and RNA-
treated trunk fragments (Fig. 2. A and B). In
control animals at 12 hours after amputation,
the anterior marker was vinually undetectable,
whereas the posterior marker was elearly evidem
in the posterior blastema: 24 hours alier ampu-
tation, the o markers recapitulated the AP
specilicity seen later during regenermtion and in
adult animals (Fig. 1. O and S; Fig. 2, A and B).
However, in Smed-Boarenin-T RNAH tunks, the
anterior marker was expressed m both ends by 12
hours and maimamned throughouwt the experiment,
whereas the posterior marker remained markedly
reduced (Fig. 2, A and B). The reverse was ob-
served in Smied-APC-IRNAS) trunks (Fig. 2, A
and B, Consistent with the mferred time window
for B-catenin signaling, Smed-Peatenin-{ and
Smed-APC-T were expressed at both ends
wild-type animals by 12 hours (fig. 57). These
results indicate that featenin and APC act very
carly to determine blastema identity.

We next used animals silenced for both Sied-
Beareiin-1 and Swed-APC-1 w0 st whether the
Sired-APC-HRNAD phenotype results from in-
creised P-catenin activity. Under these conditions,
anteror blasternas were properly fated, indicating
that the misspeci fication phenotype of Smed-A45C-
FERNAD depends on Smed-Beatenin-1 (Fig. 2C).
Additionally, posterior blastemas adopted an ante-
ror e, indicating that the Simed-Peatenin-fRNAD
phenotype does not depend on APC activity. The

N+ 1|0 P Q%8
=1 h =l = =
R ] . T . u
: e
3
L AR A dh
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combined data show that signaling through -
catenin occurs al postenior amputations and is nec-
casary and sutliciemt o specity tnl fate. In contrast,
sigmeling through f-catemin s blocked or never oc-
curs at anteror amputations, and this is necessary
and sullicient 1w specify head fate, The premature
expression of the anterior marker m Smicd-Poatenin-
FRNAG) worms may indicate that in wild-type
planarians, P-catenin inhibition docs not imme-
diately follow amputation (Fig. 2A). We suggest
that f-catenin activity acts as a molecular switch
to specily head versus tail fe in plananans,

We then explored whether the [-catenin
switch plays a role in blastema identity regardless
of the AP location or angle of amputation. In-
deed, the head fragments of Sted-Beatenin-£ (RN A
and Smed-chf-d{ RNAG Smed-lvl-2(RNAT) worms
regenerated a head from the postenor wound
(penetrance = 79%, # = 24: penctrnce = 82%, n
13, respectively), and the il fragments of Simed-
APC-HRNAD worms regenerated a tal from the
antenor wound (penctrance = 67%, n=27: Fig. 3,
A 1o E, and movie S4). Afier longitudinal am-
putation along the midline, control animals formed
a blmstema along the AP axis and regenerated
mediolaterally (Fig. 3. F. J, N, and R). In con-
trast, Smed-Poarenin-1RNAD and Smed-dvi-

HERNAG Smed<hvl-2fRNAf) worms regenerated
anterior tissue and developed multiple octopic
heads along the lateral edge (Fig. 3, G, H, K. L,
(0, P 5, and TL The most severely attected Smed-
APC-HERNAR worms regeneratod postenor issue
and failed 1o replace the kst head structunes (Fig, 3,
L M, Q, and Uy, Thus, the laterally regencrating
tissue i RNAG-reated animals was misspeciliod.
Owr data indicate that B-catenin activity is regulated
during lawral regeneration and that the B-catenin
switch can dominantly misspecify regenerating 1is-
sues regardless of AP position or amputation angle,

Smed-Pectenin-HRNAD animals also displaved
striking changes in the nonregencrting portions
of regenerating fragments. Sirexd-Peatenin-1 (RN A
tai] fragments at 24 and 48 hours alter amputation

expressed the anenor marker in cell elusters
around the crcumference of the fmgment (Fig. 4,
A, B, D, and E). By day 14, in addition 1o a new
head, moving head-like protrusions developed
from the periphery (Fig. 4, C and F, and movig
S85). Simular protrusions also developed i trunk
frmgments (movie S2).

Such fate changes may have been initiated by
amputation. We therefore observed unamputated
(intact) woms 14 davs alier the final RNAG feading.
Ectopic photoreceptors were visible in the 1ail of all

[RNAI]

Control

atenin-1

Fig. 4. Smed-[icatenin-1(RNAJ) transforms nonregenerating tissues. (A to F) Tail fragments. (A),
{B), (D), and (E): Anterior marker (Srmed-sFRP-1) analyses 24 and 48 hours after amputation
revealed early ectopic expression in Smed-featenin-1(RNAI) (n = 5 per condition). (C) and (F): Live
tail fragments 14 days after amputation. Smed-Peatenin-1(RNAI) caused lateral ectopic protrusions
{arrowheads, ectopic photoreceptors; arrows, abnormal protrusions). (G to R) Transformation of tail
into head tissue in uncut Smed-ficatenin-1(RNAI) animals 14 days after final RNAi-feeding. (G) and
(M}: Live animals. (I) and (0): PC2 in situ hybridization (CNS) (n = 4}, (K} and (Q): Anterior marker
expression (7 = 4. (H), (1), (L}, (N), (P), and (R): Magnification of tail tips [boxes in (G) and (M)]. (H)
and (N): VC-1 antibody staining {photoreceptors). Control, unc-22(RNA). Scale bars, 200 pm.

18 JAMUARY 2008 VOL 319 SCIENCE

{tr = 200 Svecd-Powrenin- £ fRNAG amimals and none
of the control animals (Fig, 4. G, H. M, and N).
Intact BNA-treated anmmals also exhibitad caopc
bnteral profrusions, lonmed a bran in the il region,
and expressed the amerior marker postenorly (Fig.
4, 1o L and O 1w R, and maowvie 569, The molecular
basis for such a change of AP polanity i an adul
organism was previously unknown,

Together, our data demonstmate the lunda-
mental importance of f-catenin in the maintenance
of polarity and cell fne during tissue regeneration
and homeostasis in planarans (g, S8). Our
findings reveal a dynamic control of B-catenin in
adult animals that is not readily apparent during
the progression of embryogenesis: The precise
quantity and location of regencrmting Ussuc s
differem for cach individual and for cach rne-
generation event, newly regencerated tissues must
integrate with the old, and ongoing homeosiatic
cell wrnover may require sustained instructive
cues, It s interesting that we did not observe any
head or tail masspecification phenotypes lor any
of the upstream components of canoncal Wt
signaling (Wnts, Frizzleds, or Porcupines; see
table S1). Alhough we cannot rule out protein
perdumnce, incomplete gene silencing. or re-
dundancy with known or unidentilied compo-
nents, the intracellular components of -catenin
signaling may be regulated by an unconventional
upstream mechanism W specily polarity during
regeneration and/or homeostasis. Indeed, -
catenin regulation can be Wint-independent in
verichmte cells, and Dishevelled remains the
miost upstream known B-catenin regulamor during
carly sea urchin development (/4, 17, 18) With
respect o putative downstream ellectors, planar-
ians can repencrate double heads alter phamma-
cological gap junction inhibition, and B-catenin is
implicated in gap junction formation and func-
tion (/¥-21). Finally, whether specification and
maintenance of the planarian A/P axis via -
catenin is or is not independent of Hox proteins
remains o be determined.

More than 100 vears ago, T. H. Morgan
reporied that fragments with closely spaced an-
terior and posterior amputation plancs occasion-
ally regenerate two-headed animals (22, 23). He
termed these animals “Janus heads™ and sug-
gested that “something in the pioce itscll’ de-
ternmines that a head shall develop at the anterior
cut surface and a tail at the posterior cut surface™
{24). Our results indicate that B-catenin activity 1s
a key target of polarity specilication in planar-
ians, providing mechanistic insight into the old.
unanswered question of how blastema [ate is
controlled. We propose that the evolutionarily
ancient fcatenin protein, in 4 manner reminis-
cent of its role during metazoan embryogenesis
if, &), acts as a molecular switch in adult pla-
marians and that it may play a similar role in the
adult ussucs of other animals.
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Smed-Bcatenin-1 Is Required for
Anteroposterior Blastema Polarity
in Planarian Regeneration

Christian P. Petersen® and Peter W. Reddien?

Planarian flatworms can regenerate heads at anterior-facing wounds and tails at posterior-facing
wounds throughout the body. How this regeneration polarity is specified has been a classic
problem for more than a century. We identified a planarian gene, Smed-Scatenin-1, that
controls regeneration polarity. Posterior-facing blastemas regenerate a head instead of a tail in
Smed-Peootenin-1{RNAR) animals. Smed-[icatenin-1 is required after wounding and at any
posterior-facing wound for polarity. Additionally, intact Smed-Peatenin-1(RNA# animals display
anteriorization during tissue turnover. Five Wnt genes and a secreted Frizzled-related Wit
antagonist-like gene are expressed in domains along the anteroposterior axis that reset to new
positions during regeneration, which suggests that Wnts control polarity through Smed-[icatenin-1.
Our data suggest that [i=catenin specifies the posterior character of the anteroposterior axis
throughout the Bilateria and specifies regeneration polarity in planarians.

he ability o regenerate is widespread and

I varies in degree within the animal Kingdom.
Planarian Matworms are damatic exam-

ples, capable of regenerating a complete animal
from nearly any fragment of the organism. Am-
puiation induces the formation of a regeneration
blastema, which differentiates to produce miss-
ing stuctures. Blastema formation requires adult
stem cells called neoblasts (F). More than a cen-
tury ago, Randolph (2) and Morgan (3) noted
that transverse planarian picces can regencrale
a head and a wil @ the anterior and posterior
wound sites, respectively. Funbermore, any body
region can become involved in cither head or

tail regenermtion depending upon the identity of

the missing tissue (Fig. 1A). Therefore, plnarians
possess a robust system thoughout the antero-

posterior (A-P) axis for specifving the identity of

missing tissue at wounds, This system has been

"Whitehead Institute for Biomedical Research, 9 Cam-
bridge Center, Cambridge, MA 02142, USA. *Department
of Biology, Massachusetts Institute of Techmology, Cam-
bridge, MA 02139, USA.

“To whom correspondence should be addressed. E-mail:
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named “polarity.” Morgan observed that very thin
transverse picces occasionally regeneraie animals
with two heads and hyvpothesized that a gradient
of material cstablishes regencrtion polarity.
Although these features of planarian regencra-
tion are frequently deseribed in texibook exam-
ples of polarity, no previous explanation exists
for the underlyving penetic mechanisms that spec-
iy regencration polanty.

The planarin Scfmidtea mediterranea has
emerged as a powerlul molecular genctic sysiem
for studying regencration becavse of genome
sequence availability, the ability o use RNA
interference (RNAG) (4, 3), and the evolutionary
position of the orgamsm within an understudicd
protostome superphylum,  the Lophotrochozoa
(61} To swudy polanty in planarans, we perfonmed
an RNAG screen involving sungically removed
heads and 1ails (Fig, 1B). We identified a single
gene required for polaty and named the gene
Smecd-Poarenin-1. The wrunks of Smed-Pearenin-
HERNAG ammals regenerated apparent heads at
both posterior-facing and anterior-facing wounds
(Fig. 1C) This damatic phenotype is eminis-
cent of the polanty transformations observed in
Morgan's classic sungical manipulation experi-

ments, Double-strnded RNA (dsRNA)  from
Cacrorhabditte efegans wne-22, a gene nol present
in planarians, served as the RNAG control (Fig.
1C), The predicted SMED-BCATENIN-]1 pro-
tein is homologous to f-catenin proteins found
in other animals (g S1A). Brcatenin proteins
mediate canonical Wit signal transduction 10 reg-
ulate many developmental events (7). SMED-
BCATENIN-1 possesses al least nine pradicted
armadillo repeats and a candidate N-terminal
GSK-3 phosphorylation site { GSK-35 medined
phasphory lation can regulate f-catenin stability)
(fig. SIB} (8). Because armadillo repeats can
be very degenerate (9), more armadillo repeats
may exist and not be recognized in this protein.,
Smed-Poatenin-l mRNA was broadly expressed
in in situ hybridizations and reduced in Smed-
Beatenin-T{RNA) animals (g, S2).

Smed-Poatenin=1{RNAi) posterior blastemas
contained two apparent photorecepiors (Fig. 1C)
and possessed headlike stretching behavior (n =
105/107). These posterior blasiemas also con-
tined cell types nomally associaled with the
head. including photoreceptor neurons and
cephalic ganglia (Fig. 1D). Posterior blasiemas
displaved local headlike polarity, with photo-
receptors being more distal o the wound site
than cephalic ganglia. Anterior-specific ran-
scripts can be observed in the posterior Sured-
Poatenin-ffRNA blastemas by 72 hours afier
amputation (g, 53} Addiomally, SnedPoarenin-
TIRNAD posterior blastemas lacked the il pat-
tem of H.1 3b-zonadhesin expression (Fig. 1E),
Together, these data ndicate that posterior St
Beatenim-4(RNA blastemas are heads.

Smed-Poatenin=1 (RNA) animals egencraied
posicrior-facing heads at multiple A-P locations,
indicating a requirement for Swied-PBoatenin-f
throughout the A-P axis (Fig. 2A, fig. 54) We
injected  Swed-Boatenin- dsRNA ino [reshly
amputated wild-type mansverse fragments o in-
hibit Skicd-PBoatenin-{ only during regeneration.
Becawse these animals displaved a 1P pene-
tram polarity reversal, Smed-Pearenin-1 is requined
during regeneration for the polanty decision (Fig.
2B} In addition, because these picoes only con-
tamed a small region of preexisting tissue, Smcd-
Boatenin-1 can be required locally,
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Multiple incisions made in Swmed-Poatenin-

FERNAG amimals resulted in the production of

side-tacing heads, dramatically illustrated by the
six-headed Smed-Boatenin-1(RNAf) anomal m Fig,
20 Heads grew [rom side mcisions at locations
far from cither pole of the animal (Fig, 2C) and
in animals that retained their original posterior
pole (fig. S4). Thus, Smed-Pearenin-4 is not re-
quired only to specily the posieior-most pole
during regencration. Given this observation, we
asked whether Smed-foatenin- s simply ne-
quired 1o suppress a complete head-production
progrm at any wound, Smed-Boarenin-1(RNA
animals could regenerate their head tips, rather
than producing an additional head following such
imjury, This indicates that these animals retained
the ability o repair only the extent of tssue miss-
mg (Fig. 2D). Therefore, Smed-Peatenin-1 likely
does not simply suppress a complete head for-
mation progrum,

Ader trmsverse amputations, aninels ane chal-
lenged 10 form a new antenor or postenor pole.
Planarians can also regenerate other tissucs, such
as tissue along the entire A-P axis during lateral
regencration of missing sides. Afier sagittal am-
putations o remove the lateral hall” of animals,
Smed-Pearteiin-TIRNAD Tmgments  regenerated
multiple anterior photoneceptors and side-facing
head-like protrusions (Fig. 3A), These mnimals
possessed expanded cephalic ganglia and anten-
or marker expression in blastemas, as well as
ectopic cophalic panglia in side-facing  protou-
sions (Fig. 3A) Thus, Smed-Beatenin-1{iRNA
animals displayed anteriorization of blastemas
in which an entire A-P axis must be pattemed.
Topgether, our ampulation experiments suggest
Smed-Peatenin-1 normally promotes posierior
aspects ol A-P axis regenemtion: @il rather than
head formation at posienior poles and A-P re-
gionalization in blastemas that produce tissue
along the entire A-P axis.

Lninjured planarians constantly replace aged
differentiated cells. To detenmine whether Smed-
Poarenin-1 is required for instructing the posterior
fates of new cells, undnjured Sied-Soatenin-f BNAD
animals were observed during homeostasis. A
slow transformation of the body was observad, in
which head-like tissue appeared at the postenor
pole (Fig, 3B) and, ultimately, around the periph-
ery of the amimals and at the pharynx (Fig. 3C,
D). Therefore, Smed-Poatenin-1 15 required for
the homeostatic maintenance of the A-P axis.

Because f-catcnin proicing ane well-caablished
elfectors of Wit signaling, we hypothesized that
Wits could provide the A-P positional informa-
tion necessary for blastema polarity decisions, We
characterized five Wal-family genes in 8. mediter-
ranea and named them SweawanP-{ through -3,
Stvewane2-1, and Smrecw ] -1 (10, As assaved
by whole-mount in situ hybndizaton, these Wt
genes were expressed in distinet domains along
the A-P axis and may therefore encode signal-
ing molecules that specily plananan A-P axis
polarity (Fig. 4). Expression was detected for
Smed=-wintP-1 in one 1o four cells near the tail tp
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(Fig. 4A) and for Smedbwamid -1 inoa graded ash-
i from the postenor (Fig, 4B). Exprossion was
detected for SimredbwneP-2
the ammal and mtemally around the pharynx (Fig.
4C), lor Smed-warP-3 ol the antenor pharyns
end (Fig, 4Dy, and for Smed-vwne2-4 laerally in
the anterior half of the animal (Fig. 4E). RNAI
of Wnt genes did not result in posterior head
Fig. 1. Inhibition of Smed-[icatenin-
1 results in posterior blastema polar- A

ity reversal. Day 10 of regeneration. |
(A} Regeneration polarity: cells be- |

tween planes “1" and "II" can become

involved in head or tail regener-

ation (27). (B) Cartoon, amputa-

tions (red); arrow, indicates trunk g
fragments shown. (C) Anterior, top.
PR, photoreceptors. Red dots, approx-
imate blastema/old tissue boundary. A
control unc-22(RNAP trunk produced
a posterior tail (n = 114/114), and a
Smed-peatenin-1RNA) trunk frag-
ment produced a head at the poste
rior wound (7 = 105/107). (D and E)
Anterior, left. (D) The photoreceptors
(PR, cephalic ganglia (cg), and ventral
nenve cords (vnc) of regenerating trunks
were labeled with antibodies (VC-1,
anti-arrestin; ¢g, anti-synaptotagmin, E
SYT). A Smed-ficatenin-1(RNAD pos- .
terior blastema showed VC-1 and

SYT staining (n = &/6). (E) A Smed-
[catenin-1(RNAI) posterior head

lacked the normal posterior expres-

i the postenor hall of

i

_j@_

trunk —= LJ]

unc-22(RNAI)

regeneration (i = 23 animals cach), possibly be-
cause of redundancy among the many posteriorly
cxpressed Wit genes. Wit signaling 15 known
ter be mhibited by seercted frieeled-related pro-
tems (sFRP) (47 We cloned an 5 mediterranea
sFRP gene (Smed-sFRP-£y (10} and found it
tor be expressed an the amerior pole (Fig. 4F).
The Smrecd-wrr genes Smed-wntP-1 through -3, as

LAS/L-OA

e’ L'H

Smed-fcatenin-1(RNA)

sion of H.1.3b (n = 6/6). Arrow, posterior blastema. Scale bars, 500 pum (C) and 200 um [(D) and (E)].

PR

e
ey
PR

cut at ®I"

Smed-ficalenin- T{RI}

Smed-Beatenin-1(RNAI) Smed-Beatenin-1(RNAI)

Fig. 2. Smed-ficatenin-1 inhibition affects polarity throughout the A-P axis, locally after wounding, and
can result in supernumerary head regeneration. Amputations (red). Anterior, left. Scale bars, 500
microns. (A) Smed-featenin-1(RNAI} fragments produced posterior-facing heads at three anteroposte-
rior locations (amputation planes 1, I, and ). (B) Transverse fragments were generated 1 hour before
dsRNA injection. A Smed-[icatenin-1(RNAD animal formed a posterior head (n = 10/10). (C) Multiple
side incisions and tail removal were made to generate a six-headed Smed-[icatenin-1(RNAi} animal
(asterisks, supernumerary heads). (D) Smed-jicatenin-1({RNA) did not impair head tip regeneration
(arrows, blastema; red dots, approximate blastemafold tissue boundary; n = 10/10). Day of regen-

eration: (A) and (B), day 11; (Q), day 20; (D) day 5.

www.sciencemag.org



well as Swedbwmtf1-1, bocame expressed near
posterior-facing wounds (Fiz, 40-03; Smed-wnrd -1
and Sered-wine™2 expression also were more pos-
tenorly restricted i il fragments (Fig. 4H, 1),
By contrast, Smed-wint2-§ was expressed near
anterioa-facing wounds and restnicted anteriorly
in heads (Fig. 4K, Following amputation, Smed-
sFRP-1 was expressed at new anternior poles (Fig,

4L) These homeostatic and regeneration expros-
sion patterns suggest that the A-P planarian axis
15 regulated by anterior Wit inhibition and pos-
tenor Wit activation.

Our data suggest that a genctic program
canonical Wt signaling mediated by Smedd-
featenin-f—controls plananan A-P tssue identity
in homeostasis and blastema polanty i regener-

- o o omm

-

Smed-Bcatenin-1(RNAJ)

Fig. 3. Smed-[\catenin-1 inhibition causes anteriorization during lateral regeneration and homeostatic
tissue maintenance. PR and white arrows, photoreceptors. Anterior, left. Scale bars, 500 pm. (A} Smed-
[Featenin-1(RNAI) longitudinal fragments regenerated multiple eyes or a side-facing head (e.g., 32/37 and
8737, respectively, after dsRNA injection and amputation within hours). (Red box inset) Enlargement of
photoreceptors. In situ hybridizations with PC2 or PD5S riboprobes showed anteriorization (red brackets)
and side-facing heads (red asterisks) in Smed-ficatenin-1(RNAD lateral blastemas. Animals are at day 12
of regeneration. Black arrows, side with blastema. (B to D) Animals between 29 and 35 days of RNAi are
shown. Unamputated Smed-icatenin-1(RNAI) animals displayed (B) posterior heads (see red inset)
{n = 47/48), (C) multiple head-like peripheral protrusions (n = 12/25), (D) ectopic photoreceptors in
headlike protrusions (VC-1-labeled, white arrows), and [(B) to (D)] protrusions at the pharynx (n = 24/25,
yellow arrows) containing photoreceptors (n = 11/25).

