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ASTRONOMY

Turbulence and Magnetic Fields in the Large-Scale 909
Structure of the Universe

D. Ryu, H. Kang, . Che, 5. Das

Simulations suggest that shock waves in the earyumve*sa could have
amplilied small magnetic lields into the large, complex intergalactic
fields we see today.

APPLIED PHYSICS

Stress and Fold Localization in Thin Elastic Membranes 912
L. Pocivavsek et al.

Experiments and simulations show that as a supported membrane

is shortened, periodic wrinkles are replaced abruptly by sharp folds.

GEOQOCHEMISTRY

Metasomatized Lithosphere and the Origin of 216
Alkaline Lavas

S. Pilet, M. B. Baker, E. M. Stolper

Experiments imply that a comman type of basalt can form from
mantle previ altered by a water-rich lluid, and these basalts

are not necessarily derived from recycled oceanic crust.

CHEMISTRY

Ultrafast Probing of Core Hole Localization in N 920
M. 5. Schiffter et al.

Because of quantum entanglement, the hole produced by removal

of an inner electron Irom diatomic nitrogen can be localized or
spread out, depending on the detection angle.

CHEMISTRY

Measuring Picosecond Isomerization Kinetics via 924
Broadband Microwave Spectroscopy

B.C. Dign, G. G. Brown, K. Q. Dougiass, B. H. Pate
Abroadband microwave spectrometer yields rotational spectra
rapidly enough ta characterize rearrangements of vibrationally
excited molecules.

ECOLOGY

Hidden Neotropical Diversity: Greater Than the 928
Sum of Its Parts

M. A Candon, S. }. Scheffer, M. L. Lewis, 5. M. Swensen
Molecular markers reveal that insect species on plants in the
cucumber family are unexpectedly diverse, showing specificity

for particular hosts and even certain tissues.

BIOPHYS
Surface Tensmn Transport of Prey by Feeding @31
Shorebirds: The Capillary Ratchet

M. Prakash, D. Quéré, J. W M. Bush

A shorebird moves water droplets containing prey into its throat

oy repeatedly opening and closing its beak, relying on the physical
aroperties of water to drive the drop upward.
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Termination Factor Rhe and Its Cofactors NusA and 935
NusG Silence Foreign DNAin E. coli

C. J. Cardingle et al.

Alknown bacterial protein acts broadly to terminate transcription

in order to prevent read-through that can accidentally activate
cryptic deleterious viruses,

PLANT SCIENCE

Genome-Scale Proteomics Reveals Arabidopsis 938
thaliong Gene Models and Proteome Dynamics

K. Baerenfaller et al.

The Arabidopsis proteome shilts as the plant develops, and prateins
not predicted from genome analysis, some derived from introns and
pseudagenes, are expressed.

PLANT SCIENCE

Cell Identity Mediates the Response of Arobidopsis 942
Roots to Abiotic Stress

J. R Dinneny et al.

In Arabidopsis root tins exposed to high salinity or iran deficiency,
clusters of genes are induced that are unique to one or both of these
stress responses.

NEUROSCIENCE

Early Forebrain Wiring: Genetic Dissection Using 946
Conditional Celsr3 Mutant Mice

L. Zhou etal.

Acadherin molecule an the surface of guidepost neurons in

the developing brain marks the pathviay for axons to follow

from the thalamus to the cortex.

CIRCA

AN RHYTHMS

CcAMP-Dependent Signaling as a Core Compenent 949
of the Mammalian Circadian Pacemaker

J. 5. O'Neiil et al.

Signaling through cyclic adenasine manophosphate determines

the amplitude, phase, and period of the mammalian circadian clack
and so may be an integral part of the pacemaker.
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Captive cheetahs are being besieged.
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The Mystery of the Dying Cheetahs

Researchers are closing inon how a version of mad cow
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Taking the Young Universe's Temperature
Gas molecules from across the cosmes help to underpin

the blg bang. MiSciNet: African Americans in the Scientific Workforce
Blame It on the Beetles A Sasso
Varacious insects ruined a whole lot of dinosaur fossils, Bhany African American freshmen hope to become science majors,

but their numbers decline in subsequent years.
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A. Sasso

s an urdlergraduate, Stantard-bound Betty Mbom started a
minority mentoring pregram at her university,

Coming to Europe

A, Swarup

MNew palicies aim to improve international scientists’ mebility
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K. Travis

& European policy official talks about coming to Eurape ta do science.
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Manmade Sources
of Nitrogen

Manmade sources of biolagically available nitro-
gen may enhance the capacity of the acean to
assimilate carbon dioxide. However, this assimila-
tion capacity is likely to be offset by the produc-
tion of nitrous oxide, itself a potent greenhouse
gas. Duce et al (p. §93) review the current sta-
tus of atmospheric emission and deposition of
nitrogen species and its impact on the biological
nitragen cycle. As anthropogenic mobilization of
nitrogen increases in many areas of the warld,
negative environmental impacts are becoming
apparent. The distressing paradax is that parts of
the world still do not receive enaugh nitragen to
sustain food praduction. The N-related issues fac-
ing society are numerous, complex, and inter-
related. Galloway et al. (p. 889) review same of
the most critical factors and propase a strategy for
haw society might manage nitrogen.

From Folds to Wrinkles

Thin films on fluid or elastic substrates accur in
many situations on many length scales and will
deform from their flat geometries when com-
pressed. Bath wrinkled and folded states can
occur, but the transition between them is not well
understood. Pocivavsek et al. (p. 912) examine
the compression of a set of supparted membranes
that span a range of length scales and stiffness
and find a universal transition from wrinkling to
localized falds when the compression exceeds
one-third of the length of the membrane,

Cosmic Shock Waves
Intergalactic space is filled with magnetic fields,
cosmic rays, and wisps of turbulent plasma. How

www.sCiencemag.org

transcri|

these magnetic fields arose during the evolu-
tion of the universe is not well understood. Ryu
et al. (p. 909) have conducted computer simu-
lations showing that during the formation of
the large-scale structures in the cosmas, shack
waves created swirling regions that led to turbu-
lent mixing. Very weak magnetic fields in the
early universe could have been amplified by this
turbulence, leading to the fields and structures
we see today. These predictions should be
testable using the new generation of radio tele-
scapes such as the Square Kilometer Array.

Melting and Mixing
the Mantle

The geachemistry of many types of basalt rich in
sodium and potassium and relatively poor in cal-
cium has been thought to imply derivation from
the Earth’s mantle cantaining some recycled
oceanic crust. Pilet et al. (p. 916; see the Per-
spective by Niu) show experimentally, however,
that many of the same signatures—both the com-
positions of the basalts and trends with time—can
be produced by melting mantle that has previ-
ously interacted with a hydrous melt or fluid,
farming veins of hydrous minerals. These hydrous
phases dominate the composition of early melts
and also buffer mantle melting temperatures.

Two Places at Once

Molecules heavier than H, have an inner layer,
or core, of electrons that are held more tightly to
individual nuclei than the constantly rearranging
outer-valence electrons, What happens to the
vacancy created when one such core electron is
expelled by a high-energy photon? Does the hale
remain localized beside ane nucleus until a

SCIENCE VOL 320
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<< The Logic of Neurite Outgrowth

Cannabineid receptor 1 (CBIR) regulates neurite oulgrowth, has
important functions in central nervous system development, and is a
drug target for several diseases. Bromberg et al. (p. 903) combined
al profiling on DNA arrays with graph theory analysis of
known signaling networks to explore the effects of signaling by the
CB1R. Unexpectedly, the analysis predicted that the preduct of the
breast cancer susceptibility gene BRCA1 was likely to regulate transerip-
tion factors activated during CB1R-stimulated neurite outgrowth. Fur-
thermore, depletion of BRCA1 did indeed inhibit CB1R-stimulated
neurite outgrowth. The transcription facter PAX6 was also regulated in
response to cannabinoid signaling. This type of network analysis is use-
ful to define the logic of complex signaling decision processes.

valence electron drops down to fill it, or does it
spread out along the molecular axis? Schiffler
et al. (p. 920; see the Perspective by Ueda) use
ion imaging to probe this question in N,, deriv-
ing the symmetry of the hale state based on the
trajectory of an Auger electron emitted after
relaxation. Depending an the angle of the Auger
electron detected, the state could be described
as either localized or delocalized, a consequence
of quantum entanglement.

Microwaves in a Hurry
Rotational spectroscopy is widely used to charac-
terize molecular structures in the gas phase.
However, bandwidth limitations have generally
restricted the technique to characterization of
stable ground state geometries. Dian et al. (p.

924; see the Perspective by Melnik and Miller)
have devised a Fourier Transform Microwave
Spectrometer that uses an amplified chirped
pulse to acquire data over an 11-GHz spectral
range in a single burst. As a result, they can
acquire spectra rapidly enough to probe the
rotational dynamics of vibrationally excited mol-
ecules. Specifically, they examine the rotational
isomerization of cyclopropane carboxaldehyde
abaut a carbon-carbon single bond after exciting
the aldehyde C-H stretch and using lineshape
analysis, extract-mode—specific rates less than a
tenth as rapid as statistical theory predicts.

Continued on page 847
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Similar But Not the Same

The level of species diversity in the tropics—especially amang so-called cryptic species, which are
genetically distinct but resemble other closely related species—is unclear, By sampling all marpha-
logically similar larvae found on plants in the cucumber family across the Mew World tropics with
molecular markers, Condon et al. (p. 928; cover) demonstrate a much higher than expected insect
diversity on these plants: The insects tend to be specific not only to a single plant species but within
that species ta a single part of the plant.

Sipping with Tweezers

The surface of water in a pipette is higher at the edges than in
the center, due to the relatively stronger attraction of a water
molecule for glass in comparison to other molecules of water,
Prakash et al. (p. 931; see the Perspedtive by Denny) deman-
strate how surface tension and cycles of opening and clasing its
beak allow the shorebird Phatarepes ta transport droplets of
water uphill into its mouth. A droplet of water, suspended
between the upper and lower mandibles of a tweezers-like model of the Phalarapes beak, maves toward
the hinged end as the mandibles are brought closer together; it slips back slightly as the tweezers are
opened, but the net mation is still forward. Closing and opening its beak several times thus enables the
bird ta ingest the draplet of water, along with the small invertebrates contained therein

Keeping Foreign DNA Silent

Bacterial genomes are densely packed, so it is critical that transcription of operons is precisely termi-
nated to prevent transcription of downstream genes. Regulation of many Escherichia coli genes uses
three factars—Rho, NusA, and NusG—that work together ta promote accurate transcription termina-
tion. Cardinale et at. (p. 935) now show that this termination is required to suppress expression of taxic
genes from cryptic praphages. The E. colf derivative strain MDS42 lacking these praphages and other
phylogenetically unique genes is highly resistant ta a Rho inhibitor and can sustain deletions of the
essential nusA and nusG genes. Thus Rho acts glabally to prevent read-through of downstream operons,
to match transcriptional yield to translational needs, and to suppress expression of foreign DMA.

Improving Imperfect Predictions

Although the gename encades the proteins, there is variety in the regulatory choices available in
translating the genome into the proteome. Baerenfaller et al. (p. 938, published online 24 April)
analyzed the proteame of Arabidopsis and compared it ta the known genome. As expected, proteins
were identified fram many of the genes predicted fram genome. However, same proteins highlighted
the presence of genes not yet predicted, for example, from sequences thought to be intrans or
pseudogenes. Further analysis of different organs and developmental stages confirms that, while the
gename remains constant, the proteame shifts with development.

Plant Responses to Salt Stress

Detrimental levels of salt can result when agriculture is extended to marginal lands or relies on irriga-
tion. Using the Arabidapsis root tip, Dinneny et al. (p. 942, published online 24 April; see the Perspec-
tive by Voesenek and Pierik) examined how different cells within a tissue respond to the physiological
stresses due to salinity. Different layers of cells, whether at the surface of the raat or mare internal,
responded differently to the environmental stress of too much salt. Furthermore, stressed cells could
influence their neighbars, and gene expressian patterns changed over the duration of the stress

Cadherins and Guidepost Neurons

The Celsr3 gene, which encodes a cell-surface cadherin molecule, is widely expressed in neurons of
the develaping brain after they have migrated when they are refining their connections, Zhou et al.
(p. 946) prevented Celsr3 expression in a variety of specific regions of the developing mouse brain.
Celsr3 expression was critical to the function of guidepost neurons—cells that developing axons use
as flags ta find their way. In particular, the axan tracts that cannect thalamus and cartex depend upon
Celsr3 interactions as they develap.
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Just Give Them Grants

THE INTERDEPENDENT GOLD STANDARDS OF A SUCCESSFUL CAREER IN ACADEMIC RESEARCH
Alan 1. Leshner i the are publication in prestigious journals and securing funding for one’s independent research.
chiel executive officerof  There has been much discussion among scientists and funders about how best to launch sucha
the American Association  career and how to fill the pipeline of young scientists to sustain the momentum of science (see
for the Advancement of also discussions at www.sclencecareers.org).
Science and executive A major problem is that in many countries, research funding is quite constrained, so it's getting
publisher of Science. increasingly difficult for new mvestigators to secure their first grants. As a result, mvestigators are
older and older when they finally begin independent work. On average, a recipient of a Starting
Independent Researcher Grant from the European Research Council (ERC) is 35.6 years old
and about & years past eaming the Ph.D. New investigators supported by the
U.S. National Science Foundationare also typically 6to 7 years post-Ph.D. e
In the biomedical sciences, the average age at which an investigator first
obtains a regular research grant from the U.S. National Institutes of Health
(INIH) is 42 for a Ph.D. and 44 for MDs. No wonder there is concern about
filling the pipeline of scientists. One has to wait until near middle age |
before getting one’s own research program in full gear. (Next month, the
American Academy of Aris and Sciences will release a report on supporting
young investigators and high-risk—high-reward research.)

This prolonged wait for a grant is not the only problem. A new inves-
tigator often has to have completed two or three postdoctoral training
periods before securing a tenure-track position. As emphasized in the ©
U.S. National Research Council’s 2005 report, Bridges to Indepen-
dence, this extensive post-Ph.D. training, in which one often focuses ona
mentor’s research agenda rather than one’s own, may stifle innovation and overly narrow young
scientists’ interests, [f this is true, our models for postdoctoral training need revision,

Virtually every research funding agency has experimented with approaches to recruiting and
funding young scientists, and many have been abandoned. Some small seed-grant programs
were discarded because they didn’t provide enough resources. Some special programs have
included mentoring components on the basis of the argument that even after substantial postdoc-
toral training, young investigators would benefit from even more lab leadership training. And
some special programs have been abandoned because their awards were more stigmatizing than
beneficial. One suchexample is the FIRST Award (R-29) from the NIH, given up in part because
many universities treated it as funding for those who could not get a “real” regular research grant,
and thus it was not credited toward getting tenure. This argues for uniformity in how we support
new investigators, instead of mounting special programs. One possibility is to review new inves-
tigators as a group, rather than having them compete with more seasoned investigators with
established track records and extensive preliminary data.

‘What should we do? If the consensus is that young scientists really need a regular research grant
to launch their careers, why not simply tilt funding decisions more toward new investigators?
After all, there are many more meritorious Is from junior ir i hich have
passed muster through peer review—than can be funded. The tilt would, of course, result in fewer
senior investigators getting funded or receiving multiple grants, but if we are genuinely concerned
about the pipeline, we will need to make this tradeoff.

Some such initiatives have begun. Last year, the proportion of NIH research grants going to
new investigators was over 25% for the first time in nearly a decade. The ERC plans to award
about one-third of its frontier research funding as Starting Grants. And the United Kingdom's
Medical Research Council is providing protected research time for younger faculty through
New Investigator Research Grants.

These endeavors are clearly a start, but the mumber of young investigators being funded is still
relatively small. More such efforts are needed to encourage young scientists who are contemplat-
ing research careers and to foster innovation and creativity while they are at their peak. This would
demonstrate a real commitment of the scientific enterprise to ensuring its own continuity.

— Alan I Leshner

10.1126/science. 1159794
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CLIMATE SCIENCE
Wetter or Drier?

One expected result of global climate warming is
an overall increase in precipitation. Not every
place will receive more rain—some will receive
less, even though the average should increase.
Certain changes are already apparent in various
regions, such as a greater frequency of extreme
rainfall events and a higher number of rainy
days. Another potential change that could have
important effects is an increase in prolanged dry
spells, Groisman and Knight have compiled rain-
fall data cavering the last 40 years from more
than 4000 carefully selected statians across the
conterminous United States, in order to deter-
mine if this pattern already has begun there.
They find that it has. More precisely, they shaw
that the mean duration of prolonged dry spells
in the warm season has increased significantly,
and that the return period of 1-month-long dry
episades over the eastern United States has
decreased from 15 years to between 6 and 7
years, This pattern could be hazardous far terres-
trial ecosystems and agriculture, — HJS

J. Climate 21, 1850 {2008).

VIROLOGY
Leave It to Mimi

Acanthamoeba polyphaga mimivirus is a very
large double-stranded DNA virus (genome size of
1.2 megabase pairs). By examining images of
infected amoebae vith electron tamagraphy and
cryo-scanning election microscopy, Zuberman ef
ai. have deduced how the genome is released from
and packaged into the icosahedral viral capsid.
Other DNA viruses have been observed

to use a single icosahedral vertex
bath for loading DNA during
wiral biogenesis and far
releasing it upan entering
the host cell. In contrast,
mirmivirus appears to
use twa distinct por-
tals. When feeding its
gename into newly

DNA (green)
entering through
the viral capsid
(rediorange) and
membrane (blue).

assembled viral capsids, a passageway at the cen-
ter of an icasahedral face is used; when releasing
its DNA, the mimivirus capsid undergoes a large
conformational apening of five icosahedral faces

NEUROSCIENCE
Neurogenesis and Navigation

Cne of the old dogmas in neuroscience is that neurens in the adult mammalian brain do not
divide and hence that their number cannot increase. Recent r, show that
in some areas of the adult mammalian brain, new neurons are being generated throughout
the life span of the organism. This revisi has led to the speculation that some
kinds of information encoding may require adult neurogenesis. Adult-born neurons have
been hypothesized to play a role in spatial memary formation in the dentate gyrus of the
hippocampus, but a causal relation between neurogenesis and spatial memory has not been

unequivocally documented.

Dupret et al. generated transgenic mice that selectively overexpressed the pro-apoptotic

protein Bax

neural precursor cells in an inducible manner. Overexpression of Bax removed

newly born cells in the adult dentate gyrus and caused a strong deterioration in the rela-

tional proce
when tested on

g of spatial informat

n the Morris water maze. Animals were unaffected
mpler forms of spatial knowledge; nor were they affected in tasks where

memory could be acquired without the hippocampus. — PRS

around a single vertex, This so-called stargate
serves as a membrane-lined sleeve through which
the whole viral genome can escape promptly
after infection. These entry and exit strate-
qgies may also be used by other large DNA-
containing viruses, especially those that,
like mimivirus, contain an internal mem-
brane and encode proteins related to the
DMA-packaging ATPases that are involved
in bacterial DNA segregation, anather
process during which a large amaunt of DNA
passes through a membrane portal. — SMH
PLOS Biol. 6, €114 (2008).

CHEMISTRY
Start Smart

Palladium(0) complexes are widely used as
homageneous catalysts for formation of carbon-

bonds. In general, the active catalysts are toa
unstable to store, and so precursors [often in
the Pd(ll) axidation state] are prepared with
stabilizing ligands that dissociate under the
reaction conditions. However, the mechanisms
and efficiency whereby these precursors trans-
form into active catalysts have largely gone
unaddressed, as has the potentially inhibitary
effect of the stabilizing ligands left behind in
the reaction solution. Biscoe ef al. undertook a
mare careful approach by synthesizing a stable
Pd(ll) precursor complex resembling a reaction
intermediate along the catalytic cycle. In three
efficient steps, they appended a cyclometalated
phenyl ring with a tethered chelating amine
group to the Pd center. Expasure of this
precatalyst to basic reaction conditions in the
presence of aryl chlorides and amines led to
rapid liberation of the protective ligand as an

b bon=nit
carbon, ¢ ygen, and car g

inert dihydraindole, leaving the resultant Pd(0}
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CREDIT, KIM ET AL,

complex free to proceed with a similar C-N cou-
pling cycle of the bulk reagents. In comparison
with traditional precatalysts, these complexes
dramatically accelerated coupling reactions (in
one case from 4 days to 4 hours), allowing load-
ings below 1 mal % and reaction temperatures
at or below 25°C for sensitive substrates, The
absence of interfering precatalyst ligands also
facilitated clear mechanistic studies. — ]5Y
J.Am. Chem Soc. 130, 10.102 12801137k {2008).

ECOLOGY
Deterministic Competition

The neutral theary of ecological community
compositian, which halds that species are inter-
changeable, has in recent years become a
benchmark against which to test ecological
data for signs of more niche-based mechanisms
of species coexistence. Using data an tree
species abundance in a Mexican tropical decid-
vous forest, Kelly et al. show that closely
related pairs of species are mare similar in
abundance ta each other than would be
expected by chance, and also more similar in
abundance than more distantly related species.
This analysis suggests that closely related
species interact with each other in different
ways than do more distantly related or unre-
lated pairs—and hence argues against an
important tenet of neutral theary, — AMS
Ecology 89, 962 (2008).

BI
Bridging the Gap

Peripheral nerves can be severed by injury or
surgical procedures. For large gaps, the only
clinical route ta repair is through the use of
autagrafts. However, this option requires a sec-
ond surgical procedure with potential complica-

ATERIALS

tions at the donor site and there is a limit on the
number of suitable donor sites, as anly motor or
mixed nerves make suitable donars, whereas
purely sensary nerves do not. Kim et af. fabri-
cated films of an electrospun polymer, with
either aligned ar randomly distributed fibers
that were stacked inta thicker constructs. Studies
were conducted on rats with 17-mm nerve gaps
using both canstructs, as well as autografts and
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EDITORS'CHOICE

saline injections as contrals. The polymer films
with randomly oriented fibers showed poor axon
growth, In contrast, the aligned fibers helped
facilitate nerve regeneration with the propaga-
tion of Schwann cells from bath nerve stumps.
Axons were found to grow from the proximal
stump, but only in places where the Schwann
cells had migrated. The aligned constructs were
almast as effective as the autagrafts in restaring
muscle functionality, but the pattern of nerve
regeneration differed between those grown an
the palymer and the autagrafts or narmal
nerves, and there was greater electrical signal
latency. Overall, the wark shows that topography
of a graft, withaut the addition of neurotraphic
factars or cell transplants, may be enough to
induce nerve regeneration, — MSL
Biomaterials 29, 10.1016/
jhiomaterials.2008.03.042 {2008)

Another Twist in the
Extrathymic Tale

of T cells are descended from progenitors within
the thymus, yet additianal sites of lymphagene-
sis may also exist, most notably the mucosa of
the gut. A decade ago, compelling evidence for
intestinal extrathymic aff T cell development
appeared with the report of small gut lymphaid
aggregates called cryptopatches (CPs) that con-
tained progenitors able to repopulate the T cell
compartments of a mouse, Then, a few years
ago, controversy was ignited by an elaborate
fate-mapping study that concluded that all intes-
tinal e T cells are thymus-derived after all. In
that study, the transcription factor retinoic acid=
related orphan receptor yt (RORyt} was required
for both gut and thymic T cell development, but
this could be uncoupled from CP development
and function. Thus, it was concluded that CPs are
not genuine sites of lymphocyte development,
but rather are lymphoid aggregates, induced by
lymphoid tissue=inducing (LTi) cells and required
for intestinal immune respanses.

Naito et al. have performed further detailed
analyses of the same engineered mouse strains
used in the second study and find that CPs har-
bor a more complex mix of cells than was origi-
nally apparent, of which only a minority are
actually LTi-like. Indeed, many CP cells with
absent or minimal RORYt expression displayed
the telltale signs of differentiating T cells, even
in animals that did not possess a thymus. The
case for extrathymic off Tcell development may
now be re-reinforced, but we still remain some
way from understanding the function of these
unusual T cells. —SJ5

Mucosal immunol. 1, 198 {2008).
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Tones From
Ancient Greece

The strings of a helikon, a gadget invented by
Ptolemy to probe musical scales, sounded last
week for the first time in almost 2 millennia at
the University of Cambridge in the UK.

Andrew Barker, a musicalagist at the
University of Birmingham, U.K,, built the instru-
ment from a description in Havmanics,
Ptolemy’s 2nd century treatise on the mathe-
matics of music. Ancient schalars considered the
study of harmonics vital in understanding the
mathematical rules that they believed governed
the universe, He unveiled it as part of
Cambridge’s Science of Musical Sound Project.

Barker says the 1-meter-lang wooden instru-
ment with eight metal strings allows scientists to
test “complete scales canstructed on the basis of
mathematical principles.” The helikon creates
different pitches with a calibrated sliding
bridge, which can be inserted diagonally to
sharten strings to different lengths. Strings can
also be moved crosswise to raise or lower the
range of pitches. Barker, who showed how the
adjustments produce different intervals when
the gadget is plucked, admits that it's not
designed for musicmaking. Still, he says he was
delighted that it warked at all.

Cambridge historian Torben Rees, a profes-
sional jazz singer, called Barker's presentation
“a fascinating account of ancient thinking
concerning harmonics.” Music, he says, was
regarded as “the sensible expression of the
order of the cosmos. This conception of the
universe ... was essentially the birth of mathe-
matical physics.”

wwwsciencemag.org  SCIENCE

Magellan and El Nifo

Ever since Ferdinand Magellan’s fleet sailed around the world, histarians have wondered why
the great navigator took such an inefficient route across the Pacific. Two anthropologists have
combined history, aceanagraphy, and computer madeling ta lay the blame an El Nifio.

After passing through the Strait of Magellan at the tip of South America in late November
1520, Magellan planned to sail to the Moluccas, the equatorial “Spice Islands” west of New
Guinea. Instead, he made landfall an Guam, more than 1500 kilometers ta the northeast.

Why the detour? Scott M. Fitzpatrick of North Carolina State University in Raleigh and
Richard Callaghan of the University of Calgary in Canada say computer simulations and histor-
ical accounts suggest that unusually calm weather, brought on by an El Nifio event, allowed the
ships to sail northward up the coast of Chile before heading west. Magellan had heard reparts
of a lack of food in the Moluccas—possibly due to drought and famines associated with EL
Nifio—and may have wanted to reprovision the ship farther north before heading there, the
authars suggest in an article in press in the jouraal of Pacific Histary. “This could be the earli-
est historical record of an [EL Nifio] event,” Fitzpatrick says.

“Mone of us could understand how [Magellan] managed to sail sa far north, unless he simply
had no idea where the Moluccas were,” says Micronesian histarian Francis Hezel, director of the
Micranesian Seminar in Micronesia. “This article at least furnishes us with a caherent explanation for
what always seemed to me to be not much more than a drift voyage across the Pacific.”

its main meal is stars,” say its creators, Lakshmi
Piette and Catherine Duffell. The project was
cospansored by the Medical Research Council,
Rayal Albert Hall, and Durham University,

Cosmic Strangeglove

A keratinacyte (left) inspired the red hand shape
of the Red Hole (right), ane of 300 works dis-
played at the Royal Albert
Hall this month. The painting,
by twa 9-year-olds at St.
Godric’s RCVA Primary School
in Durham, U.K., was a run-
ner-up in Scopic, a contest for
schoalchildren in London and
County Durham to create art
based an a favorite scientific
image. “The Red Hole vill
consume anything, including
satellites and novas, although
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Pioneers

HAT TRICK. When Frances Amold was growing up, her parents told her that she
could achieve whatever she set her mind to. Last week, the 51-year-old chemical
engineer and biochemist proved them right by becoming the first woman, and
eighth living scientist, to be elected to all three of the U.S. National Academies.

A professor at the California Institute of Technology in Pasadena, Arnold helped
develop a technique called “directed evolution™ in which promising strands of par-
ent proteins are either mutated or recombined to create new proteins. “[T had] to
make better proteins in tenure-clock time.” she explains. Arnold has engineered
bacterial proteins that mimic luuman proteins for use in drug development and is
working on enzymes that break down cellulose for use in biofuels. T can alter any-
thing that’s encoded in DNA.” she says. “The algorithm of evolution fits everything
in biology; there is no such algorithm in other fields.”

Arnold’s induction last week into the National Academy of Sciences was pre-
ceded by her joining the National Academy of Engineering (NAE) in 2000 and the
Institute of Medicine in 2004. Her father, nuclear physicist and NAE member
William Howard Amold, *“was the most excited of all.” she says. “He thinks it’ great
that [ have so much fun with science.”

FACT AND FICTION
A MATTER OF DEGREES. One of the most
telling statistics cited in an influential 2005

Physics (P1} in Waterloo, Canada, which has
been leaderless for nearly ayear. “The combi-
nation of Neil and Pl is brilliant and holds great

and encourage people to tackle hard ques-
tions,” says Turok, who in 2003 founded the
African Institute for Mathematical Sciences

National Academies report to argue for an pmrm‘se,' says (AIMS) in Cape Town, South Africa, to train the
increased federal investment in U.5. science Stephen Hawking, one | continent's best math students (Seience, 2 May,
is that “there were almost twice as many U.S. of Turok's Cambridge | p. 604). AIMS and PI "are similar in many
physics bachelor’s degrees awarded in 1956 colleagues. Turok suc- | ways,” he says. "They are small, dynamic insti-
[pre-Sputnik] than in 2004.” The decline is ceeds theoretical tutes with an international outlook.”

evidence that U.S. students are abandoning physicist Howard Turok wants to triple the size of the institute,

science, say policymakers including Tom
Luce, head of the National Math and Science
Initiative. NMSI sponsored a meeting last
month in Washington, D.C., to take stock of
how well the country has done since the
2005 report. But those data, it turns out, are
dead wrong.

In reality, U.S. colleges and universities
awarded 72% more undergraduate physics
degrees in 2004 than in 1956—4965 ver-
sus 2883. Sliced another way, degree pro-
duction has risen by 40% since hitting a
2 post-Sputnik low in 1998 and is approach-
E ing levels not seen since the late 1960s,

when a series of large graduating classes
triggered a serious job crunch.

Academy officials say they don’t know how
the error occurred, but it's not the first time
that Rising Above the Gothering Storm has
sounded a false note in its scientific call to
arms: Its first edition, since corrected, greatly

: inflated how many engineers graduate each
year from Chinese and Indian schools.

THEORISTS” ENCLAVE. University of
Cambridge cosmologist Neil Turok has agreed
to head the Perimeter Institute for Theoretical

Burton, who stepped
down in June 2007
after failing to agree
to the terms of a new
contract.

created with a $75 million gift from Mihal
“Mike" Lazaridis, whose company makes the
BlackBerry, from its current faculty of seven
and encourage more visiting researchers with
anassociates program. “It's not obvious that

;
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“Pl can be like a magnet to the brightest
people in the world; ... you have to make space

NONPROFIT WORLD ==

SHEPHERDING CATS. Alan Rabinowitz is leading a
migration of experts on big cats from the Wildlife
Conservation Society (WCS) to Panthera, a New York
City-based nonprofit that promotes the conservation of
all 36 species of wild cats.

Rabinowitz, 54, has spent his entire career at WCS, where
he ran the society's science and exploration division. But he
became frustrated by the bureaucracy at the $185 million
nonprofit, which runs four New York zoos and works in
53 countries. “I'm completely free to play to my passions,”
Rabinowitz says about his new job, which he began last
month. He's now overseeing Panthera’s budget of 6.4 mil-
lien, including $400,000 in grants for wild cat research.

As part of his move, Rabinowitz has hired Luke
Hunter, a specialist in African cats, and famed mam-
malogist George Schaller from WCS. But he hasn't sev-
ered all ties with his former employer: One of his goals
is to help WCS and other large organizations work
together on cat conservation.
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it's going to work, but that's what makes it
interesting,” says Turok.
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PHYSICS

Fermilab Sends Energy Department
Final Plan to Lay Off 7% of Staff

BATAVIA, ILLINOIS—The uncer-
tainty has been the worst part,
says Rick Tesarek, a physicist
here at Fermi National Acceler-
ator Laboratory (Fermilab). He
and his 1950 fellow employees
have been wondering who
among them will lose their jobs
in layoffs forced by budget
cuts late last year (Science, 11 Jan-
uary, p. 142). “This has been
hanging over us for so long
now that morale around the
lab is starting to plummet,”
Tesarek says. “We've been
waiting since December.”

The wait is nearly over. On
25 April, officials at the particle
physics lab submitted their final
plans for the layoffs to the
U.S. Department of Energy (DOE)
for approval. About 140 scien-
tists, engineers, technicians, and other staff’
will receive pink slips in a 3-day process
that could begin as early as next week.
Roughly 60 more employees have accepted
retirement or left because their term posi-
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Regretful. Fermilab’s director, Piermaria Oddone, says budget
culs leave the lab "no choice” but to lay off employees,

tions were not renewed. “We have to do

what we have to do to ensure the health of
the institution, ys Fermilab Director
Piermaria Oddone. “I feel terrible about it.
.. There is no choice ”

Chinese Cancel International Meeting

The Chinese government last week can-
celed a major anthropology meeting
scheduled for July in what appears to be a
case of pre-Olympics jitters.

More than 4000 anthropologists had
signed up to attend the World Congress of
the International Union of Anthropologi-
cal and Ethnological Sciences (IUAES) in
July in the southwestern Chinese city of
Kunming. But on 6 May, the Chinese
group hosting the conference told organiz-
ers it had encountered “complex difficul-
ties” that would necessitate postponing the
meeting. The next day, the group issued a
letter saying that those difficulties had

proven to be “unconquerable.”

The sudden cancellation was “a huge
surprise,” says sociologist Peter Nas of
Leiden University in the Netherlands,
secretary-general of IUAES. “Nobody
expected this. Everything was going very
smoothly” He says that the Chinese offi-
cials said that there were “economic rea-
sons” for the decision but would not elab-
orate. An official at the Chinese Academy
of Social Sciences, which is serving as
the host, told Science that “we are not
well prepared.”

Nas says he hopes the executive com-
mittee will discuss the problem in August

Fermilab officials have been hoping for
an 11th-hour reprieve from the U.S. Con-
gress. As Science went to press, the Senate
version of a bill to fund the war in Iraq also
contained 345 million for DOE particle
physics that could be spent this year to avert
the layoffs. But the House version of the bill
provides no money for the lab, and it’s not
clear what version will finally prevail.
Given that uncertainty, Oddone says that he
must proceed with the Jayoffs.

The cuts were forced when, in Decem-
ber, Congress passed a budget for fiscal
year 2008 that slashed the lab’s funding
from arequested $372 million to $320 mil-
Tion, $22 million less than it had received
the year before. The budget cuts spec
cally targeted funding for research and
development on the proposed multibillion-
dollar International Linear Collider;
research on a superconducting accelerator
technology known as SRF; and a proposed
neutrino experiment called NOvA, which
would have been the lab’s biggest experi-
ment once its Tevatron collider shuts down
by the end of the decade. The staff cuts,
however, will be spread across the lab,
Oddone says.

In addition to the layoffs, in February,
Fermilab instituted a rolling furlough that
requires salaried employees to take 1 week
out of every 2 months as unpaid leave.
{Hourly employees take their furloughs a
few hours at a time.) The scheme, which »

at a European anthropology convocation
in Slovenia. The union’s Web site mentions
July 2009 as a possible date.

The meeting is held every 5 years at a
different location. Some scientists have
speculated that Chinese officials were
worried that planned discussions about
minority ethnic groups and issues relating
to human rights could spark further unrest
over Tibet, especially because there is a
Tibetan enclave in Yunnan Province near
Kunming. Travel to Tibet has been
sharply restricted, and last month new
visa rules were tightened. However, two
international scientific meetings planned
for just before the Olympics—on range-
lands and on the solar eclipse—are going
ahead as planned.

CREDIT FERMILAB PHOTO

~CONSTANCE HOLDEN
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will continue until the end of the year, has
enabled the lab to keep the Tevatron run-
ning. But it has also made work much more
difficult, says physicist William Wester
“The furlough is 10% of your time, but effi-
ciency has gone down way more than
10% because you're gone one week and

SCIENTIFIC HONORS

The mosquito that's

conguering the

then the next week the person you're work-
ing with is gone.” he says.