Smed-wntP-1 Smed-wnt11-1 Smed-wniP-2 Smed-wniP-3 Smed-wni2-1 Smed-sFRP-1
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Fig. 4. Planarian Wnt genes and Smed-sFRP-1 are regionally expressed along the A-P axis during
homeostasis and regeneration. Anterior, top. Scale bars, 200 um. Arrow, Smed-wnt or Smed-sFRP signal.
(A to F) Dorsal views of in situ hybridizations of planarian Wnt genes inintact and (Gto L) inday 4 to 5
regenerating head, trunk, and tail fragments. (G to L} Cartoons depict expression patterns (purple dots),
as well as surgical strategy (red lines). Smed-wnt genes were expressed in overlapping anteroposterior
domains, with the majority in the posterior; Smed-sFRP-1 was expressed at the anterior pole. New
expression was observed near wounds in regeneration. Images were taken with gamma = 0.67.
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ation. We suggest that Smed-Poatenin-f acls al
postenor-facing wounds o effect the postenor
rither than antenor polanty regeneration decision
and that polanty s contrelled by the A= location
of expression of Wit genes and Wit signaling
antagonists. Wnt signaling has come 10 be used
for a myriad of patterning and cell proliferation
roles m the course of the evolutionary diversili-
cation of the three supemphyla comprising bilm-
crally symmetric animals: the deuterostomes
and two groupings from the protostomes, the
Ecdysozoa and the Lophotrochozoa (6, 7, 12-13).
Among these moles, our data provide evidence
that an ancestral role of Wit signaling is 1o pro-
mole posterior aspects of A-P axis specilication
and regulation. This hypothesis is well supponed
by data from other orgamsms (/6). For example,
i muluple deuterostomes, Wit and secrcted
Wit inhibitor genes are expressad in a manner
that resembles the AP polanty of
seen in plananans, Specificallv, Wit genes are
expressed i the posterior of Xewopny embryos
afier the midblastula tansition ({7, /¥), as well
as in the postenor of cephalochordate embryos

X Pression

(/9). Furthenmore, Wit genes and a seereted Wit
antagonist are expressed at opposite (orl and
aboral) poles ol radially symmetric enidarian

larvae (/2. 200, and pharmacologic inhibition of

the -catenin- inhibitory GSK-3f protein in hydra
leads o expanded oral fates (21), The conserva-
tion of Wnt axial expression feawres in these
diverse animals, combined with the requiremem
for Smred-Pearenin-1 in A-P regeneration polarity,
suggest a functionally critical and deeply con-
served role tor f-catenin in A-P axis polarity. In
codysozoans, P-catenin controls anteroposie-
nor axon polarty and cell division polary i
CC efegains (22, 23), anleroposienor Segment po-
larity in Dvoseyprdiila (24), posterior scgment pal-
terning in the intermediale germ insect Gl
Dimgcrdara ( 25), and animal-vegetal cell polarity
during embryvogenesis of the lophotrochozoan
annelid Planmereds dumerilii (26). We propose that
WNT signaling controls A-P axial polarity featuines
of most il not all bilaterally symmetrc animals
and determines the polanty of regencration,
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Natural Genetic Variation in
Lycopene Epsilon Cyclase Tapped
for Maize Biofortification
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Ratnakar Vallabhaneni,®” Mark Williams,* Eleanore T. Wurtzel 7
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Dietary vitamin A deficiency causes eye disease in 40 million children each year and places 140
to 250 million at risk for health disorders. Many children in sub-Saharan Africa subsist on
maize-based diets. Maize displays considerable natural variation for carotenoid composition,
including vitamin A precursors c-carotene, [f-carotene, and [J-cryptoxanthin. Through association
analysis, linkage mapping, expression analysis, and mutagenesis, we show that variation at the
lycopene epsilon cyclase (leyE) locus alters flux down w-carotene versus f-carotene branches of the
carotenoid pathway. Four natural lcyf polymorphisms explained 58% of the variation in these
two branches and a threefold difference in provitamin A compounds. Selection of favorable

leyE alleles with inexpensive molecular markers will now enable developing-country breeders to
more effectively produce maize grain with higher provitamin A levels.

aize is the dominant subsisience crop
in much of sub-Saharan Afnca and the
Americas, where between 17 and 30%

of children under age of 5 are vitamin A

deficient. This results in xerophthalmia { progres-
sive blindness), increased infant morbidity and
monality, and depressed immunological responses
(£). Vitamin A deficiency stans with inadequate
provitamin A o vitamin A content or bicavailability
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in foods and is exacerbated by discase-induoed
malabsomition.

Diet diversification, food fonification, and
supplementation (24 have all been wsed 10
combat dictary micronutriem deliciencies. Ide-
ally, all children would have access 10 a varied
diet rich in fruits and vepctables, but dier di-
versification is often limited by crop seasonality,
expense, and low bioavailability of green leafy
plant carotenoids (3, 6). Poor infrastnucture in
developing countrics has limited widespread use
of dircet vitamin supplementation, Perhaps the
most feasible approach to eradicating death and
discase caused by dictary deficiencics is bio-
fortilication, a process by which staple crops are
purposefully bred for higher nuintional density
(7, &) Adthough biofortified foods can potentially
be an inexpensive, locally adapiable, and long-
tenn solution to diet deficiencies, cultural prefor-
ences may limit their acceptance. This may be
particularly true for those crops where tmnsgenics
are the only allemative 1o boost provitamin A
content, given limited acceptance of genctically
modificd organisms in developing countrics.

Carotenoids ane derived from the isoprenoid
biosynthetic pathway and are precursors of the
plant hommone abscisic acid and of other apo-

carolenoids (¥). The st commitied siep of this
pathway [as recently revised (/00 s formation
of phytoene from geranylgerny | diphosphate
by phytocne synthase (vpsed) (Fige 1) (1F).
Recent studies in maee suggest that the psyf
locus has been the target of a selective sweep
following selection for endospemm-accumulating
carolenoids and shifl from white 10 vellow
kemels (12). The first branch point of this
pathway (Fig. 1) occurs s eyelization of lyco-
pene where action of lycopene beta cyelase
(LCY B both ends of linear lveopene produces
a molecule with two B angs. Alternatively. the
coaction of LOYB and Iyveopene epsilon evelase
(LCYE) gencrates a Pe-carotenc thatl is a
precursor (o lutein (/30 Relative activities of
LCYB and LCYE are hypothesized 10 regulate
the proportion of carotenes directed 1w cach
branch of this pathway (/3-15), Indeed, trns-
genic manipulations of LOYE  expression in
Avabidopsis, potato, and Brassica increase the
pesal of [ ring-contaming carotencs and xanthio-
phvils (13, 16-18).

Maize exhibits considerable naturml varia-
tion for kemel carotenoids, with some lines
accumulating as much as 66 pg'g. The pre-

GGPP
i P8Y
E PDS
: Z-450
v ZDSICRISTO
lycopene
LC"I"E/ \Lm
LCYB | Leve
a-cardena p-carolana
HYD 1 HYD
renaxanihin p-cryploxanthin
Iutein zoaxanthin
+
ABA

Fig. 1. Simplified carotencid biosynthetic path-
way in plants (29). Enzymatic reactions are repre-
sented by arrows, dashed lines represent multiple
enzymatic steps. Substrates in red were evaluated
in this study. Compounds: GGPP, geranylgeranyl
diphosphate; ABA, abscisic acid. Enzymes: PSY,
phytoene synthase; PDS, phytoene desaturase; Z-150,
15-cis zetacarotene isomerase; ZDS, zetacarotene
desaturase; CRTISO, carotene isomerase; HYD,
carotene hydroxylase enzymes, which include «-
and f-ring hydroxylases.
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dominant carotenoids in maize kemels, in
decreasing onder of concentration, are lutein,
deaxanthin, fcarotenc, f-cryplosanthin, and a-
carotene. P-Carotene contains two provitamin A
structures (two nonhydroxylated B-ionone nngs)
and P-cryptoxanthin and a-carotene one each
(smgle nonhydroxylaed B-ionone ning). Among
lines included in our diverse maiee pancl, B-
carolene levels meached 136 pg/e. However,
most vellow maize grown and consumed
throughout the world has only 0.5 10 15 pgle
f-carotene. Comparisons between  frearotene
and 1ol carotenoids with grain color (scaled
according 1w shade of yellow) revealad poor
comelations with low & values (Fig. 2), which

Content {ug)

indicated that marker-assisted selection (MAS)
may prove much more cflicient than selection
based on color alone.

To dissect the phenotypic diversity, we used
an assoclaton-mapping approach that exploits
the genetic diversity of maize o provide resolu-
tion within 2000 base pairs (bp) (/9-27) In the
context of plant breeding, this has the added
advantage of identilying the most Bvorable allele
within a diverse genctic background, which
provides the necessary genotvpic information 1o
facilitate the design of efficient maize introgres-
sion and selection schemes throughout the
world, We complemented the association map-
ping with linkage mapping to evaluate the

Total Carotenoids

Total carctenoids  f-carotene
37.36 ug/g 4.19ug/g

Content {ug)
oM & @ o

1 2 3 4 5 6
B-cryptoxanthin
= 12
] .
2 4 .
= . g 4 L
can B -—h:—l-r [ | I' ]
8.48 5.93 b,
valg ve'g 1 2 3 4 k-1 L]
Shade of yellow

Fig. 2. Grain color and carotenoid content. The graphs depict the low correlation between visual grain
color and total carotenoids, [-carotene, and f-cryptoxanthin in diverse inbreds. In these kernels, the
shade of yellow ranges from white (score of 1) to dark orange (score of &). White kernels were excluded
from the analysis. The difficulty in visual selection for [i-carotene content is further exemplified by the
images on the left, where the yellow maize below has higher [i-carotene than the orange variety above.
These correlations are across the diverse panel of 228 maize inbreds; correlations for grain color and total
carotenoids are higher when scored across segregating populations and namow ranges of germ plasm, but
correlations for f-carotene and f-cryptoxanthin remain low.

TE-287
L 216 238 2312 ““T
-224 4184 -~ /
4315

Fig. 3. Schematic diagram of the maize lcyE. Putative transcription start sites are depicted with orange
arrow, translated exons as black squares, and the sampled regions as gray boxes. Polymorphisms that
significantly associated with changes in flux between the lutein and zeaxanthin branches of the pathway
are labeled with asterisks. The 5' transposable element insertion(s) are represented by the white triangles.
Positions relative to the sequence alignment are indicated numerically above the polymarphisms.
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cffects in a genetically less complex back-
ground and with a mutagenesis program o
solate novel allehe vanation within an elite
near-isogenic background,

To evaluate functional diversity (Fig. 1), cight

candidae genes representing select members of
gene families encoding biosynthetic eneymes of

the carcdenoid pathway were sampled across a
diverse pancl of 2858 maize lines, of which 204
were yellow, Subsets of vellow lines were grown
in four different years and surveved for whole-
kemel carotenoids by high-performance liguid
chromatography (HPLC)Y. The wvellow lines
averaged 23 pg'e for wial camotenoids (range
5.5 1o 66,0 pe/g) and 1.7 pe'g for B-carotene
(range 0,06 10 13.6 pg/e),

For association analvsis, we used a mixed-
model approach  that controlled  for complex
population and pedigree relationships (22).
Among our curent sampling of candidate genes,
heopene epsilon cyelase (vE) (14) had the
largest effect on partitioning the two branches
of carotenoids and, consequently, on f-carotene
and Prcryploxanthin content. In maize, the
single-copy fovE gene consists of 10 exons
spanning 3640 bp (Fig. 3). Alter initial associa-
tion and screcning for polymomphisms in Key
haplotypes, four regions were selected and scorned
across the entire panel. On the basis of the
position of LOCYE in the biochomical pathway,
we predicted that the mtio of the sum of kemel
carotenoids from cach pathway branch would
form the strongest association. Indeed. this was
confimed (Tahle 1), with the strength of the
association conlinming that fovE plays a key ole
in controlling this matio. Comrespondingly, levels
ol predominant provitamin A compounds [
caroiene and B-crvptoxanthin were also highly
associated with fovk,

Subsequent haplotype analvsis revealed sev-
eral probable causative polymorphisms for the
ratio of - and f-carotene branches for the 2003
ficld season (table S1). A large promoter indel
and an amino acid substitution in exon | explain
most of the variation (R* 135: P
1.27 % 107"%) with a 5.2-fold effect. A second
indel in the 3" UTR also has a significant 3 .3-fold
clfect and contributes o vanation not explained
by the promoter polymomphism (type [ 55;
P=19* 107*. The fourth significant polymor-
phism at position 2238 m intron 4 was associaed
with a 2.5-fold effect (type 11 §5; £ = 0.0003).

36%: 0

The overll, four-term model explains 538% of

the variation (P = 9.2 = 107", These signifi-
cant polymorphisms exhibit some linkage dis-
equilibrium (LD), and only nine haplotypic ¢lisses
exist in our sample, which limits Tull differen-
tiation of the effects of cach polymorphism.
Overall, there is a ninefold difference between
two of the more differentinned haplotype clas-
ses, and sixfold between two more common
haplotypes (able 52). There was a threetold
increase in the proponion of B-carotene and -
cryploxanthin between the common haplotypes.
Verification of these results was provided by
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significant associations in subsequent fcld sca-
sons { Table 1),

Expression analysis indicated that fovE s
preferentially expressad in the endosperm rela-
tive to the embryo (fg. S1). Expression profil-
ing of kernels at 15 and 20 days afier pollination
(DAP) indicated expression levels comelated
well with the ratio ol carotenoids from cach
pathway branch, cxplaining 70 10 76% of the
varance. Lines with transposon inscrtions near
the stan site had much lower expression levels
[in 15 DAP and 20 DAP lower by a factor of
3.7 and 13, respectively ifig. 52)]. The 3" indel
may also have expression elfects, but our sta-
tistical tests lacked the power to confirm this
hypothesis. A quantitative trit locus (QTL) exper-
mment that examined segregation of B73-Mol7
alleles in leaves found significant variation in
the cis-regulation of JovE expression, along with
several other regions that also connbule 1o ex-
pression level control of laE (e, S3).

In a previous study, three major QTL were
identified for accumulation of carotenoids in
maize (23). Two of these QTL colocalized with
vl and zeta carotene desatirase (sdv): the thind
QTL mapped to a region without a candidae
gene. We mapped lovE 10 chromosome 8 bin 5,
near marker bnlgl599, and it colocalized with
this previously undetermined QTL. This QTL
showed significant effees for modilication of
the mtio of o to B branch carotenoids [logarithm
of the odds ratio for linkage (or lod) score of
34.05; R 54.4%] and exphined 31.7% of the
variation for lutein (lod 16.5), The magnitude of
elfects was nol a5 larpe as in association or
mutagenesis analysis, However, this biparemial
QTL population only segregated for the amino
substinion (a1 codon 216) and a modest promoter
polymorphism and docs not segregaie for the 3'
polymomphism, Notably, this QTL was not signif-
icant for wial carotenoids, which further supports
the conclusion that variation within kvE gene
underhics this QTL for camienoid composition.

Table 1. lcyE associations across seasons, Association results for signifi-
cant polymarphisms identified in the four regions sampled along the feyE
gene. Each polymorphism is labeled numerically by its position on the
alignment relative to the exon 1 start codon. Followed by the favorable
allele (boldWunfavorable allele at the site. An initial scan for association
using both [i-carotene and the ratio of the two pathway branches was

To confinm association and OQTL results,
mutagenesis nduced by ethane methyl sulfonate
(EMS) was conducted to solate addinonal
alleles of fovE, Two Mz cars of inbred Qxd7
scgregated for a distinet change in endosperm
color from vellow 1w omange, with omnge roces-
sive 1o vellow (these color changes were ap-
parcnt in the inbred isogenic background, but
not in diverse breeding matenals), HPLC analy-
sis of omnge and vellow kemels conlirmed a
shift in the zeaxanthin:luiein ratio in the
direction of zeaxanthin, This ornge endosperm
mutation was backerossed into the standand
genetic inbred line B73, and fovE was 1osted as
a candidate gene, which revealed tha the Qxd7
fevE haplotype cosegregates with orange endo-
sperm and mto of a-carotene versus f-carotene
branch carotenoids (fig. S4)

The most favorable haplotvpe for ligher -
carotene brnch carotenoids included both the
large promoter inseriion and 3° 8-bp inserion. In
the diverse panel we tested, this haplotype

occurs in 3% of emperate inbreds and 16% of

tropical inbreds. MAS at this locus should be
elfective for several reasons: (i) The most favor-
able haplotype is found with at least modest
frequency in different genm plasm sources and
thus breeders can select donors from their rel-
atively more adapted sources. (i) The favomble
haplotype has a large effiect. (i) Visual selection
is ineffective for differentiating carotenoid com-
position and selecting provitamin A compounds,

(i) In comparison with HPLC analysis of

carotenoids, polvmerase chain reaction (PCR)
scoring of the levE locus s much less expensive
{costing perhaps 11000t that of HPLC) and
more accessible 1o developing countries with
greatest need for provitmin A

An approach that empowers local breeder
involvement through inexpensive visual sclec-
tion for darker vellow 1o orange kernels o
enhance lux into carotenoid pathway, and also
incorporates MAS  for fevE, should result in

significant.

lcyE association (P),

increased levels of provitamin A compounds.
To expedite creation of improved germ plasm
globally, we provide infomation on PCR-based
markers (fig, S5) Donor mbreds and improved
brecding lines derved at the Intemational Maiee
and Wheat Improvement Cemer (CIMMYT)
from synthetics of diverse panel inbreds with
higher freamtene are available by contacting T.
R.E. This will facilitue selection worldwide of
the most favorable fovE alleles, which we have
begun in our program. We are screening tropical
breeding genm plasm collections in collaboration
with CIMMY'T.

To date, MAS for nawral vanation has been
limited by mesolution and scope (gemm plasm
diversity ). Alleles have generally been charac-
tenzcd m the hmited genctic background and
resolution of biparental QTL studies, leaving in
question their relevance to broader germ plasm

24, particularly for germ plasm outside of the
temperate United States. As a resuly, the primary
use for MAS is backeross breeding of trunsgenic
traits. In contrast, the association mapping
approach wsed here allows for rapid generation
of selectable markers based on performance of
diverse genm plasm. This provides markers more
relevant in a broad genetic background, and that
enables breeders o search for favorable alleles
in their locally adapted germ plasim sources,

In ongoing swdies, we are attempling o
identify alleles for other genes in the pathway
that increase tal carotenoids and that slow the
conversion of f-carotene o fervptoxanthin and
zeaxanthin, o exploi more fully the naouml ganct-
i vanation potential i provitamn A bofortification
of maiae. These results will then be funther in-
comporated in breeding eifons 1o ereate a healthier
maize crop for the world'’s poorest people.

Although the genetic results and strategy
presenied here are encouraging. they need o
be placed in coniext as part of an overall bio-
fortification effon encompassing breeding infm-
structure, seed diswibution, societal acceplance,

conducted using the mixed model incorporating population structure and
kinship. Subsequently a simpler general linear model (GLM) was used to
evaluate data sets from additional years, including population structure
(Q), given the oligogenic behavior of the trait the change in flux estimates
for 2003 do not include Q. Avg., average; n.c., nonconvergence; n.s., not

mixed model of leyE association as a ratio across Fold change
B-Carotene/all Ratio of branches environments (GLM) (P) in flux
Environment (year) (2003) (2003) (2002) (2003) {2004) (2005) (2003)
Avg. observation no. {157) (154) (44) (156) (154) (156)
Polymaorphic site
5'TE 1+4/213 542 x 107 3.96 x 1071 0.024 8.05 x 1071 0.008 8.61x 107 6.5
216 G/T n.c. 1.35 x 10710 0.059 1.24 x 107 0.003 293 x 107 2.8
2238 GI/T 1.22 x 107* 1.69 x 107* 0.008 212 x 107 0.023 1.08 x 107 2.7
2312 AIT 1.70 = 1073 n.c. n.s. 6.84 x 107 0.026 0.005 2.9
4184 G/ A 3.06 x 107 n.c 887 %10 223x107"° 0.019 113 x 107 2.6
4315 C/G 1.84 x 107* 7.01 x 10710 0.012 3.07 x 1077 575 x 107 6.79 x 107 2.6
IIndel  8/0 4,80 x 107 2.75 x 107° n.s. 1.46 x 107° 8.97 x 107 413 x 107° 35
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dictary habits, and nutritional impact. Infonma-
tion now available on some of these issues 1s
cncouraging. Results from an animal model for
human vitamin A metabolism indicated vitamin
A activity of provitamin A in orange maize was
greater than assumed by a factor of about four
(25 A successiul imtervention to mmoduce -
carotene rich, orange sweet potato in Mozambique,
where only white sweel potato was previously
cultivated, suggests that orange-colored staple
foods can be aceeptable, and their regular con-
sumption results in improved vitamin A staus
(26). Relmed follow-up acceptance studies of
yelloww and orange maize in Mozambigue and
Zimbabwe are in progress with mitial  results
encouraging (27). The dictary habits of many
Alncins, in which maize 15 consumed for all
three meals a day, indicates that matze 15 a good
target for biofortification (28) The recent posi-
tive nutritional and acceptance resulis will need 1o
be coordmated with comprehensive broeding and
seed disimbution eflons to realize the potential of
provitamin A-biotortified maiee, as, for exam-
ple, is coordinated by the HarvestPlus Global
Challenge Program.
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Dual Positive and Negative
Regulation of Wingless Signaling by
Adenomatous Polyposis Coli

Carter M. Takacs, Jason R. Baird, Edward G. Hughes, Sierra 5. Kent,
Hassina Benchabane, Rashum Paik, Yashi Ahmed*

The evolutionarily conserved Wnt/Wingless signal transduction pathway directs cell proliferation,
cell fate, and cell death during development in metazoans and is inappropriately activated in
several types of cancer. The majority of colorectal carcinomas contain truncating mutations in the
adenomatous polyposis coli (APC) tumor suppressor, a negative regulator of Wnt/Wingless
signaling. Here, we demonstrate that Drosophila Apc homologs also have an activating role in both
physiological and ectopic Wingless signaling. The Apc amino terminus is important for its
activating function, whereas the [i-catenin binding sites are dispensable. Apc likely promotes
Wingless transduction through down-regulation of Axin, a negative regulator of Wingless signaling.
Given the evolutionary conservation of APC in Wnt signal transduction, an activating role may also
be present in vertebrates with relevance to development and cancer.

he Wir'Wingless (W) seereted proteins

I activate a signal transduction cascade that
directs growth and differentiation in many
tisstes during animal development [reviewed in
(1)) Activation of target genes in response 10 the
Wnt'We signal is dependent on the transcrip-
tional activator f-catenin/Arnadillo (Arm). In the
absence of Wt four factors — APC, Axin, gly-
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cogen synthase kinase-37cste white 3, and cascin
kinase |—target f-caienin for phosphorylation
and subsequent proteasomal degrdation (2-8).
Axin acts as a scaffold 1w facilnate f-catenin
phosphory lation by binding f-catenin, APC, and
the two Kinases, Wint-dependent down-regulation
of Axin is imponant for B-catenin- mediated tran-
scrptional activation (9 /1), Mutational imactiva-
tion of negative regulmory components in the
pathway and the resultant inappropriate activa-
tion of Wm signaling is associated with the
development of severl tvpes of cancer. The
majority of colorectal adenomas and carcinomas

comain mutations that climinate the caboxy-
terminal hall of APC (/).

The Wnt'We signaling pathway shows con-
siderable conservation among motazeans, Two
APC homologs exist in humans, miee, and fru
s, and the negative regulatory role off APC in
Wit signaling is conserved from flics o mam-
mals (/2-15). Drosophila Apel and Ape2 are
ubiquitously cxpressed, and in most cells act
redundantly 1o negatively regulate Wy signaling
i, 7). However, in retinal photorecepiors,

Apc2 activity is low enough that inactivation of

Apel singly sulfices to constitutively activate
We signaling (/3. {6). In response, all photo-
receptors undergo apoptosis (/3) (Fig. 1, A and
B) and before their deaths some photoreoepiors
adopt an aberant cell fate, as indicated by ec-
topic expression of fewpetloray and Rliodopsin
(I8 19 (g S, A w F),

To idennfy penes that promote W signal-
ing, we performed a genetic sereen for suppres-
sors of photorceeptor apoptosis in the Apel®
oull mutant (Methods). We found that apoplosis
is suppressed by null and hypomorphic Ape?
alleles (Fig, 1C: fig, 82, A w0 C; fig. 83, A o L
and table S1). Ectopic expression of fomataray
and Rhodepsin 3 s also suppressed, indicating
that suppression of W signaling is not restricted
o apoptosis (Mg, 51, Gwo L, and g, 54, A o
Fi. Further, ectopic We signaling resulting (rom
Arm overexpression 15 also panially suppressed
by reduction of Apc2 (fig. 55, A w0 C) These
data indicate that in addition to its well-established
negative regulatory role, Ape2 also has an ac-
tivating role in cotopic We signaling,
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It s unknown whether this Apc-activating
function in We signaling 1s also imporiant during
nonmal development. Previous observation of an
activatimg function may have been obscured by
the negative regulatory role of Apel and Ape2
and by their functional redundancy. Therefire,
we developed strmtegies o0 reduce the combined
activity of Apcl and Apc2 1o differem exients,
We eliminated all Apel activity using the Ape !
null allele while simullancously reducing Ape2
activity 1o vanous levels using different Adpel
alleles. We used Ape2 alleles such as Ape2™ and
Ape2 ™8 which include insertions in the 5" un-
translated region and reduce Ape protein to low
levels (Fig, 2A and wable S1), and alleles that
reduce Apc2 activity even funther, such as the
molecular null allele .-fp:-,f?y and the deletion al-
leles Ape2* and Ape2™ (fig. S2A and wble S1),

Inactivation of W, Amm, or Arm’s transcrip-
tional co-activators dTCF/ Pangolin (Pan) and
Legless results in loss of stermites, which are
bristle-bearing cuticular plates in the ventral ab-
domen (20-22%Fig. 2, B and C), and a “wingless™
phenotype in which the wing blade is replaced
by a duplication of the dorsal thorax or notum
(24-24) (Fig. 2E, and fig. 56, C 10 F). We ob-
serve both of these phenotypes in Apel/®ipe2
double mutants tha display low levels of Ape
protein (Fig. 2, D oand F, and fig. S6F). In con-
trast, abdomen and wing patterning is nommal in

Fig. 1. Apc? promotes Arm-induced apoptosis in
retinal photoreceptors. (A) A heterozygous Apcl %84
adult eye; in each ommatidium, seven photoreceptors
are observed. (B) All photoreceptors in the homozygous
Apc1® null mutant undergo apoptosis. (C) Apoptosis
is suppressed by the heterozygous Apc?™ deletion.
Each image was obtained at the same magnification.

Aped null mutants and in Ape? null mutants,
Therclore, we conclude that Apc not only pro-
motes ectopic We signaling but 15 also required
to promote W signaling dunng nommal devel-
opiment. This activity 15 supplied redundantly by
Apel and Apc2, Further reduction in the com-
bined activity of Apel and Ape2 results in Wy
hypemctivation phenotypes in the abdomen and
wing, reflecting the negative regulatory role of
Ape (ligs. 56 and 87). Thus, Apel and Ape2 not
only prevent signaling when We is absent but
also promote signaling in cells responding o W,

To determine a mechanism by which Apc
promotes We signaling, we examinad Axin Jev-
els (Fig. 3, A o C) after simultaneous reduction
of Apcl and Apc2 (Fig. 3, D w [}, Upon com-
plete loss of Apel and Ape2 (in Aped .-Ipc-_"?"I
null mutant wing clones), nol only ae Amm
levels high (Fig. 3, M to O} but also Axin levels
are inereased (Fig. 3, D 1o FL. Axin Jevels also
merease in cells with reduced Ape activity, which
retain the ability to promote some A degrada-

A b
i .-4-1--w

tion {in .-I_m-fw .Im-.‘” mutant clones) (able S1
and Fig. 3. G to [ and P 1o R). This Axin increase
is present mocells regardless of thar location
within the wing disc and thus is not restricted to
wells exposad o We, Fuhenmore, these in-
ercased Axin levels do not result from enhanced
Am-mediated transcription (fig. S8), Our esults
reveal that Apel and Apc2 neegatively regulate
Axin levels, suggesting a mechanism for the
positive effect of Ape on W signaling.

To determine whether the Ape domains pro-
moting We signaling are distinet from those
promoting Amn degradation, we used three
Ape2 runcation alleles tha encode only amino-
rerminal fmgments, ,«!ft-."'m, Ape2™ and Ape 2"
(17, 25, 26) (Fig. 4A and twble S1). These alleles
ciminate some or all P-catenin/Amm binding
sites and thus are severely compromised in pro-
moting A degradation (16, [7, 26). However,
in contrast with null alleles that eliminate all
Ape? coding sequences (g, S2A and table 51),
the Ape? tuncation alleles retain their positive

—
e

—

Ape19*Apo2®?
Apc1®Apc2®

Fig. 2. Apcl Apc? double-mutant pheno-
types. (A) Western blot using Apc2 carboxy-
terminal antiserum on embryonic lysates,

levels are reduced in Apc2”™~ and Apc,

mutants. Wild-type and 4pc2*® mutant are
shown for reference. Kinesin heaw chain is
control. (B} Ventral abdomen of wild-type
female. Sternites and overlying sternal bristles

(St, arrow) and pleura (PL) are indicated. (C and D) Loss of sternites and sternal bristles and expansion of

pleura in homozygous pan™

mutants and homozygous ApcI®

Apc2*? or Apcal® Apc2>Inpc® Apc >

mutants. This phenotype s present in 65 to 70% of homozygous Apr:lm MCA?EIJ mutant females raised at
25°C with variation in severity between individuals. (E and F} Wing-to-notum transformation (arrow) in homo-
zygous wg' mutants and in ApcI® Apc2™pcI®Apc2™? mutants. Apc2™® is a deletion allele (table 51).
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Fig. 3. Axin and Arm levels in
Apc mutants. Third instar wing
discs, stained with antisera on top.
Genﬂgues at left margin. (A to C)
Axin’ homozygous mutant
clones, indicated by [-gal loss [-/-
in (A)], have decreased Axin sig-
nal, revealing specificity of Axin
antiserum [(B) and (C)]. In some
clones of cells with wild-type Axin
levels, as indicated by increased
f-gal signal [+/+ in (A)], there is
increased Axin signal [arrowhead
in (B}, as compared with Axin
heterozygous (+/-) tissue. (D to 1)
Apc1®® Apc2™ /- in (D)) and
Apc1® Ape2*? -1~ in (G)] mutant
clones display increased Axin sig-
nal. (] to L} Arm levels are high
in Axin mutant clones [=/= in (])].
(M to O) Similarly, high Arm levels
are observed in Apclw Apcz”

Axin (++)

Apc1™Apca® [+~) Ape1™Apc2™ (+)

Axin merge f-gal

null mutant clones [-/— in (W)). (P to R) In contrast, ApcI® Apc2™ mutant dones [/~ in (P)] display intermediate Arm levels. The Apc2™ allele
contains 2 deletion extending to the fifth Arm repeat (table 51), and its residual ability to down-regulate Arm likely resulis from production of a carboxy-
terminal fragment, at levels below the threshold detectable with our antiserum,

ellfect on Arm-induced apoplosis and ectopic b
expression in Apc/@Y mutant photoreceptors
(Fig. 4B and fig. 89, A and B). We conclude
that Ape2 amino-terminal fragments retain the
ability 1o promote ectopic W signaling, whereas
the f-catenin'Arm binding sites are dispensable
for this activity. This conclusion is further sup-
ported by the observation that an Ape2 tmnsgene
(P Ape2-A20mep]) (Fig, 4A), with an intemal de-
letion of all five 20-amino acid repeats that are
important for Amm binding and  proteolysis (2),
complecly rescues compronised W ransducton
in wing discs resulting from reduced Ape activity
(in A 195, I_I-'I.':L.E A i J'_:u':‘”" ! mutants).
Furthermore, the presence of the Ape2-A2inep
fragment also prevents the increase in Axin
(Fig. 4, C to E) observed in cells in which Apc
activity is cither completely lost [.!;;.;-FW i,u-.:-,?"TLJ
mutam clones) (Fig. 3. D 1w F) or reduced
{Aped™ Ape2™ mutant clones) (Fig. 3. G to ).
Finally, in cells with reduced Apc activity and
intermediate Amm levels (Aped@ | x,““ it
clones) (Fig. 3, P 1o R), the presence of the Apc2-
A20mcp fragment results i high Amm levels (Fig,
4, Gt 1) that are similar to those resulting from
loss of Axin (fig S10). Thus, the f-catenin/Arm

binding sites are dispensable for the abiliy of

Apc 1o negatively regulate Axin levels, o increase
Arm levels, and 1o promote We trnsduction.
These mesults support the model that Ape en-
hances We signaling by negatively regulating
Axin-mediaed Amm degradation.

Previous experiments in Xenopus suggested
that the venebrate APC amino tenminus also pro-
moles Wit signaling (27, 28, Indeed, we find
that expression of a hunan APC amino-terminal
fragment (29 (Fig. 4A) m a Wint-responsive cell
line (HEK293T) results in up-regulation of TCF
reporter activity (pTOPFlash) (309 that 1s not ob-
served with a control reponer containing mutated

Www.sciencemag.org
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Fig. 4. The Apc2 amino-terminus affects Axin levels, Arm levels, and Wy signaling. (A} Human APC and
Drosophita Apc2 schematic, Conserved region (gray), Arm repeats {white), i-catenin binding sites [15
amino acid repeats (light blue) and 20 amino acid re rg:e.alts. {dark blue)], Axin binding sites (SAMP repeats,
hatched boxes), and nonsense mutations in Apc.?" Apf and A.ﬂfﬂ‘m are indicated. Somatic APC
mutations in colorectal tumors cluster between r:udun*s 1250 and 1450 (mutation cluster region, MCR).
Human APC amine-terminal fragment enmdmg amino acids 2-1247 WFF‘-APC!.Z# Tiand F'J’ﬂprz A20rep]
transgene are diagrammed, (B) Apoptosis is not suppressed in the 4pc1%® Apc@®/apc1® + retina, (C to
E and G to I} Third instar wing discs stained with antisera in lower left corner. .-l!;::u:.i"'“ﬁ .-ﬂl;;:u,'.'?"hT mutant
clones are indicated [/~ in (C) and (G]. One copy of the PlApc2-A20rep] transgene results in low Axin
levels [(D) and (E}] and high Arm levels [(H) and 0] in Apc1% Apc2* clones. Identical results were found
with two independent PlApc2-A20rep] lines. (F) Model for dual Apc functions in Wg transduction. In
addition to facilitating Axin-dependent Arm proteolysis, Apc also negatively requlates Axin (blue), thereby
promating Wg signaling. Our results support a proposed regulatory relationship between Axin and Apc
(36) and also suggest that negative regulation of Axin by Apc maintains Arm levels within a range
ensuring proper response upon Wq stimulation.
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hinding sites (pFOPFlash) (g, S11). Therefore,
human APC may also have positive and negative
regulatory rodes in Wit mansduction, with an
amimno wenminus that promotes Wit signaling,
Our results demonstrate that Apel and Ape2
act redundantly 1w regulate Wingless trmnsduc-
tion both posiively and negatively (Fig. 4F).
Ape likely promotes Wingless trnsduction by
negatively regulating Axin, For this function,
the Apc amino tlerminus is essential, whereas the
Brcatenin/Anm binding sites are dispensable, We
suggest that opposing activitics of Ape keep Axin
activity and Amm levels within a mnge ensuring
that downstream signal wmnsduction occurs in
the presence of We but not in its absence, The
O elegany APC-related protein APR-1, which
lacks conscnsus  eatenin binding  sites, also
promotes Wil transduction (37, 32, further sug-
gesting that an activating role s evolutionarily
conserved. Our data also reveal that retention of
an Ape amine-erminal fragment enhances ce-
topic We signaling resulting from reduction in
Apc levels. This may explain why APC mutations
that eliminate the carboxyl tenminus, vel retain the
amino teminus, are found in the majority of
colonic adenomas and carcinomas (33-35). By
analogy to the positive elfect ol the Drosopliifa
Ape amino terminus on ectopic W signaling, the
conserved human APC aming ienminus might sim-
ilarly enhanee cetopic Wit signaling, sccounting
for its selective retention in colorectal carcinoma,
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Initiating and Cancer-Propagating
Cells in TEL-AML1-Associated
Childhood Leukemia

Dengli Hong,* Rajeev Gupta, Philip Ancliff,” Ann Atzberger,® John Brown,! Shamit Soneji,!
Joanne Green,! Sue Colman,” Wanda Piacibello,* Veronica Buckle,® Shinobu Tsuzuki,?

Mel Greaves,® Tariq Enver™

Understanding cancer pathogenesis requires knowledge of not only the specific contributory genetic
mutations but also the cellular framework in which they arise and function. Here we explore the clonal
evolution of a form of childhood precursor—B cell acute lymphoblastic leukemia that is characterized by a
chromosomal translocation generating a TEL-AMLT fusion gene. We identify a cell compartment in
leukemic children that can propagate leukemia when transplanted in mice. By studying a monochorionic
twin pair, one preleukemic and one with frank leukemia, we establish the lineal relationship between
these “cancer-propagating” cells and the preleukemic cell in which the TEL-AMLI fusion first arises or has
functional impact. Analysis of TEL-AML1-transduced cord blood cells suggests that TEL-AMLI functions as
a first-hit mutation by endowing this preleukemic cell with altered self-renewal and survival properties.

popular (/-6), though not unchallenged
Al 7), hypothesis is that fully transfonmed

human cancer clones are armanged, like
their nomal tissue countempants, in a hierarchical
fashion and mamtained by mre “lumor-propagating
cells™ (also referned 10 as cancer stem cells), Less
is known about the crucial earicst firsi-hit events
in cancer and the “precancerous™ cells in which
they oceur, We have explored these precancerous
cell hicrarchics in the context of childhood
precursor- B cell (pre-B cell) acute lymphoblastic

leukemia (also known as common ALL, ¢cALL)
which is frequently associated with a chromosomal
tanslocation creating the TEL-AMLI (ET16-
RUNXTY Tusion gene (8). This lusion arises pre-
dominantly in utero, producing a persistent but
clinically coven preleukemic clone (9-11) that
may convert W frank leukemia with acquisition
of additional genetic changes (110, 12),

Most of the leukemie cells ineALL cocxpress
CDIY and CD10O accompanied by clonal rear-
rangement of the immunoglobulin heavy chain

gene (feH) indicative ol a pre-B cell identity (13).
However, the identity of the eALL-propagating
cell has been contentious (/4-17). Interestingly,
childhood ALL is associated with a rare popula-
tion of CD34°CD3&"™CDI9™ cells that is not
detectable in normal bone marmow (17, f8). We
prospectively isolated these cells from TEL-
AMLI-positive cALL panenis (Fig. 1A, RI1)
and asscssed their capacity 10 engrafi nonobese
diabetic, severe combined immunodelicient mice
(NOD/SCID mice). an assay ol their leukemo-
genic potential (/9). Engrafiment was obiained
from four patient samples (Fig, 1B and fig. S1)
and sccondary grafis were obtained from all of
these. The CD34°CD38 ™™ CDIY" population
wis reestablished within both the primary (Fig.
1C) and sccondary (Fig. 1D) recipients. Inter-
phase uorcscence m situ hybndieation (FISH)
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E analysis continmed the presence ol the TEL-AMLY
fusion gene i these grafls (Fig. 1E) These dita
supgest that the CD34°CD3E ™™ CD19" cells can
function as sell-renewing cancer-propagating colls.

How do these cells relate to those m whiuch
the TEL-AMLI fusion first anses and initiates
leukemogenesis? Analysis of monochononic
twins provides a unique opporumity 1o investi-
gate the initiating cvents in this discase because a
preleukemic clone, established in utero in one

104 : S 3
: oy twin may spread o the other twin via their shared
Fig. 1'. k"‘E“uﬁ'-T"t’m of Wmor-  placenta (Y). Because additional mutations are
1%:‘ D propagating cd.ls:m-:ﬂf.l. pabents.  eouired for progression to leukemia (9, J0),
i co19 10 — CD19| (A) Representative fluorescence- o e twin presents with leukemia, the other
:..‘. activated cell sorting (FACS)anal: 0 il camry the ancestral preleukemic clone
| ysis of leukemic bone marrow 3 :

but may remain clinically nommal, We mvesti-
gated a pair of monochononie female twins, One
twin was diagnosed at age 2 with TEL-AMLI
: wilive pre-B oell ALL, and her leukemic blasts
analysis of bone marrow from positive pre-B cell ALL, and her leukemic blasts

il A : P . HEp showed additional loss of the unimvolved TEL

: _ . s el : fn?wjga:m?;qﬁgnﬁihﬁ allele (Fig. 2A) Her bone marmow contained

2+ coa 1 *—» CD34 104 oftment. () Detailed analysis  the CD34 CD3S™CDI9" cancer-propagating
of engrafted cells from a pri- population { Fig. 2B). The other twin was healthy.
mary recipient showing the CD34*CD38™CD19* population. (D) Similar analysis of engrafted cells from  For cthical reasons, our analyses were strictly
bane marrow of a secondary recipient showing reestablishment of the same population, (E) Interphase FISH  limited 10 peripheral blood (PB) [supporting
showing TEL-AML1 expression in a human CD19* cell from a secondary recipient. JEL signal, green; AMLI,  online material (SOM) text]. We detected TEL-
red; TEL-AML1 fusion (green-red) indicated by arrowhead. Fusion identified in >97% human cells analyzed  AML/! positive B lineage afliliated CDI9" cells
from recipients of two separate cALL samples. al low frequency (—0.1%)., but these cells all

maononuclear cells showing the
CD34*CD387""™CD19" (R1)
population. (B) Representative

CD3s

Fig. 2. Hematopoiesisin A o )

kT i B c
monochorionic 1(12;21) ALECNTME R ealthy’ twin -

twins., (A) Immuno-FISH R3

for TEL-AMEL T translocation ! ‘Healthy"
and CD19 protein in PB twin PB
mononuclear cells from e

the leukemic twin, healthy A

twin, and a normal indi- Normal
vidual. €019 indicated by LA rE
blue staining, TEL by green, 0 scpaa 0 O gpgy 10

AMLI by red, and TEL- E

AMLI by green-red (filled Dosz Ju

e v e
| 1 s SRR SO AT RPN, A

the AMLI locus left by
the translocation, small red
signal, thin arrow; intact
AMLI allele, large red sig-
nal: intact second TEL al-
lele, green signal {open
arrowhead). (B} Diagnos-
tic bone marrow from the
leukemic twin showing a ‘Leukemic’ twin __'Healthy’ twin mFD:M*GDSB'MCm g+
CD34 CDSB"’"’"‘CDH* population, gate R2. (C} CD19 expression
in PB CD34*CD38™"™ cells from healthy twin (top) and a normal ] i -

age-matched child. (D) Reverse transcription PCR for TEL-AMLI and = 4 *
fractin expression in normal cord blood (lanes 1 and 2} and in PB é ] :* "

A7

Healthy
twin
Uﬂ:.z--fu V(FRg)Jy Leukemic m

Dwm
arrowhead). Remnant of

»>

E twin
C H L C H L

compartments from healthy twin (lanes 3 to 5). Lane 1, cord blood sl T ! &

CD34" (100 cell equivalents). Lane 2, cord blood CD34" (10 cell | Fua*,I 0 il il .'--f.m
equivalents). Lane 3, twin CD34*CD38™™CD19* (8 cell equivalents), i | [t ’
Lane 4, twin CD34"CD387CD19" (pro—B cells, 25 cell equivalents), g s & 104 ) ; 10+
Lane 5, CD34*CD387™™(D19™ (multipotential stem/progenitors, D10 > —CD10

10 cell equivalents). (E} Genomic PCR for lgH gene rearrangements.

Dosz-Ju (heavy-chain joining region) (left) and VD] (right) analyses for control A minority of (3 out of 11) clones from the CD347CD387"CD19" cells of
Kasumi cells (C} and CD34*CD387™CD19* populations from healthy (H) and  the leukemic twin were different from each other and those of her 51'bling
leukemic (L} twin. Arrows indicate 160 bp (germline) and 80 bp (rearranged). (F)  which may Suggeﬂ ongoing D] recombination. (G) CD10 expression in
Representative sequence analyses of individual cloned Dgsa-Jy PCR products from  CD347CD38™ 8%D19* cells from leukemic (hone marrow) and healthy
healthy and leukemic twins. Long arrows indicate oligonucleotide primers, short  (PB) twins. (H) CD10 expression in bone marrow CD34*CD387""*CD19*
arrow indicates a G-A transversion suggestive of somatic hypermutation.  cells from an unrelated cALL patient {representative of five individuals).
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contained a nomal TEL allele (Fig., 2A) con-
sistent with preleukemia status (/7).

We detected a rare population of CD34°
CD3S™CD19" cells at a frequency of 0.002%
oftotal mononuclear cells in the healthy twin, but
nod in the PB of hemaologically nomal age-
matched children (Fig. 2C, R3), This ccll popu-
lation has been stable over 18 months of serial
observation (lig. S2), TEL-AMLI wranscripts were
observed in as few as 10 cell equivalents of this
sonted fraction (Fig. 2D, lane 3), In contrast, we
did not detect TEL-AML! transcripts in similar
numbers of progenitor B cells (pro-B cclls)
from the healthy twin (Fig. 2D, lane 4) consist-
entwith the low propontion of B cells affeciad in
the blood of this hematologically normal child,
or m more pamiive multupotent stem oell frme-
tions not expressing the B-lineage marker CDIY
(Fig. 2D, lanc 51,

To inwestigate the relation between the
CDAECD3R™CDIY populations in the healthy
and leukemie twins, we exammed fefd gene re-
armngements involving the variable (V). diver-
sity (D), and joining (Jy loci. Polymerase chain
reaction analysis (PCR) revealad DJ but not VDI
recombination events in the healthy twin sample
(Fig. 2E). Sequencing of the cloned DJ re-
combination PCR products from the healhy
twin’s CD34°CD38™™CD19" cells revealed the
presence of only one spocics, which suggested that
these cells represented a clomally expanded popu-
lation and that the fusion pene arose or had lirst
lunctional impact in a cell that had already under-
gone DI recombination. CD34'CD38 ™ CDI19"
cells from the leukemie twin harbor D), as well as

Fig. 3. First-hit functions
of TEL-AMLY in transduced

VI, recombination products (Fig. 2E)L Sequenc-
ing of cloned D segments revealed some heter-
ogenety in recombination products, but crucially,
the majority of clones were, with the exception of
a single base change, highly related 1o the DJ
scgment seen in the CD34°CD38 (DY’
population from the healthy twin (Fig. 2F).
This sugeests that the CD34CDAR D19
cancer-propagating  population in the leukemic
twin is a clonal and more differentiated descend-
ant of the CD34'CD3S™™CDI9" population in
the healthy twin, Consisten with this, the ma-

jority of CD34°CD38™™CDI9" cells in the

leukemic twin express common ALL antigen,
CDIO (0% those in the healthy twin do not
(Fig. 2G). It is noteworthy that a minor
component of the CD34°CD38 D1y’ pop-
ulation in leukemic samples was also found 10
be CDIOT (Fig. 2H, R1). The presence ol the
TEL-AMLI fusion gene in these cells was con-
lirmed by FISH (hg. 53).