Many researchers say they’ll be relieved
when the cuts are finally done. But Stephen
Pordes, a physicist at the lab, warns that
those who elude the ax should not under-
estimate the impact of watching friends and

The Cost of a Genuine Collaboration

Most scientists would be thrilled to hear
from the U.S. National Academy of Sci-
ences (NAS) that they had just been
elected to the prestigious organization.
But when geneticist Nancy Jenkins got the
call on 29 April, her reaction was more cir-
cumspect than jubilant. “What about
Neal?” she asked. Chagrined to find that
her husband and longtime scientific part-
ner, geneticist Neal Copeland, was not on
the list, Jenkins decided to strike a blow
for true scientific coupledom and turn
down the invitation.

“The problem for me is that my husband
and [ run the lab together as a husband-and-
wife team,” she explained in a
4 May letter to the academy’s
home secretary, John Brauman.
“It is impossible to separate
my contributions from Neals
as we did everything together
on an equal basis. ... Some-
day, if both of us have a
chance to accept this honor
together, it would be the high-
light of our scientific careers™

Jenkins and Copeland are
specialists in developing
mouse models of human dis-
ease. They have followed
identical scientific paths:
After meeting 30 years ago as
postdocs at Harvard Univer-

. sity, they shared a lab at the
U.S. National Cancer Institute
for 22 years before moving
together in 2006 to the Insti-
tute of Melecular and Cell
Biology in Singapore. The two
say that the academy should
change its rules to recognize
scientific couples and, more

CHARIEE/SCIENCE
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generally, research teams, as appropriate.
“Ifsomebody has worked their whole career
side by side with another person, it doesn’t
make sense not to honor them together,”
says Jenkins.

Brauman says that the current standard of
electing only individuals works well, adding
that it is not impossible to separate the achieve-
ments of two partners. “Everybody recognizes
that [ Jenkins and Copeland] have made equally
important contributions,” he says. “But they
are not clones. They don’t do exactly the same
thing.” Brauman also says it’s extremely diffi-
cult to find room in each annual class of 72 to
honor scientists from the same field.

B g

Teammates. Nancy Jenkins and Neal Copeland take a stand for science couples.

Synthetic
chemistry clicks

colleagues lose their jobs. “It's going to be
painful to be here even if one survives,” he
says. Those laid off receive 2 weeks of paid
leave with which to start hunting for another
Jjob. Those who remain face the task of
rebuilding the lab’s futuwre.

~ADRIAN CHO

This year was not the first time the
academy has faced this situation. Neurobi-
ologist Lily Jan delayed accepting her
1995 election because her husband and lab
partner, Yuh Nung Jan, had not been cho-
sen. “I was told that [ [would] have 1 year
to make the decision ... and that there
[was] a good chance that Yuh Nung
[would] be elected by then,” says Jan, who
is a professor at the University of Califor-
nia, San Francisco. He was, she adds, “and
50 we both joined NAS that year””

Some NAS colleagues counseled
Jenkins to take a similar tack. *They said,
‘Oh, don’t be silly, Neal will get in, be a
good sport,”” she says. But she felta larger
principle was at stake. “The face of science
has changed. ... There are more women
today and more husband-wife teams like
us,” she says. “This kind of
thing is going to happen more
often in the future™

More important, Jenkins
says, accepting the honor
solo would have betrayed a
tacit agreement the two
struck before they were mar-
ried and got their first aca-
demic jobs at the Jackson
Laboratory in Bar Harbor,
Maine. “We had to decide:
Are we going to have sepa-
rate labs and compete, or are
we going to collaborate?”
says Copeland. “We realized
that if we competed even the
slightest bit, we wouldn’t stay
married for long.”

The two decided to be-
come a team, alternating as
last author on every one of
their more than 750 papers.
“It’s a constant give and take,”
says Jenkins. “We wouldn’t
have it any other way.”

~YUDHIJIT BHATTACHAR] EE
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LATIN AMERICA
Price Is the Main Barrier to Wider
Use of Papillomavirus Vaccine

At its debut 2 years ago, a vaccine that pre-
vents cervical cancer was heralded as a pub-
lic health breakthrough that could poten-
tially save millions of women’s lives. Yet
although the vaccine is now given routinely
to young girls in the United States and
Europe, it hasn’t been deployed in poorer
countries, where it could make a bigger dif-
ference. This week at a meeting” in Mexico
City, health officials and researchers are
launching a campaign to introduce the vac-
cine in Latin America, the first region in the
developing world likely to benefit

Many issues are unresolved, including
whether health care systems are ready for the
vaceine and whether conservative groups will
oppose it. The biggest hurdle, however, is
cost. Conference organizers hope that with
new data on human papillemaviros infection
and the vaccine’s potential benefits, Latin
American health officials can persuade their
governments to negotiate with the two com-
panies that manufacture HPV vaccines to
lower the price, now $360 for three doses. The
meeting will “send a strong message™ about
demand, says epidemiologist Jon Andrus of
the Pan American Health Organization
(PAHO) in Washington, D.C., a cosponsor.

Cervical cancer is associated with HPV,

*Towards Comprehensive Cervical Cancer Prevention and
Contral, Region of the Americas, 12-13 May 2008,
Mexico City, Mexico.

the most common sexually transmitted dis-
ease. Clinical trials have shown that two HPV
vaccines, made by Merck and G

ling

Rnticancer shot. Health experts hope that the HPV
vaccine, given routinely in the United States, will
become affordable for Latin American countries

are questioning whether they can afford the
price. HPV vaccination would reduce the bur-
den of cancer treatment and cut back on
screening—a woman might need to be tested
three times in her lifetime, the analysis by the
international team notes. Even so, the bene-
fits would be worth the costs only if the vac-
cine’ price comes down. Even at $25 for the
three doses, adding HPV vaccine to the stan-
dard inoculation regime would cost $290 mil-
lion over 5 years.

Health experts expect that the companies
will offer a discount, as they did in 2005
when they agreed to bulk sales of a new
rotavirus vaccine aimed at preventing child-
hood diarrhea (Science, 24 September 2004,
p- 1890). First, the World Health Organiza-
tion (WHO) would need to prequalify the
vaccines based on information submitted last
year by the manufacturers. Then PAHO
could begin negotiating.

If Latin American countries buy the vac-
cine, they will move on to the challenge of get-
ting it to young girls. This group is older than
the one that receives traditional childhood vac-
cines, so health officials will likely introduce
the HP'V vaccine in schools. Latin America is
up to the chall says Ciro de Quadros,

(GSK), are at least 95% effective in prevent-
ing persistent HP'V infection by the two main
types that cause cervical cancer (HPV-16 and
HPV-18) (Science, 29 April 2005, p. 618).
Because screening—using Pap smears—
catches most cervical cancer in industrialized
countries, the HPV vaccines won't make
much of a dent in cancer cases. But disease is.
much more commeon in the developing world,
where screening often falls short. About 85%
of the 270,000 deaths from cervical cancer
each year occur in these countries.

To prepare for the Mexico meeting, an
international team of researchers pooled data
from 15 years’ worth of studies on HPV in
Latin America and the Caribbean. Their meta-
analysis of 118 studies, including data on
33,000 healthy women, found that the HPV
infection rate averages 19%, with wide varia-
tion—from 13% in Mexico to twice that in
Costa Rica. (Prevalence is 27% in the United
States.) Women with cervical cancer were
almost invariably infected with HPV; HPV-16
and HPV-18 accounted for 59% of cases in
the region. That means that the Merck and
GSK vaccines could prevent 500,000 deaths
if given over 10 years to 70% of 12-year-old
girls, the researchers found.

Health officials in the developing world

executive vice president of the Sabin Vaccine
Institute in Washington, D.C., and one of the
meeting organizers. He points to the region’s
success with other vaceines, including nearly
eradicating rubella since 1998 by vaccinating
peopleup to 40 years old. “We hope HPV will
be the same,” he says.

It’s still unknown whether the HPV vac-
cine will draw opposition, as it did in the
United States. Some U.S. religious groups
initially opposed it as condoning sexual
activity by girls. But once the vaccine was
widely introduced, notes Scott Wittet of the
Seattle, Washington-based Program for
Appropriate Technology in Health, those
opponents had little influence. In a pilotproj-
ect to explore introducing the HPV vaccine
in Vietnam, Uganda, India, and Peru, this
form of opposition has not been a problem so
far, says Wittet. “Once people understand the
issues, it’s not a hard sell”

WHO will likely issue its decision on pre-
qualifying the two vaccines within a few
months, Andrus says. Also later this year,
'WHO and PAHO advisory councils will dis-
cuss guidelines on administering HPV vac-
cines. Assuming that they issue strong recom-

mendations, Andrus says, price negotiations

should soon follow. ~JOCELYN KAISER

16 MAY 2008 VOL 320 SCIENCE www.sciencemag.org

CREDIT JESSICA RINALDUREUTERS/LAND OV



ITALY

A Plea for ‘Transparent’ Funding

A furor over political meddling in grants for
stem cell research in ltaly has erupted into a
broad protest about favoritism and the Jack of
peer review in deciding who receives national
science funding. Researchers in fields from
astrophysics to oncology have endorsed a peti-
tion, written by [talian scientists and published
in March in a national newspaper, that asks the
sovernment to anthorize a new agency to allo-
cate research funds independently and trans-
parently. “In Italy, only a small proportion of
the funds for scientific research is assigned
according to a peer-review process. ... [tis
high time that an evaluation system which
assures science’s suceess is trmskted into state
laws and regulations,” the petition declares.

A new plea from the petition’s authors
appeared in the same newspaper on 11 May;
over the past few weeks, more than 1500 Ital-
ian researchers have signed the appeal, which
was addressed to [taly’s president, Giorgio
Napolitano. He has publicly endorsed then
request but has Jittle authority to advance it
within the government. The petition may also
hit a dead end, as newly elected Prime Minis-
ter Silvio Berlusconi barely mentioned
science in his campaign.

The furor started last year when some
prominent scientists were outraged to learn
that the €3 million for stem cell research
budgeted in [taly’s 2007 national finance act
had already been allocated; an unofTicial list
of awardees was leaked to the scientific
community, although it has yet to be
released by the [talian [nstitute for Health
Research, which oversees the funds {Seience,
30 November 2007, p. 1359), “We never
saw a call for application or any other offi-
cial, public announcement of the initiative
and of how it would be managed,” says stem
cell researcher Paolo Bianco of the Univer-
sity of Rome “La Sapienza.”

Denying that the stem cell money has
already been awarded, Italy’s minister of
health, Livia Turco, has promised that the
funds would not be assigned without public
competition and peer review. But no calls for
grant applications have been announced.

Disappointment with Italy’s distribution of
research funds extends beyond stem cell sci-
ence. Two weeks ago, economist Andrea
Ichino of the University of Bologna penned an
editorial in the newspaper I Sofe 24 Ore say-
ing that his field of statistical and economic
public research suffered from a similar lack of
transparency. Jobs and grants, he claimed, are
awarded mainly without peer evaluation.

CEEDIT. CHRIS HELGREN/REUTERSLANDOV
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Some scientists are now concerned that a
new law designed to centralize university
grants distribution, scheduled to go into force
this year, may further increase favoritism and
politicians” influence. “I fear this is the way
research will be managed from now on.” says
stem cell researcher Ranieri Cancedda of the
University of Genova.

Part of the concern about the new law is
that Fabio Mussi, the minister of universities
and research, has not yet provided rules gov-
erning allocations and public competitions
for the so-called FIRST fund, which totals
€300 million for 2008 and €360 million for
2009. An online document attributed to
Italy’s Ministry of Research also worries
some researchers. It says that 70% of the
newly created fund will be for strategic

Pleas. Scientists are petitioning Italian President
Giorgio Napolitano (ieft) and Prime Ninister Silvia
Berluscon {right).

research on topics decided by government
officials rather than projects submitted by
scientists and chosen through peer review.
Yet Francesco Beltrame, head of one of the
scientific commissions of the Ministry of
Research, tells Science that the online docu-
ment does not reflect how the ministry plans to
distribute FIRST funds, which he says will be
distributed both by public competitions and
“negotiation” between government and
research institutions. As Italy waits to see how
Berlusconi reshuffles government ministries,
the country’s scientists say they will continue
to demand more transparency in how research
money is awarded. “Every time public funds
for scientific research are assigned by the
national orregional government without a for-
mal and regulated peer-review process,” says
Elena Cattaneo of the University of Milan,
trust in the system is “undermined.”
—LAURA MARGOTTINI
Laura Margotdin is a freelance writes hased in London, LK.

Testing Stem Cell Waters

Proposed legislation to averturn federal restric-
tions on embryonic stem cell research would
give the Natianal Institutes of Health (NIH}
authority to ensure the ethical conduct of all
U.5. stem cell research, regardless of its funding
source. Representative Diana DeGette (D—CO)
announced last week at a hearing of the House
Energy and Commerce health subcommittee:
that she plans ta include this feature when she
reintroduces a bill this summer to expand the
number of human embryonic stem cell lines
available to federally funded researchers. A
previous measure was twice passed by Congress
and vetoed by President Gearge W. Bush.

Her idea won the suppart of NIH Director
Elias Zerhouni, who testified at the hearing.
“It would be shortsighted not to aversee [stem
cell science] at a federal level,” Zerhouni said,
citing existing NIH guidelines for the use of
recombinant DMA and gene therapy as a
model. DeGette and casponsor Michael Castle
(R-DE) are still drafting the House bill

—ELSA YOUNGSTEADT

NASA Calls Back Weiler

In the midst of a budget crisis, NASA has
turned to an experienced insider. Last week,
NASA Administrator Michael Griffin named
Edward Weiler as the assaciate administratar
of the Science Mission Directorate. Weiler was
made acting chief 6 weeks ago after 5. Alan
Stern resigned.

Weiler mast recently served as head of
NASA's Goddard Space Flight Center in Green-
belt, Maryland, after spending 6 years running
the science program at headquarters. The
blunt-speaking astrophysicist faces rising casts
in a host of missians, a flat budget, and a fight
among scientists over whether NASA should
focus on Mars or outer planet exploration.

Senator Barbara Mikulski (D-MDJ is hop-
ing to make Weiler's job a little bit casier with
a 5200 million addition ta NASA's 2008
budget that would pay back science and ather
programs tapped after the 2003 Columbia
disaster. Her proposal is part of a Senate
spending measure to fund the Iraq war that
was expected to be voted out of committee
this week. Its House counterpart contains na
money far the space agency, however, mean-
ing that the boost may not materialize.

The Senate bill also contains $400 million
for the National Institutes of Health and
$200 million for the National Science Founda-
tion. Legislators have calculated that the addi-
tional funds cauld support 700 and 500 mare
grants, respectively. But once again, the money's
not in the House version  —~ANDREW LAWLER
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PUBLIC HEALTH

Staggering Toward a Global
Strategy on Alcohol Abuse

Alcohol is about to get the type of attention
usually reserved for AIDS and malaria.
Next week, the World Health Organization
{WHO) in Geneva, Switzerland, will take
steps toward launching the first global
assault on the harms associated with drink-
ing. It’s a bold move, but it may not be bold
enough. Although recent data indicate that
alcohol abuse is a major killer worldwide,
some experts feel that objections from
member states and the involvement of the
alcohol industry have weak-
ened a resolution intended
to kick-start a WHO-led
offensive. Others wonder
whether WHO has the re-
sources to make such a strat-
egy effective—or whether
the agency should be focus-
ing on other problems.

“A resolution is all very
well, but it still takes a sub-

[1<0.5%

stantial commitment ... for L10.5%—0.9%
this to be translated into a E1%-1.9%
substantial and lasting pro- :i&'j;z’
gram of work,” says Robin lB%-:l’S.‘):,'n

Room, an alcohol policy
expert at the University of
Melbowrne in Australia and a
long-term observer of WHO.

This isn’t the first time WHO has flirted
with an alcohol strategy. In 1983, the
agency called on member states to
strengthen their national alcohol poli-
cies—emphasizing a regional rather than
global approach to the problem—but the
words “fell on stony ground,” says Room.
“Alcohol has been a politically touchy
thing for WHO to deal with,” Room notes,
saying that the United States threatened to
withhold funds from WHO in the 1980s if

Global toll. As a percentage of all risk factors that cause ill health, alcohol ranks high in
many parts of the world, with developing cauntries bearing much of the burden.

Health hazard. San peaple buy alcohol in a Namibian
trading store. Harmlul drinking is especially dangerous
in poorer countries,

it pursued policies hostile to private enter-
prise. For a time, alcohol “dropped off
WHO’s agenda.”

Then came WHO's Barld Health Report
2002. Drawing on various studies, includ-
ing WHO's Global Burden of Disease proj-
ect, the report concluded that alcohol was
the fifth leading cause of death and disabil-
ity worldwide. It beat out sanitation prob-
lems and high cholesterol and ranked just
behind malnutrition and unsafe sex. Alco-
hol was as dangerous as tobacco, the report
found—the source of up to 30% of various
cancers and neurclogical disorders, and it
had significant secondary dangers as well,
leading to high rates of spousal abuse and
homicide. Most devastating, however, was
the conclusion that alcohol was the top
cause of 11l health and premature death in
several developing countries, such as Brazil
and Indonesia, and that—thanks to rising
incomes—things were enly going to get
worse. “It was a significant wake-up call,”
says Peter Anderson, a public health expert
previously with WHO, who currently
advises the European Commission and
other agencies on alcohol policy.

The report was the final straw for Fin-
land. Having reduced liquor taxes to stay
competitive with cheap Estonian imports,
the country had seen a spike in alcohol-
related deaths. In 20035, Finland banded
together with other Nordic countries,
including Sweden and Norway, and pre-
sented a reselution to the World Health
Assembly, WHO's governing body. calling
for a united effort to reduce alcohol-related
health problems. “We wanted to see if
a global strategy was possi-
ble.” says Bernt Bull, senior
adviser at the Ministry of
Health and Care Services in
Norway and a member of the
Norwegian delegation.

The resolution passed but
quickly ran into trouble. The
United States favored a vol-
untary strategy and called for
more input from the alcohol
industry. Thailand objected
that the resolution didn’t go
far enough and opposed
industry invelvement. And
when WHO reconvened on
the issue in May 2007, the
drink trade had a new cham-
pion: Cuba. “The alcohol
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industry gives work and contributes to eco-
nomic growth,” Oscar Leén Gonzalez of
Cuba’s foreign affairs department told the
Swedish newspaper Svenska Dagbladet at
the time. He also said poorer countries had
bigger problems: “Many countries cannot
understand why [the Nordic countries] push
the alcohol question so hard when people lie
dying of AIDS, tuberculosis, and malaria”

The resolution died, but a few months
later two of these poorer countries, Rwanda
and Kenya, resurrected it in the form of a
similarly worded resolution, effectively
deflating Ledn Gonzalez’s argument. “Alco-
hol causes a disproportienate burden of
harm in poorer countries,” says Anderson,
noting that people in these regions are likely
to have more serious health

general to collaborate with the alcohol
industry in shaping its strategy. And that
could produce a “weak and feckless pol-
icy,” says Derek Rutherford, chair of the
London-based Global Alcohol Policy
Alliance. “The industry tries to play down
evidence-based factors that reduce alcohol
consumption, such as taxes and advertising
bans, and instead focuses on education,
even though there’s no proof that education
works,” he says.

On the contrary, taxes are often ineffec-
tive and can even backfire, driving con-
sumers to dangerous home brews, espe-
clally in poorer countries, says Phil Lynch
of the U.S —based spirits company Brown-
Forman, a member of the Global Alcohol

Producers Group, which is

risks and have less access to ~Alcohol has been consulting with WHO. The

treatment. .Ar the same t_ime, a politically touchy ind ustry is not oppofxefl to

the potential for harm is on " regulation, he says, it just

the rise in countries like India  thing for WHO wants to see a comprehen-

as people get a bit more g degl with.” sive approach. “We under-

money in their pockets. stand the products better than
—ROBIN ROOM,

“They're going to start devel-
oping the same [alcohol-
related] problems we had
50 years ago,” notes Ralph
Hingson of the U.S. National
Institute on Alcohol Abuse
and Alcoholism in Bethesda,
Maryland. Hingson argues
that WHO could help pre-
vent a tragic repetition of
this experience.

Buoyed by Africa’s in-
volvement, the resolution
won wide support from
WHO's executive board. Next
week, member states are
scheduled to vote at the World
Health Assembly, and the measure is
expected to pass. As written, the resolution
directs the WHO director general to formu-
late a global aleohol strategy within 2 years.
WHO's final plan would not be legally bind-
ing but could include recommendations
such as increasing alcohol taxes and banning
certain types of liquor advertisements, as
well as helping developed countries imple-
ment prevention strategies. A global
approach is needed, says Anderson, because
the alcohol trade crosses borders and
because nations can learn from each other’s
efforts. “You can’t just rely on a single
country’s response.”

Despite its new momentum, however,
the plan could run aground. Changes to the
resolution, introduced recently by Mex-
ico—and supported by Cuba and the
United States—compel WHO's director
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everyone else, ... and we
deserve a seat at the table.”

WHO also must contend
with limited resources.
“WHO has a lot of irons in
the fire,” says Room, noting
that WHO's investment in
alcohol programs has been
“extremely small in compari-
son with the size of the prob-
lems.” And Ramanan Laxnui-
narayan, an expert on global
disease priorities at the
Washington, D.C.- based
think tank Resources for the

1 Future, says it may be hard

for WHO—and poorer coun-

tries—to justify interventions aimed at

curbing dangerous drinking. Such inter-

ventions “are not good value for the

money,” says Laxminarayan, noting that

malaria interventions are up to 100 times
more cost effective.

Laxminarayan agrees with other global
disease experts, however, that WHO is
doing the right thing. “Developing coun-
tries don’t always have the foresight to see
that alcohol will be a big issue for them.” he
says. “WHO can be very influential in this
regard” Hingson says developed countries
could benefit as well. He notes, for exam-
ple, that the U.S. Surgeon General has
released more than 30 reports on tobacco
but enly two on the harms of aleohol. “We
may think we're way ahead. but there are a
lot of lessons we can learn.”
~DAVID GRIMM

MELBOURNE

ARISE, Young Scientists

Young scientists in academia are most likely
to feel the pain when money is tight. A blue-
ribban committee of U.5. scientists, academic
leaders, and policy wanks has come up with a
list of steps that the federal government and
universities can take ta make the system work
better for that important population—even
without the lubricant of additional cash.

Titled ARISE—Advancing Research in Sci-
ence and Engineering, their report calls for
universities to lessen the burden on young
faculty members by shauldering a bigger
share of salaries and lab costs. It cautions
agencies notto run programs with low success
rates and to improve monitoring of how their
practices affect researchers. And it urges both
groups to pay greater attention to the needs
of early-career scientists by praviding seed
money, tenure timeouts, and more support for
high-risk, high-reward proposals.

The report, due out early next month
(www.amacad org/arise), was written by a
panel of the American Academy of Arts and
Sciences chaired by Thamas Cech, head of the
Howard Hughes Medical Institute. It was pre-
viewed last week in Washington, D.C., at the
annual policy forum of the "ather” AAAS
(which publishes Science). —JEFFREY MERVIS

Winds of Change at DOE

The U.S. Department of Energy (DOE) is con-
sidering a new focus for its $50-million-a-year
wind research program. The goal would be to
derive 20% of the country’s electricity from
wind power by 2030, up from 1% in 2007.
“We are moving beyond incrementalism,”
DOE's Alexander Karsner told reporters in pre-
senting a new report on wind power by a panel
of DOE and industry officials.

The report calls for new types of financing,
better designs and windmill monitoring, and
big changes to the electrical grid to bring elec-
tricity from windy areas to population centers.
DOE has yet to allocate $10 million for wind
research this year at the National Renewable
Energy Laboratory in Colorada, as it considers
a shift away from new kinds of windmills and
toward extending the life of existing units, A
decision is expected next month.

One element the wind report did not include
in its modeling assumptions was a cap-and-
trade system to reduce carbon emissions. But
speaking on 12 May at a windmill manufacturer
in Portland, Oregon, presumptive Republican
presidential candidate John McCain said such a
scheme is needed “to assure an enengy supply
that is safe, secure, diverse, and domestic.”

=ELI KINTISCH
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A Mosquito
Goes Globa

The Asian tiger mosquito is on a rampage.
Entomologists are impressed, public health
officials are nervous, and many of the restof |
us are swatting furiously. How did Aedes !
alhopictus become such a scourge?

When entomologist Paul Reiter made an odd
discovery at a leafy old cemetery in Mem-
phis. Tennessee, few peaple thought
it was a big deal. At the graveyard’s refuse
dump, where he was studying mosquito
behavior and ecology, Reiter, then with  §f
the U.S. Centers for Disease Control
and Prevention, had caught a bug seen
only a few times before in the Western
Hemisphere: an Asian tiger mosquito
{Aedes albapictus). “How the heck
did it gethere?” was his first thought.
‘When he reported the find to the local
health department, the official was
nonplussed. “You better not find
another one of those, or people may
think you put it there!” he joked. What-
ever it was, it wasn't cause for alarm
The year was 1983, and nobody knew
that the Asian tiger mosquito was about to
goon aglobal rampage. Withina few years, it
was found in several southeastern states of the
United States, in numbers so great that nobody
could suspect Reiter—who's now at the Pasteur
Institute in Paris—of planting them.
Twenty-five years Jater, the mosquito has
invaded 36 U.S. states, as well as many coun-
tries in South and Central America. [ts on the
march in Africa and the Middle East, has

exploded in Italy, and seems set to conquer *

large swaths of Europe. Greenhouses in the
Netherlands have been its latest and northern-
most outpost. A worldwide trade in second-
hand tires—which often contain water—has
been the key to its wide-scale conquest.
Lately, an exotic plant called Lucky bamboo
has also given it a free ride.

Anaggressive daytime biter, Ae. albopictus
is making life hell for gardeners and ruining
picnics and wedding receptions. But the
2005-06 outbreak of an obscure disease called
chikungunya in the Indian Ocean as well as a
smaller one last summer in [taly have shown
that it could also threaten human health—

/ although how much is still fiercely debated
among medical entomologists. Some take
heart from the fact that although Ae. albapic-
tus can be infected with a dizzying variety of
viruses in the lab, so far in the real world it has
been a rather wimpy disease vector. But others
warn that its rise could confront Europe and the
United States with serious outbreaks of dis-
eases now restricted to the tropics.

Stowaways

The Asian tiger mosquito, so called because of
its bright white stripes, hails from East and
Southeast Asia, where it originally lived at the
edges of forests, breeding in tree holes and
other small natural reservoirs. It has adapted

easily to human
settlements, where
pots; vases, and
¢ buckets can replace

tree holes, previded
there’s a bit of vegetation
nearby. The moesquito is
believed to have spread along
with humans to Madagasear and the
smaller [ndian Ocean islands centuries ago.
But fits big break camelwith the advent of
maodern shipping. After World War [T, when
huge amounts of military equipment were
sent back to the United States from war zones,
imspectors from the U.S. Public Health Ser-
vice discovered that Ae. albopictus had trav-
eled along as a stowaway in used tires, as had
six other exotic mosquito species. Radical
control measures helped prevent it from
establishing itself. Ae. albopicius was also
found in tires reimported from Vietnam in
1972, but again, it didn’t gain a foothold.

In 19835, officials at the Harris County
Mosquito Control District in Texas found an
Ae. albopictus population near a roadside tire
dump in Houston. Reiter, who helped investi-
gate ils source, soon became an expert in the
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thriving international trade in used tires. Mil-
lions of tires are shipped each year from coun-
tries such as Japan and Germany, which
impose strict rules on their wear and on the use
of “recaps,” to those that are more lenient,
such as the United States; for various reasons,
tires are also shipped from the United States to
Europe and South America.

The water the used tires hold is an ideal
place for egps and larvae, Reiter says; and even
ifitevaporates, the Asian tiger mosquito’s egas
are 5o drought-resistant that they can survive
until the tires reach their destination. {Mos-
quite species like Anopheles gambiae, a
malaria vector, could never pull this off.)
Meanwhile, the containers in which the tires
are shipped ensure a comfy, sheltered journey.

The mosquitoes imported into the United
States probably came from Japan, Reiter and
others wrote in a 1987 Science paper. Like
their Japanese counterparts, Asian tiger mos-
quitoes were able to survive cold winters
because their eggs respond to shortening days
by going into a state of dormancy called dia-
pause. That capacity, which many other tropi-
cal mosquitoes lack, is another key to the
tiger’s successful spread and explains why it
can survive even Chicago’s harsh

Its invasion of Latin America lagged
behind by a few years, but it proved just as
unstoppable. The mosquito was first found in
Sdo Paulo, Brazil, in 1986 and soon spread
farther in southeastern Brazil. It popped up in
Mexico in 1993, in Guatemala, Honduras, and
El Salvador in 1995, and in Paraguay, Colom-
bia, and Argentina in 1998. Panama and
Nicaragua joined the club in 2002 and 2003,
respectively. Good data are lacking for most
parts of Africa, but the mosquito has already
been found in Nigeria, Cameroon, Equatorial
Guinea, and, last year, in Gabon

In Europe, Albania was the first to find
Ae. albopictus within its borders, in 1979. The
country was still an isolated St;
held, and the news reached few
where. When Reiter teamed up
entomologist Jorgji Adhami to document the
outbreak in the 1980s, they concluded that the
mosquito may have first entered the country
in 1975; the most likely source was China, one
of Albania’s few trading partners at the time.

By far the hardest hit European country to
date is Italy, which blew its chance to quash
the nascent invasion, says Romeo Bellini, an
entomologist at the Centro Agricoltura Ambi-
ente “Giorgio Nicoli” (CAA) in Baricella. The
first few tiger mosquitoes were found ina
kindergarten classroom in the port city of
Genoa in 1990, and other hot spots soon fol-
lowed, but the government didn’t act quickly
or aggressively enough to kill adults and lar-
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wvae. “They didn’t understand what was going
wasn't a priority.” says Bellini, Eighteen
years later, the mosquito is driving people nuts
and chipping away at tourism revenue in
towns and cities across northern Italy, where
the climate is particularly favorable.

In many other places, too, the tiger mos-
quito is aterrible nuisance. It sreally a horrible
pest,” says Duane Gubler of the University of
Hawaii, Honoluli. That may seem strange,
because human blood isn't always its meal of
choice. The mosquito is what entomologists
call a “catholic.” or general, feeder: It can bite a
‘wide variety of mammals, inchiding cows and
rats, as well as birds and reptiles. But what the
tiger mosquito lacks in host specificity, it seems
tomake up for in aggression and its sheer num-
bers. And when other host species are scarce—
as they likely are in many cities—the mosquito
may have little choice but to bite humans.

A health threat?
The mosquito’s impact on health is potentially
more serious but also much less clear. In
lab studies, researchers have shown that
more than two dozen viruses can reproduce
in Ae. albopictus. The most prominent is
dengue, a viral disease that causes severe mus-
cle and joint pains and can also lead to dengue
hemorrhagic fever, a rare and often fatal dis-
ease. And now that Ae albopictus has become
50 ubiquitous, “widespread ... dengue in the
continental United States is a real possibility.”
Anthony Fauci and David Morens of the
U.S. National Institute of Allergy and Infec-
tious Diseases wrote in the Jowrnal of the
American Medical Association in January.
But whether a mosquito actually spreads
disease inthe real world depends on many fac-
tors: its numbers, how often it bites humans,

Breeding ground. An entomalogist finds

mosquitoylarvae in a discarded tire.
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whether it takes blood meals from multiple
people, and how effectively the virus makes it
from the mosquito’s gut to its salivary glands,
and from there, to its victim’s veins. So far,
there’s solid evidence for the tiger mosquito’s
role in the transmission of only two diseases:
dengue and chikungunya. The latter is promi-
nent in Africa and Asia, and its symptoms
resemble those of dengue. And even for those
two, the mosquito isn’t historically known to
be a very efficient vector, says Gubler.

The reason appears to be its wide host range.
Ifa mosquito bites a dengue-infected child only
to move on to a lizard, the virus goes nowhere
because it infects only primates. By contrast, a
species called Ade aegypti—also known as the
yellow fever mosquito—dines almost exclu-
sively on hurnans, which is why it has caused an
explosive rise in dengue cases in the tropics the
past 2 decades. Dengue outbreaks in places that
have only Ae. albapicius tend to be mild, Gubler
says; a 2001-02 outbreak in Hawaii infected
only 122 people, for instance.

In fact, Gubler predicts that the spread of
Ae albopictus will actually result in a net gain
for public health because in many places, it is
pushing out Ae. aegypri populations. (The
species’ larvae compete for food when they
share water containers, and the tiger mosquito
appears to win often.) That’s why Gubler dis-
misses gloomy scenarios like that published
by Fauci and Morens. “T couldn’t believe they
wrote that,” he says.

Didier Fontenille of the Institute of
Research for Development in Montpellier,
France, says he once agreed with Gubler but
no longer does. The massive chikungunya
outbreak in the Indian Ocean islands, which
sickened more thana third ofthe population in
a few months in La Réunion, was caused by
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Aedes albopictus invasions

Ae. albapictus. The small outbreak in Italy's
Ravenna province last summer sickened more
than 200 and killed one older woman. As-yet-
unpublished work by Fontenille and his col-
leagues shows that the mosquite population in
La Reéunion strongly prefers humans. If that
pattern holds true in other countries, the tiger
mosquito may be a much more dangerous
vector than people assume, he says.

Two studies have also suggested that the
chikungunya virus underwent a single-
nucleotide mutation during the Indian Ocean
outbreak that made it more able to use Ae.
albopictus as a vehicle (Science, 21 Decem-
ber 2007, p. 1860). Nobody can rule out that
something similar could happen with dengue,
he warns, or with any of the other viruses it was
shown to transmit in the lab. Even if de.
albapictus pushes out its main competitor,
“there’s no reason to be happy.” says Fontenille.

Tough fight

Can the tiger mosquito be stopped? Experi-
ence to date suggests that once it’s become
established, it’s almost impossible to get rid of,
says Francis Schaffner of the University of
Ziirich, Switzerland. At that point, the only
option is suppressing its numbers—and even
that is difficult and costly.

Eliminating breeding sites, such as flower-
pots and vases, is effective, but it requires the
public’s participation, which is hard to sustain,
Even in Italy, where the public has been bom-
barded with educational materials—including
posters, mugs, and screensavers—larval con-
trol is falling short, says Bellini. Spraying
insecticides is another widely employed tac-
tic, but its effectiveness is probably limited,
says Reiter. Hiding in vegetation, the mosqui-
toes are much harder to reach with aerosol
droplets than are Ae. aegypti, which tend to
stay inside or close to houses.

Italy is betting on a new weapon: the so-
called sterile insect technology (SIT), which
aims to drive down the population by releasing
massive numbers of sterile males. SIT has been
used successfully to battle agricultural pests
{Science, 20 July 2007, p. 312), but its use with
mosquitoes is limited. Bellini’s group at CAA

has a facility to rear some 100,000 male mos-
quitoes a week and blast them with infertility-
inducing gamma rays. It has studied the mos-
quitoes’ viability and attractiveness to wild
fernales, and a field trial to see whether they can
reduce a population is slated for the summer.
Bellini is under no illusion that SIT can
eradicate the mosquito from Italy—that
would require an immense investment—but it
could help drive down populations in an envi-

2000 2005 2007
* Aedes albopitius found but not established.

type of spread, says Willem Takken of
‘Wageningen University in the Netherlands.
To prevent long-distance infestations, gov-
ernments would have to regulate the inter-
national tire trade. But so far, few govern-
ments have been willing to clamp down on
that economic sector to thwart an uncertain
public health risk. Besides, there are other
routes as well. [n the summer of 2003, green-
house workers in the Netherlands started com-
plaiming about aggressive mosquitoes. This
time, researchers found, the mosquito had
‘hitched a ride in shipments of Lucky bamboo
(Dracaena sanderiana), a popular decorative

A major horticultural hub, the Netherlands
exports Lucky bamboo widely, which has trig-
gered fears that it might seed new infestations.
Horticultural companies have taken steps to
reduce the risk, for mstance, by treating ship-
ments before they leave China, and no new

have been found in the past
6 months—but this may also be due to natural
fluctuations, says Ernst-Jan Scholte of the
Dutch Plant Protection Service. Wouter van der
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Qn the march. After becoming established in
Albania and Italy, the Asian tiger mosquite started
spreading 1o other European countries.

ronmentally benign way, he says. But so far,
the budget for a rearing facility able to churn
out the millions of males that would be needed
weekly is still lacking.