We next established a model of TEL-AML!
driven preleukemia by transplanting TEL-AML/
transduced human cord blood cclls mto NODY
SCID mice (fiz. 54). At the level of expansion of
B cell progenitors and B-lineage differentiation im-
pedance or amest, this xenografl model exhibits sa-
lient features of the preleukemic phase of pre-B cell
ALL (fig. $5) (9, 10). CD34°CD38 "™ D19’
cells were observed in the TEL-AML f-expressing,
but not control, marow fractions (Fig. 3A and
figs. S5 and S6hor in nomal cord Blood (g, 57).
Xenograft-modeled CD34°CD387 ™ CD19*
cells displayved D) rearmngements (Fig. 3B)
and, like their counterparts i the healthy twin

B

12 3 4 58 7

A: CO1S*GFP-
cord blood stem cells. (A) 4
Representative immuno- &
phenotype of bone marrow 8

CD19'GFP
o4

graft from a primary redpient ]‘
o

-« germline
_ mammﬂd

(Fig. 2Gi), did not express CDIO (fig. S8).
Collectively, our data support the notion that
TEL-AMLI can, as a smgle mutation, generate
abnormal cells that resemble the TEL-AMLY
expressing CD34CDIR™CDI9" cells ob-
served in the healthy twin,

The xenografi-modeled, TEL-AMLI-generied
CD3CD38 ™ CDI9" cells displayed B cell dif-
ferentiation and scll=rencwal potential in vitro (Fig.
3, C D, and E, and fig. 59, To investigate whether
the TEL-AMLI- generated CD34'CD3S ™ (D19
population can initiate and maintain a “preleukemic™
state in vivo, we prospectively isolated these cells
from engrafted primary mice and injected them
it the tbiae of secondary NODVSCID recipi-
ents. To our surpnse, these cells engralied and
gave rise to more mature B cells (CD3S'CD197),
as well @ reconstitutmg a CD34°CD38 ~epry?
population (Fig. 3F) In contrast, TEL-AML]
expressing CD3TCDIRTCDI9T (pro- B cells did
nol engrall. These expenments indicate that the
TEL-AMLI-generated CD34°CD38 Aoy
population has significant sell-renewal potential.
Analysis of cell survival charactenstics of TEL-
AMLI-generated CD34°CD38 ™ CDI9™ cells
indicates that 7EL-AML! markedly enhances re-
sistance to some, bul not all, apoplotic stimuli
(Fig. 3. G and H). Finally, preliminary microamay
analvsis indicates that CD34 Cp3s D19’
cells contain a mixure of both pro-B cell and
human stem cell-associated gene expression
profiles (fig. S10),

What then are the salient features of the
CD34TCDIS "™ CDI19" cell observed in the
healthy twin and the role of TEL-AML! in s

104

Cc

transplanted with TEL-AMLI— 04 0 104 10

transduced cells showing a CD34 ’ 5
CD34*CD387"™CD19* o=
population in the green fluorescent protein (GFP)* com- |

partment only. (B} PCR analysis of D] rearrangements in . 0‘_10"
purified CD34*CD38™CD19* cells. Reactions for the Dyp, D 45 EgSs F o
Da Dics Dnas Duy, Diga, and Ds families (lanes 110 7) 3§ go PP . R

are shown. A germiline product is indicated for Dgs; (lane 7). 3 Ei . ”

Rearrangements are seen for the Dypy, Dya and Dyg, fam- = g8 g 'E . —
ilies (lames 1, 4, and &, red arrows), (C) Photomicrograph § E E- L L -

(left) and immunophenotype of typical B cell colony I

after M5-5 stromal cell coculture of xenograft modeled 3 1 2 3 @3 co19 0% Ecpaq 10¢ R 1
CD34*CD387™CD19* cells. (D) CD34°CD38*™CD19*

cells (1) but not TEL-AML1—expressing (2) or control (3) pro-B cells from primary 3 H 50

recipients generated colonies on MS-5 stroma (7 = 3, mean =+ 5D) and (E) these coig* GEP* &

generated secondary colonies on replating—an index of self-renewal capacity. (F)  10°

Analysis of secondary recipients of purified modeled CD34*CD387"CD19" (GFP) 3

cells {representative of three experiments) showing reconstitution of the original =

population {which is also CD107) and a more mature population (CD19*CD38"), 5 &

(G} Enrichment of CD34*CD387™CD19* compartment from the bone marrow of a T

TEL-AMLI primary recipient after culture with or without soluble Fas ligand (sFasL} A aua

{cells were gated on CD19 and GFP before analysis for CD34 and CD38). (H)
Means (+5D) change in size of CD34°CD387™CD19" compartments in the bone marrow of TEL-AMLT primary recipients after culture with (shaded) or without (open)
camptothecin (1), Fas-L (2), melphalan (3), paclitaxel (4), tumor necrosis factor—au (5), methylprednisolone (6), and etoposide (7) (in each case, n =5, P < 0.05 by t test).
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generation? Its clonal expansion, coupled with
its persistence since birth, s highly suggestive
of sclf-renewal. s clonal relation 10 more
differentiated cell types both m the healthy and
in the leukemic twins implies differemiation
potential. The balance of evidence thus Favors
the notion that this cell may itself’ function as a
preleukemic stem cell. This proposal s sup-
ported by our xenograll modeling studics, which
further suggest that TEL-AMLI may be sulli-
cient to generte this population of preleukemic
stem eells.

Our results suggest that a hierarchical struc-
ture, which has been demonstmied in frank
leukenuia (2, 4), 1s also a feawre of “early”™ or
preleukemic populations. Understanding  the
nature of the preleukemic hierarchy s fundamen-
tal to understanding the function of the first-hit
mutation and how it predisposes 1o leukemic
transformation. Our studies therelore have impli-
cations lor discase ctiology, and the xenograli
model presented may provide a tool for exam-
ining the biological role of genctic alterations that
cooperate with the TEL-AMLI fusion gene. Our

studics may also be relevant to cancer therapy
where specific tangeting of tumor propagating
cells may be desirable. The observation that
children in lengthy remission can relapse late
with a novel leukemic clone (27), but which
nonctheless appears o derive from the identical
preleukemic clone that imiuated the discase at
presentation, sugeests that the preleukemic stem
cell companment may persist even when the cells
propagating the overt leukemia have been
effectively eradicaned.
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Effects of Molecular Memory
and Bursting on Fluctuations

in Gene Expression

Juan M. Pedraza® and Johan Paulsson™®*

Many cellular components are present in such low numbers per cell that random births and
deaths of individual molecules can cause substantial “noise” in concentrations. But biochemical
events do not necessarily occur in single steps of individual molecules. Some processes are greatly
randomized when synthesis or degradation occurs in large bursts of many molecules during a
short time interval. Conversely, each birth or death of a macromolecule could involve several
small steps, creating a memory between individual events. We present a generalized theory

for stochastic gene expression, formulating the variance in protein abundance in terms of

the randomness of the individual gene expression events. We show that common types of
molecular mechanisms can produce gestation and senescence periods that reduce noise without
requiring higher abundances, shorter lifetimes, or any concentration-dependent control loops.
We also show that most single-cell experimental methods cannot distinguish between qualitatively
different stochastic principles, although this in turn makes such methods better suited for
identifying which components introduce fluctuations. Characterizing the random events

that give rise to noise in concentrations instead requires dynamic measurements with

single-molecule resolution.

ene cxpression s a complex stochastic
process, involving mumerous componenis
and reaction sleps and spanning several
time and concentration scales (/&) This com-
plexity has motivated two very different views on
Nuctuations in protein levels. A widespread notion
in hiclogy suggets that mndom vardation is re-
strined  because cach individual chemical step
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only contnbutes marginally to the wial, just as
rolling more dice reduces relative uctuations in
the sum of the outcomes. Physics-inspired theory
has instcad emphasized that all the underlying
processes could propagate rather than average out
Muctuations, as when one die oll s wed 10 de-
termine how many dice o roll next. Both sce-
narios are plavsible: The mapping from details
on finer scales into effective events on coarser
scales—coarse grainmg — depends on molecular
mechanisms that suppon a wide range ol lca-
turs, including precise “gestation”™ periods be-
tween binh events, gradual aging of individual
molecules, or sudden rmndom bursts of synthesis,

This miscs two central questions: How do single-
cell Nuetations in abundances depend on the
coarse graining of the biochamical hardware, and
bow can the effoctive coarse graining be infemed
from measurements of luctuations in single cells?

Most experimental noise studies have mea-
sured how the varation in single-cell protein
levels depends on transenption and translation
rutes and typically compare the results with sto-
chastic models based on specilic ssumplions
about the underlying  molecular mechanisms.
Gene activation and transeriplion reguire numer-

ous chemical events: [rom repressors falling off

DNA 10 RNA polvmemse clongating nascent
transcripis. For synthetically  engincered  gene
circuits in Exclierichia coli, these processes can
produce exponential waiting times between tran-
seription events (9-11) despite the many mi-
croscopic subsieps involved. Similar Poisson

statistics have been observed in a wide mnge of

physical systems, starting with Bortkewiisch’s
classic study on the number of Prussian cavalry
officers kicked to death by horses (12), Howev-
or. most genes have a more complex control,
nvolving several repressors, tmanscription fac-
tors, and mediators, as well as chromatin re-
modeling or changes in supercoiling. Such
syslems generate nonexponential time intervals
between transcription windows, unless a single
clementary reaction step is rate limiting. In par-
ticular, promoters that gradually mature through
a series of inactive states (with several hidden
Poisson steps) before activating can create nar-
rowly distributed gestation periods  between
tmnscription windows (Fig, 1) The statistical
uncerainty in the waiting tmes can also be ne-
duced by programmed cell eycle activation,
rephication-activated trnscnption, or circadian
clocks (130 On the other hand, Muctuations can
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be increased when many copics of a transcript
are made in shor-lived ranscription windows
(Fig. 1), creating random bursts of synthesis, A
grcal variety of scenarios is possible, but the
stochastic propertics of individual gene expres-
sion events have only been measured in a few
simple systems (10, 1), and the malecular mech-
antsims are not sulliciently chamctenized 1o predict
specilic burst or waiting-lime statistics. Because
gestation and bursting can decrense and inerease
Nuctuations in gene expression, respectively, their
combined elfect is also hard 1o intwit. However, it
is possible w0 collectively understand such com-
plex mechanisms by mathematically  analyvang
familics of processes. Here, we consider a coll
with m molecules of an mRNA and p molecules
of the protein and make two gencralizations with
respect o previous analyses: We allow trmsenpts
to effectively be made both in arbitrary indepen-
dent bursts of b molecules (m— -+ B) and at
arbitrary  mdependent time mtervals T (Fig 1),
whene Tand b vary rndomly. To understand how
different types of tanscrption statistics affiect
single-cell protein luctuations, we evaluate these
assumplions in the context of a standard model
(44, 15), where manslation (p — p <4 1) ocours
with a constant probability per second per tran-
seript, and where both molecules decay (i — -1,
= 1y exponentially with average lifetimes
T and T Similar models have been suggested
for gene activation (6, /6, 7} and many other
processes, but as with the earlier gene expres-
sion miodel, these have not considered gener-
alized burst or waiting-time distnbutions. Basic
tools from probability theory (/8) can then be
used 1o show that the stationary vananee in pro-
tein abundance—the most commonly  reporiod
noise¢ measune in the expermental litcrature—is
insensitive o the shapes of the distibutions for b
and T (Fig. 2) and approximately follows

)

e ¥ ¥ 2 ]
Wiaz /(T + Ny 4
(o /ATy + o, /(b)) L S

2 S T+ T,
COEN graming T
(1

where {...) and o denote averages and SDs, re-
spectively, The equation is exact for exponential
time intervals and is an excellent approximation
for many types of strongly nonexponential times
but breaks down when large and namowly distrib-
uted bursts occur at precise ime intervals [(/9)
and (Fig. 2)]. At low avemge protein abundances
{0 pelative protein levels spontancously Tuctuate
because cach rmndom birth and death of a protein
then has a larger relative effect on the total, The
simplicity of this low-copy noise temm reflects the

assumption of individual protein molecules being
produced and degraded at exponential time inter-
vals. Because mRNAs determme the mate of pro-
tein synthesis, prowins also inherl noise from
mRNAs, The mRNA noise, in wm, depends on
the average mRNA abundance (m) and the burst
and wanting-time statistics, Because the protein
level cannot immediately adjust to changes in the
protein synthesis rmte, proteins effectively take a
time average ol a serics of mRNA uctuations
and 0 < tn/(tm + 1) < 1.

Equation 1 is related 10 a previous analysis in
which we similarly considered a model for sto-
chastic gene expression and used it 10 reimerpret
experiments (9, That model used Nuctuation-
dissipation relations to generalize the concentration-
dependent tendencics o retum to an average, while
assuming simple exponential waiting imes be-

35+ ¥
30 4
251

15

10 1

5-

0 1 2 3 4 5 8
Time

Number of molecules X
o

twoen events. Here, we took the opposite approach
and gencralized the mndomness of the individual
cvents, while assunung simple average dynamies.
The different parts of Eq. 1 represent qual-
iatvely different aspects of mndom processes.
The overall wpology of the reaction network
determines which components produce (luctua-
tions, which arc captured by {p} or (m), The
connections between the chemical species in the
network, in wim, detenmine the averge amplilica-
tion or suppression of fuctuamions: effects that can
be understood from deterministic analyses in which
one component adjusts to another (/7), which is
captured by the time-averaging factor. Finally,
the dynamics of how fucuations are genermed
the most central aspect of sochasticity—are
captured by the bursts and wanting times in the
coamsc-graining  factor. Most studies overlook

Fig. 1. (A} Generalized birth process where molecules are made in random bursts of b molecules at
random time intervals T, where each b and T is independent, as for the mRNAs in Eq. 1. (B) Simplified
sketch of polymerase Il (Pol I}-mediated transcription in 5. cerevisige. Transcription factor TFIID binds
DNA and is stabilized by TFIIA, which is followed by TFIB. This complex then recruits Pol I, a Mediator,
and TFIIF, after which TFIIE and TFIIH bind. Upon transcription initiation, Pol I, TFIE, and TFIF are
released, but the rest of the complex remains, facilitating rapid reinitiation. Depending on parameters,
this process can repeat and produce an effective burst of b transcripts, until the entire complex falls off
the DNA and has to be reassembled, requiring a time 7. The cartoon illustrates a roughly irreversible
progression, which requires energy consumption, but the mathematical analysis allows for any
distribution of waiting times T between transcription events,

Fig. 2. Random intervals T be-
tween transcription events and
their effect on protein fluctuations,
Moise versus average in protein L
abundance for varying rates of
transcription is shown. Curves are
from Eg. 1 and symbols are from
exact simulations that sample T
from f(T} in the inset. For a given
arl(T), the choice of f(I') has no
effect on a,/(p; despite the exotic
distributions used. The parameters
{pHim) =300 and ity =6

in noise
o
(%]
i

Prote

(19) are representative for many

a, (T)=08 a/(T)=1 O, /(T)=12

|
ik

Input time distributions

Gamma

genes, and near-perfect matches
are also observed over many or-
ders of magnitude in all parameters.
(Inset) Hypothetical probability den-

2000 3000
Protein average

1000

sities f(T), with gamma distributions (exponential for or/(T) = 1) in the top row and examples of
bimodal distributions (truncated sum of two Gaussians) in the bottom row, and with the same averages

and variances in each column.
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nontrvial coarse graining for simplicity (20),
though some consider geometncally distnbuted
bursts of mBENA or protein synthesis (4, f3)at
exponential time intervals, as observed in certain
simple systems (9-11). In this case, the coarse-
graming [actor (for the mRNA or proteing can
be expressed as 1 + (8), which docs not explain
the elfect of variation in the bursts and waiting
times, By contrast, Eq, 1 shows how cells could
exploit namrowly distributed gestation periods 1o
ercatly reduce variation in protein abundance
from cell to cell, with the largest relative effect
when synthesis, on average, occurs in large burds,
However, because the effect is determined by the
sum of the nomalized variances in bursts and

wailing times, it also shows that namowly  dis-
tributed gestation periods only marginally neduce
noise when burst siees are widely distnbuted.
Many macromolecules approach ther deaths
gradually, passing through a scrics ol states be-
fore finally degrading, For example. cukarvotic
transcripts have their polyadenylate [poly(Aj)
tails sequentially chewed up (21) belore degrad-
ing the protein-coding pan of'the message (Fig, 3),
Measurements in Saccharonnces cerevisiae (by
researchers using, for example, PGRS or GALL)
indeed demonstrate (22) stongly nonexponential
mBRNA decay curves, with long reliactory periods
where the pelviA) il s shortened before the
mRNA s degraded. Such “sencscence™ before

REPORTS I

death is in some sense similar to gestation be-
fore birth, reducing the uncertainty in the lifctimes
of individual molecules. Here, we consider how
senescence affeets Muctuations in abundances
across cells in the population. To keep the mathe-
matical analysis as simple s possible, we assume
that ranscnpts are made one by one at exponen-
tial time mtervals and use the sime assumptions
reganding wranslation and protoolvsis as previous-
ly indicated. The stationary mRNA distribution is

then Poissonian, with l:‘i;;J = (mi), regardless of

the distribution of mRENA lifetimes as long as
the deaths of individual 1mnscripts are indepen-
dem of cach other. However, even though the
mRNA distribution is unallected, mRNA Mue-

- mRNA B protein c
Coding sequence Poly-A 1ail —
T NI C‘!’mnslaﬁon Ubiquitination —
* Deadenylation l‘ ﬁIE A
i pr— L o & =
| —wEmm CTrﬂmlﬂﬂm . 3 0.3 - a |
: : 4 2
i H c -5
' ‘ 3 .
O —) CTranslaﬁcn o - . *
Degradation ¢ 4 Degradation 0. .2 . ® MRNA senescence ]
1 | & Prolein senescence
>y T gEs ': - & :* = L : . .
Number of decay steps

Fig. 3. Molecular senescence and its effects on noise in mRNA and protein
abundance. (A} Cartoon of mRNA senescence when the poly(A) tail is progres-
sively shortened before degradation. (B) Cartoon of protein senescence when the
protein & ubiquitinated several times before degrading. (C) Noise in the abun-
dance of proteins (main graph) and mRNA (inset) as a function of the number of
Poisson steps N in the degradation pathway, as compared for the same average
lifetimes. The graphs come from exact analytical calculations (19). For the mRNA

Fig. 4. Simulated time A 2000

Senescence curve, proteins are assumed to decay exponentially, and for the pro-
tein senescence curve, mRNAs are assumed to decay exponentially. Parameters
are the same as in Fig. 2 for the exponential f(T). The mRNA senescence
{black circles) has no effect on the mRNA varance but reduces protein noise
because time averaging of the mRNA fluctuations becomes more efficient.
Conversely, protein noise increases with more pronounced protein senescence
{red triangles) because time averaging of mRNA fluctuations is impaired.

B 2000

courses for averages
(smooth curves) and sam-
ple paths (jagged curves)
illustrating the difference
between feedback and
different coarse-graining
mechanisms. At time | =
10, the rate of tran-
scription is increased by
a factor of 2 (A) and 1.5
(B), respectively, (&) Com-
parison of an idealized
negative feedback loop

= Negative feedback
= Transcriptional gestation

= No feedback or gestation
15004

1000 -

Number of proteins

500

= Positive feedback .
= Feadback with senescence

= Mo feedback or senescence
1500 4 |

4 - nh il |

1000 -

Number of proteins

500 -

(blue curve}, nonexpo-
nential gestation between
transcription events (red
curve), and a reference
gene without feedback or gestation (green curvel. For the idealized negative
feedback, the transcription intensity follows ks 2/(1 + (p/600)?), where k,, is the
transcription rate of the reference gene. For gestation, the time intervals
between creation events follow a gamma distribution of order N = 8 and
average 1/k,. Both negative feedback and gestation produce less noise than
the reference gene (inset), but the average response is greatly reduced for
negative feedback. (B) Comparison of an idealized positive feedback loop

www.sciencemag.org SCIEMCE VOL 319

20

(blue curve), with the combination of positive feedback and mRNA
senescence (five exponential time steps; red curve), and the same reference
gene as in (A) {green curve), For the idealized positive feedback, the
transcription intensity follows k,{0.01+ 0.99 p/(600 + p)). In both cases,
the output level is roughly doubled, but when positive feedback is combined
with mRNA senescence, the noise increase is smaller relative to that of the
reference gene (inset).
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tuations still contribute less to the widih of the
prodein distnbution than they would without sencs-
cence, IF manscnpts are degraded alier N Poisson
steps, producing gamma-distibuted liftimes, the
statiomary protein variance exactly follows

)
G

P2

b

T

» |14

( —EEL) 1)@
e T+ TN

— _—_
—

Coarc-yraired tme-uversging [actor

The ume-averaging factor now depends on the
coarse graining and deareases with incrcasing
number of decay steps N (/9 and (Fig. 3)].
The intuitive explanation for hese somewhat un-
expected effects lies in the distinction between
the dynamics of the noise and the overall dis-
tribution: For any given average mRNA lifetime,
sencscence accelerates changes in the mRNA
levels in individual cells without affecting the
probability of occumence in the population. If
cach molecule lived for exactly 1, time units,
mRENA levels @t time ¢ would be completely
uncorelated with the levels before time §- Ty,
This in wm makes it casier for the protein W
Hime-average out” mRENA uetmions, because
the efficiency of time averaging depends on the
rate of change in the protein relative to the rate of
change in the mRNA [sce (/9) for awlocor-
relation analyses]. Simple and well-documented
molecular mechanisms of degradation (22) thus
allow cells 1o exploit the intemal ransitions of
ndependent molecules w reduce (uctuaions in
total concentrations. Protein senescence |for ex-
ample, when muliiple ubiquitination events are
required belore degradation (Fig. 3)] would in-
stead speed up the proiein response al any given

average lifetime and thus prevent time averag-
ing. Reducing the variability in the lifetimes
then causes mercased vanability in protein con-
centrations (Fig, 3).