Countries that have not yet seen the tiger
mosquito can hope to prevent it from entering
and can hit hard if it does. But again, the
options are limited. For its medinm-distance
travel, the mosquito has been known to hitch a
ride in automobiles and trucks—that’s how it
appears to have spread from Italy to Spain,
France, Croatia, Slovenia, Switzerland, and
Germany. Theres simply no way to stop this

‘Weijden of the Centre for Agriculture and Envi-
ronment, a lobby group, says the Dutch govern-
ment isn’t tough enough and warns that it risks
dropping the ball, just like Italy did 18 years ago.

Whether the mosquito could become estab-
lished this far north—or indeed, how much far-
ther it can push its worldwide range—is any-
one’s guess. The European Centre for Disease
Control and Prevention in Stockholm has
charged a group of European scientists to come
up with some predictions. The group’s map,
published in the 2007 book Emerging Pests and
Vector-Borne Diseases in Europe, shows that
France, Belgium, and the Netherlands are at
risk of being colonized, as well as the United
Kingdom, Ireland, and even the coastal areas of
Scandinavian countries. Other models have
come up with different ranges, but they agree
that the end 1s not in sight.

Reiter predicts that at best the countries at
risk can postpone becoming colonized. What-
ever the natural boundaries of its potential
habitat are, the tiger mosquito seems deter-
mined to reach them. -MARTIN ENSERINK
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PLANETARY SCIENCE

Layers Within Layers Hint at a
Wobbly Martian Climate

Like Earth, Mars has a layered geology, but the martian version can have a particularly
rhythmic regularity; scientists are finally getting a handle on the mechanism driving it

For decades, planetary scientists assumed that
the stunning layering of Mars goes back to the
planet’s innate unsteadiness. The planet wob-
bles and wanders in its orbit, changing the ¢li-
mate rhythmically. What else could shape the
eyclic-leoking layering in everything from
icy polar deposits to crater fill? But without a
time scale, researchers were long stymied in
linking particular Jayering to any particular
orbital variation. That left the door open for
nonarbital explanations.

Now, new studies are tentatively tying lay-
ering to orbital variations. Across the polar
caps of Mars and in impact craters, within the
past few million years and several billion years
ago, new observations and analyses are reveal-
ing periodic groupings of layers of the sort that
orbitally driven climate change could have laid
down. Martian layer counting is all the rage
now, says planetary scientist Oded Aharonson
of the California Institute of Technology
{Caltech) in Pasadena. “That’s a pood sign”

Tust identifying martian layer-
ing as periodic and not a random
jumble has been controversial. On
Earth, paleoceanographers can do
hands-on work on sediment cores,
analyzing them from the meter
scale down to the atomic scale to
date the layers precisely. On Mars,
researchers must work from
images taken from hundreds of
kilometers up. They know that
younger layers pile up on top of
older ones, but they have no idea
how long a given set of layers took
to form. In the North Polar Lay-
ered Deposits (NPLD), for exam-
ple, alternating dark and light lay-
ers exposed in ¢liff faces presum-
ably reflect dust-darkened ice ver-
sus bright, nearly dust-free ice, but
it gets more complicated. Dark
stripes can be shadows, not dirty
ice; frost can mask truly dark lay-
ers; and less-than-vertical out-
crops can distort the apparent
thickness of layers.

To avoid at least some of these

and topography returned from 23 strips across.
the NPLD by the now-defunct Mars Global
Surveyor orbiter. Knowing the slope across
layers let them correct apparent thickness to
true thickness. As they reported at the Lunar
and Planetary Science Conference (LPSC) in
March in League City, Texas, most of the sur-
veyed terrains did show—uwithin a lot of cli-
matic noise—periodic layering with a layer
thickness of roughly 1.6 meters, although the
periodicity waxed and waned with time. A
layer in such eyclic bedding may have formed
as the planet rhythmically nodded over on its
side to 457 or even more—pouring more sum-
mer sun on the poles and sending polar ice to
the equator. Then Mars would have righted
itself and returned to its initial climate, form-
ing a contrasting layer, all in one 120,000-year
eycele. If so, the researchers calculate, the
upper kilometer or so of the NPLD would
have formed over tens of millions of years.
But Perron and Huybers are quick to point

problems, geophysicists J. Taylor
Perron and Peter Huybers of Har-
vard University combined images
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Mars has rhythm. Evidence is mounting that variations in the
orbit of Mars drive cyclic climate changes that layer the planet.
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out that other, nonorbital processes could be
‘modulating martian climate on a roughly peri-
odic schedule, as El Nifio does on Earth. To
link layering to changes in orbit, they say,
researchers must find a section of ice or rock in
‘which layers change steadily if subtly in thick-
ness or color in step witha longer term rhythm.
For example, a series of thin layers might
decrease in thickness in a diythmic pattern that
‘makes them stand out as a single packet. Such
bundling could reflect the interaction between
two orbital variations—for example, planetary
tilt and the shape of Marss orbit. Such an inter-
action would create a unique ratio of packet
thickness to thin-layer thickness.

Such bundling ratios are starting to show
up. As they report online this week in Science
(www.sei org/egi bstract/
1157546), planetary geophysicist Roger
Phillips of the Southwest Research Institute in
Boulder, Colorado, and colleagues analyzed
data from SHARAD (SHAllow RADar)
onboard the Mars Reconnaissance Orbiter.
They found periodic layering on two scales
‘within broad reaches of the NPLD. SHARAD
‘bombards the martian surface with high-
frequency radio waves that easily penetrate
pure ice but reflect back offdirty ice. The radar
sounded out 45 to 50 thin layers beneath the
ice’s surface, divided into four packets by
distinctive zones of low reflection.

So far, the group has two possible interpre-
tations. The low-reflection regions could repre-
sent times when Mars’s orbit grew rounder and
less elliptical, causing storms loading the ice
with dust to become less common. Or they
could mark times of relatively small axial tilt
over many tilt cycles. In either case, the
researchers say, the entire NPLD probably
formed over roughly the past 3 million years.

LPSC attendees also heard the first quanti-
tative evidence that orbital variations drove cli-
mate and geology much earlier in martian
history, Planetary scientists Kevin Lewis of
Caltech and Aharonson reported their analysis
of layering in the low-latitude Arabia Terra
region of Mars. They found rhythmic bedding
at several locations, all dating to roughly 4 bil-
lion years ago. In Becquerel crater, 3.5-meter
layers were bundled into packets that
average 36 meters in thickness. Lewis and
Aharonson have not publicly linked that
10:1 bedding ratio to any particular orbital
variations, but they noted in their LPSC talk
that Mars’s thin atmosphere and lack of oceans
make cyclic climate change driven by internal,
EI Nifio-like processes much less likely there
than it is on Earth. Nailing down periodic lay-
ering on Mars will no doubt require a lot more
layer counting and perhaps a better sense of
‘martian time. ~RICHARD A. KERR
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NEW ORLEANS, LOUISIANA—Halfway intoa
talk at a meeting” here last month, Charles
Hoyle, a chemist at the University of Southern
Mississippi, Hattiesburg, whipped out a clear
plastic disk a few centimeters thick and about
the size of a small Frisbee. Lodged in the disk
were two bullets—one .22 caliber and one
.38—fired by one of his colleagues in the lab.
The disc. Hoyle explained, is a laminate
of two materials, one a rigid plastic, the
other a new rubbery, highly efficient,
energy-absorbing material. Putting the two
materials together allowed the disk to absorb
the energy of the speeding bullets and dissi-
pate it without shattering. What's more, the
bullet-stopping armor was made of cheap,
everyday starting materials. In addition to
armor, such laminates may one day find use in
impact-resistant windshields for cars and air-
planes, Hoyle says. “That was the most
exciting thing I've seen in a couple of
months,” says K. Barry Sharpless, a Nobel
Prize-winning chemist at the Scripps
Research Institute in San Diego, California,
For many of the chemists in Hoyle's audi-
ence, the excitement lay as much in the way
the new laminate was produced as in its
impressive capabilities. It is a product of
“click chemistry.” a term Sharpless coined in
2001 for an approach to synthesis that prizes
the use of a few key chemical reactions to link
together compounds that contain particular
chemical groups. The reactions have a strong
energetic driving force that ensures that the
starting compounds react every time, quickly,
efficiently, and without creating unwanted
byproducts. Click chemistry, says chemist
Craig Hawker of the University of California,
Santa Barbara (UCSB), “is a philosophy
about not falling in love with complexity.”
And, as Hoyle's talk and others at a sympo-

“American Chemical Society Spring 2008 National
Meeting, 6=10 April.

sium at the American Chemical Society meet-
ing hcm revealed, the philosophy is rap)d]y

throughout the world of p 5
matenals science, drug delivery, and even bio-
logical imaging. “It has just exploded,”
Hawker says.

Sharpless says the goal of click chemistry
is to synthesize materials the way nature does:
by starting with a small set of building blocks
and then linking them with just a handful of
different reactions, as living organisms do in
linking amino acids together with peptide
bonds to forge proteins.

By contrast, much of modern organic syn-
thesis—such as the medicinal chemistry used

nitrogen double bonds. Once the reaction
starts, the alkyne and azide building blocks
quickly and reliably form ring-containing
compoeunds called 1,2,3-triazoles. But the
reaction normally proceeds slowly because a
high energy barrier keeps it from getting
started. [n 2002, Sharpless’s team, along
with a separate team led by Morten Meldal
at the Carlsberg Laboratory in Valby, Den-
mark, reported that a simple copper salt cat-
alyst dramatically speeds up the reaction.
Even better. the catalyst is highly specific,
which meant that the alkynes and azides
reacted readily with one another but with
essentially nothing else, no matter what

to craft many drug molecul a wide
variety of less efficient reactions. After going
through perhaps dozens of these nefficient
reactions, researchers typically wind up with
only a minute amount of their desired mole-
cule. Sharpless argues that chemists need to
spend more time adapting efTicient reactions
to suit their needs.

Sharpless and his colleagues at Scripps
kicked ofF the effort earlier this decade when
they improved a well-known chemical reac-
tion called the Huisgen reaction, in which
chemical groups with carbon-carbon triple
bonds called alkynes are linked with azides,
which harbor N, groups with two nitrogen-

See here. Clicked-on flucrescent tags reveal newly
synthesized DNA in tissues.

di 1l bath they were stewing in.

That selectivity spawned an explosion
of click chemistry, as researchers around
the globe have attached alkynes and azides
to all kinds of materials and used the reac-
tion to click them together. In hundreds of
papers in recent years, researchers have
described novel ways to make materials with
new functions. Pepular technigues include
tacking sugars or peptides onto polymers to
make them more biocompatible and click-
ing new chemical functional groups onto
proteins, nanoparticles, and fluorescent
compounds. “This stuff has taken on a life
of its own,” Sharpless says.

As the session at the meeting made
clear, the copper-catalyzed alkyne-azide
reaction remains the gold standard of click
chemistry. Seripps chemist M. G. Finn, for
example, reported that his group has
recently used the reaction to create metal-
binding adhesives twice as strong as any on
the market. David Haddleton, a chemist at
the University of Warwick in the United
Kingdom, also reported using the tech-
nique to link azide-containing sugar groups
to alkyne-rich polymers to create precisely
controlled mimics of glycoproteins that
represent a key part of the way the immune
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Big impact. Products of click chemistry include this
bullet-stopping plastic.

system prevents infections from parasites.
Down the road, Haddleton says, he hopes
that such mimics could offer a new strategy
for preventing infection from organisms that
cause dysentery, a disease that hits 40 mil-
lion people a year worldwide.

The alkyne-azide reaction, however, is
not the only game in town. “Click chem-
istry is no longer about a single reaction,”
Hawker says. One new reaction developed
recently links compounds with thiol and
ene functional groups. Thiols are com-
pounds with a sulfur-hydrogen group, and
enes are compounds with dou-

spoiling, for example. Although similar
plastic films are already on the market,
they are typically made using a more
expensive process.

Thiol-ene progress promises to open
new applications as well. For example,
Luis Campos, a postdoctoral associate in
Hawker's lab, reported at the meeting that
the UCSB group has made thiol-ene poly-
mers that serve as tiny molds for pattern-
ing photonic crystals: devices that control
the movement of photons much as semi-
conductors control the motion of electrons.
‘When Campos and his colleagues pat-
terned a titanium-nitride-based photonic
crystal atop a semiconductor light-emitting

ble bonds between two carbon  Hookup. Metal adhesives Befare
atoms. When triggered by the  begin with two compounds,
absorption of energy-rich ultra-  9ne capped with alkynes,

violet photens or other in
tors, the sulfur atom in the thiol
group readily attaches to one of

those carbons while the thiol’s  * netwark

hydrogen atom links up with the N3, .

ene’s other carbon. And the Key N3 ?}j"

reaction is so fast that vast num- alkynes N?\m{l -

bers of thiols and enes can be N. azides N3 N3

lin];ed up in jus]:nnl:jnuls. i = i i
rogress in linking thiols an

enes is taking off, Hoyle says, in After _ Cumefal

part because the starting materi-
als are cheap and abundant. They
include commodity polymers
such as polyethylene, widely
used in products such as milk
Jjugs and plastic grocery baps,
and polystyrene, found in appli-
cations as diverse as CD jewel
cases and packing peanuts. This
easy availability has already
prompted numerous groups to
begin using click chemistry to
tailor their standard polymers.
Hoyle’s bullet-stopping plastics
are one example, and one he says
he has improved considerably,
although he is not ready to reveal
details. To make that material,
Hoyle’s team first polymerized
two pairs of thiol- and ene-containing com-
pounds, One combo gave them the energy-
absorbing material, the other the rigid poly-
mer. They then laminated the two polymers
together to help the energy-absorbing
material shed the energy of the impact
without breaking. Down the road, Hoyle
says, expect researchers to click new func-
tional groups onto plastic polyethylene
films to improve their use as cheap food
packaging, to prevent fresh food from
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the other with azides
{right). Copper ions click
them together to form

Cut N
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diode, it doubled the light emission from
the LEDs, cutting their power consump-
tion in half.

Biology offers another emerging set of
applications for click chemistry. Cell biolo-
gists Adrian Salic and Timothy Mitchison of
Harvard Medical School in Boston, for
example, reported in the 19 February issue
of the Proceedings of the National Acadenty
of Sciences (PNAS) that they had created a
specialized alkyne-containing DNA building
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block. They fed it to mice, whose bodies took
up the nucleotide base and used it to make
DNA in their growing cells. After the mice
were sacrificed, the researchers spiked the
tissnes with a fluorescently labeled azide and
a copper catalyst that reacted with the
alkyne-containing nucleotide and lit up
newly synthesized DNA in fast-growing tis-
sues in the animals.

Such an approach wouldn’t work well in
live animals, because the copper catalyst is
highly toxic. But chemist Carolyn Bertozzi of
UC Berkeley and colleagues recently devel-
opeda novel version of the azide-alkyne reac-
tion that does away with copper. Last October,
they reported in PNAS that by tweaking the
normally inear alkynes to include
eight-membered rings, they pro-
duced a strain in the molecules
that prompted them to react more
readily with an azide. It worked so
well that the reaction essentially
matched the rate of the copper cat-
alyst. The researchers then used
the reaction to click a fluorescent
compound to specific sugar
groups on live cells, with no
apparent toxicity. In the 2 May
issue of Science (p. 664), Bertozzi
and her colleagues took the work a
major step forward by showing
that they could click a series of
such fluorescent reporters to dif-
ferent biomolecules to visnalize
key steps in the development of
zebrafish embryos. Bertozzi’s
team is now using the technique to
try to watch the molecular dance
that takes place as stem cells dif-
ferentiate into various tissues.

Click chemistry may soon be
making an impact on medicine as
well. Hawker says he and his col-
leagues are clicking radicactive
cobalt-64 to the interior of
nanoparticles designed to keep the
immune system from clearing the
cobalt from the body. Peptides
designed to bind to proteins found
on damaged vessels of the heart
are then clicked to the outside of the nanopar-
ticles to steer them to their target. Ultimately,
Hawker says, the system could provide doc-
tors with an extremely sensitive way to spot
the warning signs of the blood-vessel damage
that accompanies atherosclerosis before any
potential heart attack. Bertozzi says she is pur-
suing a related strategy to image cancer cells.

Clearly, be it in biology, polymers, or
materials science, click chemistry is start-
ing to click. —ROBERT F. SERVICE
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PHYSICS

The Hot Question: How New Are
The New Superconductors?

Do iron-and-arsenic superconductors work the same way as the older, inscrutable
copper-and-oxygen compounds? Early evidence points both ways

Tienty-two years ago, the recondite world of
condensed matter physics erupted into a
frenzy of headline-grabbing discoveries. In
June 1986, German experimenter I. Georg
Bednorz and Swiss colleague Karl Alexander
Miiller reported that a compound called lan-
thanum barium copper oxide carried electric-
ity without resistance at temperatures as high
as 35 kelvin. That was closer to absclute zero
than to room temperature (300 kelvin), but it
was a whopping 12 degrees above the previ-
ous record for such “superconductivity.” The
discovery sparked a race for
other copper-and-oxygen, or
cuprate, superconductors with
higher “critical temperatures”
and bagged a Nobel Prize.
History seems to be repeat-

CUPRATE

in Beijing. “The [new family of materials]
looks very similar to the cuprates,” Wen says.
But, he adds, “the mechanism may not be the
same " Peter Hirschfeld a theorist at the Uni-
versity of Florida, Gainesville, notes that
given the uncertainties surrounding the older
materials, it may not make sense to ask if the
new ones employ the same tricks. “Tell me
how the cuprates work,” he quips.

Still, physicists are pumping out papers on
the new superconductors at a prodigious rate,
and they have enough data to explain why they

ing itself. In the past 5 months, o Q o
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arsenic, and the highest crit- @ ﬂ"‘ R 2 8" o

ical temperature for them
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That’s far from the current
record of 138 kelvin for the
cuprates. But even as
researchers strive for higher
temperatures, they are pre-
occupied with one question:
Do the new materials work the same way
as the old ones?

It’s a key issue because, after 2 decades of
debate, physicists still do not agree on how
the electrons in the cuprates perform their
magic at such high temperatures. Many
researchers regard high-temperature super-
conductivity as the single deepest mystery in
condensed matter physics, and the new com-
pounds might help to solve it. By comparing
and contrasting the old and new superconduc-
tors, physicists might tease out commonali-
ties that reveal how both of them work—if
they work the same way.

That's a tricky if, says Hai-Hu Wen, an
experimenter at the Institute of Physics
{IOP) at the Chinese Academy of Sciences
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Plainly similar. The old and the new superconduclors both contain
planes of ions magnetized in opposile directions. In the older anes,
alectrons hop from copper to capger (arrow).

might or might not expect the new materials to
work the same way as the old ones. Some are
already taking sides in the emerging debate.

The mystery of the cuprates

Electricity won't flow through an ordinary
wire without power from a battery or another
source to push it. That's because the electrons
flowing through a metal wire lose energy as
they ricochet off the jiggling ions inthe crys-
talline material. In a superconductor, how-
ever, the electrons avoid such drag by form-
ing pairs. Deflecting an electron then
requires breaking a pair, and at low tempera-
tures there isn’t enough energy around to do
that. So the pairs glide unperturbed, and cur-
rent flows without power.

Of course, like-charged electrons repel
each other, so something has to hold a pair
together. In 1957, American theorists John
Bardeen, Leon Cooper, and Robert Schrieffer
showed that in conventional superconductors,
such as niobium chilled below 9.3 kelvin,
wvibrations rippling through the material s pos-
itively charged ions attract the electrons to
one another. When one electron moves, it sets
off a vibration that draws the second electron
in its wake. But vibrations don’t pull hard
enough to produce the sky-high critical tem-
peratures in the cuprates.

A cuprate superconductor is like a multi-
tiered dancehall for electrons. The compound
contains planes of copper and oxygen atoms
along which the electrons glide like paired
dancers. Between the planes lie elements such
as lanthanum, strontium, barium, and yttrium
By default, a material has one potentially
mobile electron per copper ion, and the elec-
trons repel one another so mightily that they
get stuck ina massive traffic jam called a Mott
msulator state. To produce superconductivity,
researchers “dope” the nonsuperconducting
“parent material” with extra oxygen, which
nestles between the copper-and-oxygen
planes and soaks up a few electrons. The
impasse then breaks, and the electrons some-
how pair and flow freely.

Most physicists believe that the pairing
originates not from some external factor such
as vibrations but rather solely from the inter-
actions of the electrons among themselves.
“It’s almost like the electrons are gluing them-
selves together.” says Michael Norman, a the-
orist at Argonne Nationa] Laboratory in 0li-
nois. But physicists still don’t agree on how
the electrons do that.

For example, electrons act like little mag-
nets, and in a parent compound, those on
neighboring copper jons point in opposite
directions to form a static pattern known as
antiferromagnetism (see figure, left). Some
physicists argue that waves rippling through
that pattern, which becomes fluid as oxygen is
doped in, provide the glue for pairing, Others
contend that no glue is needed and that pair-
ing evolves, ironically, out of the repulsion
between particles alone. Still others have pro-
posed explanations involving tiny loops of
current and other mechanisms. No theory
quantitatively accounts for the myriad foibles
of the complex materials.

Same tango, different dance floor

The new iron-arsenide superconductors
could help sort through the different possi-
bilities. Hideo Hosono, a materials scien-
tist at the Tokyo Institute of Technology,
and colleagues found the first compound,
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fluerine-doped lanthanum oxygen iron
arsenide (LaO, F FeAs), as they reported
online 23 Febmary in the Jowrnal of the
American Chemical Society. Tt weighed in
with a critical temperature of 26 kelvin.

Four Chinese groups quickly pushed the
critical temperatures higher by replacing the
lanthanum with other elements. On
25 March, Xianhui Chen of the University
of Science and Technology of China in Hefei
reported on the arXiv preprint server
{(www.arXiv.org) that samarium oxygen flu-
orine iron arsenide (Sm[)T ngFeAs) poes
superconducting at 43 kelvin. Four days
later, Zhong-Xian Zhao of IOP reported on
the server that praseodymium oxygen fluo-
rine iron arsenide (PrO, F FeAs) has a crit-
ical temperature of 52 kelvin. On 13 April,
Zhao's team reported a critical temperature
of 55 kelvin for the samarium compound
grown under pressure. The compounds all
have the same crystal structure, and higher
critical temperatures may be possible if
researchers can find structures that pack in
the planes more tightly, Zhao says.

The new compounds show striking simi-
larities to the cuprates. Like the cuprates,
they are layered materials, with planes of
iron and arsenic along which the electrons
presumably waltz. As in the older materials,
superconductivity sets in only when the
“parent material” is doped to change the
number of electrons in it. In a cuprate, the
extra oxygen absorbs some electrons; in one
of the new materials, the fluorine adds elec-
trons to the iron-and-arsenic planes.

Many researchers point to another obser-
vation as potentially key. Pengcheng Dai, an
experimenter at the University of Tennessee,
Knoxville, and Oak Ridge National Labora-
tory, and colleagues scattered neutrons off
lanthanum oxygen iron arsenide doped with
different amounts of fluorine. They found
that the nonsuperconducting parent com-
pound exhibits antiferromagnetism with
alternating rows of iron ions magnetized in
opposite directions. That pattern goes away
as the material is doped and superconductiv-
ity sets in, the researchers reported 4 April
on the arXiv.

A similar thing happens in the older high-
temperature superconductors, notes Steven
Kivelson, a theorist at Stanford University in
Palo Alto, California. “Some form of anu—
fer ism turns off as sup d
ity turns on,” he says. “That’s very reminis-
cent of the cuprates.” Given that and the other
similarities between the new compounds and
the cuprates, Kivelson says, “it’s a good
working hypothesis that they're parts of the
same bigger thing”
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Discoverer. Hideo Hosono, a materials scientist at the Tokyo Institute of Technology, cooked the first of the
new supercanductors that have captivated researchers the world over,

Not quite a chip off the ol’ block
The similarities between old and new super-
conductors may mask more important differ-
ences, however. For example, the two fami-
lies of compounds differ chemically in one
obvious way. The new compounds contain
iron, and in bulk iron, the individual mag-
netic ions tend to line up in the same direc-
tion to make a “ferromagnet,” the sort of
1hmg that w1]l stick to your refrigerator. But
fer and st ductivity usu-
ally mix about as well as vinegar and oil: A
superconductor ordinarily expels a magnetic
field that’s not too strong, but an overwhelm-
ing magnetic field will rip apart electron
pairs and kill superconductivity. So the very
presence of iron hints at new physics, says
Hosono, the discoverer of LaO, F FeAs.
“This may be the first cﬂmpound in‘which
ferromagnetic elements and high-tempera-
ture superconductivity coexist,” he says.

Perhaps more important, the undoped par-
ent compounds for the iron-arsenide materials
differ from the undoped parent compounds
for the cuprates in one key regard, says Philip
Anderson, a theorist at Princeton University.
The undoped cuprates are exotic Mott insula-
tors with precisely one electron stuck on each
copper ion, he notes. In contrast, the undoped
iron-arsenide materials are more conventional
metals in which the electrons, numbering two
per iron ion, flow relatively freely.

That means superconductivity evolves
from very different starting points in the two
families of materials, says Anderson, who
argues that his “resonating valence bond™ the-
ory explains how superconductivity arises in

the cuprates, without glue, from the Mott
msulator state. “The only way [ canmake it the
same is to invent some improbable chemistry
that reduces [the starting point] to one elec-
tron” per iron ion, Anderson says. Supercon-
ductivity in the iron-and-arsenic materials
must be a new beast entirely, he argues

Revitalizing the field
All agree that physicists will need much
more information before they can decipher
the new compounds. But such information
will surely come in a hurry. Thanks to their
decades of work on the cuprates, condensed
matter physicists have an arsenal of experi-
mental and theoretical tools that they can
now turn to the iron-and-arsenic com-
pounds, says Patrick Lee, a theorist at the
Massachusetts Institute of Technology in
Cambridge. The fact that in the new materi-
als the superconductivity emerges from a
mere conventional parent compound may
also simplify matters, Lee says. “This may
be an easier problem to crack,” he says,
because “the physics isn't as profound.”

Even if the new materials prove as
inscrutable as the cuprates, their mere appear-
ance has revitalized the field, as many people
have wearled of banging their heads against
the same problems, says Dai. “My honest
assessment is that this will explode because
people are so tired of the cuprates,” Dai says.
“This will give people a new playground.™
First one to the top of the jungle gym—or to
figure out how closely the new one resembles
the old one—is the winner.

—ADRIAN CHO
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U.S. Concerns over Bluetongue

M. ENSERINK'S NEWS OF THE WEEK STORY “EXOTIC DISEASE OF FARM
animals tests Europe’s responses” (8 February, p. 710) describes how
bluetongue, a disease cansed by a vector-borne orbivirus, has

spread widely in ruminant livestock in Europe since
1999, Unlike Europe, which has only experi-
enced bluetongue disease in the past
few years, the United States and the
Americas in general have been en-
demic for several bluetongue virus
(BTV) serotypes since first reported
in the 1950s. The historically preva-
lent U.S. BTV serotypes, though
pathogenic in sheep, have caused lit-
tle to no disease in U.S. cattle. The
vectors of these serotypes have been
identified, and their distribution has

(2, 3). Some of the virus isolates were from clinically affected sheep
and deer, with others being detected through testing of cattle for
export. The presence of these new serotypes raises the specter that the
epidemiology of these viruses in North America may be changing and
could result in more extensive disease in US. livestock and wildlife
then ever seen previously. This is bad news for the U.S. livestock mdus-
tries and for our ruminant wildlife.

Our ability to understand the current situation is hindered because
there is currently no comprehensive surveillance in the United States
for either BTV or EHDV. A comprehensive surveillance system,
greater risk assessment, and risk prevention through vaccine develop-
ment and vector control are all needed. The events in Europe demand
that we pay attention before BTV and EHDV have similar repercus-
sions for the United States.

E. PAUL . GIBBS," WALTER ]. TABACHNICK,? THOMAS J. HOLT,?

DAVID E. STALLKNECHT*

*Callege of Veterinary Medicine, University of Florida, Gainesville, FL 32608, USA. Flerida
Hedical Entamology Laberatory, University of Florida, Vero Beach, FL 32963, USA.
*Division of Animal Industry, Florida Department of Agriculture Consumer Services,
Tallahassee, FL 32399, USA. ‘SCWDS, Callege of Veterinary Medicine, University of

Bluetongue virus particle. A com AL %
puter model shows the crystalline  rhagic disease virus (EHDV), have

structure of the core particle of BTV.

in the past explained the epidemiol-
ogy of BTV in the United States (/).

Recently, eight new serotypes of
BTV and a new serotype of the
related orbivirus, epizootic hemor-

been identified in the United States
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In Defense of Max Planck

THE WAX PLANCK PHDNET, REPRESENTING
about 4000 Max Planck graduate students,
takes issue with the unfounded claim by
Widmar Tanner that a disconnect between
German universities and Max Planck Institutes
{MPIs) leads to MPI graduates that are “at best
average” (“Max Planck accused of hobbling
universities,” News of the Week, G. Vogel, 25
January, p. 396). As young professionals of this
system, we draw a more accurate portrayal of
the Max Planck graduates (7).

MPIs rely heavily on a competitive, for-
malized, application process typical of elite
universities requiring transcripts, recommen-
dations, and faculty interviews. This results in
selectivity on par with, if not more competi-

tive than, elite international programs.

MPIs attract a high number of foreign
graduate students; 50% of the student popula-
ton is international, reflecting MPIs™ strong
foothold in the global competition for talent.
This connection establishes relationships
between foreign graduates and German insti-
tutes, at a time when Germany is striving to
“internationalize” its science (“German sci-
ence takes an international view.” News of the
Week, G. Vogel, 29 February, p. 1172).

To ensure a high caliber of graduate
research, MPI students are regularly evalu-
ated by national and international commit-
tees. The evaluators have been resoundingly
impressed by the spirit and scientific quality
of the students and their research.

Currently, 49 International Max Planck

Research Schools (IMPRSs) represent half
of the MPI graduate students. Since their
inception (2000), IMPRSs have altered the
MPI graduate experience. Their modern
approach requires thesis committees, ad-
vanced graduate courses, soft-skills training
{e.g., presentation, communication, leader-
ship, and time management), and teaching.
Their establishment has noticeably raised the
bar for education of all MPI graduate stu-
dents, as the benefits of IMPRSs are increas-
ingly extended to all students.
MELISSA BETH DUHAIME, SOREN ALSHEIMER,
RALITSA ANGELOVA, IAN FITZPATRICK
Hax Plandk Phinet, Max Plandk Society, Munich, Germany.
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Effect of Contraceptive
Access on Birth Rate

IN HER PERSPECTIVE "REPRODUCING IN CITIES”
{8 February, p. 764), R. Mace assumes that dif-
ferences in birth rates between rural and urban
areas largely represent the wishes of parents.
Human beings in all societies have sexual inter-
course hundreds or even thousands of times
more often than is needed to conceive the num-
berof children they want. Onee individuals have
access 1o the means and information to separate
sex from childbearing, family size often falls
rapidly (). For rural women there are an aston-
ishing number of barriers to access o modern
contraception (2), while urban women are often
better placed to overcome these barriers.

We sugpest that birth rates fall in cities pri-
marily because contraception and safe abor-
tion are easier to obtain than in the country-
side. For example, in rural Ethiopia only doc-
tors and nurses are permitted to give contra-
ceptive injections, so this popular method is
denied to rural women. The total fertility rate
(TFR) in Ethiopia as a whole is 5.4, while in
Addis Ababa it is now thought to be below 2.0
children. Addis isunusual among African cap-
itals in that safe abortion ilable for sev-

where many women now have access to mod-
ern contraception and reasonably safe abortion,
two large predominantly rural areas (Khulna
and Rajhashi) now have replacement-level
fertility (3).
MARTHA CAMPBELL AND MALCOLM POTTS
School of Public Health, University of Calitornia, Serkeley, CA
§4720, USA
References
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Response

IT IS CERTAINLY TRUE THAT CONTRACEPTIVE

services can be hard to acquire in rural

Ethiopia, as in several other African countries.

Sinding et al. used data on unmet need for
seption to estimate that the total fertility

eral years before the recent liberalization of
the abortion law. Tens of thousands of opera-
tions were performed annually and Iinked to
effective post-abortion contraceptive advice.
We posit that fertility will fall in rural
Ethiopia as contraception and safe abortion
become more easily available. In Bangladesh,

rate would drop from about 6 to about 4 chil-
dren in rural areas of Ethiopia if contracep-
tives were more readily available to all (J).
Improved reproductive health services would
certainly be welcome in much of rural Africa
and would further reduce rural poverty and i1l
health by helping to reduce unwanted births,
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But it seems unlikely that rural birth rates
would fall to urban levels, given that in Europe
{where contraception is available everywhere)
rural households do still have larger families
than city dwellers.

Access to contraception cannot be consid-
ered the original driving force behind fertility
decline as, historically, fertlity declined in
Europe without modern contraceptives; the
desire for smaller families created the demand
for contraceptives, not vice versa. Furthermore,
in Addis Ababa, family size correlates posi-
tively with wealth. Poverty is associated with
failure to marry, increased rates of diverce, and
slower birth rates after marriage (2), when the
wealthy presumably have as good or better
access to medical facilities than the poor.

Demographers have always focused heav-
ily on the proximate determinants of fertility,
especially since Bongaarts’s classic paper (3),
but often to the exclusion of any underly-
ing theory of reproductive decision-making.
Emphasis on proximate determinants cannot
answer questions such as why families of par-
ticular sizes are favored, or when fertility is
predicted to stop declining (an earlier notion
that fertility decline would stop at replacement
levels is not supported by the very low fertility
now seen in Europe). Demography has been
described by its own practitioners as a field
without a theory (4). Evolutionary demogra-
phers are attempting to provide that theory
through the related fields of human behavioral
ecology, evolutionary life history theory, and
cultural evolution. It is possible that demand
for contraceptive services will eventually be so
high everywhere that much of the variation in
fertility will disappear; but even if so, the ques-
tion of why demand for contraception is so
high still needs to be addressed.  RUTH MACE

Department of Anthropology. University College Londan,
London WC1H 03W, UK.
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Financing Tropical
Forest Preservation

IN THEIR REVIEW “CLIMATE CHANGE, DEFOR-
estation, and the fate of the Amazon” (11
January, p. 169), Y. Malhi ez af. advocate inter-
national incentives to reduce tropical defor-
estation and limit climate change through pro-
grams that they admit will require extensive
time and effort to develop. But while seeking

CORRECTIONS AND CLARIFICATIONS

Reparts: “Ubistatins inhibit protea-
same-dependent degradation by bing-
ing the ubiguitin chain” by R. Verma et
al. {1 Gctober 2004, p. 117). In Fig
10, the structure of ubistatin 8 fsincor-
rect. The correct structure is shown here.
The reparted results for ubistatin 3 are
comect and reproducble; the only error
was in the reporting of the structure.

Ubistatin B: NSC 306455
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TECHNICAL COMMENT ABSTRACTS

CommeNnT on “Habitat Split and the Global Decline of Amphibians™

David C. Cannatella

Becker =t af. {Reports, 14 December 2007, p. 1775) reported that forest amphizians with terrestrial development
are less susceptible to the effects of habitai degradation than those vith aquatic Larvae. However, analysis with mare
apprapriate statistical methods suggests there is no evidence for a difference between aquatic-reproducing and

terrestrial-reproducing species.

Full text al www.sciencemag.org/cgi/content/full320/5878/874¢

Response To CommenT on “Habitat Split and the Global Decline of Amphibians”
Carlos Roberto Fonseca, Carlos Guilherme Becker, Célio Fernando Baptista Haddad,

Paulo Indcio Prado

Habitat split, defined as human-induced disconnection between habitats used by diflerent life history stages of a

species, is a strong factor negati

Iy affecting the richness of Brazilian Atlantic Forest amphibians. Here, the discon-

Aection etween streams and lorest Iragments is shown Lo reduce the proportion of species with aquatic larvae in

local communities.

Full text at ww sciencemag.org/egifcontent/lull/320/5878/874d

these kinds of long-term solutions to reduce
fossil fuel dependence and global carbon
emissions, we need stopgap remedies that
require limited technological advances, will
not jeopardize developing economies, and
have a hiph chance of success.

Although many promote limitation of
tropical deforestation as critical to alleviating
climate change (J), the relative importance of
tropical versus boreal forests as carbon sinks
remains uncertain (2). Preserving tropical
forests may curb net carbon emissions and
protect substantial amounts of global biodi-
versity. However, the capacity of developing
nations to manage tropical forests appears
limited in terms of current administrative
infrastructure, technical knowledge, and
political or economic stability. It is essential,
therefore, to focus initial attention on the car-
bon sequestering potential of existing boreal
forests (3). The financial resources and
administrative capacity of the boreal nations
{Canada, Russia, the United States, Finland,
Sweden, and Norway) make such action pos-
sible, even in the face of increasing demands
for harvesting. This approach is also fair,
given that global warming is a problem that
was created primarily by developed nations.

We propose that carbon credit funds
be immediately directed toward preserving

boreal forests. Boreal countries should then
reinvest these carbon funds to build capacity,
buy land, swap forests for debt, and provide
alternative livelihoods in developing tropical
nations. This will result in substantial carbon
and biodiversity benefits overall in both
‘boreal and tropical regions.
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EXHIBITIONS: ART AND MATHEMATICS

Bridging the Cultural Divide

W. Timothy Gowers

‘magine that you are looking at an abstract

sculpture and that you learn, after enjoy-

ing it for a while, that its shape can be
defined by a very simple mathematical for-
mula. Moreover, you find out that the sculptor
is actually a technician who was commis-
sioned by a mathematician to give solid real-
ization to the formula. This account of the pro-
duction of the object in front of you does not
seem to leave much room for the creative
process, so can the result be
art? Should your enjoyment be
less than if a similar shape had
been produced without the
involvement of mathematics?
Or are the rigid confines of the
mathematical formula entirely
compatible with a genuinely
aesthetic response?

Beyond Measure, an exhi-
bition about geometry in the
arts and sciences, raises sev-
eral questions of this nature.
Perhaps the best attitude to take
to the exhibits is one expressed
by Ernst Gombrich: “Actually I
do not think that there are any
wrong reasons for liking a
statue or a picture. Someong
may like a landscape painting
because it reminds him of
home, or a portrait because it reminds him of a
friend. There is nothing wrong with that™ (J).
Likewise, scientifically trained visitors to
Beyond Measure will be able to connect many
of the exhibits on display with their experience
and education, and this is a source of pleasure
that does not differ importantly from connect-
ing works of art with other, supposedly more
humnan, forms of experience.

The exhibition aims to foster dialogue
among mathematicians, scientists, architects,
artists, and designers: anybody, that is, for
whom geometry is important. So as well as
containing mathematical models, it has work-
ing models made by famous scientists, draw-
ings and plans by architects, and mathemati-
cally inspired paintings, sculptures, and
designs. Taken together, these items form a
remarkably coherent whole, and in this sense
the exhibition succeeds admirably.

2008 Paper,

The reviewer is at the Department of Pure Mathematics and
ieathematical Statistics, Centre for athematical Sclences,
University of Cambridge, Wilberfarce Roae, Cambridge €33
W8, UK. E-mall: wg 10@cam.ac.uk
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Beyond Measure
Conversations Across
Artand Science

Beyond Measure
Conversations Across
Artand Science

by Barry Phipps
Kettle's Yard,
48 pp. £6.95.
ISBN 9781904561262

My one complaint is that there is not
enough information about the exhibits. For
instance, one item is a display of crocheted
hyperbolic surfaces. As a mathematician, [
understood what these were and could appre-
clate them, but many others would surely
have benefited from an account, of a kind that
would not have been hard for a mathemati-
cian to write, of the difference between posi-
tive and negative curvature and of why cro-
chet was a particularly good
medium for realizing a nega-
tively curved surface. Without
such an account, the surfaces
that delighted me must have
come across to many people as
nothing more than bits of cro-
chet that were oddly twisted.

Similar remarks could be
made about a shelf with
an extraordinary collection of
glass Klein bottles. Or rather,
that is what they were topolog-
ically speaking, but they did
not all look like a typical illus-
tration of the Klein bottle in a
book—they included exotic
twists and spirals that left one
wondering how they could pos-
sibly have been made. How-
ever, nowhere was there any-
thing to read about one-sided surfaces. Many
people will therefore have missed the pleasire
of fixing their eyes on a point of the surface
and then tracing out a path that ends up on the
other side of the glass from the starting point.

[ found myself completely stumped by a
item titled Jnversions. It consisted of pairs
of interesting three-dimensional curved
shapes, of which one saw the top halves
directly and the bottom halves in a
mirror on which the top halves stood.
I very much wanted to know what
the inversion was that related one
shape in each pair to the other,
but there was no attempt to say,
evenroughly.

The catalog is full of vague pieties
about the need for dialogue between
artists and scientists. But by not really
trying to explain the science behind
the exhibits, the exhibition missed the

ambridge,

Model of a hyperbolic area (cracheted woal),
Daina Taimina

Glass Klein bottles, Alan Bennett (1995).
chance for dialogue of the most obvious and
potentially fruitful kind. This is important
because the more you know about what you
see, the deeper your appreciation, whether or
not you wish to call it aesthetic. However, the
exhibits themselves cannot be faulted. If you
are in Cambridge, you should not miss the
chance to see them. And perhaps for some visi-
tors they will spark an interest in mathematics
and science that can be followed up on later.
The lack of dialogue goes in the other
direction as well. For example, we could have
been told how the artist Keith Tyson produced
his painting Qwad Start Double Bounded
Random Walk. There were tantalizing clues: a
zigzag that had clearly been generated ran-
domly (but how exactly?) was used as the
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basis for a curve that approximated it. But how
systematic was the derivation of the curve
from the zigzag? [t would have been good to
know, because the curve had a peculiarly sat-
isfying shape. It came across both as a very
successful example of abstract expressionism
{even if at one level the success was accidental
and not necessarily “expressing” anything),
and also as a direct and intuitive illustration of
large-scale order just beginning to emerge
from a succession of random choices.

One item that bucked the trend was a video
display of a rotating four-dimensional hyper-
cube. An accompanying audio commentary
explained carefully what one was seeing and
drew useful analogies between that and the
ordinary three-dimensional cube. As a result,
one began to feel that one was truly under-
standing the fourth dimension. This piece
showed how much more Beyond Measure asa
whole could have achieved.

Reference
1.E. H. Gombrich, The Stary of At (Phaidon, London, 1950).
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SCIENCE AND RELIGION
Rethinking History
for a New Islamic

Science
Jane H. Murphy

1 1727 a Balkan Muslim convert, [brahim
IM\]teferrika, procured a license for the

first [slamic-run printing press in the
Ottoman Empire. Sensitive to the uproar in
Christian Europe over the heliocentric model
of the universe, he worried that a Turkish trans-
lation of the Copernican model would create
opposition to his press. However, clerical reac-
tion to the treatise was mild: as long as Gods
position as creator of the universe was pre-
served, the movement of Earth caused no theo-
logical objection. Still, Muteferrika’s press was
short lived. It wasn't [slamic opposition but
rather the power of the guild of copyists and
calligraphers (with tens of thousands of mem-
bers) that successfully blocked his enterprise.

Muteferrika’s story echoes many of the
themes of Muzaffar Iqbal’s Science and
Jslam and highlights one of the analytic
problems of Igbal’s larger project: So-called
Islamic opposition to rational study of the

natural world has little theological basis or
historical evidence. On the contrary, the
broad Islamic tradition produced commen-
taries and new treatises on mathematical,
astronomical, astrological, geographic,
botanical, and medical sciences from the 8th
through 18th centuries. And today scientific
education is present in every [slamic nation,
although Iqbal (a writer and Islamic scholar
who trained as a biochemist) despairs about
the quality of such education. If religious
opposition did not stop science in the past or
now, however, why is Igbal just as despon-
dent as [slam’s harshest critics about the cur-
rent state of seience in [slamic countries? He
must embrace a sense of crisis because he is
advocating a radical shift in policy and aims.

Igbal does not merely seek increased
funding for science and greater appreciation
of scientific inquiry in the Islamic world.
Rather, he calls for “a major intellectual
revolution in the Muslim world” His goal
with the book and his Center for [slam and
Science (www.cis-ca.org) is to
advocate a new mode of science
that is modern in its range and
achievemnent while [slamic in its
worldview. This new Islamic
science must differ qualitatively
from Western science, although
he pives little to clarify just
what it would look like in scope
or practice.

Ostensibly a history of sci-
ence and [slam, Igbal’s book is best read as a
diagnosis of the current state and a prescrip-
tion for future reforms. Its most animated
analysis comes in the concluding chapters
and the author’s call for change. Much of the
book consists of a selective survey of scien-
tific achievements in the I[slamic tradition,
with particular focus on mathematics and
astronomy. However, his approach to this
material is not fundamentally historical.
Igbal rejects the historicization of Islam
(“Islam is not a fluid conceptual framework
that keeps changing with time™), and he also
minimizes the role that astrology and divina-
tion, not to mention alchemical beliefs,
played in Islamic and European scientific
practices well past the Renaissance. To him,
the Islamic scientific patrimony is primarily
important not for the insight it might offer
into earlier historical periods but for the role
it should play in creating a new alternative to
modern Western science. This is an ambi-
tious intellectual project but one still rying

The reviewer is at the Department of Histery, Colorado
College, 14 East Cache La Poutire Street, Colorado Springs,
€0 80903, USA. £-mail: jane. murphy@coloradocollege.
edu

to gain folk 5

Igbal rightly shows that whatever reli-
gious antagonism one finds before the 19th
century, and particularly the critical writings

Science and Islam

of al-Ghazali (1058-1111), proved less
influential than religious and social en-
couragement of science loosely termed.
However, he is ultimately reluctant to offer
social, political, or economic remedies for
the current state of affairs and instead
returns the debate to the terms of religion.
For him, none of the 57 members of the
Organization of the I[slamic Conference
“produce any science worth its name,” and
this is because the science (and technol-
ogy) they seek remains ultimately foreign to
an [slamic worldview.

The author usefully draws readers’ atten-
tion to the ways in which modern science
and European colonization extended one
another’s reach and therefore complicated
questions of modernization and resistance in
19th- and early-20th-century colonies. [n his
analysis, reformers like Jamal al-Din al-
Afghani (1838-1897) and Sayyid Ahmad
Khan (1817-1898) are seen as advocating a
kind of scientism that appears just as dated
as Herbert Butterfield’s faith
in science to push out all con-
tenders for social authority.

The problem for Iqbal is that
he wants to re-create the Euro-
pean trajectory from various
forms of knowledge of the natu-
ral world to “science worth its
name” while preserving a mode
of transformation and witimate
product distinet from that which
emerged in Europe. Islamic science must
measure up to Western science but must also
differ from its yardstick. [gbal’s argument in
favor of such a program of Islamic science
comes both from a post-1950 critique of sci-
ence and technology and of the power that this
form of knowledge holds in the modern world
and fromhis particular interpretation of the les-
son to be drawn from the past two centuries of
failed scientific reform movements.

As Igbal concedes, most Islamic govern-
ments and their general publics do not share
his goal. Rather, his call comes from “a
small minority of Muslim scholars.” Indeed,
Igbal ulti Iy posits “a deep-seated
almost insatiable, hunger for modern sci-
ence in the Muslim psyche,” a hunger
explained as a feeling of inferiority emerg-
g from the colonial experience.

[gbal wants to revive [slamic intellectual
society through a reclamation—or more
properly the creation—of a modern Islamic
science. If his project succeeds, modern
Islamic science, rather than bringing Islamic
societies further into Euro-American net-
works of institutions and practices, would bea
point of differentiation.  16.1126é/%ckence. 1157350
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The Promise of Prediction Markets

Kenneth J. Arrow,' Robert Forsythe, Michael Gorham,* Robert Hahn,** Robin Hanson,®
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Vernon L Smith,"* Erik Snowberg," Cass R. Sunst

Hal R. Varian," Justin Wolfers,'® Eric Zitzewitz'®

ing contracts that yield payments based

on the outcome of uncertain events.
There is mounting evidence that such markets
can help to produce forecasts of event out-
comes with a lower prediction error than con-
ventional forecasting methods. For example,
prediction market prices can be used to
increase the accuracy of poll-based forecasts
of election outcomes (1) (see the figure), offi-
cial corporate experts’ forecasts of printer
sales, and statistical weather forecasts used
by the National Weather Service.

Several researchers emphasize the poten-
tial of prediction markets to improve deci-
sions (2-5). The range of applications is vir-
tually limitless—from helping businesses
make better investment decisions to helping
governments make better fiscal and mone-
tary policy decisions

Prediction markets have been used by
decision-makers in the U.S. Department of
Defense (6), the health care industry (7), and
multibillion-dollar corporations such as
Eli Lilly, General Electric, Google, France
Telecom, Hewlett-Packard, [BM, Intel, Micro-
soft, Siemens, and Yahoo (§). The prices in

P rediction markets are forums for trad-
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.’ Paul C. Tetlock.' Philip E. Tetlock.'

The ability of groups of people to make
predictions is a potent research tool that should
be freed of unnecessary government restrictions,

Information Revelation Through Time

Average absolute forecast errar
(Vote share %)

150 90

30 Q

Days until election

Information revelation through time. Data are from the lowa Electronic Markets for markets predicting the
two-party vote shares rom the 1988, 1992, 1996, and 2000 presidential elections (19). The vertical axis
plats the average absolute difference between the market prediction and the actual vole share. In the week
immediately before the election, the market erred by an average of 1.5 percentage points compared with an
average error of 2.1 percentage points for the final Gallup poll. The longer-run forecasting performance af
the market is also impressive, with an average error of only 5 percentage points 150 days before the election,
a lime when polls have much larger errors when interpreted as predicions. Calculations are based on data

available at wenw.biz.uiowa.edufiem.

these markets reflect employees’ expecta-
tions about the likelihood of a homeland
security threat, the nationwide extent of a flu
outbreak, the success of a new drug treat-
ment, the sales revenue from an existing
product, the timing of a new product launch,
and the quality of a recently introduced soft-
ware program.

These markets could assist private firms
and public istitutions in managing economic
risks, such as declines in consumer demand,
and social risks, such as flu outbreaks and
environmental disasters, more efficiently.

Unfortunately, however, current federal
and state Jaws limiting gambling create sig-
nificant barriers to the establishment of
vibrant, liquid prediction markets in the
United States. We believe that regulators
should lower these barriers by creating a legal
safe harbor for specified types of small-
stakes markets, stimulating innovation in
both their design and their use (9).

How and Why Prediction Markets Work

An example will help to clarify the prediction
market concept. Consider a contract that pays
$1 if Candidate X wins the presidential elec-

tion in 2008. If the market price of an X con-
tract is currently 53 cents, an interpretation is
that the market “believes” X has a 53%
chance of winning. Prediction markets reflect
a fundamental principle underlying the value
of market-based pricing: Because informa-
tion is often widely dispersed among eco-
nomic actors, it is highly desirable to find a
mechanism to collect and aggregate that
information, Free markets usually manage
this process well because almost anyone can
participate, and the potential for profit (and
loss) creates strong incentives to search for
better information. To be sure, a lively debate
has arisen about whether prediction market
prices are subject to various biases, which
might diminish their accuracy as an aggrega-
tion mechanism (J0-14). However, predic-
tion markets have been used with success ina
variety of contexts.

Legal Impediments

The use of prediction markets has been
greatly deterred by state and federal laws
restricting Internet gambling because at
least some of these laws are plausibly under-
stood to cast serious doubts on prediction
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markets. Currently, eight states bar Internet
gambling outright. In 2006, President Bush
signed the Unlawful Internet Gambling
Enforcement Act, designed to crack down
on such gambling.

The legal questions here are complex, but
to create a prediction market in the United
States that is unambiguously legal, one must
run a regulatory gauntlet (15). In principle,
these difficulties could be avoided by creat-
ing prediction markets outside the United
States, but this approach could suppress inno-
vation and reduce opportunities to aggregate
information and improve decisions. It would
be better for U.S. authorities to clarify the cir-
cumstances under which prediction markets
are plainly legal.

Breaking the Legal Impasse

We suggest that two steps should be taken to
Facilitate the use of prediction markets while
still meeting the legitimate concerns of law-
makers and regulators.

(i) The Commodity Futures Trading
Commission {CFTC), the federal regulatory
agency that oversees futures market activity,
should establish safe-harbor rules for selected
small-stakes markets. One limited safe harbor
is the no-action letter, in which the CFTC mar-
ket oversight staff confirms in writing that it
will not recommend enforcement action if the
recipient acts in specified ways. The only pre-
diction market to receive a no-action letter (in
1992) is the lowa Electronic Markets {(/6),
which is run by professors at the University of
Towa and which initially focused on presiden-
tial elections. Although such no-action letters
reduce the chances of legal action under other
state and federal laws, they may not be ade-
quate. We would therefore urge the CFTC to
explore other approaches to ensuring safe har-
bors, for example, formal rules or guidance
approved by the commission.

‘We suggest that three types of entities be
eligible for safe harbor treatment. The first
would be not-for-profit research institutions,
including universities, colleges, and think
tanks wishing to operate exchanges similar to
the Towa Electronic Markets. The second
would be government agencies seeking to do
research similar to that of nongovernmental
research institutions. The third group would
consist of private businesses and not-for-
profits that are not primarily engaged in
research, which would only be allowed to
operate internal prediction markets with their
employees or contractors.

In all cases, markets would be limited to
small-stakes contracts. Althongh the defini-
tion of small stakes is somewhat arbitrary, we
use the term to mean an exchange in which

the total amount of capital dep d by any

markets do not.

one participant may not exceed some modest
sum, perhaps something like $2000 per year.
The exchanges themselves would be not-
for-profit but would be allowed to charge
modest fees to recoup administrative and reg-
ulatory costs. Brokers and paid advisers
would be barred, reducing the risks that con-
tracts would be sold to inappropriate or vul-
nerable customers or that customers would be
charged fees above the amounts needed to
maintain the markets. Exchanges would be
self-regulated, leaving them with the respon-
sibility to make reasonable efforts to keep
markets free from frand and manipulation.
For its pan, the CFTC should allow mn-

Conclusion

‘We have suggested some modest reforms at
the federal level that we hope will facilitate
the development of prediction markets.
These markets have preat potential for im-
proving social welfare in many domains.
American leadership in this area is likely to
encourage parallel efforts in other countries,
speeding the development of this tool. The
first step in helping prediction markets
deliver on their promise is to clear away regu-
latory barriers that were never intended to
inhibit secially productive innovation.

tracts that price any economically rm

event. This definition could allow for
contracts on political events, environmental
risks, or economic indicators, such as those
offered by the [owa Electronic Markets, but
would presumably not include contracts on
the outcomes of sports events.

The contracts qualifying under this safe
harbor would also create opportunities
for more efficient risk allocation (/7).
Although the small-stakes nature of these
markets would necessarily limit their use-
fulness for hedging risk, they conld serveas
proofs of concept for larger-scale markets
that could be developed under alternative
regulatory arrangements.

The CFTC should allow researchers to
experiment with several aspects of prediction
markets—fee structures, incentives against
manipulation, liquidity requirements and the
like—with the poal of improving their design.
Prediction markets are in an early stage, and if
their promise is to be realized, researchers
should be given flexibility to learn what kinds
of design are most likely to produce accurate
predictions. Of course, exchanges would
need to inform their customers so that they
are aware of the risks and benefits of partici-
pating in these markets.

{ii) Congress should support the CFTC’s
efforts to develop prediction markets (1 8). To
the extent that the CFTC incurs costs in pro-
moting innovation, Congress should provide
the necessary funding. More fundamentally,
Congress should explore alternative ways of
securing a legal framework for prediction
markets if the CFTC’s existing authority
proves inadequate. In particular, Congress
should specify that a no-action letter, or simi-
lar mechanism, preempts overlapping state
and federal antigambling laws. Because
Congress did not intend the CFTC to regulate
gambling, it is important to design new regu-
latiens so that socially valuable prediction
markets easily qualify for the safe harbor but
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CIRCADIAN RHYTHMS

I“tegratl“g CIl'cﬂdlan Tme‘(eepl“g Models of circadian timekeeping mechanisms
with Cellular Physiology

Marie C. Harrisingh and Michael N. Nitabach

ircadian rhythms are daily rhythmic

variations in physiology and behavior

that are found in organisms as diverse
as animals, plants, fungi, and cyanobacteria.
The effects of circadian rhythms are ubiqui-
tous, from the opening of flowers in the morn-
ing and their closure at night, to the jet lag
caused by owr inability to rapidly adapt to a
change in time zone. Circadian rhythms are
generated by intercomecting feedback loops
wherein “clock protein” transcription factors
negatively regulate the expression of the
“clock genes” that encode them. A further
level of complexity arises through the post-
translational modification of clock proteins,
which influences their stability and transloca-
tion to the nucleus (1). Once in the nucleus,
clock proteins contro] the transcription of not
only the genes that encode them, but also of
output genes, leading to rhythmic changes in
gene expression that ultimately result in rhyth-
mic changes in physiology and behavior.
Recent studies suggest that this model of a
negative transcriptional feedback oscillatory
mechanism is incomplete (2-9). O"Neill e al.
on page 949 of this issue (2) and other work (3,

Together, these results impli-

cate cAMP as a component of

the cellular oscillatory mecha-
nism, and suggest that cAMP
signals participate in another
feedback loop that integrates
with negative transcriptional
feedback on clock genes to gen-
erate cellular thythms.
Oscillations in the concen-
wration of the small molecule
cyclic adenosine diphosphate
ribose (cADPR) have recently
been linked to the circadian
timekeeping mechanism in
plants (3). cADPR mobilizes
intracellular Ca®* from internal
stores. In the flowering plant
Arabidopsis thaliana, changing
the concentration of cADPR
alters the period of circadian
timekeeping, and oscillations in
cADPR concentration are abol-
ished in plants that lack all
known circadian thythms. These
results implicate cADPR as

4, 6) sugpest that our unck ding of the cel-
lular and molecular basis of circadian time-
keeping should be expanded to encompass
intracellular small molecules that function in
cell signaling (see the figure).

O Neill er al. observed circadian oscilla-

another Fmol

cular signal that integrates with
transcriptional feedback loops
in generating circadian rhythms.

Circadian oscillations in the
concentration of cADPR drive

tions in the jon of i Thul
adenosine 3’ 5*monophosphate {cAMP) in the
‘mouse suprachiasmatic nuclei, the so-called
‘master circadian pacemaker of the mammalian
brain. When the authors generated constitu-
tively low or high concentrations of cAMP by
pharmacological means, they eliminated circa-
dian rhythms of clock gene transcription.
Furthermore, mmu!m.neuuslymlw.mg the con-
of cAMP in supr nuclei
tissue slices that were previously oscillating
with different circadian phases caused the
phases to become synchronized. Finally,
decreasing the rate of cAMP synthesis slowed
the circadian rhythm of gene transcription.

Department of Cellular and Molecular Physiolegy, Yale
School of Medicine, New Haven, CT 06520, USA. E-mail
michael.nitabach@yale.edu
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di oscillations in the
concentration of cytoplasmic
Ca® (3), raising the possibility
that Ca** oscillations may also
participate in thythm genera-
tion. Circadian oscillations in
the concentration of cytoplas-
mic Ca™* have also been ob-

in plants, flies, and mammals are expanding to
include intracellular small-molecule signals.

Y
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Expanding clocks. Intracellular small molecules couple to circadian
clock machanisms. In Arabidopsis, oscillations in cADPR signals are
coupled to negative transcriptional feedback leaps of the clock, passi-
by through the release of Ca>* from internal stores. In Drasophiia,
changes in ienic conductances at the cell surface requlate transcrip-
tional feedback oscillations of the clodk, possibly by a mechanism
invalving Ca**-mediated signaling through Cad and CaMKIL. In mam-
mals, oscillations in Ca?* and CAMP signals integrate with transcrip-
tional feedback loops of the clock.

Ca?+ channel

served in the mammalian suprachiasmatic
nuclei (70, 17), but until recently have been

voltage-gated channels appear to play a key
role in thythm generation in the mammalian
hi ic nucle.

considered solely a rhythmic output that modu-
lates newronal excitability in this master pace-
maker. However, culturing suprachiasmatic
nuclei tissue slices under a range of conditions
that interfere with these fluctuations in Ca®*
(4), including blockade of voltage-gated Ca®*
channels, results in a loss of circadian rhyth-
mieity. Thus, eytoplasmic Ca* signals induced
by depolarization-mediated influx through

Changes in membrane potential are also
essential for maintaining rhythmic oscilla-
tions in the expression of clock proteins in the
fly Drosaphila melanogaster (5), leading to
the hypothesis that voltage-gated conduc-
tances influence transeriptional feedback
oscillation through cytoplasmic Ca®* signals.
Transgenic flies expressing varying amounts
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of a Ca**-buffering protein, parvalbumin, in
the pacemaker neurons (cells that determine
the periodicity and phase of behavioral
rhythms) exhibit a slowing of the transcrip-
tional feedback oscillator, demonstrating that
intracellular Ca®* signals control the genera-
tion of circadian rhythms in flies as well (6).
These studies raise the question of which

kinase [T (CaMKII) proteins in coupling intra-
cellular Ca™ signals to transcriptional feedback
loops of the fly clock. CaMKII activity has
been linked to CREB phosphorylation in mam-
mals {42, 13), so perhaps changes in intracellu-
lar Ca®* concentrations in Drosophila lead to
changes in circadian gene expression ina man-
ner similar to that of cAMP signals in mam-

isms couple oscillations of i ul
signaling molecules to the transcriptional feed-
back loops of circadian clocks. Of the cAMP
effectors studied by O'Neill ef al., only inhibi-

mals. Interestingly, Drosophila dCREB2 activ-
ity eycles in a circadian manner (/4) and is
altered in per mutants, and mutations in
dCREB2 in turn affect per expression. In

tion of the hyperpolari tivated cyclic
nucleotide—gated ion channel or the guanine
nucleotide-exchange factors Epac 1 and Epac
2 suppressed circadian gene expression. Ap-
plication of an Epac agonist resulted in the
phosphorylation and increased activity of
c¢AMP response element-binding (CREB) pro-
tein, a transcription factor. This suggests that
changes in cAMP signaling could feed into the
circadian transcriptional oscillator by regulat-
ing the expression of genes that contain binding
sites for CREB. Such genes include the circa-
dian clock genes Per] and Per2.

Genetic interaction analysis in Drosophila
(6) implicates Ca*-sensitive calmodulin

Arabid c¢ADPR may regulate the tran-
scriptional oscillator by a mechanism involving
Ca®* signaling (3). However, Ca®* release from
internal stores can also be triggered by the
Ca”*-sensing receptor—inositol 1,4,5-trisphos-
phate pathway (15) and may also thereby con-
tribute to regulating Ca** oscillations.

These recent studies indicate that negative
transeriptional feedback is neither sufficient,
nor even necessary in some cases, for circadian
oscillation (2-9). Circadian timekeeping
should now be thought of as an integrated
emergent property of the cell that involves
interactions between negative transcriptional
Feedback loops and key intracellular small-

{CaM) and Ca**/calmodulin-d protein

lecules, It is not yet clear

how transcriptional feedback oscillations influ-
ence oscillations in the concentrations of intra-
cellular small-molecule signaling molecules.
Whether other cellular physiological processes
and signaling molecules integrate with tran-
scriptional feedback in the generation of cellu-
lar rhythms also remains an open question.
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PLANT SCIENCE

Plant Stress Profiles

Laurentius A. C. J. Voesenck and Ronald Pierik

of many crops and wild plants world-

wide (), so understanding the inter-
play between plant development and environ-
mental adversity is key to crop improvement
and to predicting changes in species distribu-
tion and biodiversity. An important new dimen-
sion has been added to this field by Dinneny
et al. on page 942 of this issue (2). With
unprecedented detail and developmental reso-
lution, the study reports stress-induced gene
expression (transeript profiles) for the flower-
ing plant Arabidopsis thaliana and provides a

C limate change affects the performance

for developmental time, and root
cells segregated along the radial
axis—yielding six different cell
types. Much larger numbers of
regulated genes were found in the
second and third of these sets rel-
ative to the first set, indicating a
serious dilution of information
when only intact roots are ana-
Iyzed. A major finding is that cell
identity determines the gene pool
that is regulated during stress, as
reflected by the high degree of

unique entry into und ding the subtleties
of plant stress responses. catenvmes This specificity re-
Dinneny e al. d gen ide  quires

11 specificity in functional gene

expression maps of Arabidopsis roots exposed
to either a high-salt medium {osmotic stress) or
an iron-deficient medium (nutrient stress) at
three organizational levels—intact roots, roots
divided into four longitudinal zones as proxies

#lant Ecophysiology, Institute of Environmental iology,
Utrecht University, Serbonnelaan 16, 3584 CA Utredht,
Netherlands. E-mail: La.c.j.voesenek @uu.nl
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of cell fate
during stress, which 1s probably
ensured by a transcript cohort
enriched in cell-identity genes
that remains inaffected by environmental stress.

A large portion of the tanscript profile per
cell type chanpes dramatically upon stress.
However, a comparison of the regulated genes
between high-salt treatment and low-iron treat-
ment revealed that only 20% of genes regulated

Multiple stresses at hand. Various enviranments
dominated system (River Waal, Netherlands) include shallow water
bodies that are maintained throughout the year and elevated parls
that are better drained, The |atter has high plant productivity but
sulfers from draught stress. The entire region gets flosded occasion-
ally fram melting snow in the Alps and strong precipitation,

Cell-specific transcript profiles reflecting
response to environmental adversity add a
new dimension to plant stress biology.

ariver-

by salt stress are also altered by iron deficiency.
Surprisingly, a large proportion of these genes
are regulated in a cell-specific manner, which
suggests that cell type—specific processes are
common targets for stress regulation. [t will be
interesting to see whether these genes are com-
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mon targets for other stresses.

Growth regulation may function in adverse
environments to conserve energy for stress
resistance. Dinneny ef al. suggest that genes
regulated by both salt stress and iron shortage
in the outermost (epidermal) root cell layer
suppress root growth for both stresses.
Reduced shoot growth in response to high salt
involves accumulation of DELLA proteins,
transcriptional regulators that inhibit cell
growth (3). DELLA proteins are targets for the
plant hormone gibberellin, and their abun-
dance is controlled by different environmental
cues such as salt (3) and light (4). Integration
of different cell signaling routes was also
recently described for the protein kinases
KIN10and KIN11 (5). These enzymes orches-
trate transcriptional networks to globally regu-
late metabolism during plant developmentand
stress exposure, Further exploration of gene
expression profiles may identify yet unknown
integrators of environmental stresses and
developmental processes in plants.

Comparing the effects of different stresses
is an important step toward understanding
plant behavior under realistic field conditions
where stresses rarely occur alone. The impor-
tance of multiple stress exposure was illus-
trated by a study in which Arabidopsis was
exposed to heat and drought simultaneously
(). Fewer than 10% of the regulated genes in
this dual-stress treatment overlapped with the
gene cohort regulated by both of the individ-
ual stress treatments. This indicates that multi-
ple stresses control largely separate gene net-
works that cannot be predicted from studying
the individual stresses alone {6, 7)

Field observations not only demoenstrate
that multiple stresses often occur simultane-

ously, but also that most stresses vary in dura-
tion and intensity. These variations can select
for different suites of adaptive traits that are
cell-specific and set in motion by different sig-
naling and transcriptional networks. One such
example is the variation in flooding regimes in
river floodplains (§) (see the figure). Floods
with deep and/or transient high waters select
for a so-called “low oxygen quiescence syn-
drome,” characterized by down-regulation of
growth (for energy and carbohydrate conserva-
tion) and up-regulation of the expression of
genes involved in detoxification of reactive
oxygen species that accumulate during flood-
ing (9, 10). On the other hand, shallow, long-
lasting floods typically select fora “low oxygen
escape syndrome,” which involves a multitude
of traits including elengation of stemns and peti-
oles. These traits are regulated in different cell
types and help plants to outgrow the water, thus
aveiding oxygen depletion and carbohydrate
starvation (8, 7/-14). During submergence,
entrapment of the volatile plant hormone ethyl-
ene promotes expression of SUBIA, a gene
encoding an ethylene-responsive transcription
factor (15). Accumulation of the SUBIA pro-
tein induces the low oxygen quiescence syn-
drome, as it represses the transcription of genes
related to cell elongation and carbohydrate
catabolism (9). This results in energy-conserv-
ing, non-clongating rice varieties. In cultivars
that lack SUB/ A, ethylene, by contrast, induces
the low oxygen escape syndrome by stimulat-
ing cell elongation. Hence, the presence of one
particular transcription factor can determine a
plant’s adaptive strategy for survival. Such
insights could help crop breeders deliver culti-
vars that behave optimally with respect to local
environmental conditions.

PERSPECTIVES I

Genome-wide transeript profiling with
high spatial and developmental resolution is a
major leap forward in understanding stress tol-
erance in multicellular organisms. A next step
will be detailed functional studies of the signal-
ing networks that coordinately regulate tran-
scripts that determine phenotypic conse-
quences critical to surviving environmental
adversities. Another major challenge is to
reproduce natural conditions in experimental
studies by incorporating multiple stresses that
vary in intensity and duration. This will
increase our understanding of the diversity of
stress adaptation mechanisms and provide
oppertunities to further improve crops that
prow in marginal environments to meet

increasing global food demands.
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The Changing Shapes of Molecules

Dmitry G. Melnik and Terry A. Miller

conveying information about an ob-

Ject’s properties. In retail stores, bar
codes are used to identify goods. Similarly,
spectra are widely used in chemistry to iden-
tify molecular properties. On page 924 of
this issue, Dian ef al. (1) report the use of a
new spectroscopic technique that makes it
much easier to identify the shapes of mole-
cules as they change.

P recise diagnostics are important for

Laser Spectrascopy Facility, Department of Chemistry,
Ghio State University, Columbus, 04 43210, USA. E-mail:
tamiller+@osu.edy
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Like any good diagnostic, molecular
spectroscopy needs to be fast, sensitive, and
selective. Several different types of spec-
troscopy can elucidate molecular proper-
ties, but the finest level of molecular
detail—the molecule’s shape—can best be
identified by microwave spectroscopy.
Traditionally, this technique provides excel-
lent selectivity and sensitivity but suffers
limitations in speed. The new microwave
spectroscopic technique used by Dian ef al.
dramatically enhances the speed of acquir-
ing rotational spectra without sacrificing
sensitivity or selectivity.

A new microwave spectrometer enables the
qeometries of molecules to be tracked as they
interconvert between different shapes.

Molecular shape plays an important role
in chemical reactivity. Nowhere is this more
apparent than in biochemistry, For example,
biopolymers are dominated by L-amino acids
and D-sugars, whereas their mirror image
molecules are nearly absent (2). Subtle shape
differences also have big effects for fatty
acids. Those with hydrogen atoms located on
opposite sides of the carbon-carbon double
bond are more likely to raise bodily LDL
cholesterol levels than are those that have the
hydrogens on the same side (3).

The complete determination of the
three-dimensional molecular geometry by
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relatively slow, because the
bandwidth covered in a sin-
gle pulse was limited to less
than 1 MHz due to instru-
mental constraints on pulse
duration (6). This was a
problem because molecular
species and shapes often
exist transiently, and their
rotational spectrum must be
acquired in a short time.
The new instrument de-
veloped by Dian er al, a
chirped-pulse (CP-FTMW)
spectrometer, is based on
the same principles as the

original Balle-Flygare mstru-
ment; however, it in-corpo-
rates recent advances in elec-
tronics (7). First, the burst
of microwaves has been re-
placed with an extremely
fast, chirped pulse contain-
ing an ultrarapid frequency
scan. The breadth and dura-
tion of this pulse are not cou-
pled, because the pulse is
produced by digital electron-

Of horses and melecules. Differant poses of horses (top panel) corre-
spond to different three-dimensional entities. Similarty, microwave spectra
of two differently shaped steresisomers (axial and equatorial) of a substi
tuted cyclahexane molecule are distinct, However, these entities are not
fixed (bottom panel). The horse can move betwean different shapes ar
forms, with a slow camera capturing elements from them all. Similarly,
when the cyclohexane molecule has been energized, it rapidly intercorwerts
batween the twe steracisomers, giving rise to a compasite spectrum of the
nature of that recorded by Dian et ol. o cyclopropane carboxaldehyde.

‘microwave spectroscopy alone is feasible only
for very simple molecules. Typically, only a
few unique shapes (sterecisomers) are stable
for a given molecule, and a high-resolution
rotational spectrum unambiguously distin-
guishes among them. Traditionally, micro-
‘wave spectra were acquired through continu-
ous frequency scanning, In early experiments,
the aceumnulation of a spectrum could require
many hours (4). Recent advances have re-
duced acquisition times to minutes or seconds
(5). albeit with diminished resolution and
hence possibly selectivity.