The bursting, gestation, and sencscence mech-
anisms above modily the spontancous noise in a
system without affecting the avermige suscepli-
bility 1o changes in parameters: A change in the
rates of synthesis or degradation, which in tum
may depend on upstream signaling, still has a
proportional effect on average abundances (Fig. 4)
in all cases. Positive or negative feedback con-
trol, by contrast, amplifics (23) or dampens (24)
noise, respectively, while at the same time am-
plitving or dampening extemal signals (Fig, 4).
Furthernmore, negative feedback control only sub-
stantially suppresses noise when operating at high
gain, but high-gain mechanisms are instead more
susceptible to time lags or noisy intenmediaies,
which destabilize feedback control and mcrease
nose levels. Gestation and seneseence, by con-
trast, operte without closing a potentially un-
stable loop and may therefore reduce spomtancous
noise more efficiently. The noise reduction can
indeed be extremely efficient when gestation and
senescence are combined, because they prevent
NMuctuations from ansing rather than comecting
existing fuctuations,

The convenience of Muorescent reponers is
creating a shift ol focus in quantitative cell bi-
ology from bulk averages o individual cells,
producing a wealth of data on nongenatic het-
erogencity from microbes (25, 26) o humans
(27). The extent of heterogeneily is inleresting
in isell hut single-cell data can also be used w0
extract more nformation abowt the underlying
processes: Individual responses 1o individual sig-
naling evenis say much more than average re-
sponses o average signals. In panicular. many

quantitative siudies have used the propertics of

the noise 1o infer microscopic kinetic mecha-

Fig. 5. Noise versus average in

protein abundance from Eq. 1 for 0.304 {?mw,w onaly,
varying rates of tramscription Gsolid = I - Gestation

lines) and translation (dotted lines). {2 \ > Gestation and bursting

Red and blue lines correspond to = 0-254 Average varied translationally 1
exponential (o/(T) = 1) or non- @ Exponential timas
exponential (op/{T) = 0.6) waiting = ~ Gestatior

tires bebmeen fanscplon ey, 2 0207 T o T
respectively, without mRNA bursting. = e

Symbols correspond to nonexponen- 2 () 154 —— -
tial (op/(T) = 0.6) waiting times, e Aol ‘““{L‘hi‘ 488 s
with the use of mRNA bursting with O e mﬁx_ﬂ___':*__*yt -
(by=1 and ap/(h) = 0.8. The 0.10- — 1
noise responds more sharply to

changes in the transcription rate than 1 n‘un EU-UD EUTDU

to changes in the translation rate,

reflecting the fact that, for the pa-
rameters used (19), most of the pro-

Protein average

tein nowse comes from random births and deaths of the mRMAs. However, if proteins are measured in
arbitrary fluorescence units, the horizontal axis can be scaled and the transcriptional curves are
indistinguishable. Similarly, if mRNA numbers are not measured directly, it is impossible to distinguish
the effect of low mRNA numbers from that of high coarse-graining factors, because either effect shifts
the curves vertically. Finally, the coarse-graining factor itself depends on factors not usually measured,
Each line can then correspond to many combinations of timing and bursting.

nisms, testing stochastic models by analyzing
how the vanance in protein abundance responds
to changes in the mies of trnscaption and trns-
lation (3-3, 7, 23). Analyses in Baciflus subitifis
(3), E coli (4, 28), and S, cerevisiae (3, 6, 25)
studied a range of genes and measured the dis-
tributions of protein abundance for different pa-
rameter values by changing the expression rates
genetically, by changing growth conditions, or
by adding inducers or inhibitors: in some cases
with the use of dual fluorescent reporters 1o first
separate the “intrinsic” mndomness of the chem-
ical events in gene expression from the “exirin-
sic” intrmcellular variation in the expression rates
i, 6, 28). Some swdies also measured noise
comelations between dilferent proteins in genetic
activation cascades (7) or between different ume
points in the same cell (3, 28, 29). The con-
clusions vaned in the specific details but have
Formed a broad consensus that the intrinsic noise
in protein abundance reflects low numbers of
transeripts per cell, possibly with burstlike
transcription resulting from briel mndom periods
of gene activation.

The qualitative agreement between different
studies and the excellent quantitative fits w the
accompanying stochastic models seem o sup-
port the underlying models, which typically as-
sume memory-less single-step transitions between
births and deaths ol genes, mRNAs, and pro-
teins. However, Egs. | and 2 show that very dif-
ferent stochastic processes can produce exactly
the same response in such experiments. Chang-
ing the translation efficiency or the frequency
ol transcription bursts only aflects (p) and
{m), and the response 1o changes then ollows
ni,-'f_p}: = | /{p) + C/{m) in all cases, where C
is o proportionality constant. Such experiments
indicate which componenis in a network produce
Muctuations but unexpectedly sav nothing about
how those luctuations arise (30). For example,
il protein noise was reduced by increasing the
transcription mie but not by increasing the
translation rate, as shown for some genes in
B. subiilis (3), all versions of the mRNA-protein
models in Egs. 1 and 2 suggest that the noise
comes from mRNA fuctuations (3, [/¥). How-
ever, exactly the same fit is obtained (i) whether
trmnscription is burstlike or perfectly regular or
(i) whether individual transenpts decay cxpo-
nentially or gradually sencsce (Fig, 4). Even in
the deal case where simple models withom
tumable parameiers provide predictions that are
later tested experimentally (3, 1.5), perfect fits are
equally consistent with mechanisms that are very
random, very regular, or anything in between.
Occam’s mzor can still climinate obscuring
details, but when several simple yet very differem
explanations work equally well, choosing one
specilic model can also brush interesting phenome-
i under Oceam’s Yrug.”

What additional tests could be used 1o dis-
criminate between different types of underlying
stochastic processes? One approach is to directly
measure the relevant Kinetic parameters, I fluc-
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tuations arise as a result of low abundances, the
average evels should be measured 1in absolute
numbers, not in arbitrary units of fluorescenee
{as 15 typically the case). This is particulardy impor-
tant for mRNAs: The low-copy components that
introduce Muctuations must be counted (instead
of the high-copy components that mercly re-
spond to underlyving randomness). Measunng { pr)
and (m) would provide an estimate of O but
would stll not separate coarse grining {from time
averaging or other deterministic features (Egs.
1 and 2). Time averaging could be estimated by
measuring the average lifetimes of the compo-
nents, but the type of time averaging should also
be confirmed by manipulation expenments where
the degradation rates of mRNAs and proteins are
vaned, [F all these parameters are determined
with high accuracy, the coasc-graining factor in
Eq. | could be estimated. However, even in this
ideal case, the relative contributions ol gestation
and bursting would sull be unknown (Egs. | and
2 and Fig. 5). The cfficets of precise gestation and
random bursting could even cancel out and make
it appear in these experiments as il molecules
were born at exponential time intervals without
bursts. More information can also be gained by
considering the lull distributions rather than just
varianees, bul the exact shapes of distributions
are more sensitive o experimental anifacts and
have similar problems with expenmental disenim-
ination. Conclusive experimental analyses of
coarse graining instead require accurate time
series where the burst and dwell time statistics
can be dircetly observed. A few pioncering studics
have quantitatively monitored transenption (1)
and translation (¥, 1) in £ cofi with single-
molecule resolution. For simple or synthetically
engineered genes, they demonsirated exponential
time intervals between geometric bursts of wan-
scripts and proleins, respectively. These methods
are now being used o study regulated genes and
2ene expression in cukarvoles, where gestation,
senescence, and complicated bursiing paticms
are expected (31).

The fact that standard methods cannot dis-
criminaie between different tvpes of coarse grain-
ing (Fig. 5) may explain why most experimental
resulis have so closely matched the fisst models
that were used, However, it also means that cer-
tain aspects of the conclusions are more obust (o
laws in some of the most central mode] assump-

www.sciencemag.org SCIEMCE VOL 319

tions: By not distinguishing between how flue-
tuations anse (e, (iMmg any type of coarse
graming), the methods are more stable for
whentibying which components produce the uc-
tuations, which is both nontrivial and impontant,

Cur findings mathematically connect noise
in the single-cell protein abundance 1o bursting,
gestation, and sencscence in genc Cxpression,
deseribing how 10 molecules in some sense can
statistically behave as il they were 5 or 20 mol-
ecules without control loops. We also show that
standard single-cell measurements cannot detect
or exclude these feares: They only suggest which
components contribute Nucations, not how
they contribute. Similar phenomena have been
observed for bunching and antibunching n
photon emissions (32), as well as for many
molecular-scale cellular processes. Microtubules
switch between growth and decay phases (33)
where a burst of subunits is added or removed,

and opening an ion channel can let a burst of

molecules through, Nonexponential  gestation
periods have, in wm, been demonstrted i the
rotational switching of E. colf Nagellar motors
(34) and in the replication control of bactenal
plasmids (/4), whereas the senescence of active
rhodopsin molecules was recently shown 1o ex-
plain the reproducibility of the retinal signaling
response 1o single photons (358). Advances in
single-molecule live-cell imaging could now
enable similar breakthroughs for mRNAs and
proteins and finally reveal the effective coarse
graining of gene exprossion,
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Automation

NANO TO NEXT GEN:?
AUTOMATION GETS PERSONAL

Lab automation — it isn't just for Big Pharma anymore. Providers have developed a
range of personal instruments to bring the benefits of automation to the masses,
At the same time, new equipment and protocols are enabling the standardization
and optimization of such traditionally overlooked areas as cell culture. This article
surveys major manufacturers to find out what"s new in life science robotics and
automation. By Jeffrey M. Perkel

ne emerging industry trend, according to Douglas Gurevitch, senior
development engineer at the University of California, San Diego,
and executive editor of the fournal of the Association for Laboratory
Automation, is the move toward reliable nanoliter dispensing.

“Ultrasmall-volume liquid transfer has had a resurgence,” Gurevitch says.
Microfluidic lab-on-a-chip systems work at the nanoscale, but their interfaces—
not to mention traditional high throughput screening robotics— have tended to
aoperate at the microliter level, meaning researchers still must make more material
than they need, and generate more waste.

“Now there’s new technology out there that allows you to work at a smaller
scale,” he says.

One such system is TTP LabTech's mosquito. Commercial director Jas
Sanghera says the company had two primary considerations in developing the
mosquito: maintaining the accuracy and reliability of microliter-dispensing
systems, and avoiding cross-contamination.

The second aim may be accomplished either by washing reusable components
or using disposable pipettes. However, since washing becomes less efficient as
volumes get smaller and concentrations rise, the company embraced the latter
approach, says Sanghera. But TTP LabTech also wanted to aveid traditional
disposable tips, as lip boxes eat up instrument deck space, and require robots Lo
handle them,

The mosquite uses a bandalier of 36,000 disposable tips (equivalent to 95
boxes of 384 tips) on a tape reel about the size and thickness of 35-mm film. The
tape feeds into the mosquito horizontally and then rotates 90 degrees to bring
the tips into contact with the apparatus and samples. Each tip, like the barrel of a
syringe, can aspirate, dispense, and mix reagents as needed, in volumes between
25 nland 1.2 pl. Once used, the tape rotates back toits original horizontal position
and exits the instrument.

Though the mosquito has remained largely unchanged since its release several
yvears ago, new applications have emerged, says Sanghera, such as real-time PCR,
crystallography, and MALDI mass spectrometry sample deposition. And the user
base is growing, he says; academic institutions now comprise the majority of
USEers,

Labcyle designed its nanaoliter dispensing system around a different principle,

“When you gel to nanoliter volumes, you need very fine control, and that turns
out to be very challenging,” says Richard Ellson, the company's chief technology
officer. “It's difficult to make holes used in conventional dispensers all the same
size and to make sure they do not change in size, as compounds in the screening
libraries will aften stick to materials.”

The Labcyte Echo 555 system owvercomes these issues via a completely
noncontact approach. Echo systems use sound energy to determine both the level
of hydration and volume of DMS0-based samples in each well of a microtiter plate.
They then focus a burst of energy customized for the fAuid composition directly
at the meniscus to eject precise 2.5-nl droplets into an overhanging, oqtinue
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inverted destination plate, which comprises anywhere from 96 Lo
3,456 wells.

“As you gel smaller and smaller, surface tension forces get very
large in relation to gravity,” Ellson explains. “The drops stick because
there's enough surface tension to hold the drop on the ceiling of the
inverted plate.” That is true even of larger volumes, he adds, which
means the Echo can transfer into prefilled wells.

Multiple droplets can be ejected into a single well to achieve
larger volumes, and the system is flexible enough to eject different
volumes from different wells, or from a single source well into
multiple destination wells.

Though the initial systems were designed specifically to handle
samples in DMS0 (as is common with pharmaceutical compound
libraries), the systems can also be calibrated to work with agueous
samples, says Ellson. The Echo 520, to be released at this month's
LabAutomation 2008 meeting in Palm Springs, California, will have
this capability out of the box, he adds.

Next Generation Pipettes
Not all liquid handling advances are robotic. Two companies have
reinvented the handheld pipette itself, bringing consumer-product
aesthetics to the lab bench.

Launched this past October, Viaflo's Vision electronic pipeltes
feature a full-color LCD display and iPod-like touchwheel user
interface that was consciously designed to appeal to young,
technically savvy lab workers.

According to Viaflo Marketing Director Marc Hamel, the
instruments score high on the "wow™ scale al product shows. "It’s
the first product I've been involved with thal has real stopping
power," he says.

Users easily navigate simple menu options and set aspirate and
dispense volumes using the pipette's touch-sensitive touchwheel,
just as they select songs on their MP3 player. Favorite volumes
can be preset and selected for easy task-switching, and can even
be beamed to the pipette from a PC via Bluetooth connectivity. And
the system is programmable, with 10 commonly used pipetting
modes (such as aspirate, dispense, mix, and purge) that can be used
individually or linked together Lo build custom protocols.

Thermo Fisher Scientific has adopted another approach to simplify
manual pipettes: voice-activation. Speak the words “two-three-zero"
to the company’s new Matrix Hybrid Fipette, for instance, and the
instrument display will read *23.0 pl,” says Craig Weiss, director of
marketing for Thermo’s Matrix Liquid Handling Products. Users can
also control the volume by scrolling up and down on a digital display,
or by selecting from one of a series of user-defined preset volumes.,

All of which serves to increase productivity, Weiss says. “You pay
some very highly educated people high dollars to do very manual
labor. People are starting to see that the more you can automate
that, the more it frees these highly skilled individuals to do the

care research, versus hours turning pipette knobs while pipetting
by hand.”

The Air Out There

Seahorse Bioscience of North Billerica, Massachusetts, is automating
an up-and-coming area of bioscience research: mitochondrial
aclivity.

“The mitochondrion has become the focus for a whole bunch
of different diseases,” says Steve Chomicz, vice president of sales
and marketing. “Whether neurodegeneration, cancer, diabetes, or
obesity—all the research leads them to focus on targets that involve
the mitochondria.”

The best way to study that, he says, is through measurements in
living cells of glycolysis and oxygen consumption, two indicators of
cellular bioenergetics and mitochondrial function. And that is exactly
what Seahorse Bioscience's XF24 Analyzer does,

The XF24 uses a disposable cartridge that can be lowered just
above a microlayer of cells in a microplate well to create a transient
microenvironment in which changes in pH and oxygen levels can
be optically detected in up to 24 wells at once. Up to four drugs
can be added during this process, Chomicz says, thereby enabling
experiments that are nol possible using traditional oxygen-sensing
equipment such as Clark electrodes and radiolabels.

“Scientists have said repeatedly that the drug delivery option is
one of the most powerful features of the instrument, because you
can do live agonist/antagonist measurements and dose-response
curves,” says Chomicz, “That cannot be done with Clark electrodes,
s0 they like that very much.”

Chomicz says the system software is constantly being upgraded
based on user feedback, and new sensors (for instance, for glucose
and CO,) are in development.

Personal Automation

A number of companies have shifted focus from large-scale robotics
down to smaller, so-called personal automation. According Lo Wendy
Lauber, director of product management for biopharma at Tecan, “It
is a market need to have all of the power of the high-end market with
the pricing requirements of the low-end market.”

Tecan, for instance, recently released a low-end addition to
its Freedom EVO line of liquid handlers, the Freedom EVO 75,
which features a dual-pipetting mode "8 Plus 1 Access 8 arm,”
says Lauber.

Operating in either an eight- or single-channel mode, "It gives
you two functions in one, because at this low entry range, cost is a
concern,” she says.

Promega is also embracing this automation trend.

“Larger liquid handlers tend to have a high learning curve,
where a customer must maintain a certain level of automation
expertise,” says Cristopher Cowan, Promega’s integrated solutions
and engineering group manager. As a result, labs are forced to keep
trained specialists on staff, which is precisely the opposite of what
automation is supposed to achieve, he says.

“It's crazy: the lab is buying an open platform to increase
throughput and lower the head count, and yet you need that extra
head count to maintain it.”

Personal automation devices like Promega's Maxwell 16 (released
fall 2006), Cowan says, are smaller and simpler than traditional
robotics systems. Just plug in the appropriate reagent cartridge —the
Maxwell 16 can extraclt DNA, RNA, or protein from up to 16 samples

simultaneously—and come back in about 30 minutes to continued =
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collect your materials.

The company's second-generation instrument, released fall 2007,
features a “very different and more robust design,” says Cowan.
More important, it can elute samples in a smaller volume (and thus,
at a higher concentration); while the original Maxwell 16 extracts
samples in 300 pl, the so-called low-elution volume (LEV) protocol
elutes in as little as 20 pl.

Alsoentering the personal aulomationarenais Qiagen, a company
that has for years sold larger-scale automation equipment.

In January 2007 the company automated its spin column-based
nucleic acid sample preparation kits with the QlAcube, which can
process up to 12 samples at about the same speed as a technician
doing the job manually, says Wolfgang Leibinger, business director
for automation.

This month, says Leibinger, the company plans to roll out the
medium throughput QlAsymphony, bringing the simplicity of
Qiagen's earlier low throughput BioRobot EZ1 to a higher through-
put audience,

The EZ1 is a relatively small, easy-to-use robot for processing
nucleic acids from up to six samples at ance. Simply insert a magnetic
card with the protocol, add prefilled reagents, and go. Now, that
simplicity is coming to the microplate level, says Leibinger, which
makes such robotics more accessible.

¥| see this as a major mind-shift,” he says, “What we have seen
in the past is if you have these complex instruments, and the guy
who used it leaves the lab, the instrument is often not used anymore
because no one has the confidence to work with it.”

To achieve this simplicity, Qiagen departed from the typical
lab robot aesthetic. The QlAsymphony has a deck, for instance,
but rather than dealing with it directly, users load sample kits and
disposables through drawers, A robotic arm then takes the material
and places itin its appropriate position. Similarly, the system has no
external computer, instead relying on a touch-screen interface.

Automating Cell Culture Work

Another relatively new trend in lab robotics is cell culture
automation, says Brad Melson, director of marketing for instruments
and workstations at Velocityll, which was recently acquired
by Agilent Technologies.
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Cell culture places special demands on lab automation, Nelson
says. For instance, the devices must be able to fit inside a standard
hood footprint and yet not disrupt the flow of air that keeps the
hoods sterile,

Velacity11's Bravo liquid handler was “designed specifically to be
able to operate inside a standard [laminar] fume hood," says Nelson,
who notes, “if you create a device that looks like a giant block, you
will disrupt the flow.”

The Automation Partnership (TAP) also automates cell culture
instrumentation. TAP's new Sonata, for instance, is designed to help
biopharma companies evaluate and optimize cell lines and culture
conditions before scaling up to larger batch sizes,

Intended as an intermediary between the research and
manufacturing stages of biopharmaceutical development, the
system uses parallel processing to mimic the conditions inside
bioreactors, which are too large and cumbersome to optimize
directly. "Sonata enables, say, 200 fAasks to be incubated and for
all the processing of feeding, maintenance, sampling, measuring
metabolites, viability, and so on to be carried out automatically,”
says Rosemary Drake, director of business development,

“You get much more data, you can be more thorough, and you
can reduce the time it takes to identify the best clones and culture
conditions to take forward into the next phase of development.”
she says,

Major Vendors
Major automation vendors have not been idle, either.

PerkinElmer, for instance, continues to develop application-
specific workstations based on its JANUS platform, says Mance Hall,
vice president and general manager of the automation and detection
solutions business. Among its new offerings are workslations
specifically designed for forensics and cellular screening, as well asa
new AlphalISA Automated solution, which uses PerkinElmer's novel
assay design as an alternative to enzyme-linked immunosorbant
assays (ELISAs).

Unlike traditional ELISA assays, which are cumbersome and utilize
several separation steps, says Hall, AlphaLlISA “is a novel, no-wash
technology easily automated and providing less assay variation than
ELISA." By eliminating washing, AlphalISA also removes ELISA's
maost time-consuming steps, she adds.

For those who need to keep all their disparate automation pieces
under control, Thermo Fisher Scientific will shortly be launching a
new “mover-independent” software platform, says Hansjoerg Haas,
director of markeling for lab automation and cellular imaging. Such
software will allow users who have robots from multiple vendors to
control all of them using a single software tool, rather than with a
collection of incompatible programs.

Beckman Coulter, meanwhile, has begun automating the process
of flow cytometry, says Keith Roby, applications product manager
for automation. “It's easy to do four or eight tubes by hand.” he
says. “When you start getting up Lo 24 tubes, it's very easy to make
pipetting mistakes,”

Mow scale that up to 96 samples, he continues, and mistakes are
inevitable. “That’s where automation comes in: it will do the same
thing every time; human error is taken out.”

And that's alesson that applies no matter what process you might
be automating.

Jeffrey M. Perkel is a freelance science writer based in Pocatello, daho.
DOL: 10.11246/science. opms.p0800021
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Thermal Analysis Line

The Thermogravimelric Analysis and Differential Scanning
Calorimeter System (TGA/DSC 1) combines the new DSC 1 system
and updated STARe Thermal Analysis software. The TGA/DSC 1 cuts
analysis time by 50 percent, increases productivity, and provides a
wealth of information from a single measurement. The innovative
sample temperature sensor is attached directly to the weighing
arm and detects temperature deviations of £0.25 K from ambient
temperature to 1,600 "C. The color touchscreen terminal allows
the status of the measurement to be seen even al a distance, The
system offers high sensitivity, excellent temperature resolution, flat
baseline, and a robust design. The DSC 1 is able to separate close-
lying effects at heating rates up to 300°C/min, reducing analysis
times. When the touch-free SmaritSensinfrared sensors are aclivated,
users can open and close the furnace without touching any part of
the instrument or disrupting a measurement. The software includes
an optional interface for integration with a laboratory management
information system.

Cell Culture and Image Analysis System

The Cell Growth and Discovery (CGD) WorkCell is a fully enclosed,
environmentally controlled, automated solution designed for high
capacity cell growth, supply, and in-line image analysis. Combining
state-of-the-art software with sophisticated robotics, the CGD Work-
Cell can simultaneously handle multiple plate and flask formats and
perform cell maintenance, colony selection, and RNA interference
studies. The system can improve the quantity and quality of char-
acterized cells, eliminating human error and improving data consis-
tency. Designed for the growth and analysis of multiple cell lines and
cultures, this high-capacity system offers full level Il high efficiency
particulate air (HEPA) containment with strategic ports for easy user
access while still protecting cells from conlamination and users from
hazardous aerosols and vapors. It can perform a variety of assays at
the optimal point of cell growth and offers extensive process flex-
ibility to meel the culture and experimental demands of varying cell
lypes. The instrument can accommodate multiple container formats
to provide cells suitable for a variety of research needs, from cloning
and transfection studies to general cell line amplification.

Thermo Fisher Scientific

For information §28-365-1205

www.thermofisher.com

Drug Discovery Robotics

Integrated Industrial Robotics Selutions for high throughput
pharmaceutical and biotech applications feature the Motoman HP3JC
Robot providing the transportation foundation, SAMI Workstation EX
Software providing features tailored to industrial applications, and
a safety enclosure o protect operators and samples. The systems
are individually tailored to the application by the Beckman Coulter
Integrated Solutions Team, which customizes and optimizes the
software along with placement of devices, labware, and transport
tools. Powerful software facilitates assay design, providing ongoing
checks and feedback to the developer and ensuring that the finished
method is validated. The software integrates all devices, liquid
handlers, actions, and plates for maximum throughput and efficient
resource use. The Motoman robot arm has a successful track record
in high-workload applications. The custom-tailored systems may
incorporate Beckman Coulter liquid handlers, including the Biomek
series, and readers such as the DTX Series Multimode Detectors and
Lhe new Paradigm Detection Platform.