An alternative to continuous frequency
scanning was pioneered by Balle and Flygare
(@), who exposed molecules to a short burst
of microwave radiation and then recorded the
temporal profile of the emanating radiation.
Fourier transformation of this profile yields
rotational spectra of superb resolution and
sensitivity. This Fourier transform micro-
wave (FTMW) spectroscopy was, however,

ics that can generate phase-
reproducible radiation. Typ-
ically, an entire 10,000-MHz
spectral segment can be scan-
ned in roughly a microsec-
ond. Second, to record the
spectrum, radiation emanat-
ing from the molecules must
be sampled with sufficient
temporal reselution to cap-
ture all necessary details,
which requires gigahertz frequency response
in the electronics—a capability that has only
recently become available.

Depending on the experiment, the tech-
nological breakthroughs increase (&) the
speed of spectral acquisition by a factor of
100 to 10,000, making possible the experi-
ments described by Dian et af. The authors
study cyclopropane carboxaldehyde, which
exists in two stable shapes, or stereoisomers,
called syn and anti. When such a molecule
has low energy, both stereoisomers are typi-
cally present and do not interconvert on the
time scale of the experiment. The unique
rotational spectrum (see the figure) of each
stereoisomer can easily be obtained with a
conventional spectrometer.

However, a conventional microwave
spectrometer would not sufTice for the rest
of the experiment, which involves energiz-
ing a small fraction of the molecules with an
infrared laser pulse. This excited {“hot™)

population decays back to the vibrationless
(“cold”) level on a time scale of milli-
seconds (9).

During this time interval, the CP-FTMW
instrument can acquire, in a single snapshot,
a complete rotational spectrum (preserving
all the relationships between the spectral
elements) of the molecule in its hot state,
where the vibrationally excited molecules
interconvert on a time scale comparable to
their rotational period. This spectrum is fun-
damentally different from that of either the
syn or anti form in the cold state. The result-
ing spectrum captures elements from all the
differently shaped molecules, resulting in a
kind of average. This is analogous to taking
a picture of a fast racehorse with a relatively
slow camera (see the figure). By examining
a number of shots of the racehorse and
knowing the speed of the camera, one can
deduce how fast the horse is running.
Similarly, a more complicated analysis (1,
11) of the positions and intensities of the
features in the microwave spectrum yields
the interconversion rate between the syn and
anti shapes. The corresponding half-life
varies, depending on the vibrationally ex-
cited level, but can be as short as ~100 ps
(1071 5). The measured rate is 16 times
slower than predicted by theory, indicating
current theory’s limitations for describing
processes of this nature.

The experimental approach used by Dian
et al. has the potential for measuring the rate
of change of molecular geometries on very
rapid time scales with unprecedented detail
and precision. The work may substantially
advance understanding of why the products
of some chemical reactions depend stwongly
on the molecular shapes of the reactants.
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The Origin of Alkaline Lavas

Yacling Niu

Ikaline lavas—mantle-derived mag-
A:ms rich in alkali metals such as
otassium and sodium—are com-
monly found in the interiors of tectonic
plates, both on continents and on islands in
ocean basins. Melting of metasomatic mate-
rials in the mantle lithosphere has long been
conjectured to be the main source of these
magmas (1, 2), but this has not been success-
fully simulated experimentally. On page
916 of this issue, Pilet et al. (3) report exper-
iments that explain the properties of alkaline
magmas in a simple and elegant way.
Oceanic crust forms at mid-ocean
ridges, where tectonic plates move apart. As
it moves further away from the ridge, the
lithosphere thickens, reaching its full thick-
ness after about 70 million years (see the
figure, left panel). It has long been widely
accepted that the oceanic crust—after recy-
cling into the deep mantle throngh subduc-
tion—becomes the source of alkali-rich
melts needed to explain the compositions of

Department of Earth Sciences, Durham University, Durham
DH1 3LE, UK. E-mall: yaoling.niu@durham.ac.uk

ocean island basalts (4), but this explana-
tion has been criticized and remains
debated {5-7). One of the problems is that
melting of the oceanic crust would lead to
silica-rich rather than alkaline melts.

Pilet ef al. now show that melting not of
recycled oceanic crust but of metasomatic
veins in the lithosphere produces melts
with elemental compositions matching
those of extreme alkaline lavas (nephelin-
ites). When these nephelinite melts interact
with the host peridotites, they produce
modified melts that form a compositional
spectrum from less extreme alkaline lavas
(basanites) to the more common alkali
basalts. The veins consist of amphiboles, a
group of minerals that are stable in the lith-
osphere but not in the seismic low-velocity
zone (LVZ). Thus, the results provide con-
vineing evidence for a lithospheric origin
of alkaline magmas.

The key question concerns the origin
of metasomatic amphibole-rich veins.
The volatile- and alkali-rich character of
amphibole-rich veins requires that they
crystallize in the lithosphere from small-

PERSPECTIVES I

Alkali-metal-rich lavas on ocean islands are
produced from veins that ferm in oceanic
mantle lithosphere as it ages.

mass-fraction (low-degree) melts that ulti-
mately originated in the LVZ—a process
called mantle metasomatism. As Pilet ef al.
explain, these low-degree melts can be pro-
duced in regions deeper than and in the
vicinity of ocean ridge mantle melting [fig-
ure 85 in (3)]. Such melts may in fact exist
throughout the IVZ (see the figure, left
panel) (5, &, 9), causing the obhserved low
seismic velocity (8). Because of their buoy-
ancy, such low-degree melts tend to con-
centrate toward the top of the IVZ and are
enriched in volatiles (such as water and car-
bon dioxide) and in “incompatible” ele-
ments (such as Ba, Rb, Th, U, Nb, and light
rare earth elements) that prefer to enter the
melt over solid minerals.

However, metasomatic amphibole-rich
veins in the lithosphere do not melt without
thermal perturbation. Hot “plume” melts
from the deep mantle may cause the veins to
melt; mixing of the two melts in different
proportions then results in the alkali-rich
nature and compositional spectrum of ocean
island lavas (see the figure, right panel).

The lithosphere does not reach its full

Oceanic lithosphere fonmation Lithology of metasomatized Alkaline lava formation
Fast plate mavement (60 mmiyear)  Distance to ridge (km) oceanic lithosphere - nite
500 1000 1500 2000 2500 3000 3500 4000 Neghelinite Du:: islllanﬂ
Slow plate movement (10 mim/year) g
[ 100 200 300 00 500 500 700
0 L L t |
20
. 10 _
% K]
3 -
g 8
_______ sl e LT S
100 - LR Solidus
120 #easomatic
veins
Law velocity 2ane (LVZ)
140 T T T T
10 20 50 60 70

30 a0
Age (million years)

From oceanic lithosphere formation to alkaline lavas. {Left) Oceanic litho-
sphare grows with time by accreting LVZ material at the base (red arrows), tak-
ing ~70 million years to reach its full thickness. The thick red curve is the pres-
ent-day lithesphere-LVZ interface, which is a natural salidus {the boundary
between some melting and no melting). The thin white dashed curves indicate
where this interface was in the past, illustrating the continuing lithesphere
growth with time as the plate ages. (Middle} Close-up of metasomatic veins in
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the surrounding peridotite. Going upward, the veins are garnet pyroxenite,
harnblende pyraxenite and hornblendite. The veinlets at the top are dunite
inherited from ridge melting. (Right) When the mature aceanic lithesphere is
reheated due to a hot plume rising up from deeper in the mantle, the vein melt.
The vein melts may be altered through addition of surrounding material and
mixing with plume melt. The degree of mixing determines which type of alkaline
magma is formed and erupted.

16 MAY 2008

883



I PERSPECTIVES

884

thickness until it is ~70 million years old;
mantle metasomatism thus continues dur-
ing this time. This is equivalent to a dis-
tance of 700 km from the ridge if the plate
spreads slowly at 10 mm per year and of
4200 km from the ridge if the plate
spreads fast at 60 mm per year (see the
figure, left panel). Hence, the oceanic lith-
osphere is a large geochemical reservoir
enriched in alkalis, volatiles, and incom-
patible elements.

Alkaline lavas on ocean islands only
sample very small amounts of amphibole-
rich veins that may be ubiquitous through-
out the oceanic lithosphere (see the figure,
‘middle panel). Recycling of such metasom-
atized lithosphere into the deep mantle over
much of Earth’s history will cause mantle
compositional heterogeneities on all scales.
Involvement of such enriched hetero-
geneities in mantle source regions can
account for the enriched characters of ocean
island basalts (5).

Amphiboles are important minerals. A
type of amphibole called pargasite may be
the key mineral that determines the thick-
ness of the matwre oceanic lithosphere and
the nature of the LVZ. Experimental studies
suggested long ago that the lithosphere-to-

IVZ transition may be a petrologic transi-
tion from solid pargasite-bearing peridotite
to peridotite containing a small melt frac-
tion (~1%) (&, 9). This argument suggests
that the mature oceanic lithosphere should
be less than 95 km thick (§)—too thin for
models in the 1970s () but consistent with
more recent geophysical observations and
models (17).

Although melting of amphibole-rich
veins can also explain nephelinite lavas on
land (3), further effort is needed to explain
alkaline magmas such as kimberlite, lam-
proite, carbonatite, some nephelinite and
their associations in continental settings
with thick lithospheric roots (72). Their ori-
gin is apparently associated with meta-
somatized continental lithosphere (12).
Kimberlite melts may actually originate at
great depths, perhaps in the transition zone
between the upper and lower mantle (13),
and may be the agent that metasomatizes
the continental lithosphere (/4). Meta-
somatic vein amphiboles are potassium-
rich (3), and potassium-amphiboles can
be stable up to 16 GPa in the subducting
oceanic lithosphere (/5) before they under-
go dehydration melting in the transition
zone. It is possible that such melts, in the

presence of carbon dioxide, are of kimber-
litic composition, thus offering new per-
spectives on the n of continental alka-
line magma associations.
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CHEMISTRY

To Be or Not to Be
Kiyoshi Ueda

n molecules, valence electrons form

molecular bonds, whereas the underlying

core electrons play a supporting role. [f a
vacancy, or hole, is created in the core
orbitals by an excitation process, a rearrange-
ment process called Auger decay can oceur: A
valence electron drops to fill the core hole,
and energy is released by emitting an Auger
electron from another valence orbital. It has
long remained unclear whether this short-
lived core hole in a homenuclear diatomic
molecule such as N, is localized on one
atomic site, or delocahzed over both. On page
920 of this issue, Schoéffler ef al. (1) show that
this question cannot be answered without tak-
ing into account how the unstable core hole
state relaxes by Auger decay. They show that
the photoelectron and the Auger electron that
are emitted form an entangled state. Whether
one finds the core hole to be localized or

Institute of Multidisciplinary Research for Advanced
Haterials, Tohoku University, Sendal 930-8577, Japan.
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Localized

delocalized will depend on the experiment
used to observe this entangled state.

To answer the question about core hole
localization and delocalization experimen-
tally has required the development of
sophisticated spectroscopic methods, but
this question was first addressed theoreti-
cally decades ago. The direct core hole cal-
culation of O, within the Hartree-Fock
approximation supported a localized core
hole picture. The energy of a symmetry-bro-
ken ionic state 01'02, in which a core hole is
localized and thus the O atoms are inequiva-
lent, is lower and agrees better with the
experimental value than does the delocal-
ized state (2). However, according to the
Green's function approach, which includes
more electron correlations, the energy dif-
ference between the localized and delocal-
ized core holes calculated within the
Hartree-Fock approximation is attributed to
the neglect of electron correlations (3), and
so at this level of theory, it is not possible to
decide which description of the core holes

The hele created by emission of a core
electron in a diatomic molecule resides
in an entangled state.

better peri
Core hole localization and delocalization
can be built into theoretical calculations, but
is it likely that we could see the localization
and delocalization experimentally? State-
of-the-art ab initic calculations (4, 5) pre-
dicted that the two delocalized core hole
states of N,*, which have different symme-
tries, are different in energy by ~0.1 eV, This
energy gap, which is not seen for the sym-
metry-broken localized holes, is referred to
as gerade-ungerade splitting. When all elec-
tron coordinates change sign, a gerade (even)
wave function stays the same, but an unger-
ade (odd) wave function changes sign. Also
the equilibrium bond length would differ by
~(.04 pm between gerade and ungerade core
hole states (4, 5).

If such energy gap and different bond
lengths can be observed, they could be con-
sidered as experimental evidence for delo-
calized core holes. Recent high-resolution
photoelectron spectroscopy studies con-
firmed the perade-ungerade splitting { 6) and
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the difference in the bond length
(5) that are the hallmarks of
the symmetry-adapted delo-
calized core hole states. Also, A
a high-resolution Auger elec-
tron spectrum, where the ger-
ade and ungerade core hole
states are partially resolved,
was best described as an in-
coherent sum of these two
delocalized components (7).

The symmetry-adapted de-
localized description of the
core hole leads to another
interesting prediction: Photo-
electron emission from the
gerade or ungerade core or-
bital can be described as a
superposition of two phase-
coherent waves emitted from
the two nitrogen atoms (8).
The resulting interference
pattern (%) was indeed ob-
served in the gerade-unger-
ade resolved photoionizat-
ion cross sections (10). This
observation also supports the
symmetry-adapted delocal-
ized picture of the core hole
in N,

However, the localized or
delocalized core hole can be
probed more directly if we
can establish the direction
in which photoelectrons are
emitted relative to the molecular frame.
The molecular frame can be defined by dis-
sociation; the fragments will be ejected
along the molecular axis. The angular dis-
tributions of photoelectrons ejected from
the core orbitals in C,H, (/1) and Ne, (12)
were found to be asymmetric when the
molecular frame was defined by the
asymmetric fragmentation: H/C,H* and
Ne'/Ne®, respectively. Although C,H, is
not a homonuclear dimer, the core hole
states of C,H, exhibit a gerade-ungerade
splitting of 0.1 eV (13). The gerade-unger-
ade splitting for Ne, is too small to be
observed. The photoelectron angular distri-
bution observed for Ne, was well repro-
duced by a theoretical calculation in which
the photoelectron was assumed to be emit-
ted from the Ne?* site leaving the localized
core hole there. Thus, the asymmetric pho-
toelectron angular distributions observed
for C,H, and Ne, seem to provide evidence
fora locahzed core hole, contrary to the
conclusion derived from the high-resolu-
tion electron spectroscopy on N, (5-7, 10)
and C,H, (13).

www.sciencemag.org SCIENCE  VOL 320

Phatoslectron
angular distribution
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polarized Hight

photoelectron angular distril

Photoslectron
angular distribution

Auger electron
detector

detector

Auger electron
angular distribution

Wave function projector. Malecular nitragen is fixed in space, and the core-level
tions are measured in this molecular frame with circularly
polarized light {anticlockwise). The observed photaelectron angular distributions of
Schaffler ef ai. varied dramatically depending on the direction of the detection for the
Buger electron. Each distribution indicales a different location of the core hole. (A) A
hele in the right nitrogen, (B) a hole of gerade symmetry, {C) a hole in the left nitragen,
and (D) a hale of ungerade symmetry. The Auger electron detector works as a “wave
function projector” to make a projection of the quantum-entangled state {cansisting of
the photoelectron and the Auger electron) and to localize and delocalize the core hole,

As Schéffler ef al. now show, the differ-
ences arise in how the molecules are being
studied. The authors have now measured
the photoelectron angular distribution of
N, in the molecular frame, defining it by
the N*/N* fragmentation, and furthermore
simultaneously determining the direction
of the Auger electron emission (see the fig-
ure, main panel). The important trick is that
their momentum resolution is so high for
the N* ion fragments that they could
extract, by the momentum conservation
law, the momentum for the last particle
emitted (the Auger electron) without
detecting it. Proper selection for the direc-
tion of the Auger electron emission then
allowed the photoelectron angular distribu-
tion to be correlated with each of the theo-
retical predictions for the delocalized ger-
ade and ungerade core hole states {(sce the
figure, panels B and D), as well as for the
localized state on each site (see the figure,
panels A and C).

The key finding is that the photoelectron
and the Auger electron form a quantum-
entangled state. Schoffler et al. derived an

PERSPECTIVES I

expression for the differen-
tial cross section (the proba-
bility of simultaneously de-
tecting a photoelectron and
an Auger electron) that is
valid if the gerade-unger-
ade splitting energy is at
most comparable to the life-
time broadening of the core
hole states. The only term in
the equation that can break
symmetry and make the
core hole localized is an
interference term between
two amplitudes related to the
gerade and ungerade core
hole states.

Detection of only a pho-
toelectron or only an Auger
electron corresponds to the
integration over all angles
for the other particle that was
h not detected. In that case, the

interference term disappears,
and observable quantities are
an incoherent sum of the ger-
ade and ungerade contribu-
tions. High-resolution pho-
toelectron and Auger elec-
tron spectra (57, 10, I3),
where gerade and ungerade
components are partially re-
solved, also consist of an in-
coherent sum of gerade and
ungerade contributions and
thus are consistent with the expression by
Schoffler er al.

The physical picture Schoffler ef al. pre-
sent is at the heart of quantum mechanics.
Whether we see a delocalized or localized
core hole depends on how the quantum-
entangled state consisting of the photoelec-
tron and the Auger electron is projected to
the detector,
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BIOPHYSICS

The Intrigue of the Interface

Mark W. Denny

he surface tension of water a
I has profound effects on life
(1-3). It makes possible the

Contact line__

Prakash ef al. build
on these basic concepts
to explain a novel met-

flow of water to the tops of trees, \) Contact angle 8 hod of feeding in shore-
allows some insects to breathe Solid surface birds. In water too deep
underwater and others to walk on it, I to stand, the bird spins on
and resists the inflation of lngs in Pull up the surface, creating a

premature infants. Collaboration
among biologists, engineers, math-
ematicians, and physicists has pro-

Pull of

curlace tension vOTtex that draws up

water and food particles
(6). As it spins, it dips its

duced exciting advances in owr  8<8 | beak into the water, cap-

understanding of surface tension’s Pull of turing a drop of fluid and

effects in both nature and technol- surlace tension  food between the halves
Pull down >

ogy. Inanew twiston this theme, on
page 931 inthis issue, Prakash ef al.
(4) describe a “capillary ratchet”
that explains how some shorebirds
feed, highlighting a burgeoning
research field that makes practical
use of surface tension.

Because water molecules are
attracted more to each other than
they are to air, water acts to mini-
mize its surface energy by minimiz-
ing its area of contact with the
atmosphere (2, 3). When a liquid
drop contacts a solid surface, addi-
tional surface energies come into
play (2, 5), defining an equilibrium
contact angle 0 between liquid and
solid (see the figure, panel A). In
practice, a finite range of static con-
tactangles(6, <6 <6 ) arises due to
effects of microscopic irregularities
on the solid surface, which explains
how raindrops stick to window
panes (panels B, C). As a drop
attempts to slide earthward, its lead-
ing edge may have a contact angle
as high as 6, before it advances,
whereas its trailing edge may have
an angle as low as 6, before it
retreats. Because 6, < 0, the
upward pull of surface tension at the trailing
edge wins and the drop sticks. The net force
holding the drop in place is proportional to the
length of the contact line between drop and
solid, whereas the weight of the drop is propor-
tional to the drop’s volume. As a result, drops
larger than a maximum size (~2 mm} cannot
stick and slide down in streaks.

drop and

Hepkins Marine Statian of Stanford University, Pacfic
Grove, CA 93956, USA. E-mail: mwdenny@stanford edu

Water contacts: (A) Contact angle
O is measured within the liquid,
and (B) can change as a drop
maves, becoming asymmetri
contact-angle hysteresis explains
how raindraps stick to window
panes (C), (D) Micrometer-scale
roughness traps air between liquid

or fakir state), producing large
contad angles.

of the beak (7). The bird
then rapidly scissors its
beak through a small
angle. The beak is never
fully closed, but the
drop nonetheless moves
upward to the mouth. It is
here that surface tension
comes into play. As the
beak opens, the drop is
stretched, and its contact
lines with the beak’s sur-
face retreat. But the con-
tact line nearest the
beak’s tip retreats more
than the contact line
nearest the mouth. As a
result, the drop moves
ncrementally toward the
‘mouth. The opposite hap-
pens when the beak
closes. The drop is sque-
ezed, contact lines ad-
vance—Dbut asymmetri-
cally—andthe drop again
‘moves toward the mouth.
The efficiency of this
capillary ratchet depends
on the angle through
which the beak moves
and the surface energy of the beak’s material.
When the system is well tuned, a drop can move
to the mouth in as Jittle as two to three oscilla-
tions. Because the ratchet depends on the wet-
ting properties of the beak, it could be stymied
by detergents or oily pollutants on the
water’s surface.

Otherresearch in this fast-paced field reveals
how contact angles can be adjusted and how
these adj have practical
(5. &). Inspired by observations that contact

This

salid {the Cassie-Baxter

Diverse phenomena, ranging from the way
shorebirds feed to self-cleaning by leaves, can
be explained through surface tension effects.

angles can approach 180° on the textured sur-
faces of plants and water-walking insects (9),
engineers have determined that micrometer-
scaleroughness on hydrophobic surfaces can act
toretain a microscopic kiyer of air between water
and solid (known as a Cassie-Baxter or fakir
state (panel D). Water drops on these superhy-
drophobic swfaces move with minimal resist-
ance. In nature, the effect allows insects to walk
onwater (J ), lotus leaves to clean themselves of
dust (J7), and desert beetles to capture fog
droplets (/2). Engineering analogs of these
natural superhydrophobic surfaces are being
developed to reduce the drag of fluids flowing
through small pipes such as those in microfluidic
devices (/3), to produce self-cleaning and dew-
resistant windows (3), and to form surfaces
that are slippery in one direction and sticky
m another (8, /4). Butterflies have already met
this last challenge: Scales on their wings have
flexible nanotips that allow water drops to flow
easily away from the body but inhibit flow
toward it (15).

Note the interdependence of natural and
physical sciences in these advances. If biolo-
gists had not reported odd phenomena from
nature, physicists, mathematicians, and engi-
neers might not have recognized the surprising
potential of surface microtexture. The insights
that followed have enabled biologists to explain
the natural phenomena they originally ob-
served and have sharpened their eye for further
observation. It isnot only the interface between
water and air that is important here; it is also the
productive collaboration at the interface
between academic fields that matters.
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Transformation of the Nitrogen Cycle:
Recent Trends, Questions, and

Potential Solutions

James N. Galloway,'* Alan R. Townsend,? Jan Willem Erisman,’ Mateete Bekunda,
Zucong Cai, John R. Freney,® Luiz A. Martinelli,” Sybil P. Seitzinger,® Mark A. Sutton”

Humans continue to transferm the global nitrogen cycle at a record pace, reflecting an increased
combustion of fossil fuels, growing demand for nitrogen in agriculture and industry, and pervasive

inefficiencies in

use. Much anthropogenic nitrogen is lost to air, water, and land to cause a

cascade of environmental and human health problems. Simultaneously, food production in some
parts of the world is nitrogen-deficient, highlighting inequities in the distribution of nitregen-
containing fertilizers. Optimizing the need for a key human resource while minimizing its negative

q requires an i
‘to decrease nitrogen-containing waste.

ur understanding of reactive nitrogen
O(Nr) (Iyand the N cycle has shifted from

how to promote food production to a
realization that agricultural intensification dam:
ages environmental systems (2). Since 1970,
world population has increased by 78% and re-
active nitrogen creation has increased by 120%.
In 1970, Delwiche stated, *The ingenuity that has
been used to feed a growing world population
will have to be matched quickly by an effort to
keep the nitrogen cycle in reasonable balance”™
(3). Thinty-five vears later, Dobermann and
Cassman pointed out, “Failure to arrest the de-
crease in cereal crop area and 10 improve nitrogen
use efficiency in the world’s most important ag-
ricultural systems will likely cause severe dam-
age to environmental services at local, regional,
and global scales due to a large increase in re-
active N load in the environment (4).”

It is clear that an optimum has not been
achieved. In some parts of the world, Nrhas been
used to create an excess of food and a growing
prevalence of unhealthy diets, while also con-
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y approach and the development of strategies

tributing to a host of environmental problems
(2, 5-7). Ye1, other world regions lack sufficient
'Nr to meet even the most basic caloric demands
of hundreds of millions of people ().

Major research and management challenges
remain and are becoming ever more pressing as
the creation and use of Nr continues to ac-

commercial energy production by coal, natural
gas, and petroleurn combustion increased from
8543 million tons of il equivalents (mtoe) to
10,600 mtoe (24%), much of it in the devel-
oping world (11). Hawever, decreases in NOx
emissions in the developed world, among other
reasons, led 10 a relatively constant global creation
rate of Nr-NOx of ~25 Tg N yr ' from 1995 10
2000 (12), and we assume for the purpose of
discussion that this value also holds for 2005,

Finally, an important but poorly understood
aspect of N mobilization is industrial Nr use,
NHj from the Haber-Bosch process is used as a
raw material to create multiple products, includ-
ing nylon, plastics, resins, glues, melamine,
animal/fish/shrimp feed supplements, and explo-
sives. In 2005, ~23 Tg N was used for chemical
production {13), accounting for 20% of Haber-
Bosch Nr, but litile is known about the fate of
Nr used in these industrial activities.

Nr Distribution Patterns Are Changing
In 2004, ~45 Tg N of the ~187 Tg N of Nr
created was traded internationally (Fig. 1), and
in the preceding decade, global trade of N com-
maodities increased twice as fast as the rate of Nr
creation. Unlike aquatic or atmospheric trans-
port, where Nr is diluted to varying degrees,
commerce typically results in injection of Nr to
in mare d doses. Al-

celerate. Although diverse r sirat-
egies are necessary, they are also possible, and
we believe a more favorable balance between
the benefits and unwanted consequences of Nr
can be achieved.

Continued Acceleration of Nr Creation

Nr creation continues to increase every year. It
is dominated by agricultural activities, but fossil
fuel energy plays an important role, and the
growing prevalence of biofuels is adding a new
and rapidly changing dimension. From 1860 to
1995, energy and food production increased
steadily on both an absolute and per capita
‘basis; Nr creation also increased from ~15 Tg N
in 1860 to0 156 Tg N in 1995. The change was
enomous, and it increased further from 156 Tg
N yr*in 1995 to 187 Tg N yr* in 2005, in
large part because cereal production increased
from 1897 to 2270 méillion tons (20%), and
meat production increased from 207 to 260
million tons (26%) (9). These rising agricultural
demands were sustained by a rise in Nr creation
by the Haber-Bosch process from 100 Tg N
yr 10 121 Tg Nyr (20%) (9). Cultivation-
induced biological nitrogen fixation (C-BNF)
‘oceurs in several agricultural sysiems, with crop,
pasture, and fodder legumes being the most im-
portant (7). The C-BNF estimate for 1995 was
315 Tg N (5) and, because of the increase in
soybean and meat production over the
decade, we estimate that in 2005 C-BNF was
40 Tg N. There is substantial uncertainty in this
value, and this is a critical area where more
precise data are needed In parallel, primary

though this has the potential 1o cause greater
damage to a smaller region, it also allows the
possibility of greater control over Nr release.
However, the rise in international rade is posing
new socioeconomic questions, such as who pays
for environmental damage associated with Nr
losses (14). Regions that consume N-containing
products, such as meat and milk, may be far
removed from regions that produce the commad-
ity and thus do not have 1o bear the environ-
mental cost of the production. For example, in
1910, The Netherlands used 13 k tonne of fer-
tilizer Nyr " to produce food for its population of
6 million. In 1999, for the same agricultural area,
400k tonne N yr * fertilizer N was used, and the
yields were enough 1o feed 32 million people,
only half of whom lived in The Netherlands. The
rest of the food, and the Nr it contained, was ex-
ported, whereas the N lost in the food-production
process remained in the Dutch environment, caus-
ing increased groundwater pollution, ambient
ammenia and particle emissions, and nitrogen
deposition (15). Similarly, areas of Latin America
are bearing the cost of land conversion for soy that
is fueling rising meat consumption in Asia (/4).
‘On a global basis, aimospheric transpori and
subsequent depasition has become the dominant
Nr distribution process. It is estimated that in
1860, 34 Tg N yr * of Nr was emitted as NOx
and NH, and then deposited to the Earth’s sur-
face as NOy and NHx; in 1995, it had increased
0 100 Tg N }'r”: by 2050, it is projected to be
200 Tg N yr* (5). N deposition to ecosystems in
the absence of human influence is generally
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Fig. 1. N contained in internationally traded {A) fertilizer {31 Tg N), (B) grain (12 Tg N), and (C) meat
(0.8 Tg ). Data are for 2004 and are in units of thousand of tons. Minimum requirements for drawing a
line are 50,000 tons N, 20,000 tans N, and 10,000 tons N for fertilizer, grain, and meat, respectively (42).

~05kg N hat yx"1 or less (16). There are now
large regions of the world where average N
deposition rates exceed 10 kg Nha ' yr ', greater
than an order of magnitude increase compared
with natural rates. By 2050, this may double, with
same regions reaching 50 kg Nha ' yr * (5), and
landscape-level inputs may be much larger, es-
pecially for forest ecosystems (/7). These rates
are well in excess of the critical loads that have
detrimental impacis on receiving ecosystems (1 §)
(Fig. 2). Critical loads for the open ocean have
not been caleulated, but Duce ef al. (19) conclude
that the increasing amounts of atmospherc
anthropogenic Nr entering the ocean could
increase ammual new marine biological produc-
tion by ~3% and increase the emission of N2O 10
the atmosphere by ~1.6 Tg N yr !

Given the growing importance of the atmo-
sphere in Nr distribution, it is critical to get a

better understanding of emissions rates. There is
a relatively good understanding of NOX emis-
sions from fossil fuel ibustion, but less so

mental responses (20). Yet, we also know that
Nr creation is essential to support a burgecning
human population (2/) and that hundreds of
millions of people still suffer from a “fertilizer
deficit” (). Finally, we know that environmen-
tal changes wrought by excess Nr can feed back
to affect human health and welfare, both di-
rectly, for example through increased production
of atmospheric particulate matter, and indirectly
through impacts on food production (6). Thus,
the grandest overall challenge posed by a chang-
ing N cyele is how to maximize the benefits of
anthropogenic Nr while minimizing its unwanted
q! (see www.ini org).

Although the role of Nr in multiple aspects
of environmental change is undeniable, impor-
tant research questions remain unresolved. We
have identified five broad categories of ques-
tions that are prionties for future research.

What is the nltimate fate of Nr? Although
data on the creation of anthropogenic Nr are
relatively well constrained, those on its fate are
uncertain. For example, in the mid-1990s, the
fate of only 35% of Nr inputs to the terrestrial
‘biosphere was relatively well known: 18% was
exported to and denitrified in coastal ecosystems,
13% was deposited to the ocean via the marine
atmosphere, and 4% was emitted as N2O (5).
Thus, the majority (65%) either accumulated in
soils, vegetation, and groundwater or was de-
nitrified to dinitrogen (N5), but the uncertainty of
those estimaies remains large at every scale.

Even with these uncertainties, it is likely that
denitrification is an important Nr sink. The first
spatially explicit pamtern of denitrification from
soils to the coastal ocean suggested that more
than 80% of denitrification is occurning in soils
and freshwater systems (groundwater, rivers,
lakes, and reservoirs). The bulk of the remainder
{~15%) appears to occur in continental shelf
sediments, thus indicating that rivers, although
important sources to coastal systems, are typi-
cally small sources of Nr to the open ocean, even
in heavily altered regions (22),

There is a growing database on Nr riverine
fluxes, and several models are available that re-
late watershed characteristics 1o Nr flux (23, 24).
Even with these advances, some of the largest

inties in measuring denitification rates are

from biomass buming and sofl emissions. The
largest inties are in the NH; emissi

in upland terrestrial systems, which seem to ac-
count fora iderable, but unknown, Nr “sink ™

rates, from all sources, on all scales (17). There
are also critical questions about the fate and im-
pact of the N deposited to terrestrial, freshwater,
and marine realms.

Vexing Questions.

Nr creation is still accelerating, a trend unlikely
to change in the near future. The additonal an-
thropogenic Nr affiects climate, the chemistry of
the atmosphere, and the composition and finc-
tion of temestrial and aquatic ecosystems (2).
Moreover, because a single molecule of reactive
N can “cascade” through the environment, it can
contribute to more than one of these environ-

Nr inputs to these systems continue to ise,
however, so the question is whether the fraction
of N exported to the coasts will remain small or
whether upland “sinks” will saturate to allow
preater N-fueled coastal change.

Rising levels of atmospheric deposition also
lend urgency to multiple questions about the
fate of Nr. Ultimately, the fate of Nr that enters
terrestrial systems appears to be under strong
climatic control (25), an interaction that helps
explain regional differences in N export and that
should be considered in forecasts of future N-
cycle dynamics. The fate and impacts of Nr are
also often dependent on its chemical form,
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further highlighting the need to better resolve
changing inputs of oxidized versus reduced
forms of Nr.

What are the net climate effects of increas-
ing Nr? Nitogen is both influenced by and
affects climate; the net conifbutions of anthropo-
genic Nr o a changing climate remain widely
debated (17, 26). Nr can directly increase radia-
tive forcing in the troposphere, principally through
the production of N,O and tropospheric Oy, but
ammospheric Nr can also have cooling effects (26),
largely through tropospheric aerosols and strato-
spheric Oy declines. Moreover, Nr has strong in-
teractions with the carbon (C) cycle that can have
global-scale effects on atmospheric carbon diox-
ide (CO,) and methane (CH,) (27, 28).

Elevated N deposition may stimulate plant
growth in N-limited regions and cause substan-
tial CO; uptake in Northern Hemisphere forests,
although the size is controversial (see SOM text).
N-driven C storage in nonforested or agricultural
systems appears modest at best, and N-fueled

Latitudo (deg)
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ics are also home 1o the bulk of the planet’s
terrestrial and freshwater biodiversity. Given that
clevated Nr inpuis are known to drive bio-
diversity losses in higher latitude ecosystems
(32), the projected trends in tropical regions are
cause for concern (33).

Most biological N fixation in terrestrial sys-
tems occurs in tropical regions; this, combined

REVIEWS I

and cause substantial losses in agriculmral pro-
ductivity (35). Nitric oxide and ammonia emis-
sions fuel fne-particle and tropospheric O3
formation, which exacerbate pulmonary disease
{6). The health consequences of drinking water
with elevated nitrate levels, including cancer and
reproductive risks, remain poarly known but are
u.npmam 1o resolve (36). Excess N in the en-

with the widespread existence of phospl and
cation-deficient soils causes many tropical eco-
systems 1o exist in a relatively N-rich state (34).
Thus, at least in theory, the response of these
systems to additional N inputs could be very dif-
ferent from those of temperate ecosystems and
could result in rapid N losses to air and water,
soil cation depletion, and reduced C uptake (34).
Yet, data on such ecosystem responses and their
translation into effects on community structure
and biodiversity loss remain notably rare.

How does Nr affect human health? The
ability 1o fix N on large scales is unquestion-
ably a boon to humanity. Perhaps 40% of the

60F  O0F 120F 15D 180F

Longitude (deg)

Fig. 2. Estimated N d:-pusrunn from global total N (NOy and NHx} emlsstons. totaling 105 Tg N y™. The
unit scale is kg N ha™ Yoo 1, modified from the original units (mg m™ y 1) (26).

increases in tropospheric Oy can reduce C uptake
in all systems (29). It remains a major research
challenge to quantify all relevant N interactions
sufficiently to estimate the net effect of Nr on
climate forcing (17, 26).

How will tropical regions respond to rising
N inputs? Much of our knowledge on N dy-
namics is from the temperate world, yet tropical
regions will receive the most dramatic increases
in Nr inputs aver the next few decades [see, e.g.,
(30)]. Some wopical regions already experience
elevated N deposition, acidic deposition, and
aquatic ewtrophication (3/7), both from urban
development and from a combination of agricul-
tural extensification and intensification. The trop-
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world’s dietary protein now comes from synthet-
ic fertilizers, and estimates suggest that at least
2 billion people would not be alive today without
the modern manifestations of the Haber-Bosch
process (21). Yet, in many developed nations, the
products from N-intensive apricultural practices
lead to unhealthy diets, whereas elsewhere a lack
of synthetic fertilizers, combined with depleted
soil nutdent reserves, directly contibutes o
widespread malnutrition (6).

Onee Nr enters the environment, its effects on
temestrial, aquatic, and atmospheric realms can
influence human health and welfare in several
ways. For example, N-driven increases in tropo-
spheric Oy pose direct health threats 1o humans

VOL 320

may also change the prevalence of
important infectious diseases, including malaria,
West Nile virus, cholera, and schistosomiasis
(37). Yet, in some regions with heavy infectious
disease burdens, Nr is needed for adequate nu-
trition to mount effective immune respenses to
infection. As countries industrialized during the
past century, improved nuirition alone reduced
the threat from infectious diseases (6),

How will biofuel development alter the N
eyele? The rapid development of biofuels has
created an entirely new link between human
activities and the global N cycle, but the firll suite
of connections is not well resolved. Currently,
rmuch of the world’s biofuels are produced from
com in the United States or sugar cane in Brazil,
US. com covers nearly 29 million ha and is
fertilized by an average of 160 kg N ha ' yr '
Brazilian cane covers ~ 7 million ha and receives
an average of 100 kg N ha™' yr'. As with many
intensive agricultural systems, N fertilizer use
efficiency in Brazilian sugar cane is low: Only
~30% ends up in plant tissues (38). Thus, most
of the applied N reaches the environment, and
because the sugar cane area is predicted to double
in Brazil by 2016, the biofuel industry will con-
tibute to a rapidly changing tropical N cycle
(38). Consequently, N-intensive biofuels could
cance! out any CO, savings by contributing to
both N3O and tropospheric Oy production (39).
Second-generation hiofuels will use more woody
biomass from year-round crops and production
forests and tend to have much higher conversion
efficiencies. Although the full environmental
consequences of these systems are also not well
understood, their required N use should be
smaller than that of current first-generation crops.

A Strategy for Now
There is compelling evidence that human altera-
tion of the N cycle is negatively affecting human
and ecosystemn health. As demands for food and
energy continue to increase, both the amount of
Nr created and the magnitude of the consequences
will also increase. Given the complexities of Nr
use, ils envi 1 mobility, and di
among regions, no single strategy will suffice (40%).
However, in keeping with the Nanjing Declaration
on Nitrogen Management (47}, here we highlight
the intervention paints in the global N cycle
where N flows are concentrated and should be
easiest 1o target (Fig. 3). We also give rough
estimates of the decreases in Nr use or loss 1o the
environment that are possible 1o achieve once the
suggested strategies are implemented.

Although we realize that the implementation
will take time, the estimates are what might
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Fossil and
bio fuel

NNr lost to

_~_~* Nrtransferred to food subsystems.

Fig. 3. G L model of where i

in the N cycle can be used to decrease the amount

of Nr created or the amount of Nr lost to the enviranment. The red boxes represent subsystems where
Nr is created. The sky-background space represents the environment. Arrows leaving the red boxes
either result in Nr lost to environment (fossil fuel and biofuel combustion} or inputs to the food
production system (gray box). The light blue boxes within the gray box represent subsystems within
the food production system where Nr is used. Nrcan either enter these subsystems (thin red lines), or
be lost to the environment (thick red lines). The numbers represent intervention points for N
management. The pie chart shows the magnitude of Nr managed by the four interventions relative to

the total amount created (187 Tg N} in 2005.

reasonably be expected 1o occur with current tech-
nology (see SOM text). First, controlling NOx
emissions from fossil-fuel combustion using
maximum feasible reductions would result in
a decrease of Nr creation from 25 Tg Nyr  to
7 Tg N yr . Second, increasing nitrogen-uptake
efficiency of crops would decrease Nr creation by
about 15 Tg N yr . Third, improved animal-

strategies would decrease Nr cre-
ation by about ~15 Tg N yr". Fourth, even if
only half the 3.2 billion people living in cities had
access to sewage treatment, 5 Tg N yr ' could be
converted 1o N,

Together, these interventions represent a po-
tential decrease of ~53 Tg N yr  created per
year, or ~28% of the total Nr created in 2005.
With this reduction, we would be able to largely
offset the increases in Nr losses required for fu
ture growth in food, feed, fuel, and fiber produc-
tion and energy use. Other intervention points are
clearly needed if Nr creation rates are to decrease
in the future. Although these estimates are neces-
sarily rough, and implementing them would not
be trivial, they indicate that a multipronged, in-
tegrated approach can decrease the amount of Nr
lost to the environment.

Multiple comprehensive analyses of manage-
ment strategies for some or all of these points
have been made in recent years. Common to
nearly all such analyses is a clear message that no
single strategy will work.

We conclude by swessing two points. First,
although reducing Nr creation and its unwanted
impacts will be challenging, it is both possible
and of critical importance. Second, not all man-
agement priorities are about reduction of Nr. Sub-
stantial and sustained intervention is also needed
in regions that do not have sufficient Nr or other
nuirients to sustain the population (8). In such
regions, it will be important 1o seck ways o in-
crease food production while minimizing nutrient
loss and its subsequent environmental damages.
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Increasing of

ic fixed nitrogen entering the open ocean

could account for up to about a r.hlrd of the ocean’s external (nonrecycled) nitrogen supply and up
to ~3% of the annual new marine biological production, ~0.3 petagram of carbon per year.
This input could account for the producnon of up to ~1.6 teragrams of nitrous oxide (N,0)

of h

per year. Although ~10% of the ocean’s

pogenic carbon dioxide

may result from this atmospheric nitrogen fertilization, leading to a decrease in radiative
forcing, up to about two-thirds of this amount may be offset by the increase in N,O emissions. The
effects of increasing atmospheric nitrogen deposition are expected to continue to grow in

the future.

itrogen is an essential nutrient in terres-
Nuial and marine ecosystems. Most nitro-
gen in the atmosphere and ocean is
presentas Na and is available only to diazotrophs,

arestricted group of microorganisms that can fix
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portance of anthropogenic atmospheric N;
{AAN) deposition to the oceans and evaluate
its impact on oceanic productivity and biogeo-
chemistry.

Atmospheric Emission and Deposition of
Nitrogen Species
Atmospheric emissions of N, are primarily oxi-
dized nitrogen species, NO, (NO + NO,) and
NHi. Recent studies suggest that atmospheric
water-soluble organic nitrogen is far more abun-
dant than conventionally thought, constituting
~3(% of total N, deposition (/3, {7-20). Given
the uncertain origing and complex composition
of this material, the importance of direct emis-
sions and secondary formation of organic nitrogen
is unclear. However, measurements suggest that
an important fraction is anthropogenic (13, 7).
We therefore assume that in 1860, the relation-
ship between organic and inorganic nitrogen
deposition was the same as it is today and in-
crease our 1860 estimate so that organic nitrogen
represents 30% of total N, deposition. The
inti iated with this
hasize the need for further rescarch on

reactive nitrogen (fixed nitrogen, N,), including
oxidized and reduced inorganic and organic
forms. The availability of N, limits primary pro-
duction, the conversion of inorganic carbon to
organic carbon (1), in much of the ocean. Re-
active nitrogen enters the ocean via rivers, Na

atmospheric organic nitrogen.

total N; and AAN emissions in
1860, 2000, and 2030 (Table 1) show that anthro-
pogenic emissions have significantly increased
since the mid-1800s and futwe increases are
expected (21), Over the next 20 to 25 years, the

fixation, and h It is
removed via N, formation by denitrification and
anaerobic ammonium oxidation (anammox),
nitrous oxide (N;O) and ammonia emissions,
-and burial of organic matter in sediments. Human
activities have severely altered many coastal
ecosystermns by increasing the input of anthropo-
genic nitrogen through rivers and groundwater,
direct discharges from wastewater treatment,
atmospheric deposition, and so forth, resulting
in increasing eutrophication. Human activities
have also added large quantities of atmospheric
N, o ceniral ocean regions.

Riverine input of N, o the oceans is estimated
as 5010 80 Tg N year * (2-4). However, much is
either lost to the atmosphere after N, conversion
or buried in coastal sediments, never reaching
oceanic regions (). We assume that rverine N,
has a negligible impact on the open ocean ni-
trogen inventory, and we do not consider it firther.
Estimates of global ocean N fixation range from
6010 200 Tg N year * (2, 6-8). Although impacts
of the amplified nitrogen inpuis to terrestrial
systems are being continuously evaluated (3, 9),
here we show that atmospheric transport and
deposition is an increasingly imporiant pathway
for N, entering the open ocean, often poorly
represented in analyses of open ocean anthropo-
genic impacts {J6-16). Atmospheric N, input is
rapidly approaching global oceanic estimates
for N, fixation and is predicted to increase
further due to emissions from combustion of
fossil fuels and production and use of fertilizers.

ur objective is o highlight the growing im-

of NHy will likely increase
due to enhanced atmospheric emission controls
predicted 10 be more effective for NO, than NHy
(Table 1) (27). An important fraction of atmo-
spheric N, emissions is deposited on the ocean
(Table 1). In 1860, this amounted to ~20 Tg N
ear ', of which ~29% was anthropogenic, By
2000, the total N, deposition 1o the ocean had
more than tripled to ~67 Tg N year ', with ~80%
being anthropogenic. This is greater than the
39 Tg N year ' reporied by (/4), in part because
our estimate includes water-soluble organic nitro-
gen. Estimates of anthropogenic emissions for
2030 indicate a ~4-fold increase in total atmo-
spheric N, deposition to the ocean and an ~11-
fold increase in AAN deposition compared with
1860 (22).

The spatial distrbution of atmospheric dep-
osition has also changed greatly 1, A and
B). Deposuwn to most of the ocean was <50 mg
Nm? year mlxéﬁ , with very few areas >200 mg.
N2 year”. Most oceanic deposition was from
natural sources; anthropogenic sources impacted
only a few coastal regions. By 2000, deposition
over large ocean areas exceeded 200 mg N m™*
vear ', reaching >700 mg N m ™ year * in many
areas. Intense deposition plumes extend far
downwind of major population centers in Asia,
India, North and South America, around Europe,
and westof Afiica (Fig. 1B). A direct comparison
of deposition in 1860 and 2000 shows almost all
ocean surface areas now being affected by AAN
deposition (Fig. 1, A and B). Predictions for 2030
(fig. S1) indicate similar patterns, but with
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inereased deposition further into open ocean re-
gions (21, 22). The ratio of 2030-10-2000 dep-
osition rates (Fig. 1C) shows up to a factor of 2
increase in Southeast Asia, the Bay of Bengal, and

the Arabian Sea; up io a 50% increase off westem
Africa; and up to 30% across essentially all the
mid-latitude North Atlantic and North Pacific. As
Galloway e al. (%) conclude, controlling NO,
emissions using maximum feasible reductions
could substantially decrease furure emissions, so

the increases we predict on deposition rates (Fig.
1C) may represent upper limits.

Impact on New Primary Production

and the Biological Pump

Present global open ocean primary production is
estimated at ~50 Pg Cyear™ (23), equivalent 1o

waters (24) (@ in Fig. 2), it is more relevant to
evaluate the impact of AAN deposition on
oceanic productivity and biogeochemisiry by
comparing AAN with global new production,
estimated at ~11 Pg C year ' (24-26). New
production (5 in Fig. 2 and Table 2) is dominated
by nitrate d at depth from sinking

~$800 Tg N year *, assuming Redfield stoichi-
ometry (Table 2). Because ~78% of this produc-
tion is driven by regeneration of N, within surface

organic matter and subsequently remmed to the
euphotic zone via physical tansport (6’ in Fig. 2)
{27). Over sufficiently large space and time scales

N, 2030:2000

2}
010
B 106- 1
[EEETE)
012113
H13-1s
B 1512
2014

Fig. .1.. (1) Tntal atmospheric reactive nitrogen (N,) deposition in 1860 in
mg m™ year™ [NH, and NO, are derived from (3}, with the addition of 30%
of the total nitrogen as ofgam: nitrogen]. Total atmospheric N, deposition in
1860 was ~20 Tg N year™, AAN was ~5.7 Tg N year‘ (B) Toral atmo-
spheric reactive nitrogen (N,) deposition in 2000 in mg m™ year™ [derived
from {21) with the addition of 30% of the total nitrogen as organic nitrogen].
Total atmospheric N, deposition in 2000 was ~67 Tg N year", AAN was
~54 Tq N year™. (C) Ratio of the projected flux of N, to the ocean in 2030 to

o]

NO, (M)
1

a0 | i =
iy sz
W 2801 - 3500 -

F

N, 2000:upwell N

that in 2000. (D) Nitrate concentrations (uM) in the surface (0 to 1 m) waters
of the ocean {43). (E} Similar to (B), but with regions where surface nitrate
>4 M has been masked out. Total atmosphenc Ny deposition in 2000 to the
nonmasked areas was ~51 Tg N year™", AAN was ~41Tq N year™. (F) Ratio of
total N, deposition ta dissolved inorganic nitrogen (DIN) supply into the upper
130mas diagnused from a model fitted to oceanic tracer observations (44).
To reduce noise, computation olthe m has been limited to areas with DIN
supply exceeding 0.05 mol m™ year™
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{1 to ~1000 years), nitrate-driven new production
iz balanced by the biologically mediated export
of particulate and dissolved organic matter from
the surface layer (5" in Fig. 2). On a similar time
scale, this component of new production is almost
neutral in tenms of carbon assimilation (28) be-
cause degradation processes release N, and CO,
in stoichiometric amownts equivalent to the initial
elemental composition of the organic matter. In
the absence of denitrification and other fixed ni-
trogen losses in the ocean interior, nitrate-based
new production can be considered a clased loop
within which the biologically mediated carbon
export (") iz balanced by a return flux of dis-
solved inorganic carbon ('), resulting in near-zero
net air-sea CO; exchange.

Only exiemal {io the ocean) sources of N, that
reach the surface mixed layer can affect the
steady-state balance of the biologically mediated
thex of CO; across the air-sea interface. The two
known open ocean sources of external N, are bio-
logical N fixation (¢ in Fig. 2) and annospheric
deposition (d). Together these contribute a net
oceanic input of Ny that can support “completely
new production” and hence influence global oce-
anic N, and the net atmosphere-to-ocean exchange
of CO,, assuming an adequate supply of other
nutrients (P, Fe). Although N, fixation must have
dominated the flux of external new nitrogen in the
preindustrial world, atmospheric N, deposition is
now approaching N, fixation as a result of the

dramatic increase in the anthropogenic com-
ponent (Table 2).
sheric N, d

REVIEWS I

surface waters are potentially seasonally nitrogen
limited, although some of these areas may not be

Can this :p be rapidly
assimilated into primary production? It will
impact the biogeochemistry of oceanic areas that
are cither perennially or seasonally depleted in
surface nitrate, but will have litle effect in high-
nutrient, low-chlorophyll (HNLC) regions where
the concentration of surface nitrate is always
high. Comparing surface nitrate concentrations
(Fig. 1D) and total N, deposition (Fig. 1B) shows
the relatively small overlap hetween high N, dep-
osition and significant surface nitrale concentra-
tions. In regions where surface nitrate i seasonally
depleted (i.c., where productivity is nitrogen lim-
ited), atmospheric deposition would likely be
assimilated during the year. Although N, gener-
ally is seasonally exhausted in regions where
mean annual nitrate is <7 yM, a more conserv-
ative value ut‘ <4 HM is used to calcuial: the

N, in
present-day ml.mgmdep!md waters (Fig. 1E).
The calculated global N, ition 10 regions

lusively nitrogen limited but rather colimited
(1. It has recently been assumed that only 40%
of the ocean is nitrogen limited (14), although
this estimate did not allow for NP colimitation
such as seen in the North Atlantic and other areas
designated P-limited in (14). These are likely
underestimates because much of the N, is de-
posited upstream of N-depleted regions (e.g.,
HNLC Southem Ocean) and will eventually be
advected into thermocline waters of nitropen-
limited regions of the Southern Hemisphere and
North Atlantic and thus are important to future
(decades to centuries) productivity and biogeo-
chemistry (29).

The total atmospheric deposition plus N;-
fixation flux to the ocean is ~167 Tg N year *
(Table 2). Assuming complete assimilation, these
extemal N, sources can suppori a maximnm
biologically mediated flux of ~L0 Py C year
ofw]u:h 04PgCyem’ wﬁmmosph:m
d Deposition of AAN alone could

with mean nitrate <4 pM is 51 Tg N year ', or
~76% of the total atmospheric N, deposited in
the ocean, compared to ~56 Tg N year ' (~84%
of total deposition) if <7 uM is used as a thresh-
old. Corresponding values for AAN are ~41 and
~45 Tg N year ', Using the areas delineated by
the <4 uM and <7 pM nitrate concentrations
abave, we caleulate that ~67 ta 75% of oceanic

supponupm ~03 Pg C year ', or ~3% of all
new production, including that from mutrents
upwelled from deep waters, and ~32% of the
productivity derived from external N, supply
(Table 2). In 1860, AAN suppnnﬂdabmlogmaﬂy
mediated carbon flux of only ~0.03 Pg Cyear™ ',
so from 1860 to the present the potential impact
of AAN on net primary productivity has in-
creased ~10-fold. An earlier lower estimate {0.16 Pg
C year ) of new (export) production generated
by AAN deposition (J4) assumed a different
nitrogen-limited area, lower atnospheric fluxes,
and the assumption that N enhancement will
result in the replacement of diazotrophs by other
phytoplankton.

Increased new production due to AAN fer-
tilization coincides with the anthropogenic per-
turbation of the plobal carbon cyele and penetration
of anthropogenic carbon in the ocean. The cur-
rent anthropogenic CO, uptake by the ocean is
~22+0.5 Pg C year™ (30), primarily atiributed

Denitrification and anammox

Burial

Fig. 2. Schematic of the processes supplying nutrients for surface primary production. See text for

detailed description.
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to physical-ch L processes (the “solubility
pump”). Assuming that new production draws
down atmaspheric CO; according to Redfieldian
stoichiometry, up to ~10% of the present an-
thropogenic carbon uptake could be attributed o
anthropogenic nitrogen fertilization This poten-
tially significant enhancement of the oceanic up-
take of anthropogenic carbon indicates the need
to incorporate this factor in future Earth system
assessments and models, as has already been
done for terrestrial ecosystemns (37}, This esti-
mate may be lower if the dissolved organic car-
bon or particulaie organic carbon produced is
regenerated at shallow depths (32). The effi-
ciency and longevity of this anthropogenic ni-
trogen fertilization effect depend on temporal
uncoupling of the new N, inputs (N, fixation and
anmsphmn deposition) from N, removal (e B

and burial). A 2
rhat al] other essential nutrients are in adequate
supply, it will be operational as long as the
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increase in new N, {and

CO, uptake) is not balanced by increased
regeneration of Ny and CO, and release at the
ocean-air interface. Eventually, if AAN deposi-
tion levels off, the ocean may reach a new steady
state with respect o nitrogen gains and losses that
is neutral with respect o CO; uptake over time
scales similar to the oceanic N residence time
(~1000 years).

The furuwre impact of AAN on productivity
must be evaluated in the context of predicted
changes in productivity caused by other varia
bles. For instance, clevated concentrations of
atmospheric €O, may have resulied in excess
carbon consumption and export because of
shifting C:N stoichiometry (33), and it is unclear
whether projected AAN and high CO concen-
trations have synergy or compensate. El Nifio-
Southem Oscillation (ENSO)-induced higher

Table 1. heric nit and d

waler temp and the d increased
stratification in low-laiitude oceans may have
reduced productivity by 60% in some regions
(34). Thus, in a warmer climaie, decreases in
productivity due to restricted injection of nutrient-
rich deep water would only accentuate the
importance of AAN contributions 10 new pro-
duction in low-latitude oligotrophic oceanic areas
where AAN already has a strong effect. Assum-
ing that all N, deposition is assimilated into
primary production, this N-driven new pro-
duction could contribute as much as 20% of the
total new (or export) production in such regions
where upwelling iz limited, e.g., the North At-
lantic gyre (Fig. 1F). The contribution of N,
deposition to new production is higher in the
Atlantic than the Pacific and can reach magni-
tudes comparable to export production along
some continental areas.

On the basis of future scenarios for anthro-
pogenic emissions, AAN contribution to primary
production could approach current estimates of
global Ny fixation by 2030. Fertilization of the
surface layer by atmospheric deposition, primar-
ily AAN, could even lead to a decrease in Ny
fixation due to biological competition (14).
However, atmospheric N, deposition has a very
small effect on the surface seawater ambient N,
concentrations, too litde to inhibit nitrogenase
activity directly [e.g., we estimate that an ex-
tremely rare and large atmospheric deposition
event distributed over a 25-m mixed-layer depth
could increase the N, concentration by only
~ 45 nM (35), which is too small to suppress Ny
fixation (36)]. Atmospheric N, deposition more
likely represents a long-term low-level fertiliza-
tion of the ocean that has consequences for the
natural biogeochemical cycles of nitrogen and
carbon and their ongoing anthropogenic pertur-

to the ocean. Assumed uncertainti

1860: +50%; 2000: NO, tio%, NH; £50%; 2030: see text and (20). Deposition: 1860: +50%; 2000:
NO,/NH, £40%, organic N £50%; 2030: see text and (20).

‘bations. ! evidence suggests that phy-
toplankton cominunities in oceanic gyres are
presently nitrogen limited (f). Atunospheric N,
deposition, in the absence of significant atmo-
spheric deposition of phosphorus, may exacer-
limitation of N; fixation. The

1860° 2000" 2030"
(Tg N year™") (Tg N year™) (Tg Nyear™  poe
Emission to the atmosphere
Total NO, 13 (7-20) 52 {36-68) 547
Anthropogenic NO, 2.6 (1.3-4) 38 (2749) 43
Total NH; 21 (11-32) 64 (32-96) 78*
Anthropogenic NH; 7.4 {3.7-11) 53 {27-80) 70
Total atmospheric N emissions 34 (18-52) 116 {68-164) 132
Total anthropogenic N, (AAN) 10 (5-15) 91 (54-129) 13
Depasition to the acean
Total NO, 62 (3.1-9.3) 23 (14-32) 2
Anthropogenic NO, 1.2 (0.6-1.8) 17 {10-24) 18
Total NH, 8 (4-12) 24 {14-34) 29
Anthropogenic NH, 2.4 (1.2-3.8) 21 {13-29) 25
Total organic N, 6.1 (3.0-9.1) 20 {10-30) 23
Anthropogenic organic N, 21{10-3.1) 16 {8-24) 19
Total N, deposition 20 (10-30) 67 {38-96) 7
Total anthropogenic N, (AAN) 5.7 (2.8-8.5) 54 {31-77) 62
‘from ). {Deried from (1); se text and (26). MO, and NH, based an ~B0% and -90% snthropogenic,

respectively [from (3)]

Table 2. Atmospheric nitrogen deposition to the oce:

an in 2000 and its impact on productivity. Global-

scale estimates of total primary production (23); new production (24-26); N, fixation (2, 6-8). Most

letters in italics refer to flux pathways in Fig. 2.

Resultant global

Global ocean nitrogen ocean productivity

(Tg N year™)

(Pg € year™)
Total primary production {a+b+c+d) ~8800 (7000-10,500) ~50 (40-60)
New production {NP) {8) ~1900 (1400-2600) ~11 (8-15)
Marine N fixation {c) ~100 (60-200) ~0.57 (0.3-1.1)
Total net N, deposition {d) (NO,+NH,+0rg. N,) ~67 (38-96) ~0.38 {0.22-0.55)
Total external nitrogen supply {c+d) ~167 (98-296) ~0.95 (0.56-1.7)
Anthropogenic N, deposition (RAN) (e) ~54 (31-77) ~0.31 (0.18-0.44)
Marine N; fixation as % NP N, =db ~5.3% (2.3-14.3%)
Total N, deposition as % NP N, = ~3.5% (1.5-6.9%)
AAN as % NP N, ~2.8% (1.2-5.5%)
Total N, deposition as % external N supply ~40% (13-98%)
AAN as % external N supply ~32% (10-79%)
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long-term effect of AAN deposition on N fix-
ation depends on whether P or Fe limits N fix-
ation and on the supply ratio of bicavailable
\I'P Fe derwr.d from. a:mosphmc deposition (37),

is much
less perturbed by human am\my than N, (13, 37).
Hence, the overall impact of atmospheric depo-
sition is likely 10 be a shift in the N/P balance of
surface waters. Some marine diazowophs can

exploit dissolved organic phosphorus pools and
may obtain an adequate P supply by degrading
compounds such as phosphonates (38).

Changes in species composition and pro-
ductivity can lead to changes in the export of
nitrogen and carbon to deep ocean water, result-
ing in a shift of deep ocean N/P ratios away from
Redfield stoichiometry, which could then influ-
ence the chemistry of upwelled waters remote
from the loci of atmaspheric depositions. Remin-
cralization of this extra organic carbon flux in
deep waters may reduce the deepwater Oz con-
centration, and the resultant microbial N; pro-
duction will act to restore the N/P ratio toward the
Redfield value, as suggested to have happened in
the past (39). (See Supporting Cnline Material,
including fig. $2).

Impact on N;© Emissions from the Ocean

Another important issue is whether increasing
atmospheric N, inputs to the ocean can alter
‘marine emissions of nitrous oxide (N,0), a major
greenhouse gas. Fstimates of global sea-to-air
N;O fluxes vary considerably. Two recent esti-
mates are the Intergovemmental Pane! on Climate
Change (IPCC) assessment (30) (3.8 Tg N year
as N,0) and the calculation by Bange of the
‘mean from data in (40) (6.2 Tg N y&ar”)‘ Using
the mean (5.0 Tg N year ") and the range of these
two estimates, and assuming that the nitrogen in
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this “recent” N;O flux originally entered the
oceans from N, fixation (100 Tg N year ) and
atmospheric deposition (67 Tg N year '), then
the emission of 5.0 Tg N year ' as N0 resulis
from mmﬂcauon and denitrification of part of this
167 Tg N year * entering the surface ocean, This
assumes uun N;0 production in the nearsurface
ocean is at steady state and there are no significant
time lags between atmospheric input and N;O
formation. Nommalizing the NO flux to the
atmosphere by the “completely new™ nitrogen
input (5.0:167) can then be used to estimate that
AAN deposition has resulted in the production
of up to ~1.6 Tg N;O-N year , or about a third
of total aceanic N;O emissions. This approach
suggests that in 1860, only ~02 Tg N year |
(~5%) of the sea-to-air flux of N2O was driven
by atmospheric anthropagenic inputs, assum-
ing simplistically that N;O production is linearly
related to N supply. [We use linar scaling due to
the lack of experimental and modeling studies
that address the spatial and nonlinear response of
N0 emissions to N deposition, although impor-
tant regional variations are likely (47).] This sug-
gests that from 1860 to the present, the increase
mAANhasledwmrlyanwderof I

N, fixation as a source of marine reactive
nitrogen. Although local AAN deposition seems
unlikely to alter significantly local phytoplankion
species compasition, the phytoplankion commmu-
nity could be affected by the slow long-tenm
fertilization of surface waters by AAN. Morcover,
AAN inputs 1o the ocean have potentially impor-
tant climatic implications. Up to about a tenth of
the anthropogenic atmospheric carbon uptake by
the ocean (as CO;) may result from this fertilization.
In addition, AAN inputs may stimulate N,O emis-
sions, with possibly about two-thirds of the de-
crease in radiaive forcing from increased CO,
uptake by the ocean being offset by the increase in
radiative forcing from increased NoO emissions.

There is clearly much we do not know about
the extent and time scale of the impacts of AAN
deposition on the oceans and the feedbacks to the
climate system. The issues are complex and in-
teractive, and they must be considered in climate
scenarios. Areas of particular importance include
understanding more fully the sources, chemical
speciation, reactivity, and availability of atmo-
spheric organic nitrogen; developing more real-
istic models of N deposition to the coean, caupled
with d ition over extended peri-

increase in anthropogenic N;O emission from the
oceans. Calculations and estimates of increases
for 2030 are in table S1,

While oceanic AAN deposition may result in
increased NoO emissions, increasing radiative
forcing, AAN also i mnms primary production
{up to ~0.3 Pg C year ' detailed above) and
export production 1o the deep ocean, removing
CO;, from the aunosphere and therefore decreas-
ing radiative forcing With a Global Warming
Potential of 298 for N;O (42), the net balance
suggests that about two-thirds of the decrease in
radiative forcing from CO, uptake could be offset
by the increase duc to N»O emissions. The uncer-
tainty in our estimates is considerable; however,
the estimates suggest the potential importance of
AAN to N,O emissions and therefore the need
for future research in regions such as oceanic
Oxygen Minimum Zones (OMZs), which, al-
though small in area, are potentially important for
N;0 emissions. The future role of OMZs will be
influenced not only by AAN but also by climate
and other global changes.

Conclusions

This analysis emphasizes the potential impor-
tance of the growing quantity of atmospheric
reactive (fixed) nitrogen that enters the open
ocean as a result of human activities and its im-
pact on the present marine nitrogen cycle.
Considering the increasing demand for energy
and fertilizers, the emissions of AAN are ex-
pected 10 grow over the coming decades. Atmo-
spheric deposition of anthropogenic nitrogen 10
the ocean may account for up 1o ~3% of the
annual new oceanic primary productivity, but
about athird of the primary productivity generated
as a result of the extemnal input of nitrogen to the
ocean. The input of AAN is approaching that of
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ods of time in open ocean regions; understanding
the relationships between, and impacts of, the
atmospheric deposition of bicavailable N, P, and
Fe; and understanding the mechanisms and time
scales involved in the oceanic response 1o N,
deposition, coupled with a new generation of
Earth system models that take into account long-
term low-level nitrogen fertilization of the ocean
and evaluate the effect on N;O emissions and the
duration of the enhanced (anthropogenic) CO;
uptake.
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The Energetic Cost of Climbing

in Primates

Jandy B. Hanna,**t Daniel Schmitt,® Timothy M. Griffin®

climbing should be higher than the costs of
walking or running because of the additional
waork required 1o lift the center of mass, There
are, however, few data available on the absolute

Inmiu'cm tells us that the metabolic costs of

glass chamber. We then compared the metabolic
energy required 1o transport | kg of body mass
1 m (COTrg7) while climbing or walking at the
same speed (4).

COTrqr for climbing was not significantly

reported for running (6). The lack of variation in
COT gy across size for climbing suggests that
the underlying mechanism relating body size to
COT g is different for climbing compared with
walking. If the cost of performing work to lift the
center of mass is the primary detenninant of the
metabolic cost of climbing, then the climbing
efficiency—the net vertical mechanical work rate
divided by the net metabolic rate—should be
«constant across size. Our data show that climbing
efficiency is nearly constant across size (Fig. 1B),
suggesting that the metabolic cost of climbing by
‘humans and nonhuman primates can be primarily
explained by the cost of performing muscular

and relative metabolic costs of vertical climbing,  different across the range of body sizes tested in  wark against gravity.
These data suggest a possible
0 - - lanation for how early pri-
B S6 —_ mates invaded a fine-branch niche
— 0 (Sa a e (7) without engendering new
& g |u costs associated with climbing.
} = If, as is generally argued [al-
1”’“ i . though see (8) for a contrary
5 F view], the earliest primates weighed
o 50 A less than 0.5 kg, then the uniform
[—— Glimbing efficiancy = 9.50M5 " (2.0.00a| costs of climbing and walking dem-
i B Precicted waling eficiency onstrated here may have allowed
Lt Cm Np ~ Sb Em Hs’ d 1 10 100 the carliest primates to exploit a
017 hg 0.26 ﬁg 0.47 kg 0.78 W 1.40 lg 82.2 lg Body Mass {kg) tmq:l:xarbumlmvirm.rrmmdlh—

Fig. 1. () COTyor kg‘1 m™) during climbing and speed-matched walking [see (4} for descr of procedures]: Lt
indicates Loris tardig Cm, Cheirogaleus medius; Np, Nycti Yo Sh, Saimiri Em, Eulemur
mongoz; and Hs, Homo sapiens. Species are arranged from smallest body mass to largest body mass (left to right). Bars
indicate one standard deviation. *Human costs of climbing on a vertical climbing ergometer are calculated from the
equation in (3), whereas human walking costs are calculated as described in (4). (B) Efficiency to move the center of mass
versus body mass for climbing and walking. Climbing efficiency is nearly constant across bady mass, indicating that the
metabolic rate during climbing is proportional ta the minimum rate of performing mechanical work to lift the center of
‘mass against gravity. “Human metabolic data used to calculate climbing efficiency, included in the regression, are from (3).

out increased metabolic costs.
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Climbing and walking efficiency calculations are described in (4).

partly because of the technical difficulties of col-
lecting data on climbing and the lack of a simple
animal model for such a study. Additionally, it is
difficult to extrapolate the vertical cost of climb-
ing from previous studies because most were
performed on inclines, not up vertical supports
{1, 2). To date, no study has measured the meta-
balic cost of climbing up a vertical support across
arange of body sizes in mammals. Primates are
ideally suited for examining the scaling of the
metabolic costs of climbing versus walking be-
cause primates are adept climbers and span a
large range of body sizes. Furthermore, it is ofien
argued that critical evolutionary transitions in pri-
mate and human evolution—including the origin
of primates and bipedali fated with

this study [119.8421.4 Tkg™ m™" fmean = SD),
P = 02368, analysis of variance] (Fig. 1A), indi-
cating that these different-sized primaies used the
same amount of energy to lift 1 kg of body mass
1 m while climbing. Additionally, the slope of
the logarithmic regression relating COT oy to body
‘mass (M) is not significantly different from zero as
indicated by the 95% confidence level (COTror =
107.4M, * 10 S1H#0120 4 0 858 P < 0.063).
Data on human climbing on a vertical climbing
ergometer, not included in the regression calculation,
fall within the confidence limits of the regression
data, further supporting our findings of a consistent
COTrgr for climbing across body mass in pri-
mates (3) (Fig. 1A). COTrgr for walking by the

adaplations for climbing in a complex arboreal
environment.

We measured the rate of axygen consumption
during vertical climbing and level walking for
five species of primates across an eightfold range
in body mass (0167 to 1. 40 kg). To obtain steady-
rate oXygen consumption, animals climbed at their
maximum sustainable speed during a 15- to 30-min
period on a rape treadmill enclosed in a plexi-

five I primate species in this study,
however, varled significantly with body mass
(9194782 kg " m *, P~ 0.030) and showed
the expected trend of deercasing with increasing
size (COTyor = SL5M, * 10 5082 4 _pgq3
P=0073)(Fig 14) (4). A size-dependent decrease
in COTqery for level walling is well documented
(5) and is associated with increased leg lengths
that reduce the rate at which muscles are activated
to generate force to support body mass as inifially
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Quasi-Particle Properties from
Tunneling in the v = 9/5 Fractional

Quantum Hall State

.2 €. M. Marcus,* M. A. Kastner,! L. N. Pfeiffer, K. W. West®

luliana P. Radu, J. B. Mill

Quasi-particles with fractional charge and statistics, as well as modified Coulomb interactions, exist
in a two-dimensional electron system in the fractional quantum Hall (FQH) regime. Theoretical
models of the FQH state at filling fraction v = %, make the further prediction that the wave
function can encode the interchange of two quasi-particles, making this state relevant for

topological quantum

. We show that bi

tunneling across a narrow

constriction at v = %/ exhibits temperature scaling and, from fits to the theoretical scaling form,
extract values for the effective charge and the interaction parameter of the quasi-particles. Ranges
of values obtained are consistent with those predicted by certain models of the °/; state.

(1) results from the formation of novel
electronic states of a two-dimensional
electron system (2DES) at high magnetic field
and low temperature, in which electron-electron
interactions lead to gaps in the bulk excitation
spectra. Because of these gaps, current can only
flow via extended states or conduction channels
that propagate around the edges of the 2DES
(2). At a constriction in the 2DES such as that
formed by a quantum point contact (QPC), counter-
propagating edge states come close enough
together that can munnel between them. According
to theory (3), weak quasi-particle tunneling de-
pends strongly on the voltage difference between
the edges (or, because of the Hall effect, the current
through the QPC) and should scale with temper-
ature i a way that provides a measurement of the
effective charge, e*, of the quasi-particles and the
strength of the Coulomb interaction, g. Because
both e* and g are specific to the particular FQH
state, such measurements provide a discriminating
probe of FOH wave functions
The FQH state at v = %, (4) is of particular
interest because the leading candidates for the
wave function for this state have elementary
excitations that exhibit nonabelian particle
statistics (5—9). Whereas the interchange of
abelian particles such as electrons multiplies the
wave function by an overall phase, the inter
change of nonabelian quasi-particles can lead to
a different wave function altogether. Identifying a
physical system with nonabelian statistics would
be of fundamental interest but has also been
proposed as a basis for a topological quantum
information processing scheme (/0) that is

Thc fractional quantum Hall (FQH) effect

“Department of Physics, Massachusetfs Insfiute of Tech
nology, Cambridge, A 02139, USA Department of
Physics, Harvard University, Cambridge, MA 02138, USA.
?Bell Laboratories, Alcatel-Lucent Technologies, Murray
Hill, N) 07974, USA.