Heckman Coulter

For information 714-993-8955

www.beckmancoulter.com
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Automated Microarray Processing

The QuadChamber is for automated processing of four different
microarrays simultaneously on one slide using the HS Pro automated
hybridization station. The QuadChamber was developed for use
with Agilent's new 4 x 44K 4-Plex Gene Expression as well as CGH
Microarrays, which consist of four individual, whole-genome
microarrays printed on a single glass slide. It is the first fully
automated system that can independently handle four arrays on
one slide with no cross-contamination belween the arrays. The
QuadChamber provides a sealed environment around each of the
four arrays on Agilent’s 4-Plex slides, with independent channels
for wash bulfers, independent agitation mechanisms, and
independent drying.

i.l. dan Lsri LD

For information +41 44 922 81 11

www.lecan.com

Cell Attachment Studies

The ECIS 800 is an electric cell-substrate impedance sensing (ECIS)
system that performs automated studies of cell attachment and
spreading. The ECIS B0O provides a novel methed for performing
real-time cell monitoring, electroporation, and wounding. The system
measures changes in impedance of a small electrode to AC current
flow to observe changes in cell movement and confluence. The
highly specialized eight-well slides make use of an array of gold flm
electrodes that connect to the ECIS 800 electronics, allowing multiple
preparations lo be studied in parallel.

BTX

For information 800-272-2775

www.blxonline.com

Electronically submit your new product description or product literature
information! Go to www.sciencemag.org/products/newproducts.dtl for
more information.

[ Newly offered instrumentation, apparatus, and laboratory materials of |
interest to researchers in all disciplines in academic, industrial, and gov-
ernmental organizations are featured in this space. Emphasis is given to
purpose, chief characteristics, and availabilty of products and materi-
als, Endorsement by Science or AAAS of any products or materials men-
tioned is not implied. Additional information may be obtained from the

| manufacturer or supplier.
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POSITIONS OPEN

FACULTY POSITION in TERRESTRIAL
BIOGEQOCHEMISTRY

The Appalachian Laboratory (AL) of the Univer-
sity of Maryland Cenrer for Environmenral Scicnce
{ UMCES) invites applications for a full-time faculty
position in terrestrial biogeochemistry at open rank.
We seek to hire an outstanding rescarcher with inter-
ests in the following: carbon sequestration by soils,
forest nutnent transtormuations, and effects of land use
change and ecosystem disturbances on clemental oveles
in mulii-use landscapes, The successful candidate nust
have a Ph.D), and bring a vigorous, sustainable rescarch
program with a strong empirical component in an anca
of twerrestrial biogeochemistry that complements cur-
rent AL strengrhs in terrestmal and aquanc ccology,
landscape and watershed acology, and remote sensing.
AL has excellent rescarch faalines, induding plant/sail
laboratories with state-of-the-art analytical instru-
mentation, growth chambers, and a greenhouse. Collab-
omtive interdisaplinary and synthesis activities with dear
management and  policy relevance are strongly encour-
aged within AL and among the three UMCES lab-
oratores, The main responabibity of this pesition 1s
rescarch. UMCES faculty participate in graduate edu-
cation, outreach, and applicaion of basic scence o
regional (e.g., restomtion of Chesapeake Bav) and global
{e.g, land use and climawe change) environmental
problems.

Applicans should send curriculum vitae;, starement

of resarch interests, induding a briel’ discussion of

how the applicant’s rescarch could complement on-
going rescarch at AL/UMCES; sclected reprints; and
list of four references (name, ttle, mailing address,
telephone, fax, and e-mail address) to: Terrestrial
Biogeochemistry Search Committee, Appalachian
Laboratory, University of Maryland Center for
Environmental Science, 301 Braddock Road,
Frostburg, MD 21532, Review of applications will
begin on February 1, 2008, Information about AL
and UMCES can be found at websites: hop://
www.al.umees.edu,/ and hop:/ Swww.umees.edu /.
NS fnamn .'|_ﬂ|T:r.l|J.|':|-r Aativon/ Bguad Opysouteonity Einploger.
Fomnen annd mrimonities are stromgly onconnaped fe goply,

FACULTY POSITIONS
Human Gross Anatomy

The Department of Cell Biology and Geneties of

the University of North Texas Health Saence Center
at Fort Worth invites applications for human gross
anatomy positions with teaching responsibilitics in
one or more of the following arcas: medical human
gross anatomy (cadaver based ), neurcanatomy, and for
embryvology. Candidates at all ranks arc encouraged
to apply. The successful applicant(s) must have a
Ph.D., MDD, DO, or equivalent degree and expe-
ricnee in weaching a clinically oriented human anar-
omy with cadaver dissection. The anartomical sciences
at UNTHSC are team raught, and the applicant will
be expected to contribute to both lecture and lab-
oratory instrisction. Other teaching responsibilitics
may inclide lecture and labormtory mstroctiion in the
prosection-based Physician Assistant (I'A) Human
Anatomy Program and a new Physical Thempy Program,
Current rescarch funding is not a requireme nr; how-
ever, candidates will be expected to develop a sus-
taimable rescarch program in clinical human anaromy,
cell biology, anatomical education, and for science
cducational outreach programs. Competitive salary and
generows startup packapes are provided. Consideration
of applications will start immediately and the positions
will remain open unil smitable candidates are selected.
Candidates must apply by submitting thar curniculum
virae through the human resources online applicam
tracking svarem ar website: hoope/ Sowwunthscjobs,
com, dong with a lewer of Interest, summany of past
rescarch accomplishments, future research phins, corent
funding, and reaching philosophy. Three lertes of nef-
erenee should be malad wo: Dr. Robert Wondinger,
Professor and Chairman, Department of Cel Biology
and Genetics, University of North Texas Health
Scence Center, 3500 Camp Bowie Boulevard, Fort
Worth, TX 76107,

The Uriivwrsity ;_'I' Nomh Texag Hedeh Saemee Ceviter ol
Fore Waorth o am gl Emnployanens Opprartimity .-’.'l._r.rle.ur'J"r
Aion Bestitenrivn,

rwUNIVERSITYos
TENNESSEEUF

HEALTH SCIENCE CENTER
TENURE-TRACK FACULTY POSITIONS
The Department of Molecular Sdences
College of Medicine, University of Tennessee
Health Science Center, Memphis

The University of Tenncssee Health Scicnce
Center Department of Molecular Sciences seocks
two Full-time tenure-track faculty at the JUNIOR
or SENIOR level with basic or translational rescarch
expenence investigating aspects of molecular patho-
genesis of infections, vacdne development, emerging
infections and sdect agents, genetics of host-pathogen
interactions, and antimicrobial resistance, We seck 1o
expand our strong interdisciplinary group of basic
and clinical scicnnsts as we integrare addinional re-
scarch programs into our campuswide dimcal and
translational rescarch programs and new Regional
Biocontainment Laboratory. Core campus resources
include extensive mouse genomics and informatics,
Molecular Resource Center, good manufactuning prac-
tice facilitics, and BSL-3 suites for high throughpuot
screening, small animal imaging, and microscopy, Ad-
junct appointment in the appropriate clinical depart-
ments and collaboration wath the V.A. Hospiral and
St Jude Children’s Rescarch Hospital are encour-
aged. Applicants must have a Ph.D., M.D., or
DV M. with an established reputation in one of the
above arcas of rescarch.

Successful candidates will be responsible for
developing and mantaining an extramurally funded,
independent research program, and contribute to
graduate and professional student teaching, Inter-
ested applicants should send a letter of interest, brief
description of rescarch accomplishments, short sum-
mary of future research plans, and curriculum virae,
and arrange 1o have three letters of reference sent to:
Dr. Lorraine Albritton, Chair of the Search Com-
mittee, Department of Molecular Sciences, The
University of Tennessee Health Science Center,
858 Madison Avenue, Memphis, TN 38163, or
e-mail: lalbritt@utmem.edu. Review of applications
will begin immediately and continue unail all posi-
tions are filled. For additional information, see website:
http:/ www.atmem.edu/molecular_sciences. The
I 'm'l'n:u'rr |:|_f '.f'r.lmr_-.lrr i i .f;-nf.u.df {J]-lrlnrhr.lrrr]'.-'.-!ﬂ;uu.lrf:-r
Action Tile VS TTle DX Secrfon 503, ADASADEA
Employer. Wanen and numarities are encortped 1o apply

RESEARCH ASSISTANT PROFESSOR

The Department of Biological Scicnces at the
University of [lhnois at Chicago (ULC) mvites ap-
plications for a nontenure-track position as a
Rescarch Assistant Professor. Applicants must pos-
scss a oD, and ar least four years of postdoctoral
rraining in the area of intracellular rafficking. Expe-
rience with DNA, protin, genetic, and cell-biological
techniques im yeast is essennal. Send curriculum
vitae, brid summary of rescarch experience, and three
reference letters to: Ms, Stephanie Davis, e-mail:
sydavis@uic.edu or University of Illinois at Chi-
cago, Biological Sciences, 845 W, Taylor Street,
M/C 066, Chicago, IL 60607 by February 8,
2008, LU ig an .'!I!'fFrm.Hl'l:'r Action/Egual  Chppartenity
Empiloyer

POSTDOCTORAL POSITION available ar the
Chicagn Medical School of Rosalind Franklin Uni-
versity to investigate cell and molecular biology of
muscle fiber rype development, particulady focusing
on mechanisms of signal transduction and gene reg-
ulagion. Must have Ph.D. an cellular biology and for
molecular biology. Experience in protein cxpression
systems, mutageness, proteomics, cell culture, im-
munoprecipitation, and calcium imaging is desired.
Send curmcolum vitae 1o Joseph DiMario, Ph.Dy. at
e-mail: joseph.dimario@ rosalindfranklin.edu.
R i e Eguad Oyppornnnty and Alffenatioe Aaion Engiboyer,
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Tenure-track Positions in

Energy Science, Engineering and Polic

¥

The Pennsylvania Stare University will recruic and hire ax least 25 new tenure-track faculty members in energy science, engineering, and

|m!i~, v dunnge the nexe 3 VEirs, This s part of an mitative o enhance an al n,-.uig.' VIEOrOLS preggrm of environmental and enerev research

and education at Penn State that includes strategic alliances with major energy companies and the Commonwealth of Pennsylvania. The

’i::l'\l 4 |'i|.'|‘\.i|.II.HI.‘1 |;.1r!_1|.'|; {!!l.l.l 1[|..‘li'|'l.'l.| .I.I.]t'l.ﬁ. ll‘iﬂi.'['lt'r!_:\', .IIII.I \':'IFI.'II'II'I H{‘I.ll.l&'\l;r.ililllil['l.

.1I||1|1|i.L.l'| i.l ] A [|11.,' .'\\HIINI.II]ll'l.'I"L‘-“!Id,.i..ltl.,' |1lHt|.,"\‘\.I:PF |.|.,"L'L'| e '1““1_‘.][1, |.'|‘I|i .I.]'l'l'lﬂi.n Lments ‘ﬂ,'II:III:H' r.IILI\ﬁ '|'\.i|| |.'|‘|..' 1.,“I1'1i|.|.l.,'ﬁ.'tl tor |.|l|:1]lﬁ|..‘1,|

candidates, Most positions will be co-funded by the panicipating academic departments and by the Penn State Institutes of Energy and the
Environment (PSIEE). For more details please sce www.psiee. psu.edu/open_positions.asp. Applicitions ane hereby solicited for the first

g puulmrh.

COAL-DERIVED FUELS:

Catalysis for Efficient Hydrocarbon Conversion—Friederich G.
Helfferich Professorship in Chemical Engineering

The Department of Chemical Engineering (www.che.psuedu) is secking
a candidare with rescarch interests in catalysis or reaction engineering

as applied 1o efficient hvdrocarbon processing. The applicant will
become the first holder of the Friederich G. Helfferich Professorship in
Chemical Engineering, an endowed position thar provides unrestricred
annual support. Applicants will be considered at all mnks. The successful
applicant is expected ro develop and mainain a research program
leading o national and international recognition and to teach ar the
undergraduare and graduare levels. Candidates must have a Ph.D). in
Chemical Engineering or in a closely relaved fidld. Conracr: Kristen
Fichthorm at fichthorn@psu.cdu.

Coal Conversion to Liguids and Molecular Modeling of Coal
Structure and Reactivity (2 positions)

The Deparoment of Encrgy and Mineral Engincering (EME) (www.
eme.psucdu) is secking two candidates with strong rescarch intercsts in
the structure-reactivity relationships that affect the conversion of coal

1o liquids and gases. These two positions are part of Penn Stare’s new
Clean Carbon Energy Initiative. The andidats are expected to establish

a vigorous sponsored rescarch program and have the ability to collaborare
effectively on research in related arcas with faculty members in EME and
those associated with the PSIEE, EME is home ro Penn States degree
programs in Encrgy Engineering, Environmenial Systems Engincening,
Mining Enginecring, Petroleum and Nawml Gas Engincering, and Encrgy
Business and Finance. Successul candidares are expecred 1o develop a
strong record in teaching undergrduate and graduare courses in Encrgy
Engincering and related degree programs. Requirements indude a docroral
depree in a related feld. Contact: Joan Andrews at jxa 1@ psu.edu.

Fuel Flexible Combustion of Coal Derived Fuels

The Depariment of Mechanical and Nuclear Engincering {www.mne.psu.
edu) is secking a candidate with strong rescarch and teaching interests in
combustion science and technology specifically related o coal-derived
fuels. The candidate is expected 1o establish a vigorous sponsared
rescarch program. collaborate effecrively on rescarch in relared arcas,

and develop a strong record in teaching undergraduate and graduate
courses in Mechanical Engineering and relared degree programs. Penn
State’s Mechanical Engineering Undergraduate and Graduate Program'’s
are currently 12th and 15th, respectively, in the U.S. News and World
Reparr mnkings. Requirements include a docaornl degree in mechanical
engineering or a related field, Contact: Domenic Sanravicea ar das8&psu,
edu.

BIOENERGY:

Biomass Energy Economics and Policy

The Department af Agriculiural Economics and Rural Sociology (www,
aers.psu.edu) is secking a candidare with research intercsts in sparially
explicit modeling and the interaction berween the environment and
cconomy as mediated through land use and landscape. The successful
candidare will iui:l a muln L':1||v;'§;u ream of econamists and other scientists
warking on issues of energy and environment, and will be expected o
work with interdisciplinany reams o conducr research and seck exrernal

funding in arcas such as the coonomics of biomass energy. modeling of the
environmenial impacts of biomass energy development, land use change,
and land use policy. Contact: Jim Shorde ar jshorde@psu.edu.

Enzymaology, Transcriptional Control, or Systems Biology of
Cellulosic Feedstocks

The Department of Biochemistry and Molecular Biology (www.bmb,
psu.edu) is seeking a candidare with research interests in (a) enzyvmaric
mechanisms for the synthases and transferases involved in formation

of plang cell wall polymers; (b} transcriprion factors regulating cell wall
synthesis pathways; or (c) understanding how cell wall formarion works as
an integrated system. The sucessful candidate is expected to maintain a
vigorous, externally funded rescarch program. Access 1o graduare studenis
is also available through several interdisciplinary programs under the Huck
Institures of the Life Sciences (www.huck. psu.cdu). Review of applications
will begin February 15, 2008 and will continue until the pasition is filled.
Contact: Mancy Wilson ar njw 1 26 psu.edu,

Synthetic Biology Engineer

The Depanment of Agniculiural and Biological Engineering (www.ahe.
]1\.ll,|;|;‘]||.:l is ﬂg-;kint_', a candidare char will _1pp|}' ;nl;':n u;ri:]g 11,1mdignn

of design, fabrication, and system synthesis 1o biological science with
particular emphasis directed toward renewable biomass energy. The
successhul candidate is expected o collaborate with biological seientiss
and biological engineers; to develop an intermationally recognized research
program with substantial excernal funding: and w develop and reach
undergraduate and graduate courses on synihetic biology engineering
prinq;ipkx and .1pp]i|;qrinm as well as to enhance several r,"!.i\l’il'll_'; 11-iv:|ngi|;:1|
engincening courses. Requirements include a doctoral degree in a related
field and at least one engineering degree (B.S., M.S,, Ph.D.). Contact: Paul
Heinemann at heh@engr psuedu.

CARBON SEQUESTRATION:

Geolegic Carbon Sequestration [2 positions)

The Department of Geoscences (www.gensc.psti.edu) and the Depariment
of Energy and Mineral Engineering (www.eme.psu.edu) are secking two
candidates whose research falls into one or maore of the challenging arcas
of engineering and geoscience associated with the introduction and fves
af carbon-bearing Auids in the subsurface environment: (1) Basin Analysis
and Modeling, where the development of process models for the stratal
architecture, sedimentary facies, and stratigraphic stacking patterns is
needed to define and characterize sequestration @rgets; (2) Formation
Characrerization and Imaging, where advance in 4D formarion imaging
are needed for monitoring and pedformance assessment of CO2 storage;
and (3} Fluid-Rack Interactions, where effective sequestration will be
].'rmlnutml |'I:r characterization and mudi:“rl.;: fuid rrap and seal evolution,
and process-based understanding of the transmission, transformation,

and rapping of fuid and solid components within the subsurface.
QOuistanding candidares who creatively apply theoretical, observarional,
and/or experimental approaches are encouraged vo apply. Applicans
should have a doctoral degree in petroleum engineering or geosciences
and demonstrate a distinguished record of scholarship and potenrial

for developing a vigarous externally funded rescarch program. They

are expected to contnbute to core teaching in geosciences or petroleum

engineering, Contact: Teresa Craig at reraig@peosc. psu.edu.

Penn State is committed to affirmative action, equal opportunity and the diversity of its workforce,

sCiencecareers.org
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UNIVERSITY OF

'FLORIDA

Department Chair
Department of Molecular Genetics and Microbiclogy
College of Medicine

The University of Flonda's College of Medicine invites applications and nominations for the position
of Chair in the Department of Molecular Geneties and Microbiology (www.mgm.ufLedu). The depart-
mient is active in both teaching and research missions in the college with 24 full-time faculty members
whose rescarch interests encompass all aspects of genetics and microbiology, with high levels of NIH
funding, and a commitment to interdisciplinary research. As such, the department is directly involved in
a campus-wide initiative 10 develop genetics and microbiology into major rescarch areas a1 the University
of Florida. The recent construction of a 280,000 sq. fi. Cancer and Genetics Research Building support-
ing the Genetics Institute (www,nfgiufl.edn) and the Cancer Center (wwwanfsce.nfl.edu), as well as the
planned construction of the UF Emerging Pathogens Institute Building {100,000 sq. ft.) 1o support the
Emerging Pathogens Initiative (www.epi.ufl.edu) are components of these new initintives. Depariment
faculty currently participate in all three initiatives, which allows for further strengthening of an alrcady
strong department.

The successful candidate wall have an M.D., Ph.D. or M.DL/Ph.D. degree. We seek an accomplished scholar
with a distinguished record of research, intemational recognition, leadership and administrative skills,
The major responsibilities of the department chair are to promote the individual scholarship ofthe faculty
and siudenis in the depariment, provide leadership in articulating the depariment’s vision io enhance the
rescarch and teaching programs in the depariment, and to work closely with institute and center directors
o promote academnc excellence. This 1s a full-time, tenure-accrung faculty appomntment at the rank of
Associate Professor or full Professor.

Applicants should provide a letter of application that incorporates a statement of vision for future depart-
memal growth and direction, curriculum vitag, and the names of three references 1o; Stephen P Sugrue,
Ph.y,, Chair of the Search Commitice, University of Florida, PO Box 100235, Gainesville, FL
A2610-0235 or by email to: mgmehairsearchis healthufl.edu. Applicants also may apply online at hitps:
ffjobs.ufl.edu referencing requisition number 0704504, Nomingtions should be forwarded to Stephen P,
Sugrue, Ph.D. Salary 15 negotiable and will be commensurate with expenience. The review of applicants
will begin on March 3, 2008, and will continue until the position is filled.

The University of Florida is an Egual Opporsunity Institution dedicared to building o broadly

diverse and inclusive focultv and staff. Minorities, women and those from other andersevved

gronups are enconraged fo apply,

HARVARD UNIVERSITY
DEPARTMENT OF MOLECULAR AND
CELLULAR BIOLOGY, HARVARD
ORIGINS OF LIFE INITIATIVE

The Department of Molecular and Cellular Biol-
ogy and the Harvard Origins of Life Initiative
invite applications for a tenure-track faculty
position in molecular biology investigating
pathways from simple molecules to life. This
newly created position is part of a broad inter-
faculty effort a Harvard University to develop
mterdisciplinary study of the early evolution
of life.

The tenure-track Assistant or Associate Professor
faculty member will reside in the Department of
Molecular and Cellular Biology and become a
core faculty member of the Prebiotic Chemis-
try facility in the Origins of Life Initiative. We
seck outstanding candidates with expenmental,
theoretical or combined research mterests and
teaching experience in the molecular biology of
the emenzence of life. We particularly encourage
applications from women and minorities,

Applications should include a CV; names,
addresses and e-mail of three 1o five referees;
and a statement of research and teaching
interests. Review of applications will begin on
February 22, 2008. Submit applications to hitp:
fwww.meb harvard.edu/Jobs/Faculty, For
information contact: J. Blackbourn MCB-HOLI
Search Committee, juliabi meb.harvard.edu,
Department of Molecular and Cellular Biology
Harvard University.

Harvard University is an Affirmative Action/

Equal Opparturnity Emplover:

CHMR
DEPARTMENT OF CELL BIOLOGY AND PHYSIOLOGY

UMNIVERSITY OF PITTSEURGH SCHOOL OF MEDICINE

The University of Pittsburgh School of Medicine is secking a chair for the
Department of Cell Biology and Physiology. The Department comprises
22 tenuretenure-stream faculty with a research focus oncell polanity and
the wafficking of proteins and hipds, on the function and dysfunction
of 1on channels, on reproductive biology, and on signal ransduction in
diabetes and metabolism. The successful candidate must demonsirate an
outstanding record of scholarship commensurate with appointment at the
rank of Full Professor with tenure. An owstanding startup package has
already been committed for this position, and the person who holds this
position will cceupy the fully endowed Richard King Mellon Chair in
Cell Biology and Physiology.

The new chair will lead a significant expansion of the department and
will benefit from interactions with the Center for Biological Imaging and
the University of Pittsburgh Cancer Institute, and the recently estalflished
Clinical and Translational Science Institute and Drug Discovery Institute,
as well as with ather rescarch units within the School of Medicine. The
University of Pittsburgh School of Medicine is enjoying unparalleled
growth in its research, clinical. and academic missions. The University is
currently ranked Tth among educational and research institutions in NIH
funding and has doubled s NIH support in the last 10 vears,

Please send curriculum vitae and abhography te the head of the
CBP Chair Search Committee (Jeffrey L. Brodsky, Ph.D.) at:
jbrodsky@pitt.cdu.
The Uriversity of Pitisbargh is an Affirmative Action, Equal
Cppartimity Emplaver. Women amed members af minority groups
wider-represented in academia are especially encowraged 1o appiy:

PROGRAM OFFICER, PHYSICAL CHEMISTRY

The Office of Naval Research is seeking a qualified individual

to manage sponsored basic/applied research, and advanced
development programs and projects in the broad area of physical
chemistry. The sponsored efforts are conducted principally at U.S.
universities and industry or Federal laboratories. This is a Federal
Civil Service position at the GS-14/15 level (397,003 - 5148.477)
depending on individual qualifications.