*To whom comespondence should be addressed. E-mail:
marcus@harvard.edu
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resistant 10 environmental decoherence ( 1/, £2).
The resistance to decoherence arises from the fact
that the infarmation is encoded in a many-body
state rather than a single-electron state. Although
wave finctions with nonabelian excitations arc
the primt: candidates (13) to describe the state at
v= i ives with abelian prop have

A N

AR
tiple constrictions to create interference among
tunneling paths ({1, 22-26).

Experimentally, the quasi-particle charge, e*,
has been investigated for FQH states at v < | with
use of shot noise {27, 28) and interferometry (29),
yneldmg results generally consistent with theary.

A recent measurement of quasi-particle charge
for the v = %, state, also using shot noise, ab-
tained values consistent with e* = 4 (30).
Previous experiments of quasi-particle ninneling
at aconstriction have focused on cases of unequal
filling fractions in the bulk and the constriction
(31-34). These experiments identified zero-bias
features associated with quasi-particle tunneling
at FQH edges and are compared to our present
measurements, The interaction parameter, g, has
been measured in studies of tumeling of v = s
FQH edges at a depleted constriction (35) through
which electrons, rather than quasi-particles,
funnel.

‘We present experimental measurements of
quasi-particle unneling at a QPC at v =3/, in
the regime where the filling fraction (and the
carrier density) in the QPC and the bulk 2DES
are the same. We found that tnneling conduct-
ance across the QPC exhibits a strong zero-bias
peak that scales with temperature, in quantita-

also be:n proposed (14-16). All cand.«dzle wave
functions for v = %, have quasi-particle effec-
tive charge e* = s, but they differ in the
predicted values of g (8, 9, 17-19).

Weak tunneling theory, developed originally
for Laughlin FQH states (3), has also been
extended to nonabelian states (/7-2.). Tumnel-
ing an a single can
distinguish among candidate wave functions for
v = %; existing proposalsto find direct evidence
for nonabelian statistics, however, require mul-

five ag with the theory for weak fun-
neling (3, 18, 19). From these measurements, we
extract e* and g We observe that among the
candidate states for v = %, the anti-Pfaffian
(8, 9 and the TY1) % SUx2) (7), both predicted
to have nonabelian excitations, are most con-
sistent with the data.

Sample and experimental setup. The
sample was a GaAs/AlGaAs heterostructure with
the 2DES 200 nm below the surface and two Si 8-
doping layers 100 nm above and below the 2DES
Hall bars with a width of 150 ym were pattemed

Fig. 1. Magnetic field
dependence of the diago-
nal (Rp) and Hall (R}
resistance for device 2 at
fixed gate voltage from v =
210 v =4, illustrating that
both the QPC and the bulk
are at the same filling
fraction. (Top inset) Low-
field data from the same
device (device 2), empha-
sizing that the carrier den-
sity in the annealed QPCis
nearly the same as that of
the bulk (red and black
traces with almost-matching
slopes), whereas in the
nonannealed QPC (green
trace) the density shifts
significantly. For clarity,
the nonannealed data has

0,50 0.041 — Rg not annealed
0.45
0.02
"g 040 2
b I3
£ %
&
a «
© 0.35 o B(T) 02
0.30
Device 1
0.25
30 35 4.0
Magnetic Field (T}

been offset vertically by
0.003 h/e’. (Bottom
insets) Scanning electron

4.5

5.0

micrographs of devices with similar gate geometry to those used in these experiments.
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on this heterostruciure. The u-mb-lny (‘b:fore |h=
gates are energized) was 2 = 107 cm Vig!

the carrier density was 2.6 * 10" eni™? amllh:
v =", energy gap was ~130 mK in the bulk
(34). The QPCs were formed by Cr/Au top
gates, which were pattemed on the Hall bar
using e-beamn lithography. By applying a nega-
tive gate voltage ¥, to these gates, the electrons
undermeath them were depleted, creating a
constriction tunable with V,, We report measure-
ments on devices with two different gate geom-
etries (Fig. | bottom insets). Device 1 was a
simple QPC with gate scparation of 800 nm.
Device 2 was a channel ~1200 nm wide, fonmed
by energizing the gates marked G1, G2, G3, and
G4 (gates Al and A2 were held at ground and not
used in this experiment). The sample was
mounted on the cold finger of a dilution refrig-
erator with a base temperature of less than 10
mE. Inall figures and analysis, we quote electron
lemperatures. Al temperatures > 20 mK, the
mixing chamber and electron emperatures were
measured to be equal with use of resonant elec-
tron tunneling in a lateral quantum dot. Ternper-
atures below 20 mK were estimated by using
both resonant unneling and by tracking several
strongly temperature-dependent quantum Hall
features in the bulk, with consistent results (36).

Fig. 2. (Ato D} Differen-
tial tunneling conduct-

The magmetic field was oriented perpendicular to
the plane of the 2DES,

Measurements were performed by using
standard four-probe lock-in techniques with an
ac curent excitation between 100 and 400 pA
and in some cases a de bias of up to 20 nA. To
determine the nnneling conductance, grn we
simultaneously measured the Hall resistance,
R, (voltage probes on opposite sides of the Hall
bar away from the QPC), and the diagonal
resistance, Ry, (voltage probes on opposite sides
of the Hall bar and also opposite sides of the
QPC) (34, 36, 37). For a schematic of the sample
and measurement setup, see fig. S1. In the weak
tunneling regime (3) when the bulk of the sample
ic al a quantum Hall plateau, the tunneling
voltage is the same as I.h: Hall voltage, whereas
Ry reflects the tumeling
via

Bo — Ry

&= (1)

W

R,y is independent of dc bias when the bulk is ata

Same filling fraction in QPC and bulk. A
key difference from previous tunneling exper-
iments (3/-34) is that we were able to deplete the
electrons under the gates and induce tunneling
without substantially changing the filling fraction
inthe QPC. This was achieved by applying a gate
voltage of -3 V while a1 4 K and allowing the
systemn 10 relax for several hours, which we refer
to as annealing. We then cooled the sample and
limited the voltage to the range -2 to -3 V at
dilution refrigerator temperatures. After anmeal-
ing, Rp and R,, were measured over several
integer plateaus, and the fields marking the ends
of the plateaus were found to coincide for the
QPC and the bulk (Fig. 1), indicating that the
filling factors are the same. The extra resistance
in Ry, at FQH states is consistent with unneling,
Additional evidence that the filling fraction
changes little once the QPC is annealed is shown
in the Fig. 1 top inset: The slopes of R, and Ry, at
low magnetic field, inversely propartional to
camier density, differ by 2% or less. For
comparison, we show data from a nonannealed
QPC in which the density dmmsm by ~15%.

Bias and d Focus-

FOQH plateau. If one assumes that the ying

edge has a filling fraction Vynge, then the re-
flection of the %/, edge state can be calculated
as R = grly [(Wgnge W€ = Ryy).

ance gy {device 2) as a
function of magnetic field
and dc bias current at
several temperatures. On
each graph, the zero dc-
bias R, trace from the
same temperature is su-
perimposed (right axis).
The field range encom-

(o)™

=

passes the FQH states 7,

%z and %3 (marked with
horizontal dot-dash lines).
Atthe higher temperatures,
dc bias nonlinearities exist
only at the fractional pla-
teaus. All other features,
such as those from the re-
entrant quantum Hall ef-
fect, disappear at ~30 mK.

o

Byrparar

512
813

T=50mK |
=3

Fig. 3. Differential tun-
neling conductance gy
(device 1) as a function
of Vy and dc bias at
several temperatures: (A)
T=13 mK, (B) T= 20 mK,
and (C) 7 = 40 mK. The
vertical dashed line marks
the gate voltage at which
‘the zero-bias peak persists
to highest temperature.

0.2

-2

2.5
Va V)

ing on the dependence of gr on the dc hias, Jy,,
through the QPC and Hall bar, Fig. 2 shows a
color-scale plot of the drpn:nd:nm of gron both
Iy and magnetic field, B, at four temperatures;
a measurement of R, is shown for comparison.
As seen at the highest temperatures, these field
sweeps reveal a series of FQH states (38) around
v =", including the 7/ and the %. At the
lowest tempertures, stong reentrant integer
quantum Hall (RIQH) features are also visible
on either side of 3/, both in the bulk and in the
QPC (Fig. 2). The dc bias behavior at FQH
plateaus is quite different from that of the RIQH
features: At FQH plateaus, zero-bias peaks in gr
persist up o at least 50 mK (Fig. 2D). By
contrast, RIQH states have more-complex de bias
signatures, which decrease rapidly with temper-
ature, disappearing by 30 mK both in the bulk
{Ryy) and in the QPC (gr). Qualitatively similar
results were observed for device 1. To study the
FOQH state at v = /5, we set the magnetic field to
the center of a bulk FQH plateau (8 =431 T for
device 2, vertical line in Fig. 2C, and B= 43 T
for deviee 1).

With the field set to the center of the plateau,
we investigated the effect of I on the zero-bias
peak at several temperatures (Fig. 3). At the
lowest temperatures (Fig. 3A), the zero-bias peak
persists throughout the ¥, range. Al higher
temperatures, a peak i both de bias and ¥, was
observed, centered near ¥, = -2.5 V (Fig. 3C).
To study quasi-particle unneling, we set V to the
center of this peak, the feature that persists to the
highest temperature, because theory predicts that
nneling decreases slowly, as a power law, with
temperature,

With the magnetic field and gate vollage set,
we measured the dc bias dependence in device
1 at various temperatures (Fig. 4). The traces in
Fig, 4A are slices along the dashed lines in Fig. 3.

16 MAY 2008 VOL 320 SCIENCE  www.sciencemag.org



Because the voliage drop between the two
counterpropagating edge states in the QPC is the
de current multiplied by the Hall resistance, we
have labeled the horizontal axis with both the
current and the dc voltage using R, = 0.4 Ie” (3).
All these traces saturate at the same value, B, at
high de bias, higher than the expected value of
040 /e, The height of the peak, measured from
R, decreases with increasing temperature, fol-
lowing a power law in with an
exponent of —1.3 (Fig. 4B). The full width at half
maximum (FWHM) of the peak increases linearly
with temperature and extrapolates to zero at zero
femperature, consistent with a zero intrinsic line
width (Fig 4C). The data can be collapsed onto a

Extracting g and e*. The observed temper-
ature dependence of the peak height and
FWHM is consistent with the theoretical

RESEARCH ARTICLES I

simultancously with four free parameters: a
single vertical offset corresponding to &”, an
amplitude 4, and the two quantities g and e* A

predictions of weak quasi-particle tunneling
between fractional edge states (3, 18, 19). In
that picture, the zerobias peak height is
expected to vary with temperature as 7%,
which gives g = 0.35 for the data in Fig. 4B.
The weak-mnneling expression, which in-
cludes the effects of de bias (3) has the form

22 *
Y (= e

[see (36) for details]. This functional form fits

single curve (Fig. 4D) when the | | axisis
scaled by Tand the vertical axis isscaled by 777
(after subtracting a commen background B”).

the exp I data well, as seen in Fig. 4E.

(Note that Rp, and gy differ only by an offset
and scale factor) All five temperatures are fit

0.0
H
=)
]
:
10 20 30 40 5080
T (mK)
8
c
=z 6
g
= 4
£
o

Ve (V) =1 XRyy T (mK)
ElE £ ¥ ¥ ¥
@ s o s o
& a g 2 =
04 92035
— e*=0.17
3
£
o
042 ﬂ\
04 00 04 505 505 505 505 505
lo./T (NA/mK) Iy (NA)
50 0 50
VKT

Fig. 4. (A) Ry, {device 1) as a function of dc bias at fixed maqnenc field (8= 4.3 T, middle of v = %3) and

fixed gate voltage (v, = =2.5 V) at several

of Ry is proportional to that

of g {right axis) up to a constant. (B} Zero dc-bias peakhmghtas a function of temperature. The red line is
the best fit with a power law in which the exponent is —1.3. (O The peak FWHM as a function of
temperature. The red line is the best fit with a line going through zero. {D) Data collapsed onto a single
curve using an exponent of —1.3. (E) Best it of all the data in (A) with the weak tunneling formula (Eq. 2)

returns e* = 0.17 and g = 0.35.
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least-sqy fit over the full data set gives
best-fit values g = 0,35, the same value found
from the power law fit of the peak heights (Fig.
4B), and ¢* = 0.17. Uncertainties in these
values will be discussed below. Similar analy-
sis perfonmed on data from a different device
(device 2 but energizing only gates G1 and G4)
yields quantitatively similar results.

To characterize the uncertainty of these mea-
sured values, we show in Fig. 5 a matrix of fits to
the weak-tunneling form, Eq. 2 with g and &*
fixed and A and £~ as fit parameters. The color
scale represents the normalized fit emror, defined
as the residual of the fit per point divided by
0.0005 /e, the noise of the measurement. A fit
error < 1 indicates that it is consistent with the
data within the noise of the measurement.
Higher values indicate warse fits (36) (figs. S4
and 85).

This matrix of fits allows various candidate
states at v =/ to be compared with the tun-
neling data All of the candidate states predict
e* = /s, but g can differ. States with abelian
quasi-particle statistics include the so-called 331
state (14, 15), which has a predicted g =
(17, and the K = & state with g =/ (/6).
States with nenabelian quasi-particle statistics
include the Plaffian (), with g = 'z (I7), its
particle-hole conjugate, the anti-Pfaffian (8, 9),
with g = /2 (8, 9, I8); and the T{1) % SU2)
state (7), also with g = '/, Parameter pairs
(e*, g) representing these candidate states are
marked in Fig. 5. Evidently the states with

=1/, and g="14, both nonabelian, are
most consistent with our mnneling data. The
abelian state with ¢* = '/ and g = %3 cannot
be excluded; however, we note that weak tun-
neling of e* = quasi-particles appears in-
consistent with the data,

Strong tunneling. In contrast to device 1,
the de bias data from device 2 show evidence
for strong tunneling. Device 2 has a long,
channel-like geometry, which should increase
the number of tunneling sites and hence the
tunneling strength, Diagonal resistance, Rp, as
a function of de bias at several temperatures is
shown in Fig. 6A, which should be compared
to those from the short QPC (Fig. 4A) At
‘higher temperatures, the zero-bias peak height
can be deseribed by a power law in temperature
with an exponent similar to that in the QPC
(Fig. 68 and fig. S6B) and a FWHM that is
proportional to temperature (Fig. 6C). At lower
temperatures, the peak height deviates from a
power law and saturates at the lowest temper-
atures at a value of resistance consistent with
the resistance at v = /s (the resistance is higher
than7 Je® by the background K - 0.4), and the
FWHM deviates from the linearity seen at higher
temperature. We also observed that the peak
develops a flat top and strong side dips (Fig.
6A) at the lowest temperature.
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Design Logic of a Cannabinoid
Receptor Signaling Network
That Triggers Neurite Outgrowth

Kenneth D. Bromberg, Avi Ma‘ayan, Susana R. Neves, Ravi lyengar®

Cannabinoid receptor 1 (CBIR) regulates neuronal differentiation. To understand the logic underlying
dedsion-making in the signaling network controlling CB1R-induced neurite outgrowth, we profiled the
activation of several hundred transcription factors after cell stimulation. We assembled an in silico
signaling network by connecting CB1R to 23 activated transcription factors. Statistical analyses of this
network predicted a role for the breast cancer 1 protein BRCAL in neuronal differentiation and a new
pathway from CB1R through phosphoinositol 3-kinase to the transcription factor paired box & (PAX6).
Both predictions were experimentally confirmed. Results of transcription factor activation experiments
that used pharmacological inhibitors of kinases revealed a network organization of partial OR gates
regulating kinases stacked above AND gates that control transcription factors, which together allow for
distributed decision-making in CB1R-induced neurite outgrowth.

1 (CBI1R), which coup es o the heterotri-
meric guanine nucl ding proteins

S ignaling through the cannabinoid receptor

transeription 3 (Stat3) (£, 2). CBIR signaling also
has a key role during central nervous system

(G proteins) G; and G, regulates many physio-
logical processes. In cultured mouse Neuro2A

1 and in the adult brain (3, 4)
Furrh:rmﬁm CBIR has been shown to modulate
several neurological disorders (5). However, the

cells, CBIR induces owth

of the CBIR signaling network in

through a signaling pathway from Ga, hat ac-
tivates the protein kinase c-Src and the transcrip-

tion factor signal transducer and activator of
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volved in cellular state-change decisions has not
been well defined. Delineation of the organiza-

ing netwarks is useful in identifying
n-making capabilities (6). Ta
do so, we started with delineating individual
pathways (1, 2). However, simply verifying the
presence and function of individual pathways will
not advance our knowledge of the design of
complex cellular regulatory networks and their
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decision-making capabilities. A key challenge in
systems biology is to identify, experimentally
venify, and understand the organizations of com-
plex regulatory systems.

To breadly define the cellular network reg-
ulating CBIR -induced neurite outgrowth, we in
tegrated transcription factor activity profiling,
network biology, and cell biology. First, the CBIR-
triggered activation of multiple transcription fac-
tors was profiled during neurite outgrowth. We
then developed an in silico network in which the
activated transcription factors were linked to
known interactors and pathways that regulate
them to identify new components and pathways
mvolved in neuronal differentiation. Predictions
were experimentally tested in cultured and primary
newrons. We then used selective pharmacological
inhibitors in transcription factor activation ex-
periments 1o detenmine the hierarchy between
three key kinases and transcription factors. These
experiments allowed for construction of a map
where partial OR gates at the level of G proteins
regulating kinases are stacked on top of AND
gates at the level of kinases regulating trnscrip-
tion factors, allowing for a distributed decision-
making capability within the network

CB1R-regulated transcription factors. We
assayed transcription factor activation in re-
sponse to the CBIR agonist HU-210 in NeuroZA
cells by using a commercial aray (7). Spotied on
this amay are 345 oligonucleotide transcription
factor-binding sites (table S1), enabling the ac-
tivation of a large number of transcription factors
to be assayed simultaneously [see (7) for array
details]. Studies have indicated that CBIR ac-
tivation of Ga, can stimulate Stat3 (2), so we

e ww

RUNX2 o g r ®

R AT T LT RI
TCF1 E; ST SEE
USFi e ‘ﬁwe’:ﬁ” kAl
SPI1

Early

Sustained

Lam Early Sustained

Fiig. 1. Identification of positive and negative regulators of CB1R-induced neurite
outgrowth. (A} Arrays of transcription factor activation in Neuro2A cells treated
with DMSO as a control or 2 pM HU-210 (CBIR agonist) for 20 min. The right
panel highlights several of the activated transcription factors. The colors in the
panel correspond to the circled spots in the arrays. TCF1, T cell factor 1. (B) Effects
of transcription factor inhibition on neurite outgrowth. Neuro2A cells were
transfected with the indicated siRNAs or transfected with DN Stat3 constructs [Y—+F
and DNA-binding domain (DBD}, DN CREB, wild-type c-Myb, or pcDNA3 (see fig.
5§11 for construct expression) and then stimulated with HU-210 to induce neurite

www.sciencemag.org  SCIENCE  VOL 320

outgrowth. Error bars, mean & SEM (2 = 3 independent experiments); %, P < 0.05
(statistically significant difference by Student’s t test) versus the control Luc
SIRNA; **, P < 0.05 (Student’s f test) versus control pcDNA3. The figure is a

posite of multiple il The siRNA t; ions were performed as
two experimental sets. Set 1: Luc, AP-2, PAX6, c-Myb, and USF1. Set 2: Luc,
NR3C1, Smad3, RARa, CEBPa, NFYA, and SPI1. Transfections of each DN con-
struct were first done independently and then repeated as one experimental set.
Depletion of transcription factor expression was confirmed by quantitative real-time
reverse transcription polymerase chain reaction (RT-PCR) or immunchlot (fig. 512).
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expected to observe activation of Stat3 on the
array. Mouse Neuro2A cells were treated with
HU-210 (2 uM] for 20, 60, 120, and 360 min to
assess transeription factor activation. Ongoing
transcription was required for at least 360 min to
induce neurite outgrowth in response to CBIR
signaling (fig. S1). Nuclear extracts were ob-
tained and processed for hybridization 1o the
array. The Entrez Gene names of all the tran-
scription factors activated over the 360-min time
course are displayed in table S2. All of the tran-
scription factor-activation amays described in

Fiig. 2. Construction of networks and identification
of BRCAL and a PI3K-AKT-PAX6 pathway as regula-
tors of CB1R-induced neurite outgrowth. (A} Eight
ian protein-protein interaction datab

and one signaling network were consolidated into
asingle network made of 67,379 human protein-
protein and protein-ligand interactions (1). This net-
work was filtered by removing interactions from
research articles that reported more than three in-
teractions. The lists of activated and nonactivated
transcription factors (TFs) at 20 min were used as
input nodes to find direct and neighboring inter-
adtions and to identify paths from the CBIR receptor
‘to the transcription factors (11), enabling us to iden-
tify and rank regulators within the network (11). (B)
A subnetwork created by finding the shortest paths
of a maximum of seven steps from the HU-210 node
{HU) to the 23 activated transcription factors (orange
nodes) at 20 min. (I} Paths were found for 17 out of
the 23 factors. BRCA1, PI3K, and AKT1 are highlighted
{green nodes). HU and CB1R nodes are highlighted
in blue. (1) Pathway connecting CB1R to PAX6 through
PI3K and AKT1 {edited manually after literature re-
view). (llI} Table showing the ranking of components
in pathways detected in a control subnetwork (fig. 54
and table 53) versus the activated subnetwork using
‘the ranking method described in the supporting on-
line material (SOM) (7). 1, 11, and |1l in (B) correspond
to, II, and I1l in (A), respectively. CREBBP, CREB-
binding protein; PIK3CA, PIK3 catalytic, alpha; PIP2,
phosphatidylinositol 4,5-bisphosphate; PIP3, phos-
phatidylinositol 3,4,5-trisphosphate. (€) Subnetwark
created by finding the shortest paths of a maximum
of two steps between the 23 activated transcription
factors. Nineteen of the factors were connected using
this method {orange nodes). A binomial proportions
testwas used to prune out most of the less important
intermediates. BRCA1 is highlighted in green.

904

table S2 are shown in fig. S2A, and several
transcription factors that were activated at 20 min
are highlighted in Fig. 1A, Activated transcription
factors fell into three main categories: those that
were activated early and ftransiently, such as
Stat3, Smad3, and Smadd; those that displayed
sustained activation, ncluding ¢-Myb and paired
box 6 (PAX6); and those that were activated at
later times, such as forkhead box 11 (FOXII) and
upstieam transcription factor 1 (USF1) In all, 33
transcription factors were activated over the 6-
hour time course of CBIR stimulation. Because

the activations of homeohox D8 (HOXDS),
HOXDS, and HOXD10 and Smad3 and Smad4
were each represented as single spots on the array,
they were grouped together in table S2. For the
computational analysis (sce below), they were
used individually. Stat3 was activated at 20 and
60 min, and this activation was confinned by gel
shift analysis (fig. S3A). cAMP response element—
binding protein (CREB), a transcription factor
known 1o be involved in neurite outgrowth (§),
was also activated, and this result was verified
when CREB was phosphorylated on Ser'™ in

A Intergrated PP
and Signaling
F | Cresto
Experimental “;f,;?;u subretwork het |
resuls from TFs conneats the 11h. Rk list
TF activation activated TFs of regulators
amzys | S Ttor within
none | S Find pottways |l network
actvaled from HU-21010
TFs sdlivelod TFs and
non-actveted TFs|
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response to HU-210 (fig. S3B). It is likely that
CRER is activated through py subunit of G,
{Gpy)-mediated stimulation of p42 and p44
mitogen-activated protein kinase (MAPK) (9).
MAPK was also activated in response to CBIR
stimulation, and the treatment of cells with the
upstreamn MAPK kinase (MEK)-1,2 kinase in-
hibitor PD} 98059 (PD) antenuated phosphoryl-
ation of bath MAPK and CREB (fig. S3E).
Transfection of a dominant-negative (DN) CREB
construct inhibited cannabinoid-induced neurite
outgrowth, albeit to a lesser extent than did DN
Stat3 (Fig. 1B). Retinoic acid receptor (RAR),
another well-known regulator of neurite out-
growth (16), was also activated on the amay, and
this finding was confirmed by gel shift analysis
(fig. S3C). We also examined several tran-
scription factars, including c-Myb, activating
protein 2o (AP-2a), and PAX6, that have not
been shown to have a role in neurite outgrowth.
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Fig. 3. Regulation of CB1R-induced neurite
outgrowth by BRCASI (A) Effect of BRCAL siRNA on

induced neurite h. Neuro2A
cells were transfected with Luc siRNA or BRCA1
siRNA and stimulated with 2 uM HU-210 to induce
neurite outgrowth or with DMSO as a control
Amounts of neurite outgrowth in cells exposed to
Luc siRNA and HU-210 were normalized to 1, and
baseline amounts of neurite outgrowth were nor-

Ge!l shifi analysis confirmed the activation ¢-Myb
(fig. S3D). These resulis validate severa! of the
transeription factors that were activated on the
aays.

To test whether the activated transcription
factors might regulate the induction of neurite
outgrowth, we assessed 10 of the activated
factors, representing all three categories (early,
sustained, and late activation) in addition o
CREB and Stat3. Depletion of AP-2a, PAXSG,
and spleen focus forming virus proviral inte-
gration oncogene | (SPI1) with RNA interfer-
ence (RNAQ) inhibited cannabinoid-induced
neurite outgrowth by ~60%, and RNAi of
RARa was also slightly inhibitory (Fig. 1B). In
contrast, RNAI of Smad3, c-Myb, and nuclear
transeription factor-Y a (NFYA) led to an en-
hancement of HU-210-stimulated neurite out
growth. Ectopic exprsssion of cMyb reduced
neurite outgrowth by ~30%. Off-target gene-

B Luc siRANA

BRCA1 siRNA

DMSO
Stat3

DMSO
Hoescht
(nuclear

stain)

HU-210
Stat3

HU-210

Hoescht

(nuclear
stain)

HU-210
Merge

malized to O (7). Treatment of cells with an SC SRNA (SC siRNA HU) resutted in similar amounts of cannabinoid-
induced neurite outgrowth as Luc siRNA (Luc siRNA HU). Error bars, mean = SEM {» = 3 independent
experiments), *, P < 0.01 (student’s  test) versus Luc siRNA HU-210 control. (B) Requlation of Stat3 localization.
Neuro2A cells were transfected with Luc siRNA or BRCAT siRNA and treated with DMSO or HU-210 for 20 min.
Cells were fixed, permeablized, and stained with Stat3 antibodies. Purple and yellow arrows indicate cytosolic
and nuclear Stat3 localization, respectively. Scale bars indicate distance in micrometers. Nuclei were visualized
with Hoescht stain. (C) Decreased BRCAL expression in response to CBIR stimulation. Neuro2A cells were
stimulated with HU-210 and RNA was Bolated at the indicated times. Quantitative real-time RT-PCR was
performed as described in the SOM (7). Error bars, mean = SEM (0 = 4 independent experiments); =, P < 0.01

(Student’s t test} versus O min control.
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silencing effects of RNAI seemed unlikely because
CBIR-induced neurite outgrowth was similar in
cells treated with luciferase (Luc) small interfering
RNA (siRNA) and a separate scrambled (SC’)
sIRNA. These results suggest that tran:
factor profiling is able to detect bath pasitiv
negative regulators of neurite outgrowth,

In silico network construction and predicting
new components and pathways. Although the
transcription factor arrays indicate that many
transcription factors are activated during neu-
rite outgrowth, they do not provide information
about the cell signaling pathways and compo-
nents that lead to their activation. We identified
the upstream signaling pathways and campo-
nenis regulating the activated transcription fac-
tors by constructing a network in silico. For this
we used available protein-protein interaction
databases, graph-theory analysis, and statistical
tests. We lidated eight existing
protein-protein interactions networks, the Bio-
molecular Interaction Netwark Database (BIND)
(11), the Human Protein Reference Database
(HPRD) (12}, the Molecular Interaction data-
base (MINT) (I3), the Database of Interacting
Proteins (DIP) (1), IntAct (15), BioGRID (16),
Reactome (17), and the Protein-Protein Iner
action Database (PPID) (18), with a neuronal
signaling network we developed (19). To remove
potentially low-confidence interactions, such as
interactions reported from yeast two-hybrid
screens, we filtered the nine consolidated data
sets by removing all articles reporting more than
three interactions. This method reduced the num-
ber of interactions in the consolidated database
from 67,379 to 15,494 (Fig. 2A). Applving a
shortest-path analysis, we first automatically
found undirected paths of a limited path length
(two steps, all direct- and second-neighbor inter-
actions) between all the transeription factors,
knowing the consensus-binding sequences on
the transcription factor-activation array. Com-
bining all the paths from this search resulted in a
subnetwork made of 444 nodes and 1873 infer-
actions from 1843 unique references. We merged
this subnetwerk with a large-scale curated signal-
ing network we developed from the neuroscience
literature (/9). Again applying shortest-path anal-
ysis, we searched for directed paths with a lim-
ited threshold path length (seven steps) from the
CBIR agonist HU-210 to the uan:cﬁpuan fac-
tors with the et on
the array. We found paths from HU-210 1o 104
transcription factors, including 17 of the 23 tran-
seription factors that were activated within 20 min
in table 82 (Fig. 2B) and 87 transcription factors
that were not activated (fig. 84). Counting and
comparing the number of times that components
appeared in pathways to activated factors or non-
activarted factors enabled us to identify inermediate
components i pathways predicted to participate
in the regulation of the activated transcription
factors (Fig. 2B and algorithm S1). BRCA1, the
‘reast cancer suscepfibility protein (247), was ranked
highest as the most specific regulator of the
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activated transcription factors (Fisher exact test,
P = 0.05; table S3, using equation S1; and Fig.
2B). One of the unanticipated pathways that
emerged from using this method connected
CBIR stimulation to PAX6 through phospho-
inositol 3-kinase (PI3K) and the protein kinase
Alt (table 83 and Fig. 2B). We applied a similar
analysis by building a subnetwork that attempted
1o connect anly the activated transcription factors

Fig. 4. Regulation of neuronal differentiation by
BRCAL. (A) BRCA1 requlates neurite outgrowth in
rat primary hippocampal neuron cultures. Hippo-
campal cultures were transfected with Luc siRNA or
BRCA1 siRNA after plating and adhesion. Cells were
fixed 30 hours after transfection. The mean number
of processes per cell in each field was analyzed
morphometrically. The mean number of processes
for neurons treated with Luc siRNA was normalized
to 1. Error bars, mean + SEM (7 = 10 wells of four
fields per well for each experiment set); *, # < 0.05
(Student’s ¢ test) versus Luc SiRNA control. (B)
BRCA1 regulates synaptic density in hippocampal
neuron cultures. Neurons were transfected with Luc

(algorithm S2). Starting with a list of the 23
activated factors, we searched for paths of three
links in length using the consolidated mamma-
an protein-protein interactions networks, This
twork contained 79 nodes and 328 links,
antly more links than those in subnet
works created from 20 randomly generated seed
lists of the same size, created from factors that
were not activated on the tanscription factor—

B

[ Luc siRNA
[ BRCA1 siRNA

¥ "

=

@
o
ai

Normalized processes/cell
2 o
B

o

2 3
Experiment Sat

activation arrays {table $4; = test, P < 0.001)
The clustering coefficients and characteristic
path lengths (21) were similar (0.18 versus 021+
0.09 and 2.37 versus 2. 0.39) in the sub-
network of activated factors and the control
subnetworks. We used a binomial proportions
test 1o remove components that were found in
the activated factors subnetwork but not specif-
ically interacting with the activated factors,

Luc
SIRNA

BRCA1
siRNA

siRNA or BRCA1 siRNA using NeuroPORTER after 3 days in cultures. Four days later, cells were fixed and stained with synaptophysin (red) and fi-tubulin (blue)
antibodies. Yellow arrows dencte synaptophysin puncta. Quantification is shown in fig. 578B.
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Fig. 5. Effects of PI3K-
Akt signaling to PAX6 on
CB1R-induced neurite
outgrowth. (R) Phospho-
rylation of Akt. NeuroZA
cells were stimulated with
2 pM HU-210 for the in-
dicated times in the ab-
sence (LY} or presence
of (+LY) the PI3K inhibi-
tor LY. Cells were lysed
and immunoblot analysis
was performed with anti-
bodies to phospho Akt
(pAkt) or total Akt pAkt
levels were normalized to
total Akt Error bars,
mean + SEM (0 = 3 in-
dependent experiments);
* P < 005 (Student's
t test) versus O min
control. (B) Effects of
pharmacological inhibitors on neurite outgrowth.
Neuro2A cells were either treated with the indicated
inhibitors or transfected with DN CREB and then
stimulated with HU-210 to induce neurite outgrowth.
Error bars, mean + SEM (7 = 4 independent
experiments for PR, n = 3 for all othersk * P <
0.02 (Student's { test) versus DMSO control; =, P <

0.01 (Student’s £ test) versus pcONA3 control. The figure is a composite of multiple experiments. DN CREB + LY was performed with the other DNA transfections
in Fig. 1B. (€} Gel shift assay of PAX6 binding. Neuro2A cells were stimulated with 2 uM HU-210 for the indicated times in the absence (~LY) or presence (+LY}
of LY. Nuclear extracts were prepared and gel shift assays were performed with oligonucleotides containing consensus-binding sites for PAX6. (D) PAX6
phosphorylation in rat primary hippocampal neuron cultures. Hippocampal cultures were stimulated with 1 M HU-210 for the indicated times in the absence
(=LY} or presence (+LY) of 10 pM LY 294002. Cells were lysed, and immunoprecipitations were performed with rabbit antibodies to PAX6 or rabbit
immunoglobin G as a control Immunoblot analysis was performed with mouse antibodies directed against phospho-Thr. Phospho-Thr levels were normalized
to PAXG after stripping and re-probing the blots with PAX6 antibodies. Values were averaged from two independent experiments. (E} Simple schematic of
signal flow through Src, MAPK, and PI3K during neurite outgrowth. CB1R stimulation by HU-210 (HU) activates the alpha subunits of G; and G, () and leads
to activation of Stat3 through the kinase Src. BRCA1 is depicted in blue. The putative interaction between BRCAL and Akt is shaded gray (38).
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because these components interact with many
proteins, Thus, their presence in the activated
factors subnetwork might be by chance (22)
Again, BRCA1 was identified as a specific in-
teractor with the activated transcription factors
(binomial test, z score 58.9; table S5 and Fig. 2C).
We experimentally tested whether BRCA1 regu-
lated neuronal differentiation and for the exis-
tence of a CBIR-10-PAXG pathway.

Regulation of neuronal differentiation by
BRCA1. Although the molecular mechanisms
by which BRCA| functions have remained enig:
matic, BRCAI is thought to participate in the
response to DNA damage, centrosome ampli-
fication regulation, and mitotic spindle assem-
bly (20, 23, 24). BRCA1 may also function in
neural development, because mice with homo-
zygous deletion of BRCAI die as embryos
because of neural defects (25). However, no
cell-biological function for BRCA| during neuro-
genesis has been reparted. Several clinical case
studies have linked BRCA1 mutant alleles
found in breast cancer to epilepsy (26, 2
Thus, BRCAI may influence the pathology of
neurological conditions

To examine whether BRCAI regulates neu-
rite outgrowth, we inhibited BRCA] expres
sion by use of RNAi in Neuro2A cells {fg

A CBIR

Fig. 6. Integration of activated transcription factors with the upstream
signaling network during CB1R-induced neurite outgrowth. (A) Pharmaco-
logical inhibition of transcription factor activation during CBIR stimulation.
The Venn diagram (data from fig. 52B) shows the inhibition of transcription
jtor LY (blue), the MAPK pathway inhibitor
PD {yellow), and the Src inhibitor PP2 {magenta). (B) Proposed decision logic
for cell-state change during CB1R-stimulated neurite outgrowth. A set of three
POR gates connects the alpha subunits of G; and G, (Gey, for clarity) and the
Gy subunit to the kinases PI3K, Src, and MAPK. This study's results and the
experimental literature (table S6) suggest that these gates are not true OR

factor activation by the PI3K i

$12D). Ablation of BRCA expression enhanced
cannabinoid-induced neurite outgrowth by 70%
(Fig. 3A). In addition, 80% of the neurite out-
growth normally observed in response to canna-
binoid signaling was seen upon loss of BRCAL
expression in the absence of HU-210. This result
raises the possibility that BRCA1 may also affect
neuronal differentiation in the absence of canna-
binoid signaling. Indeed, several of the ranscrip-
tion factors that interact with BRCA1 (28-30)
and were activated through CBIR stimulation
participate in neuronal di in mul-
tiple contexts (8, 10, 31).