The position requires knowledge and experience in the fundamental
theories, concepts, and current state-of-the art research and'or
technology development in the area of physical chemistry, including,
but not limited o, first principle understanding of complex
phenomena; characterization, understanding and simulation of the
properties and reactions that are unique to surfaces and interfaces;
and emerging computational tools and experimental techniques,
including in-situ sensing.

For information on qualifications and how to apply, see ONR's
Job Announcements at our website hitp:/’www.onr.navy.mithr,
Applications must be submitted by the date noted in the job
announcement. For technical information contact us

at hrdeptjobs@onr.navy.mil.

U.S. CITIZENSHIP REQUIRED » AN EQUAL OPPORTUNITY EMPLOYER




DEPARTMENT OF HEALTH AND HUMAN SERVICES
NATIONAL INSTITUTES OF HEALTH
OFFICE OF THE DIRECTOR
OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITIATIVES
DIVISION OF RESOURCE DEVELOPMENT AND ANALYSIS

N

Fpeas®

The Office of the Director. National Institutes of Health (NIH) in Bethesda, Marvland. is seeking a Director of the Division
of Resource Development and Analysis (DRDA) 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 vour application.

The OPASI's primary objective is to develop: a transparent process of planning and priority-setting characterized by a
defined scope ol 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
disease: 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 opportunities and supporting regular trans-NIH scientific planning
and imitiatives.

As the DRDA Director. vou will be responsible for emploving resources (databases, analvtic 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 areas of interest across NIH.

Salary 1s 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-08-236976-T42) and the NIH Web Site at http://'www.jobs.nih.gov. Questions on the application procedures
mayv be addressed o Brian Harper on 301-394-3332, Applications must be received by midnight eastem standard time on
February 14, 2008.

This position is subject to a background investigation.

DHHS and NIH are Equal Opportunity Employers

Division Director, Experimental
Hematology and Cancer Biology

change the outcome*

The Division of Experimental Hematology and Cancer
Biology at Cincinnati Children's Hospital Medical
Center is initiating a search for an outstanding scholar
and leader. The successful applicant may hold an MD,
PhD or combined MD/PhD degrees. S{he may have a
translational or basic focus in cancer or hematopoesis,
including but not limited to stem cells. Veery significant
resources are available to build a joint cancer program
with the University of Cincinnati, The successful
candidate will be expected to maintain and advance
outstanding scientific programs, and lead a collabor-
ative, translationally-oriented division with extensive
external funding.

The division currently houses 16 faculty members with
strength in hematopoesis, neure-oncology, signaling
and gene therapy. The division maintains outstanding
cores for vector development, flow cytometry, mouse

modeling, and pre-clinical translational laboratories,
and is moving to a new research building in January
2008. Cincinnati Children's is currently ranked second
in NIH funding for Departments of Pediatrics and in
the top five in Pediatric Cancer Care. Ample laboratory
space in the new building and a generous multi-year
start-up package will be provided.

Applications should be emailed to:
Jeff.Robbins@cchme.org

s/ Cincinnati
Children’s

Herspital Medical Center

Cincinnati Children’s Hospital Medical Center is an Affimative ActionfEgual Opporiunity
Imstitwtion. Waomen and minorities are enoouraged t spphe

Visit our website at
www.cincinnatichildrens.org
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UsivERSITY of FPENNEYLVAMNIA

Institute for Diabetes, Obesity and
Metabolism/Department of Radiology

The Institute for Diabetes, Obesity and Metabolism (IDOM) and the
Depaniment of Radiology at the University of Pennsylvama School of
Medicine seek candidates for an Assistant or Associate Professor posi-
tion in the tenure rack. Ronk will be commensurate with expenence.
Responsibilities include doing basic or translational research using new
spectroscopic lechnologies, particularly nuclear magnetic resonance,
to approach scientific problems relevant o normal metabolism and/or
disorders such as the metabolic syndrome, diabetes or obesity. The
successful candidate will complement and svnergize with existing
strengths and will receive an excellent start-up package including
newly renovated space in a superh scientific environment. Applicants
must have an M.D. or PhD). or M.D.PhD. degree and have demon-
strmted excellent qualifications in Education and Research. The faculty
appointment will be in Radiology or an appropriate department in the
School of Medicine,

Development of an independently funded research program must be
demonstrated. To leam more about IDOM and Radiology m Penn,
visit our websites: httpy/fwww.med.upenn.edu/idom! and htip:
fwww.uphs.upenn.cdu/radiology/

Please submit a cover letter, curriculum vitae, a statement of research
imterests and 3 reference leters 1o TDOM@ mail.med.opennoedu,

The University af Pennsyvivanio is an Equal Opportunity,
Affirmative Action Emplover. Wamen and minority condidates are
.trrm.l_uﬁ HE -lur'u_m'd fix (rl.ulr:'.i'l.'.

THE SAINSBURY LABORATORY

GROUP LEADER POSITION

Plant and Microbial Sciences

The Sainsbury Laboratory (http://www.tsl.ac.uk) invites
applications for a group leader position in plant and microbial
sciences. The successful candidate will develop a research
program in any area of biolegy that is relevant to the laboratory
objective of making fundamental discoveries in the science of
plant-microbe interactions and is complementary to the activities
of the current group leaders. We encourage applications
from scientists who seek to “cross over’ to plants and plant-
associated microbes, bringing with them new expertise and
approaches to fundamental biological problems.

Currently, The Sainsbury Laboratory hosts six research groups
funded by the Gatsby Charitable Foundation and linked with the
University of East Anglia and the John Innes Centre. The Group
Leader position is a 100% research position with no formal
teaching duties and with minimal administrative responsibilities.
Each group receives an allocation of ~£1.6M over six years in
addition to an internationally competitive group leader salary
and shared resources for large equipment.

Review of applications will start February 1, 2008. Applications
will be accepted until a suitable candidate is found. Informal
enquiries should be directed to Sophien Kamoun (sophien.
kamoun(@tsl.ac.uk). Please email formal applications with a
CV, names of 3 referees and a 2 page statement of research
interests to hrn@tsl.ac.uk. Please quote reference number
HolL04/2007.

Deputy Director

LBML 1is seeking an intemationally
recognized scientific leader to serve as
Deputy Director, The Deputy Director works
to develop the strategic wvision of LBNL
and assists in all aspects of the specific
implementation of this vision. The Deputy
will be principal partner and counsel to
the Director in making decisions on the
balance of programs within the laboratory;
attending reviews of existing programs; and
approving the seeding of new programs and
the scaling back of others. The candidate
must possess a broad scientific perspective
and may have an active research program; a
track record of academic and management
success; and the ability to substitute for the
Laboratory Director providing leadership to
a multidisciplinary group of scientists.

For fastest consideration, apply online at:
http://jobs.Ibl.gov, select “Search Jobs”,
and enter 21297 in the keyword search
field. Enter “Science™ as your source.

: r natioral .....-.-! LBNL s an Affirmative Action/Equal
facilities Opportunity Employer committed to the
development of a diverse workfaorce.

www.lhl.pov

TENURE TRACK FACULTY POSITIONS
Texas Tech University Health Sciences Center
School of Pharmacy

Applications are invited for several tenure-track faculty positions at the
Assistant’Associate/Full  Frofessor ronk  in the Depariment  of
Pharmacewiical Sciences of Texas Tech Univeraty Health Sciences Center
(TTUHSC). Candidates ane sought in the areas of pharmacology, drug
discovery, development and delivery, =gnal transduction, and’or
pharmacogenomics  The Depariment comprises 22 full-time faculiy with
40 graduate students, Growth over the next 4 years is expected (o take the
Depaniment 0 30 faculty, A new 43,000 sq i research faciliy is under
construction to supplement the curremt > 100,000 sq, fi. facility adjacent to
the Amarllo campus of the TTUHSC School of Medicine and the
Hamrington Cancer Center. Collaborations are available within the
University through funded rescarch institules'centers in aging, women's
health, candiovasculor disease, stroke ond cancer.  Ananllo is a town of
200,000 on the hgh plains of Texas with excellent opportunitics for
cultural activities, family life, and outdoor sports. For further information,

visit our website: hitpe (www, ituhise, edu/sop PharmSei/,

Applicants must have on eamed doctoml degree in a biomedical or
pharmaceutical science wath relevant postdoctoml experience.  In addition
to maintaining an extramurally funded research progmm, the successful
candidate will weach and mentor students in the professional (Pharm. D)
and graduate (Ph.D/M.5,) programs of the Universty, Competitive stan-
up packages, incentives and lab spoce are available. Please submit o
curriculum vitag, & summary of rescarch and teaching interests and naimes
and addresses of three references online at hiip:jobs texastech edu (Job
Requisition # 75707). Applications will be reviewed bezinning February
15, 2008. For questions, comtact the scarch commitice chair, Dr.
Margaret Weis, Texas Tech University School of Pharmacy, 1300
Coulter, Amarillo, TX 79106: Email: margaret weisiiyhse ede Fax:
806-356-4034,

TTUHNC ix an I;.'ifrm.r Chpprarturitv/ A ffiemative Action Trsiituiiar,
Minoritles and Women are encouraged fo apply.




FACULTY POSITIONS

Jefferson School of Pharmacy
Thomas Jefferson University, Philadelphia
Department of Pharmaceutical Sciences

Applications are invited from suitably qualified weacher-seicn-
tists for several tenure-track faculty positions at the assistant or
associate profiessor levels in the Department of Pharmaccutical
Sciences, the Jefferson School of Pharmacy (JSP). The ISP
fwww.jelTerson.cdu/jehp/pharmaey ) was lovnded o comple-
ment Thomas Jefferson University™s vision for interprofessional
training of highly skilled practitioners to form and lead the
mtegrated health care teams of tomaorrow. Our founding (aceulty
members will have the unique opportunity 1 contribute to the
development and implementation ol an innovative doctor ol
pharmacy curriculum that emphasizes a rigorous basic science
foundaton, integrated climical experiences within care tcams
that comprise vanous healthcare professions, and incorporation
of technology and experiential simulations into our teaching-
lecaming activities. With pnmary responsibility for the basic
seience component of the PharmD curriculum, the Departiment
of Pharmaceutical Seiences will contribute 1o the mission of
the School and the University by providing teaching and
rescarch experuse mn the arcas of Medicinal Chemistry and
Molecular Analysis (design and synthesis of drug candidates,
development and implementation of technologics 1o predict
biclogical function from compound structure and 1o wdenuify
and quantify synthetic and biological molecules): Pharma-
ceuties and Drug Delivery idevelopment of principles and
technologices to advance drug formulation, dosage stability, tar-
geted delivery, and biological lifetime predictiion and control );
and Pharmacelogy and Pharmacogenomics (clucidation ol
molecular and systemic drug mechanisms, analysis of drug
metabolic products and pathways, characterization of novel
disease 1argets, and development of biomolecular indicators
for therapeutic monitoring).

Desirable candidates should have an earned PhD or equivalent
degree with specialization ina relevant pharmaceutical or bio-
medical hield such as medicinal or pharmaceutical chemistry,
organic or synthetic chemistry, biochemistry, biotechnology,
microbiology, mmunology, pharmaceutics, pharmacokinetices,
pharmacology, physiology, genomics, proleomics, NCUrosci-
ence. nanotechnology, and molecular/quantitative biology.
Postdoctoral experience is required, while a background in
pharmacy is benelicial but not required. Applicams must
demonstrate excellent communication skills and evidence
of, or potential for, excellence in teaching, rescarch, and
scholarship appropriate to their considered level of appoint-
ment. Successful candidates will be expected 1w establish
strong externally funded rescarch programs, to participate in
teaching of doctor of pharmacy and graduate students, and o
contribute o governance and service activities at the school.
The university has committed significant resources to provide
adequate laboratory space and competitive startup packages
for suceesslul candidates, Salanes offered will be compentive
and commensurate with qualifications and the high level of
accomplishment expected of hired faculty.

Applicants should submit a cover letter indicating their arca
of interest and desired appointment rank. complete curriculum

vilae, statement of research expertise and plan, summary of

teaching interest and assessment philosophy, and contact infor-
mation for three professional references by email as a single
Acrobat pdl ile attachment w ashiwelundichia jelferson.cdu,
or by regular mail 1w Ashiwel S, Undich, PhD, Professor
and Chair, Department of Pharmaceutical Sciences, Jef-
ferson School of Pharmacy, Thomas Jefferson University,
130 South 9th Street, Suite 1540, Philadelphia, PA 19107,
Review of applications will begin immediately and continue
until all positions comprising the founding cohort of faculty
are filled.

NATIONAL RESEARCH COUNCIL
OF THE NATIONAL ACADEMIES
is accepting applications for a
Postdoctoral Research Award
tenable at the
Walter Reed Army Institute of Research
in Silver Spring, MD

The goal of this research is to evaluate the utility
of endogenous and synthetic antimicrobial
peptides against pathogenic biofilms in wounds,
prostheses, and other surfaces. Antimicrobial
peptides will be evaluated in in vitro and in vivo
biofilm models primarily against drug-resistant
organisms. Areas of research will span peptide
design, host cellular responses, as well as
molecular and classical microbiology techniques
to measure efficacy.

Qualified applicants must have a Ph.D. in
Microbiology or Immunology with a strong
background in Molecular Biology, Biochemistry
and Medical Microbiology.

For further information contact:
Sara W. Rothman, Ph.D., Associate Science Director
Walter Reed Army Institute of Research
503 Robert Grant Avenue
Silver Spring, MD 20910-7500
Telephone: 301-319-9019
Fax: 301-319-9849/9227
E-mail: SR1@na.amedd.army.mil
® §E R E " E NS EEEE N EEEEEEEESN
Eligibility: US and non-US citizens
Duration: one year with possible
renewal for a total of three
years maximum
Stipend:  $50,600 per annum
Other: relocation, professional travel,
health insurance
Deadlines: Feb 1, May 1, Aug 1, Nov 1

" E B E NS S E S NN SR EEEEE RN

Applicants must initiate a dialogue with prospective

Adviser at the lab as early as possible before their

anticipated application deadline. Applications must be submitted

online directly to the NRC at:
www.national-academies.org/rap

Questions may be

directed tothe NRC at ~ THE NATIONAL ACADEMIES

202-334-2760 (phone) or  Advisers In the Nafion an Sciencs, Engineering, and Medicine

rap@nas.edu.

areers.org
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chemistry
Associate Editors

The Mature Publishing Group is pleased to announce
the launch of Mature Chemistry in 2009. Following
the success of Nature Materials, Nature Chemical
Biology and Nature Physics, and given the strength
of the parent journal Nature, we fully expect Nature
Chemistry to seize the commanding heights of the
chemistry-publishing landscape.

Alongside the highest-quality original research,
MNature Chemistry will cover news, commentary

and analysis from and for the chemistry community,
as well as striving to develop a voice that chemists
care about.

As part of this exciting new publishing venture, we
are now seeking three Associate Editors for Mature
Chemistry, to be based in our London, Boston and
Tokyo offices.

Applicants should have a PhD in a chemistry-related
discipline, with demonstrable research achievements.
Although postdoctoral experience is preferred (not
required), emphasis will be placed on broadly trained
applicants with a good knowledge of the chemistry
community. Key elements of the position include

the selection of manuscripts for publication, and
commissioning, editing and writing other content for
the journal. Candidates who wish to be considered
for the role in our Japan office must demonstrate a
good understanding of the East Asian research
communities (in particular Japan, China and Korea)
as well as being fluent in English and preferably an
Asian language (Japanese, Chinese or Korean).

These are demanding and extremely stimulating
roles, which call for a keen interest in the practice
and communication of science. The successful
candidates will, therefore, be dynamic, motivated
and outgoing, and must possess excellent
interpersonal skills. The salary and benefits, will
be competitive, reflecting the critical importance
and responsibilities of each position.

Applicants should send a CV (including their class
of degree and a brief account of their research and
other relevant experience), a News & View style
piece (no maore than 500 words) on a recent paper
from the chemical literature, and a brief cover letter
explaining their interest in the post, salary
expectations, and indicating whether they wish

to be considered for a position in London, Boston
or Tokyo.

To apply please send your CV and cowvering letter,
guoting reference number NPG/LON/797 to
Denise Pitter at londonrecruitment@macmillan.co.uk

Closing date: 31st January 2008.

nature publiahing group @

THE UNIVERSITY OF SOUTHERN CALIFORNIA
Pl Badms Wansawi b imitinss i

em  DEVELOPMENTAL
\T?  NEUROBIOLOGY
Chdewiligagitnd

e mb e rme e By

The Saban Rescarch Institte of Childrens Hospital Los Angeles
and Keck School of Medicine, University of Southern California
invites applications for a tenure-track position of Assistant
Professor in the Department of Pediatrics. with the possibility of
a joint appointment in the USC College of Letters, Ans and
Sciences. The position will be based in the newly constructed
Saban Rescarch Institute building and will include membership
in  the Unmiversity wide USC  Newroscience Program.
Qualifications include a Ph.D., or M.DJPh.D. degrees, and
appropriate  postdoctoral  expenience. We  are  particularly
interested in applicants who are applying molecular genetic
approaches to fundamental problems in neural circuit formation,
but individuals swdying other aspects of nervous  sysicm
development are also encouraged o apply. The successiul
candidate is expected to establish and maintain an extramurally
funded rescarch program  with international  visibality, and
contribute  to graduate  level courses  in developmemal
ncurobiology. Competitive start up funds and state-ol-the-an
rescarch space will be provided. Applicants should send a copy
of their CV, a statement of research interests, and the names and
contact information ol three references to: Richard Simerly,
Ph.D». Director, Neuroscience Program, The Saban Research
Instituie, Childrens Hospital Los Angeles, Keck School of
Medicine, University of Southern California, 4650 W, Sunset
Blvd., M5 #135, Los Angeles, CA 90027,

The University of Sowthern California and Childrens Hospital
Los Angeles are AVEQE emplovers,

From physics
to nutrition

For careers ip science, turn to Science
www.StlenceCareers.nrg

* Search Jobs ¢ Career Forum
e Career Advice  *® Graduate
Programs
* Job Alerts
* Resume/CV All features FREE
Database to job seekers.
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Weill Cornell Medical College in Qatar

=l |

BIOLOGIS

FacuLty PosimioN

WCMC-0 seeks candidates for 2 faculty position with major responsibility for tha
teaching of an introduciory biology sequence of two courses in a premedical pro-
gram leading to entry 1o the medical school. Another faculty member conducts a
complementarny laboratory course sequence, Beyond the principal teaching obliga-
tion a successful applicant is expected to participate in advising, commitiee work,
and the academnic ife of WCMC-0. Research space is available as well as research
funding support.  Details regarding the WCMCG-O program and facilities can be
accessed at:

www.qgalar-med.cornell.edu

Candidates should hold a Ph.D. degree and possess demonstrable teaching skills as
well as experience and training in research. Candidales must be willing to relocate
to Doha, Qatar for the duration of the appointment. Academic rank and salary arg
commensurate with training and experience and are accompanied by a competitive
foreign-service benefits package. Oualified applicants should submit a curriculum
vitae and a letter of interest outlining their teaching and research expenience to:

facullyrecruit@qatar-med.cornell .edu
*Please quole Facully Search #08-sci-B01 on all correspondence
Cornell Untversity is an equal opportuntly, affirmative action edvcalor and emplayer,

The scrasming of apphcations will begin immadiately and continue wbll suttabie
candidates ara identified. Sarvice is expacted to begin in August 2008,

Plaase nole, shovt-lsted candidaies will be asked to providie names of Hired references.

Department of Health and Human Services

P National Institutes of Health Ng,,
s / National Institute on Aging E‘\P}é 2,
Staff Scientist "iqb {f"

e DNA Repair/Signal Transduction HE B

The Intramural Research Program (IRP) of the National Institute on Aging
(NIA), Baltimore, Marvland, is recruiting for a Staff Scientist position in
the DN A Repair Unit of the Laboratory of Cellular and Molecular Biology
(LCMB). This is a renewable position with an initial 5 year appointment
for highly motivated individuals with a strong background and extensive
experience n cellular and molecular biology. Specialized knowledge and
expertise in the biochemistry of DMA damage and repair as well as signal
transduction pathways is required. Experience with DNA repair techniques
that are employed o examine human DNA repair capacity and 1o assess
levels of oxidative DNA damage in human samples is desirable. The incum-
bent will have major roles i trmining staff and postdoctoral fellows and
maintaining research continuity within the laboratory. A Ph.D. or equivalemt
degree is required.

Salary is commensurate with research expenence and accomplishments.
The salary range for a Staff Scientist is 580,000 - 5162371, A full Civil
Service package of benefits (including retirement, health, life and long
term care insurance, Thrift Savings Plan participation, ete.) is available.
Additional information regarding the NIA IRP and the LOMB are avail-
able at the following websites: hitp:/'www.gre.nia.nih.gov and hitp:
Hvwww gre.nia.nib.gov/branches/osd 2006Macthook pd [

To apply: Please send a cover letter, curriculum vitag, bibliography, state-
ment of research interests, and three letters of recommendation 10: Peggy
Grothe, Intramural Program Specialist; Office of the Scientific Direc-
tor {(Box 09); Vacancy # IRP-08-03: National Institute on Aging, 5600
Nathan Shock Drive, Baltimore, MDD 21 224-6825. Applications must be
received before February 18, 2008, I additional information is needed,

DHHS and NIH are Equal Opportunine Employvers
The NIH is dedicated to building a diverse community in its training amd
emplevment programs.

North Carolina State University Announces
Four Faculty Positions in Horticultural Science
Located at the Fruit and Vegetable Science Institute
in Kannapolis, NC

Morth Carolina State University and the College of Agnculture and Life
Sciences (CALS) recently established the NC State University Frun and
Vegetable Science Institute (FVSI1) at the new North Carolina Rescarch
Campus (NCRC), a private-public venture, being built in Kannapolis,
NC (near Charlotte), The goal of the FVSI is to conduct advanced mul-
idisciplinary research to enhance the nutritional content of fruits and
vegetables to improve human health; inerease agricultural production
and good agnicultural practices leading to a sustainable food supply:
and provide sciemtific ideas and technologies that will contribute to NC's
ceonomic growth. Other university programs based at the NCRC include
UNC-Chapel Hill, UNC-Charlotte, UNC-Greenshoro, NC A & T State
University, and Duke University. The NCRC will provide unparalleled
infrastructure for basic and applied research including the 300,000 =
2.H. Murdock core support laboratory, technical support. and extensive
greenhouse and field facilities, A team of world-class scientists will be
located at the FVSIL, with academic homes in CALS departments in
Raleigh, NC. As a part of this wam, the Department of Horticultural
Science 15 secking o fill four positions ( 100%% Research, 12 month
tenure track) at FVSI:

Two breeding positions: Leafyv Vegetable Breeder - Assistant/
Associate Professor (Position # 01-10-0715); Strawberry Breeder
— Assistant/Associate Professor (Position # 00-10-0714): Develop
superior cultivars that are adapted to NC production systems, with
enhanced nutrittional and nutraceutical properties, resisance o majer
production constraints, high yields, and extended postharvest shel f-hife,
Develop research programs to understand the genetic control and inheri-
tance of important traits, and work within a team of a dozen or more
principal mvestigators rmngmg from breeders o molecular geneticists
and other faculty to develop molecular markers for trait selection and 1o
fulfill the overall mission of FVSL

Applied Molecular Geneticist Tor Fruit and Vegetable Cultivar
Development — Assistant/Associate Professor (Position # 01-10-
0712): Develop a molecular genetics and genomics research program
in fruits and vegetables on traits that lead to the development of improved
cultivars. Traits of interest may include bioactive phyvtochemical content
and nutritional value, stability of health-promoting attributes pre- and
postharvest, disease and pest resistance, maturity, adaptation and yield.
Research topics will include development of wols and technologies for
rapid cultivar development such as molecular markers and other appropri-
ate molecular approaches, as well as functional and 'or structural genomic
studics of fruits and vepgetables.

Postharvest Physiologist = Assistant/Associate/Full Professor (Fosi-
tion # 01-10-0713):; Conduct ranslational rescarch on the biochemical

and molecular bases for ripening, senescence and quality changes of

horticultural crops in the postharvest environment. The specific research
arga 15 flexible, but should focus on understandimg the mechamsms that
contribute to preserving full boactive health benefits of froits and veg-
ctahles pre- and postharvest with the ultimate goal ofimproving produce
guality for the consumer.

The incumbents are expected to establish collaborative partnerships with
faculty based at the NCRC, NC State University main campus in Raleigh
and other rescarch stations, as well as with other universitics and the
private sector; provide input to NC commodity industries; establish a
rigorous, nationally recognized, extramurally funded rescarch program;
publish research results in relevant peer reviewed publications; and chair
and servie on graduate student commilioes.

Applicants should apply online at https:Vjobs.ncsu.edu (refer o the
appropriate position number). Attach a cover letter and CV 1o the
online applicant profile, and melude the names and contact information
for at least three references. For more information, contact: Dr. Julia
Kornegay, Professor and Head, Department of Horticultural Science,
Box 7609, NC State University, Raleigh, NC 27695-T609; Phone:
9-515-3131; Fax: 919-513-3191; Email: julia_kormegay@ neswedu,
Beview of applications will begin February 29, 2008, and continue until
an acceptable candidate 15 wennfied.

Minority candidates are enconraged to applv. NCSU is an
EECVAA Emplover,

e @sciencecareers.org
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AVIAN RESEARCH ECOLOGIST
U5, Geological Survey's Patuxent
Wildlife Research Center
The U5 Geological Survey's Patuxent Wildlife
Rescarch Center in Laurel, Marviand (website: ht
www.pwreusgs.gov/) socks a Rescarch Eeologist
with expencnce conducting rescarch i avian aalogy,
coodogy, and conservation. The candidates” research in-
terests may be broad but special consideration will be
given to these with rescarch inferests that bridge pop-
ulation n..cxiup monitonng, and conservation bology,
As lead inwvestigator the Ecologist conducts onginal re-
search that responds o regional and national conserva-

tion goals, primarly in support of Deparoment of

Interior agenacs missions, Applicanions must be com-
pleted online ar website: ht WWW, LIRS OV,
ohrt;na's,f. Announcement ER-2008-0042 s open
to all qualfied ULS. ertzens; announcement ER-2008-
0043 is open to current and former Federal employees,
Announcements will open on January 7, 2008, and
close at midmght castern standard time on Febroary 19,
2008. Applications must be filled out completely and
all supplemental matenals, such as proof of education,
must be submitted to be considered. Additional de-
tails regarding position and application are provided
on the website, The U8, Gealopical Survey i an Egual
Opporminity Employer.

ASSISTANT or ASSOCIATE PROFESSOR,
Genetics York College of the iy Undversity of New
York (CUNY) invites applications for an Assistant or
Associate Professor of Biology (tenure mack ) speaal-
iing in genetics and bioinformarics with a starr dare
of Seprember 1, 2008, Applicants should have a Ph.D,
and postdocroral experience, and interest and expeni-
cnee in eaching undergraduares. Instructional respon-
abalines will nclude genetics lecture and  laboratory
courses, a bioinformatics course, introductony biology,
and nonmajor courses as needed. Faculty are expected
to develop and maintain an externally funded rescarch
program mwvobang undergraduates; participation in the
CUNY Ph.D), program via the CUNY Gradimte
Center is abo expecred. This posinon is dependent
on financial availability,

Applicants should submir a cover leter, curricu-

lum vitae, three lemers of recommendation, and bricf

statements of research plans and teaching philosophy
to: Dr. Louis Levinger, Department of Biology,
4E03, York College /CUNY, 94-20 Guy R. Brewer
Boulevard, Jamaica, NY 11451,

Visit the York College website: http: / Awww.york
cuny.edu to discover more about our exciting pro-
grams and cvents, For information regarding this po-
ation, please see website: hitpe/ Svork.cuny.edu /hr,/
jobs; apply by the posinons-speafic deadline.

RESEARCH ASSOCIATE
(ASSISTANT PROFESSOR)

The Secrion of Endocnnology, Diaberes, and
Merabalism ar the University of Chicago is secking
qualificd applicants for a full-time Research Assodare
(Assistant Professor) position to participate in
rescarch on the molecular mechanism of pancreatic
bera-cell funcion with a particular regard o the role
of ion channeks in control of insulin production and
secretion, as well as beta-cell calcium regulatnon. The
primary activity of an BA (Assistant Professor) is
academic research in association with a faculty
member or ream, Qualified applicants are required
to possess a Doctorate degree, have postdoctoral
expericnee, and substantial expericnce conducting
rescarch on protein kinase phosphorvlation signaling
cascades relaved 1o regulation of ionic events in
insulin secretion, gene expression, and advanced elec-
trophvsiologic and confocal cellular imaging  tech-
nigques. Please send cover memo, curmculum vitae,
and three letters of reference to: Ann Leu, Section
Administrator, Endocrinology, via e-mail: E.J:u@
medicine bsd.uchicago.edu. The Uliverdny of Clisae
i% an Affironative AoionEgnal Opporturity J,.mju’:?]n

364

POSITIONS OPEN

POSTDOCTORAL RESEARCH POSITIONS:
IMMUNOLOGY and HOST-FPATHOGEN
INTERACTIONS
Department of Microbiology, Boston University
School of Medicane

We invite applications from talented rescarchers for
Pogdoctoral oppomunitics, Rescarch in the Department
focuses on the molecular mechanisms underlving mi-
crobial infection and the host immune response (see
website: https/ Swww.bumebuedu /microbiology ).

Thomas W, Geisbert (e-mail: gesbert@bu.edu).
Pathogenesis of emerging viruses and development
of rtoial countemeasiines,

Survamm Gummuhru (e-mail: rgummulu@ bueduk
Role of dendntic cells in HIV pathogencas.

Andrew J. Henderson (e-mail: hender@bu.edu).
Cellular signals regulating HIV transcription,

Ann Marshak-Rothstein (e-mail: amrothst@buedu),
Innare adaprive imnumity in animal models of as-
temi -'ll.l't"ll]'l.l'l'.llln“}'.

Barbara 8. Nikolajezyk (e-mail: bnikol@bu.edu).
Regulation of systemic inflammation in type 2 diabetes
and inflammatory bowel disease,

Gregory A, Viglianti (e-mail: gviglian@bu.edu).
Muclear and toll-hke receptor cross-regulation of HIV
mucosal infecrion,

BUSM is an Affinnative
Emplayer,

Action/Egual  Opportunity

The newly established Deparoment of Genetics ar
the Scripps Rescarch Instture (TRS1) i recruitng
ourstanding investigarors (all fevels) with the abiliny
to establish and maintain a rescarch program in the
arca of host resistance to infection. The Department
offers newly renovated laboratory and office space on
the La Jolla campus. Preference will be gven o
applicants with a strong publication record, imag-
native approaches to undenstanding the molecular
!'LL;LIII'I.mﬂI'lti iur IE!!'I..ltl. I]'I'lFI'I'I.II'IIt\ m J.I'l". S.I\.I..[l,ﬁ .]l'ld
an ability to participate in a strongly interactive pro-
gram of cutting-cdge research. Applicants should
send curriculum vitae and three lerters of reference
o the: Search Comminee, Department of Genetics,
The Scripps Research Institute, 10550 N. Torrey
Pines Road, La Jolla, CA 92037, TSRl embraces
diversity and recognizes it as being a key to our sue-
cess. We believe in developing and mamraining a di-
verse workforee. Egual Cypportunity Employer/Ainoritics /
Fennales/Persons with Disahilities / Veterans,

ASSISTANT /ASSOCIATE PROFESSOR
rtment of Pharmaceutical Sciences
The Feik School of Pharmacy
University of the Incarnate Word
San Antonio, Texas
Two 12-month, wnwre-track Boulty positions, one
in pharmacology and one in medicinal chemistry,
in the Department of Pharmaccutcal Saences; pre-
ferred start date is June 2008, Candidate for this
posittion should have a Ph.D. in pharmacology or
medicinal chemistry, teaching, and for postdocroral
experience is preferred. The candidares will be ex-
pected o develop and teach the pharmacology /
medicinal chemistry section of the integrated phar-
macotherapy courses in the Pharm.D. Mrogram.
See our website: hup:/ fobs.uiw.edu for further

information.

MEDICAL RESEARCHER sought to study the
genetic basis of microcephaly, Requirements include
M.D. with significant experence in pediatric nearol-

ogy ncluding abality 1o pl:rllum! climical analysis of

rescarch subjeces, gene mapping, and cloning. Salary
SR0.000 per vear, Send resumies o Chiristina Venckus,
Human Resources, Beth Israel Deaconess Medi-
cal Center, 330 Brookline Avenue, Boston, MA
Q2215. BN & an Eqead l‘haurmﬁ'r.-'.-lﬁmurhr Aanor
Loy,

POSITIONS OPEN

UNIVERSITY of CALIFORNIA, IRVINE
School of Medicine

FOSTDOCTORAL RESEARCHER /SCHOLAR,
University of California, Irvine Epilepsy Research
Training Program and the Department of Anat-
omy and Neurobiology. The Multidisciplinary Post-
doctoral Traimng Program in Epilepsy Rescarch has
multiple opmings for nonteruared, academic-term ap-
pomntments as Postdoctoral Schalar, The Program sup-
ports diverse approaches o the understanding of the
fundamental  neurobiological processes leading to ep-
lepsy and Aor holding promise for its cure. Partic pating
Laboratories include: Tallie Z, Baram, Ph.D., M.D.:
neuwroplasticity, mechanisms of epileprogencsis, febnle
scizure models, hvperpolarizanon activated jon chan-
nels, and animal imaging; Devin Binder, M.D.: warer
rnspor and water channels in epilepsy, aquaponins, and
optical imazing; Steven Cramer, MLD.: functional imag-
ing and roboties for identification and cure of excito-
romac and 1schemac insules; Christine M. Gall, Ph.D.:
neurotraphins, integrins, and actvity-dependent plas-
ticity; Alan L. Goldin, M.D., Ph.D.: sodium channds,
transgenic approaches, and clectrophysiology; (‘rary
Lynch, Ph.D.: regulation of cxcitability and synaptic
function and plasticity; Charles E. Ribak, Ph.D.:
granule cell plasticny and neuroanaconmy; Mick Rogg,
Ph.D.: funcoional mmaging of leaming and memory
circuats in health and discase; Ivan Soltese, Ph.D.: chec-
lr:q'-]'nwulug,x computational neurobiology, interneu-
rons, and mhibition; Martin Smith, Ph.D.: covel
signaling-Agnn and neuronal excitabilicy; Oswald
Steward, Ph.D.: mechanisms of v ulm.r'ul‘ulln o exci-
toroxicny; John Weiss, M.D., Ph.Dv.: exaromicity,
calcium, and zinc trafficking, S-::: website: hup: /S
www.ucihs.uci.edu/epilepsyresearch /.

These positions are funded by an NIH maining
grant (T-32); eliqible candidazes must be LS, eitizens
or nencitizen mationals or wmnse e dowefielly admiered
Sfirr permeanens residence, An MDD, or Ph.D. degrece is
required, and ML.D. qualified candidates, as well a
minoritics and women, are highly encouraged to ap-
plv. Salary is commensurate with expenence and based
on the Kischstein-Satonal Rescarch Service Awards
postdocoral stipend levels for 2008, Candidates
should submit resume and references 1o e-mail:
sara. johnson@uci.edu; Postdoctoral Search/ Ep-
ilepsy, ¢/o Department of Anatomy and Neuro-
biolopy, University of California, Irvine, Irvine,
CA92697-1275, The L mversry of California, Intne is an

Equal Oppormnity Ewployer connnitted o exeellone throgh
diversiry,

The Del E. Webb Center for Neuroscience,
Aping, and Stem Cell Research (NASCR) of the
Bumham Institute for Medical Rescarch (BIMR)
secks independent investigators with strong rescarch
programs in stem cell and developmental biology,
aging and neurodegencrative disorders, or cardiac
and pancreatic/metabolic discases. Applications using
genetic model systems are pardculady welcome,
Individuals ar any carcer level, including JUNIOR
INVESTIGATORS, are encouraged to apply. BIMR
offers an owstanding interdisciplinary and highly col-
laborative rescarch environment, supported by a wide
range of shared resources, mduding the La Jolla-Wide
Interdisciphnary Nevroscience Center Core Faalines
Grnt funded by NIH. For more detals visit our
websites: hotp:/ Swww. bumbhamoorg/ and heep: /7
www.lajollancuroscience.org,/”. Tnformal inguirics
should be directed 1o appropriate NASCR. Center
Program Directors { contact information listed on the
website), To apply, please submit curriculum virae and
rescarch summary clecrronically by March 1, 2008
(il o e-mail: naserrecruit@burmbam.org). Can-
didares should arrange o have at least three letters of
reference sent to thes c-mail address (preferred) or by
regular mail to: Neurosdence, Aging, and Stem Cedl
Research Recruitment Committes, ¢/o Stuart Al
Lipton, M.I»., Ph.D., Sdentific Director, NASCE
Center, Burnham Institute for Medical Resecarch,
10901 North Torrey Pines Road, La Jolla, CA
QAINZT. Egrl Opportenriey Emgloyer/ ,-'!!le.rhlf Avtronn,
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POSITIONS OPEN

INDUSTRIAL MICROBIOLOGIST
FACULTY POSITION
Colorado State University

The Department of Microbiology, Immunology,
and Pathology in conjunction with the Deparmment
of Chemical and Biological Engincening secks appli-
cations for a mine-month, tenure-track Bculty posi-
ton at the ASSISTANT PROFESSOR level wath
rescarch interests i mdustrial microbiology and
bioprocess engineenng. Candidates with expertise
in these and closely related arcas of rescarch or that
complement the University Superclusters in Infec-
fous [Mscases and Clean Encrgy are strongly en-
couraged to apply,

Further information is available ar website:
horp:/ Swww.evmbs.colostate.edu/mip. Candi-
dates must have a Ph.D. [or equivalent degree ), post-
doctoral and for ndustrial experience, the abilities to
establish and sustain an independent rescarch pro-
gram, to participate cffectively in undergraduate and
graduate teaching, and to enhanee the Department's
commitment to diversity and multiculturalism
through rescarch, teaching, and for service activitics,

Applicants should submir electronically a letrer ex-
pressing their interest and qualifications for the posi-
ton including current curriculum vitae, bricf (one
page ) statements of rescarch and reaching expencnce
and interests, and provide names and contact
information for three references. A;B}:umun mate-
rials should be sent to; Industrial Microbiologist
Search Committee, ¢/0 Jeanctte Friteler {e-mail:
jeanette. fritzler@colostate.edu).

For full consideration, a complete application
mwst be received by March 18, 2008,

CSU iy Egeal  Employment Opparteeity
Adtion Emplayer

‘Affirmrtire

MOLECULAR DEVELOPMENTAL
GEMNETICIST
VISITING ASSISTANT PROFESSOR

The Department of Biology, Hamilton College,
invites applications for a two-year visiting Assistant
]“mILw:nlup effective July 1, 2008, Ph.D. and reach-
ing experience expected. The successful applicant
will supervise senior thesis research, and teach: (1)
genetics, {2) biochemistry, and additional lecture/
laboratory course of the candidate's choosing, or an
upper-level seminar and nonmajors course, as com-
plements the Department’s offerings. Support is
available for rescarch and conference travel, Send
curriculum vitag, a statement abour reaching, and
names of three references to: Herman K. Lehman,
Chair, Department of Biology, Hamilon College,
198 College Hill Road, Clinton, NY 13323-
1292, Beview of application materials will begin
February 1, 2008, and continue until the position is
Rlled. Women and members of ninodty grosps ane enconmaged
fee apyely. Hameilton College i5 o Affimanive Action, Equal
{JJ""'I'.IIHIJI‘]?' {:‘"JI'IL'}'I.'I -J.Ilﬂl 15 ﬂl'ulﬂf.lﬂ‘“l."d I IIII'I.T.‘-"J' m II'J-II
it af the CRIEREE CoRtHi iy

NEUROSCIEMCE

Oberdin College invites applications for a one-yvear,
nOnCeNtnEng paosinon |'||.E;|nn|n]_.. Julv 1, 2008, Incum-
bent will teach two sections of mrrmiuctur]. neuro-
science liboratory and cither two upper-level lecture
courses with one accompanving hboratory, or one
introducrory course/seminar and one upper-level
course with laboratory. Position open to all applicants,
bur candidates with expermise in developmental, mo-
lecular, or cognitive neuroscience encouraged o apply.
Ph.D. required (in hand or expected by July 1, 2008 ),

Submit applications including curiculum vitae,
three letters of recommendation, and franscrpes by
March 1, 2008, e Chair, Neurosdence Department,
Oberlin College, Oberlin, OH 44074, Applicanons
may be meviewed unnl position filled. Afimunie Adion/
Ll Chyortianty Enployer,
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POSITIONS OPEN

FPOSTDOCTORAL POSITION
University of Pennsylvania
Philadelphia, Pennsylvania

Dreseriprion: Posrdoctoral posidon is available
in the Laboratory of Dr, Marianthi Kiriakidon
at the Department of Medicine, University of
Pennsybvania, Philadelphia, Pennsylvania. The
rescarch emphasis in the 1.'|.h<rr.1tur1. is on un-
derstanding the biochemical and mobecular mech-
anisms of micoRNA mediated gene expression
regulatgon and the regulatory role of mioroBNAs
in the hematopoicnic cclls, Apphicants should for-
ward their resumie and three references o :

Marianthi Kiriakidou, M.D,
University of Pennsylvania
Department of Medicne
752 BEB II-111
421 Curie Boulevard
Philadelphia, PA 19104
E-mail: kidakim@uphs.upenn.edu

CHAIR, DEPARTMENT of ANIMAL SCIENCE
The University of Vermont
The University of Vermont secks a Chair of the
Department of Animal Science o lead the Depar-
ment into the nest decade. Candidates must have a
docroral degree in animal sdence or a related arca, a
mationally recognized rescarch program consistent
with a tenured academic appointment, and demon-
strated leadership and administrative skills necessary
to guide a large and academically diverse department
within the College of Agncalture and Life Sciences,
Candidates must demonstrate a commitment to
excellence in undergraduate and graduate education,
and be willing o foster relationships within the
Vermont dairy industry and with other stakeholders.
Full informartion abour the position can be found ar
website: hitp:/ Swww.uvmjobs. com.
Applications, including a letrer deseribing the
individual’s qualificavions for the position as
descnbed above, curriculum vitae (with rescarch
funding history and scholarly  accomplishments),
and namces of five references (with addresscs,
telephone numbers and e-mail addresses), should
be sent to:
Dr. Jean Harvey-Berino, Chair
Search Committee for the Animal Saence Chair
¢/ o Dean's Office
College of Agriculture and Life Sciences
The University of Vermont
Morrill Hall
Burlingron, VT 05405
Telephone: 802-656-0137
E-mail: ascichairsearch@uvm.edu
The University of Vermont is an Affimnative Adion, Equal
Opporiunity Employer. Wowen and miinevity anndidates are
espedally enconraged o apply.

Two fully funded POSTDOCTORAL RE-
SEARCH ASSOCIATE POSITIONS arc open to
study the role of nucleolar oncogenes and tumor
suppressors in cell growth, These studies are being
carricd out in a newly renovated liboratory within
the recently established Moleaular Oncoology Pro-
gram. The Laboratory consists of several highly mo-
trvated and collaboranive postdoctoral fellews and graduate
and undergraduare smdents with daily persomal con-
tact with the principal investigator. Qualified appli-
cants should hold a recent Ph.D., MDD, or M.D./
Ph.D. and be commited to a carcer in cancer re-
search. Candidates with experience in mouse mod-
cls, cancer biology, and molecular and cell biology
are encouraged to apply. Please send cornculum -
tae and names of three references to: Dr. Jason D.
Weber, Washington University in 5t. Louis, e-mail;
jnwchl:r@im.wusrj,:du. Wihingron Untivasity & an
Aflrmatioe Action/Egual Oyppartimity Ensployer

POSITIONS OPEN

A POSTDOCTORAL POSITION 15 available
immediately to study role of interforon-nduable genes
in autoimmune discases using mouse models. Only
candidates with Mh.[). in molecular immunology, a
strong publication record, and an excellent comnuni-
cation skills (wntten and verbal) should send their cur-
rculum vitae 1o Divaker Choubey, Ph. D, (e-mail:
divaker.choubey@uc.edu) ar the University of
Cinannati, Cincinnat, Ohio.

ANMNOUNCEMENTS

INDO-U.8, SCIENCE and TECHNOLOGY
FORUM
Fulbright House, 12 Hailey Road
New Delhi-110 001, India

Website: huﬁ. at';l':umv.induumi‘.%ﬁ
FIRST CA B

The Indo-U1.5, Science and Technology Forum
(IUSSTF), established under an agreement between
the Governments of India and the United States of
Amcrica, 5 an autonomons, not-for-profic socicoy
that promores and catalyzes the Indo-US. bilateral
collaborations in scicnce, rechnology, engincering,
and biomedical rescarch through substantive inter-
action among government, academia, and industry.

The TUSSTF secks o suppom innovative pro-
prams aimed to stimulate interactons thar have a
strong, potential for gencrating follow-on activities
and building long-term Indo-US. 5&T redationships.

The TUSSTF solicits proposals thrice a year
{submission deadline: 15th of Februwary, June,
Oxctober) jointdy submitted by the U.S, and Indian
Principal Investigarors from academia, government
funded institutionslaboratones, and prvate R&ED
entitics for: (1) Knowledge R&D nerworked and
public-private  nerworked Indo-ULS. centers, (2)
Indo-U.S. workshop, confercnce, and symposiom,
{3) Traning schools, and (4) Travel grants, (i} To
avail alrcady awarded fellowship and sabbatical
positions in U5,/ India, (i) For sclected ULS. par-
ticipants to attend intemational conferences fevents
in India, and (i1} For specific exploratory/ planning
visits aimed ar large-scale collaborations,

Derailed formar available ar website: hop//
www.indousstf.org.

For further derails and clectronic submission, con-
tact: Arabinda Mitea, e-mail: amitra@indousstf.org,
and Michael Cheetham, e mail: mehectham@si,edu.

Submission deadline: 15 February 2008, Award
announcement: mid May 2008,

Find your
future here.

|

Science Careers

Rlanas

Fram the joumal Science

www.ScienceCareers.org

MARKETPLACE

Free shipping for 204 reactions,
High throughput. Direct sequenc-

ing from bacteria, phage, genomic
DMNA, PCR products, hairpin, cte.
1-888-melab-84, www,mclab.com
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