Network analysis indicated that BRCA] in-
teracts with several of the transcription factors,
including Statl, Stat3, and Smad3, within 20 min
of cannabinoid treatment. We tested whether
BRCAI regulated Stat3 and Smad3 during CBIR
stimulation. BRCA1 siRNA treatment resulted in
an increase in the nuclear localization of Stat3
in response to HU-210 at 20, 60, and 120 min
(Fig 3B and fig. S5B) and in nuclear localization
of Smad3 at 60 and 120 min (fig. $6). Stat3 also
accumulated in the nucleus within 60 to 120 min
after HU-210 treatment of Luc siRNA-treated
cells (fig. S5A), but to a lesser extent than in cells
treated with BRCA1 sRNA (fig. S5B). These re-
sulls indicate that BRCALI influences cannabinoid-

RESEARCH ARTICLES I

regulated nuclear localization of Stat3 and Smad3.
Consistent with these findings, stimulation of
Neuro2A cells with HU-210 caused an ~40%
decrease in amounts of BRCA1 mRNA by 60 min
that was sustained until 120 min (Fig, 3C), which
comelates with the time that Stat3 accumulates in
the nucleus after HU-210 stimulation (fig. S5A).
By 6 hours after treatinent of cells with HU-210,
amounts of BRCA1 mRNA were similar to those
in unstimulated cells.

Because the loss of BRCA expression in-
duced neurite outgrowth in the absence of CBIR
stimulation, we investigated whether BRCAI
played a general role in neuronal differentiation.
In primary cultures of rat hippocampal neurons,
the neurons initially form neurites that further
develop into a single axon and multiple dendrites
(32). To assess the role of BRCAI in differenti-
ation, primary hippocampal cultures were trans-
fected with BRCAI siRNA afier the cells had
adhered to the culture plates (fig. S12E). After
30 hours, cells were fixed and stained with
[B-tubulin to mark neurites, and neurite outgrowth
was analyzed morphometrically, In three of four
experiments, RNAD of BRCAI appeared to
decrease the number of processes per cell by 10
10 15% (Fig. 4A and fig. STA), suggesting BRCA1
is a positive general regulator of neuronal dif-

gates and are thus represented as pOR gates (see fig. 513 for details). Stacked below are three AND gates that connect the kinases to the transcription factors. The
components and connections are in black. The gray arrows and gate symbols are in gray to denote information flow and the abstract nature of the pOR and AND gates.
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ferentiation. Because several case studies have
linked BRCA1 muiations to epileptic seizures
(26, 27), we also examined whether BRCA1
regulated synapse formation in primary hippo-
campal cultures. Synapses are proposed to form
between neurons through protrusions by dendrit-
ic filopodia, which extend toward axon tenninals

by phosphorylation on Ser and Thr residues
(35, 36). To assess whether PI3K is involved in
PAX6 activation in primary hippocampal cultures,
we cultured neurons for 3 days, treated them with
LY ar dimethyl sulfoxide (DMSO), and then stim-
ulated them with HU-210 (1 uM) for 30 or 60 min.
PAX6 was immunoprecipitated and then immuno-

and form stable contacts during diffes

blotted with a phosphott antibody to exam-

(33). Rat primary hippocampal cultures were trns-
fected with Luc sIRNA or rat BRCAL siRNA on
the third day that cells were cultured (fig. S12F).
On day 7, cultures were fixed and stained with
antibodies to the synaptic vesicle marker synap-
tophysin and p-tubulin to mark dendrites (Fig. 4B
and fig. S7B). The loss of BRCAI expression in
primary cultures resulted in an increase in the

ine PAX6 phosphorylation. Stimulation of CBIR
with HU-210 led to the phosphorylation of PAX6,
and blockade of PI3K inhibited this effect (Fig. SD
and fig. $9), indicating that PI3K may influence
PAX6 activation in response to CBIR signaling

Signal processing for neuronal differentiation.
Many of the transcription factors that we iden-
tified by the profiling approaches are involved

punciuate hysin staining in hipp:
pal cultures, indicating that BRCAI may fime-
tion in regulating locations where synapses may
be forming during differentiation of hippocampal
neurans. This was not due 10 an effect of BRCAL
on cell viability, as the number of live and dead
cells was similar in neurons treated with Luc or
BRCA1 siRNA (fig. $8). Overall, these findings
indicate that BRCA1 1s aregulator of cannabinoid-
mediated and general neurona! differentiation and
raise the possibility that loss or dysregulation of
BRCA1 may also contribute to abnormal neu-
ronal morphology and neurological disorders,
PI3K signaling to PAXé during C(B1R-
stimulated neuronal differentiation. Netwark
analysis also predicted that a CBIR-PIBK-Akt
pathway regulates neurite outgrowth and linked
this pathway to PAX6. To assess this possibility,
we first examined whether the PI3K pathway was
activated during neurite outgrowth in NeuroZA
cells. Stimulation of CBIR resulted in Akt acti
vation, as demonstrated by phosphorylation of
A7 which is required for activation of Akt
(Fig. SA) (34). This activation was blocked by
the selective PI3K inhibitor LY 294002 (LY),
suggesting that Akt activation was occurring
through PI3K. Treatment of Neura2A cells with
LY also inhibited neurite outgrowth by ~50%,
similar 1o the effects of the MAPK pathway
inhibitor PD and DN CREB (Fig. 1B and Fig. 5B).
Blockade of both MAPK and PI3K pathways
led to further inhibition of neurite outgrowth
(Fig. 5B). This inhibition is similar to that ab-
served with DN Stat3 (Fig. 1B) or the upstream
kinase Src inhibitor 4-amino-5-{4-chlorophenyl}-
Tt hitldwﬁm‘ﬂ[i“‘dhynmﬂmﬂ’m)(ﬂa 5B)

in neurite h. This, taken together with
the validation of the network predictions that
BRCAL is an impartant regulator and that PI3K-
t0-PAXG is a signaling pathway regulating neu-
rona! differentiation, suggests the validity of the
network that we are nimuf}mg by using th.s
ination of
However, these experiments dn not shed light
on the design logic of this network We sought
to determine the relationship between the upstream
kinases and downstream transcription factors as
an approach to understand how the different
logic gates might be organized within the net-
work. We used the transcription factor activation
amays to assess how Src, MAPK, and PI3K
signals influence the 23 transcription factors that
are activated afier 20 min of stimulation of CBIR
(1able S2) in the presence of their phannaco-
logical inhibitors LY, PD, and PP2, respectively
(fig. 82). Fach inhibitor affected the activation
of a group of transcription factars and activation
of some transcription factors was inhibited by
several inhibitors (Fig. 6A). As expected, PD
inhibited CREB activation and PP2 inhibited
Stat3. Both LY and PP2 inhibited PAX6 acti-
wation (Fig. 6A), suggesiing that in addition to
PI3K, Src signaling may also influence PAX6
activation. Blockade of either PI3K or Src in-
hibited Akt activation (fig. S10). However, other
‘molecules in addition to Src may signal to Akt
because the inhibition of Se did not completely
abrogate the activation of Akt. The inhibition of
MAPK enhanced Akt activation, suggesting that
the PI3K pathway may compensate for the loss
of MAPK signaling during neurite outgrowth. A
simplified schematic of the signal flow during

‘These results suggest that PI3K regul
induced neusite outgrowth and that PI3K and MAPK
may act independently to induce neurite outgrowth.

We assessed with gel shift analysis whether
PI3K signaling activated PAX6 in Neuro2A cells.
Treatment of Neuro2A cells with LY before
HU-210 blocked the shift of a PAX6

duced neurite outgrowth is shown
in Fig. SE.

Network organization and cell state—change
decisions. Thiz study provides the framework
to explore the mechanistic details of individ-
ual interactions during neuronal differentia-
tion. These relationships are likely 1o be cell

site after 20 min of stimulation but not at later
time points (Fig. 5C), suggesting that PI3K. acts
in the early activation of PAX6 during cannabinoid-
induced neurite outgrowth. The role of PAX6 in
cannabinoid signaling in primary hippocampal
neurons was also examined. PAXG6 is activated

type-specific as highlighted by BRCA1 inhi-
bition of neurite cutgrowth in Neuro2A cel
and stimulation of outgrowth in hippocampal
neurons. This study has enabled us to develop
a systems-leve! logic diagram for cell state—
change decisions in Neuro2A cells (Fig. 6B)

For this we used the results of this study and
the experimental literature on the G; and G
signaling pathways (fig. $13 and table S6)
The picture that emerges has a set of partial
OR (pOR) gates that connect the Ga;, Gas,
and Gffy subunits to the kinases PI3K, Src,
and MAPK. Src itself may stimulate both PI3K
and MAPK. This redundancy of pathways in-
dicates that the upstream region of the network
is abundant in positive feed-forward motifs that
function as pOR gates, a topology reminiscent
of what we have chserved in our literature
based signaling network of the hippocampal
neuron (19). The three pOR gates are stacked
on top of three AND gates that connect the
kinases to many transcription factors. Akt also
appears to participate in a single-input module—
type motif (37) connecting 1o a number of tran-
scription factors, but the role of most of these
transcription factors, except RAR, in neurite out-
growth in Neuro2A cells is not clear. In contrast,
AND gates connect kinases to ¢-Myb, Sta3,
PAX6, NFYA, and CREB, all of which function
in CBIR neurite outgrowth as shown by
functional ablation experiments. This arganiza-
tion of pOR gates stacked on top of AND gates
suggests a distributed decision-making pro-
cess. This provides a balance between redun-
dancy of response pathways at the upper level
and a balanced funneling of signals at the lower
level, in which the AND gates can serve as
filters. Such filtering would ensure that only
signals of sufficient intensity and duration tum
on the transcription factors lo tigger state
change. Thus, this overall organization allows
for reliable state-change responses to appropriate
signals.
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Turbulence and Magnetic Fields
in the Large-Scale Structure

of the Universe
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The nature and origin of turbulence and magnetic fields in the intergalactic space are important
problems that are yet to be understood. We propose a scenario in which turbulent-flow motions are
induced via the cascade of the vorticity generated at cosmological shocks during the formation of the
large-scale structure. The turbulence in turn amplifies weak seed magnetic fields of any origin.

Supercomputer simulations show that the turbulence is subsoni

nside clusters and groups of galaxies,

whereas it is transonic or mildly supersonic in filaments. Based on a turbulence dynamo model, we then

estimated that the average magnetic field strength would be

a few microgauss (uG) inside clusters

and groups, approximately 0.1 uG around clusters and groups, and approximately 10 nanogauss in
filaments. Our model presents a physical mechanism that transfers the gravitational energy to the
turbulence and magnetic field energies in the large-scale structure of the universe.

here is growing evidence that the inter-

galactic medium (IGM) is permeated

with magnetic fields and is In a state of
turbulence, similar to the interstellar medium
within galaxies, Magnetic fields in the intra-
cluster medium (ICM) have been measured with
a varety of techniques, including observations
of diffuse synchrofron emission from radio halos,
mv:me-Cumpmn scattered cosmic back

of clusters, an upper limit of ~0.1 uG has been
placed on the magnetic field strength of fila-
ments, based on the observed limit of the RMs
of background quasa:s (4 .
So far, if have been
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hierarchical formation of LSS in the universe,
They are collisionless shocks, which form in a
tenuous plasma via collective clectromagnetic
interactions between particles and electromag-
netic ficlds (/4). The gravitational enerpy rleased
during the structure formation is transferred by
these shocks to the IGM plasma in several differ-
ent forms: in addition to the gas enfropy, cosmic
rays are produced via diffusive shock accelera-
tion (15, 16), magnetic fields are generated via
the Biermann battery mechanism (7, 17) and
‘Weibel instability (18, 19), and vorticity is gen-
erated at curved shocks (20, 21).

In astrophysical plasmas in which charged
particles are coupled to magnetic fields, tubulent-
flow motions and magnetic fields are closely
related We suggest that the turbulence in the
IGM is induced by the cascade of the vorticity
generated at cosmological shocks. The turbu-
lence then amplifies the intergalactic magnetic
fields (IGMFs) through the stretching of field
lines, a process known as the turbulence dynamo.
This scenario provides a theoretically mofti-
wvated model for the evolution of the IGMFs in
LSS, independent of the origin of seed fields.

There are other sources that can also i

observed only in the ICM The analysis of the
gas pressure maps of the Coma cluster revealed
rhat pressure fluctuations arc consistent with

bul and bul is like-

radiation in extreme uliraviolet and hard x-ray
radiation, and Faraday rotation measure (RM).
The inferred strength of the magnetic field is
on the order of 1 pG (/-3). In the IGM ouiside
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ly to be subsonic with £ = 0.1 £, Where £
and ey, are the turbulence and thermal energy
densities, respectively (6). These results agree with
predictions of numerical simulations of large-
scale structure (LSS) formation (7, §). Turbu-
lence in the ICM also has been swdied in RM
maps of a few clusters (9, 10).

It has been suggested that cosmological shocks
with Mach numbers up 1o ~10" and speeds up o
a few thousand kilometers per second exist in
the IGM (1/-13). Such shocks result from the
supersonic flow motions that are induced by the

VOL 320

and magnetic fields to the IGM. For
instance, galactic winds can drag out the galactic
magnetic fields on the order of 1 pG strength
into the surrounding 1GM (22). The magnetic
fields in the lobes of the jets from palactic black
holes can also contaminate the IGM (23). Mergers
of smaller objects are expected to produce
turbulent motions in the ICM, which in mm
amplify the existing magnetic fields (24). Those
processes, although possibly important, are not
topics of this study.

We first calculated the vorticity @ = Vxv
(curl of flow velocity) in the IGM, from a nu-
merical simulation using particle-mesh/Eulerian

hydrodynamic code (25) for the formation of

LSS in a cold dark matter-dominated universe
with a cosmological constant [supporting online
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material (SOM) text S1). As shown in Fig, 1, nu-
mercus shocks exist in the LSS that are bounded
by aceretion shocks (A1), The distrbution of vor-
ticity closely maiches that of shocks, suggesting
that a substantial portion of the varticity, if not
all, must have been generated at the shocks.

There is a clear trend that the vorticity is
larger in hotter (Fig. 2) and denser (fig. S1) re-
gions. As shown in the top right panel of Fig. 2,
at the present epoch Wipulyge ~ 10 10 30 (e,
the root mean square of the velocity; fu, the
present age of the universe) in clusters and
groups [temperature (7) > 107 K] and filaments
(10° < T'< 107 K), whereas it is on the order of
unity in sheetlike structures (10° < 7< 10° K)
and even smaller in voids (T'< 10* K (sce SOM
text S2 for the temperature phases of the IGM).
It increases a litile with time and asymptotes
afier red shift z < 1. Because the local eddy mum-
over time, L4, can be defined with the vorticity
8 Loay = 1w, i, [2) represents the number of
eddy trnovers in the age of the universe at a
given z. Roughly, if oy, is greater than a few,
we expect there has been enough time for the
vorticity to cascade down to smaller scales and
for turbulence to develop in the IGM. So it is
likely that turbulence is well developed in
clusters, groups, and filaments, but the flow is
mostly nonturbulent in sheets and voids.

In our simulation, the vorticity was generated
either directly at curved cosmological shocks
or by the baroclinity of flows. The baroclinity
resulted from the entropy variation induced at
shocks. Therefore, the baroclinic vorticity gen-
eration also can be auributed to the presence
of cosmological shocks. Our estimates of vor-
ticity generation by the two processes (SOM
text §3) are shown with open symhols in the
top right panel of Fig. 2. They agree reasonahly
well with the vorticity present in the simulation,
although the estimates are intended to be rough.
The plot indicates that the contributions from the
twa processes are comparable.

To estimate the energy associated with tur-
bulence, the cur! component of flow mations Vg,
which satisfies the relation ¥ % 1 = ¥ % 1

Fig. 1. Two-dimensional
images showing gas den-
sity p in a logarithmic
scale @eft), locations of
shocks with color-coded
shock speed Vi (mid-
dle), and magnmlde of

vorticity, wt,q. (right), [
around a clster complex
of (25 ™'Mpd” area at
present {z = O). Here, h
is the Hubble constant
in units of 100 km 5™
Mpc . The complex in-
cludes a cluster of x-ray
emission—weighted tem-

is extracted from the velocity field (SOM text
84). As vorticity cascades to develop into fur-
bulence, the energy (lf.’.}:r[..f(p, pas density) is
transferred to turbulent motions, so we regard itas
the turbulence energy, €. As shown in Fig. 3,
£ap < £y in clusters and groups. In particular, the
mass-averaged value is (Epp/Eame = 011003
for 7> 107 K, which is in good agreement with
the observationally inferred value in cluster

cores (6). The turbulence Mach number (M) =
Vaa /s = VT B(Ennt, / B4, where ¢, is the
sound speed. Therefore, overall urbulence is sub-
sonic in clusters and proups, whereas it i3 tran-
sonic or mildly supersonic in filaments.

The consensus regarding the origin
of the IGMFs is that no mechanism can produce
strong coherent magnetic fields in the IGM
before the formation of LSS and galaxies (26).

|ug'f'(K)
5 6
e I—'\'—a 5 .
Rz =0 =115
1 3
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Ho0 aE
| 3
—0.5°>
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Fig. 2. (Left) Volume fraction with given temperature and vorticity magnitude (top left) and temper-
ature and magnetic field strength (bottom left) at present. (Right} Time evolution of the root mean
square of the vorticity (top right) and volume-averaged magnetic field strength (bottom right) for four
temperature phases of the IGM and for all the gas as a function of red shift z. Magenta symhbols in the
top right panel are our estimates of the vorticity generated d|rectLy at curved shocks (open circles) and
by the baroclinity of flows (open squares). Magenta open circles in the bottom right panel show the
mass-averaged magnetic field strength for 7> 107 K.

perature T, = 3.3 keV. Color codes for each panel are {left) p/(p} from 107" {green) to 10" (red); (middle} ¥yq from 15 {green) to 1800 km s™* (red); and

{right) wt,q. from 0.5 (green) to 100 (red).
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However, it is reasonable to assume that weak
seed fields were created in the early universe
{SOM text S5). The seed fields can be amplified
by the intergalactic turbulence discussed above.
In principle, if we were to perfonm magneto-
hydrodynamic (MHD) simulations of structure
formation, the amplification of the IGMFs could
be followed. In practice, however, the cumently
available computational resources do not allow a
numerical resolution high enough 1o reproduce the
full development of MHD turbulence in LSS (7)

In order to follow the growth of the IGMFs
by the dynamo n of turbulence, we turned
1o a separate simulation in a controlled box.
Starting with a very weak regular field, a three-
dimensional incompressible simulation of driven
MHD turbulence was performed (SOM text S6).
In the simulation, the evolution of magnetic fields
goes through three stages: (i) the initial expo-
nential growth stage, when the back-reaction of
magnetic fields is negligible; (ii) the linear growth
stage, when the back-reaction starts 10 operate;
and (iif) the final sauration stage (27). Adopting
the simulation result, we modeled the growth
and saturation of magnetic energy as

£
Ot/ tesy) = —
N Equb.

0.04 x exp|(£/tusy — 4)/0.36]
for £ty < 4
= 400.36/41) % (/teaqy — 4) + 0.04

for 4 < t/tosy < 45
(53]
(fig. 82). Assuming that the fraction of nurbulence

energy govemed by Eq. 1, ¢, is converted into
the magnetic energy, we estimate the strength

o Doiilivesly
4 5 8

log T(K)
Fig. 3. Ratio of turbulence to thermal energies as
a function of temperature at present. The values

shown are volume-averaged and mass-averaged
over temperature bins.

=
o
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of the IGMFs as B = [Sneq © o{oty)]'”
Here, the values of @ and ey, are calculated
locally from the structure formation simulation.

The resulting IGMFs follow the cosmic weh
of matter distribution as shown in Fig. 4 (and in
fig. $3). On average, the IGMFs are stronger in
hotter (Fig. 2) and denser (fig. S1) regions in our
model. The swrength of the IGMFs is B = 1 pG
nside clusters and groups (the mass-averaged
value for 7> 107 K), ~0.1 pG around clusters
and groups (the volume-averaged value for 7>
10" ), and ~10 nG in filaments at present
(bottom right panel of Fig. 2) {see SOM text 87
for the numerical convergence of the estima-
tion). These values agree with the observed ficld
strengths discussed earlier. They also agree with
the previous study (7), in which the magnetic
field strength in clusters was estimaied to be a
fewmicroGauss, based on a kinetic theory. The
IGMFs should be much weaker in sheetlike
structures and voids. Bul as noted above, tur-
bulence is not fully developed in such low-
density regions, so our mode] is not adequate to
predict the field strength there. For each temper-
ature phase, the IGMFs are stronger in the past,
because the gas density is higher. However, the
IGMFs averaged over the entire computational

REPORTS I

volume are weaker in the past because the frac-
tion of strong-field repions is smaller.

‘While being amplified, magnetic fields be-
come coherent through the inverse cascade (27).
The coherence scale of magnetic fields in fully
developed turbulence is expected to be several
times smaller than the driving scale; that is, the
scale of dominant eddies (SOM text S8). In the
1GM outside of clusters, the curvature radius
of typical cosmological shocks is approximate-
ly a couple of megaparsecs (/1) {fig. 54), which
should represent a charactenistic scale of dom-
inant eddies. The coherence length of the IGMFs
there is then expected to be several hundred
kilaparsees. On the other hand, the scale height
of the ICM is several 100 kpe. The coherence
length in the ICM is expected to be ~100 kpe
or so, if it carresponds to the scale of the dom-
inant eddies.

Ourmedel can predict the RMs owing to the
IGMFs, which may be tested in future ab-
servations with Low Frequency Amay and Square
Kilometer Amray (28). Also, our mode] IGMFs
can be employed in the study of the propagation
of ultra-high-energy cosmic rays, which is cru-
cial to search for astrophysical accelerators of
such high-energy particles (29).

Fig. 4. Volume-rendering image showing the la]garimmicatly scaled magnetic field strength atz =0 in
the whole computational box of (100 A~ Mpc)® volume. Color codes the magnetic field strength from
0.1 nG (yellow) to 10 uG (magenta). The colors were chosen so that clusters and groups show as
magenta and blue and filaments as green.
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Stress and Fold Localization in
Thin Elastic Membranes

Luka Pocivavsek,? Robert Dellsy,® Andrew Kern,? Sebastidn Johnson,* Binhua Lin,?

Ka Yee C. Lee," Enrique Cerda™

Thin elastic membranes supported on a much softer elastic solid or a fluid deviate from their flat
geometries upon compression. We demonstrate that periodic wrinkling is only one possible
solution for such strained membranes. Folds, which involve highly localized curvature, appear

whenever the membrane is compressed beyond a third of its initial wrinkle

of a general elastic interface under lateral com-
pression. We show that wrinkles appear as a first-
order linear response of the membrane and can be
suppressed by nonlinear effects that give rise to
the fold at greater confinement.

A thin {10-um) sheet of polyester resting on
the surface of waler is initially flat. Clamping one
set of free edges between two movable barriers
and compressing by some small amount A, the
sheet instantaneously forms wrinkles with a wave-
length X (a in Fig. LA). If the sheet is continually
i, the wrinkle amplitude grows uni-

gth. Eventually

the surface transforms into a symmetry-broken state with flat regions of membrane coexisting with

locally folded points, rem

ent of a crumpled, unsupported membrane. We provide general

scaling laws for the wrinkled and folded states and proved the transition with numerical and
experimental supparted membranes. Our work provides insight into the interfacial stability of such
diverse systems as biological membranes such as lung surfactant and nanoparticle thin films.

rumple a piece of paper and a meshwork

of highly deformed ridges and perfectly

straight planes appear. This focusing be-
havior is wniversal for any strongly confined
membrane (1, 2). Compress a similar membrane
now resting on some substrate like water or a
gel, and it responds differently. Its initial re-
sponse is wrinkling, producing beautiful sinus-
oidal undulations across the entire surface (3-7).
Yet if the wrinkled surface is laterally compressed
even firther, a different geometry emerges. The
wrinkles disappear everywhere except for a few
select locations on the surface that exhibit folds,
a peometry similar to the crumpled picce of
paper.

*Depariment af Chemistry and James Franck Institute {JF!),
University of Chicago, Chicage, 1L 60637, USA. *Center for
Advanced Radiation Seurces and JFI, University of Chicage,
Chicago, IL 60637, USA. “Departamentc de Fisica and
Centro para Investigacién Interdisciplinaria Avanzada en
Ciencias de los Materiales, Universidad ce Santiago, Av.
Ecuador 2493, Santiago, Chile.

*To whom comespondence should be addressed. E-mail:
ecerda@lauca.usach.d

Avariety of real sysiems can be thought of as
elastic membranes resting on sofier substrates.
Our lungs are lined by a thin membrane, com-
posed of lipids and proteins, that stabilizes them
and is often modeled as an elastic sheet on a fluid
subphase (8-16). The membrane’s mechanical
respanse via reversible folding is believed to play
a key role in normal lung function (9). Likewise,
thin layers of nanoparticles—which show prom-
ise as unique electronic, optical, and magnetic
materials (11)—have recently been spread at air/
water interfaces as a method of controlling their

formly across the surface (/9). Evenwally one
wrinkle will grow in amplitude, whereas the others
decay as seen in bin Fig. 1A, Further confinement
leads 1o the eventual formation of a fold where all
of the distortion is focused within a narrow region
of the surface (c in Fig. 1A).

Although the wrinkle-to-fold transition in
Fig. 1A takes place when the polyester sheet is
lying on top of water, a fluid substrate is not
necessary for the transition. Figure 1B shows a
similar evolution of the surface with the polyester
adhered 0 a soft gel. Smooth wrinkling (a in Fig.
1B) becomes unstable (b in Fig. 1B) and even-
wally localizes into sema. folds relaxing the rest
af:h: surface (c in 1B).

A phenomenologically similar transition
can he observed in films three orders of mag-
nitude thinner. At an air/water interface, gold
nanoparticles 5 nm in diameter are compressed

packing structure and to allow ease of d
onto solid substrates for potential technological
use (12, 13). Wrinkling and folding of such layers
during deposition could be exploited to create
nanopatierned structires.

Several theoretical approaches have been
developed to treat particular cases of cither
wrinkling (3, 6, 7, 14-16) or folding (8, 17, 18)
in given systems. However, the generality of these
instabilities has not been developed, and existing
theories treat one state or the other without con-
necting the two. Here, we explore the evolution

to form a self- bled trilayered film that is
15 nm thick. With the use of light microscopy,
one can observe the initial periodic wrinkles
with & ~ 10 um (a in Fig. 1C). If the compres-
sion is stopped, the surface remains wrinkled
However, further confinement leads 1o the fo-
cusing behavior observed in the macroscopic
polyester film. Panel b in Fig. 1C shows the
beginning of fold formation: The brightness of
one wrinkle increases as its amplitude grows,
scattering more light. Eventually the two leaf-
lets of the sheet make self-contact, and the fold

16 MAY 2008 VOL320 SCIENCE www.sciencemag.org



than in (A)], and (C) trilayer of colloidal gold nanoparticles on water [where 8 is much lower than
in (A} transitioning from an extended wrinkled state, a, to a localized folded state upon further
compression, c. Polyester films are 10 um thick. The nanoparticle layer is 15 nm thick. The macroscopic
systems are imaged from the side. The nanoparticles, compressed in a Langmuir trough, are mi-
croscopically imaged from above. Panel a in (C} shows a uniform wrinkled surface, with the wrinkle
troughs and peaks providing the contrast in brightness. As one wrinkle grows in amplitude, it be-
comes brighter still [b in (O]. Upon fold completion [c in (C}], the fold extending underneath the
surface is several microns long and far below the focal plane of the surface so scattering is not seen.
It appears dark because of its thickness suppressing transmission. As a length scale for each set, one
can use the initial wrinkle wavelength: (A}, 4 ~ 1.6 cm; (B), & ~ 3.3 mm; and (C}, & ~ 10 pm. The
membranes here span three orders of magnitude in thickness and initial wrinkle wavelength.
Furthermore, the intermalecular forces holding them together are very different: The polyesters are
cross-linked polymers, whereas the gold nanoparticles are simply held together by van der Waals
forces (12).
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(appearing dark) is formed, relaxing the wrin-
kles to either side. A movie of the process is
available as supporting online material {SOM;
movie S1) (20); also available is a movie show-
ing folding in a model hmng surfactant layer
(movie S2)

A thin membrane can be bent far more easily
than stretched (). As such, thin membranes are
often described as inextensible so that their length
is preserved upon deformation. In the above
experiments, a membrane of length L is com-
pressed by a horizontal distance A, so that the
total projected length along the honzontal
direction is L — A The lack of compression
along the plane of the membrane leads to the

)
constraint L — A= Idlms &, where the integra-
o

tion and differentiation are in tems of distance
along the curve ! {arc length). Figure 2A defines ¢
as the angle between the tangent to the curve and
the horizontal; the derivative of the angle with
respect to arc length (§) gives the curvature.
To understand the observed nonlinear folds,
we studied the energy, U, for a thin inextensible
elastic sheet. The energy per unit of width
is made up of two parts: the elastic bending
)2

energy, U = (B/2)[dié”, of the film and the

potential energy due to the displacement of the
L

substrate underneath, Uy, = (K/‘Z)jdicoscg‘z,

where y is the vertical displacement of the
surface from the flat state, B is the bending
stiffness of the surface, and K is the stiffness
of the substrate. In the case of a fluid sub-
strate, Hertz was the first to realize that its
weight could act as an effective stiffness; thus,
for a fluid £ = pg, where p is the fluid density
and g is the acceleration due to gravity (2/).
The shape of the film is obtained by mini-
‘mization of the total energy U7 = Uy + Uy with a
Lagrangian multiplier to satisfy the inextensibility.
To study the weakly confined wrinkled state, we
make the linear approximation ¢ = J, where y is
the derivative of the vertical displacement with
respect to the arc length, Given a smooth si-
nusoidal undulation of the surface as seen in
the experiments, the bending energy scales as
Us = (B/D)fLdli? ~ BLAIZY (where  is
the second derivative of the vertical displacement
with respect to the m}_lmgv]a), and the potential
energy as Uk = (K/2)[db? ~ KLA®, where A is
o
the wrinkle amplimde. A balance of these two
energies gives the wavelength of the wrinkles as
Ao~ (BJ’K)V‘ (see fig. S1 and SOM for exact
caleulation and experimental fiting). Further-
more, the inﬂgmsibih‘ly in the linear approxi-
mation is A = [df” ~ L{4/1}". This gives the
o
amplitude as 4 ~ A/{A/L}. The wrinkles arc
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predicted to grow i in litude as

The th | data in Fig. 3A represent an

/A, which is in ag::emzmwuh our obsenmumm

The mml energy for awrinkled state scales as
U~ LBK)’ZA and is distributed across the entire
undulating surface. The specific energy U/ has a
finite value for a given applied external strain A/Z
independent of the system size. Furthennore, a
constant pressure is necessary to confine a film
in a wrinkled state p = 93U ~ (BK)'Z (where
U is the derivative of the energy with respect
to the horizontal displacement), independent of
the amount of lateral displacement so long as
the system size is large (20). Thus, the conclu-
sions from the linear analysis are that once a
wrinkled surface appears, it is the stationary
solution. Further confinement leads to a simple
increase in amplitude that gives rise to an in-
crease in energy for the system.

Whereas the above linear analysis explains
ihe wrinkled state, it does not provide insight into
the wrinkle-to-fold transition. To examine the
transition into the strongly confined ml: where

upper bound to the data for the order parameter,
which can be explained by considering the final
fold shape. In the numerical analysis, up/down as
well as § and anti-§ folds are seen as final states
(Fig. 3B). However, in the polyester experiments,
8 and anti-§ folds evenmally relax toward an
up/down geometry upon further compression
(22). In Figs. 2B and 3A, the data are divided
between membranes that formed intermediate §
and anti-§ folds (gray symbols) and those that
did not {black symbols) The untwisting is driven
by line tension at the polyester/water/air mter-
face, not accounted for in the numerical analysis,
and occurs at higher values of d; thus, some
physical data are slightly shified to the right as
shown in Fig, 3A (gray circles).
The corre; d between the

and physical data attests that the essential
physics of the phenomencn is captured in the
simulation. Both experiments show that a
wiinkled surface should be stable against further

fold locali begins, we Ly

by a third of its wavelength (A/3),

studied a thin polyester film on water and nu-
merically analyzed the lowest energy solutions
to the energy functional defined earlier. The
insets in Fig. 3, A and C, show profiles of the
physical and numerical sheets as compression
is increased. N = L/A and d = A/} are the only
dimensionless parameters in the problem (here,

N is the number of wrinkles, and d is the di

mensionless lateral displacement). 4, s chosen
as the amplitude of the wrinkle that decays and

Ay as the amplitude of the one that grows (Fig.

2A). Both the physical and numerical systems
show divergence of the amplitudes from the
square oot dependence on displacement seen
in uniform wrinkles beyond a certain confine-
ment (Fig. 2B). Notably, around d = A% = 0.3
{i.e., A= 1/3), 4, begins to increase linearly, and
the buttressing wrinkle amplitude 4; begins to
decay, This is the hallmark of the wrinkle-to-fold
transition.

The amplitude data also bring forth an emer-
gent size independence within the folding regime.
The wrinkle amplitude derived above depends on
strain (A/L); however, the fold amplinude depends
only on A. The fact that the wrinkle-to-fold tran-
sition occurs at = 0.3 thus gives rise 1o the in-
creased scatter in the data for d < 0.3 and a
collapse of the data onto linear curves beyond
this critical point (Fig. 2B).

To avoid the finite size effect at low com-
pression, one can look at the ratio of the two
amplitudes, 4y /A4, that acts as an effective order
parameter for the transition. For a uniformly
wrinkled state, the order parameter should fluc-
tuate around one. However, as confinement in
creases above a eritical point, the order parameter
must diverge. Figure 3A shows the overlay of
physical (circles) and numerical (solid blue line)
data for the order parameter. When o < 0.3, both
sets lie on the line Ay/4; = 1. As compression is
increased beyond this point, there is a seemingly
asymptotic divergence.

beyend which the surface geometry becomes
unstable toward the new localized folded state.
The fold eventually collapses as two nonad-
Jjacent parts of the surface make self-contact, and

confinement approaches the itial wrinkle
wavelength,

We now provide a physical interpretation
of the transition in the original unscaled var-
iables. For a fold with a maximum curvature at
S tip g, the energy is localized inside a pe-
rimeter of [ ~ 1/, so that the bending en-
ergy of the fold scales as Ug ~ B/!. The height
of the fold is proportional 1o the applied dis-
placement A; hence, the potential energy must
scale as Uy ~ K A”. We have not considered
the nonlinear effect due to the factor cosé in the
potential energy. This term represents the pro-
Jjection of the fold shape along the horizontal
direction. Writing the inextensibility constraint
as the sium of linear and nonlinear terms, we
abzainjdl\l - cost) = A. Thepawnh‘al[:n:rgy
can mmlarly be divided, Uy = '2}[’;@2 -

fi(p;jd!(l cos W This yielda the scaling

UE.~K[AZ KA ]}ﬂ(l—mso) KIN - KA.

The size of Lhe fold ¢ is obtained by
minimizing the total energy & (Up + U) = 0,
giving { ~ (B/K)” (1/A), which is confirmed by

A

Hlx

&

0.0

P AT

L

___'A()/A
A/

/B

%

d

0.2 0.4

06 0.8 1.0

Fig. 2. (R) The figure defines Ay and A, and the geometrical parameters describing a confined
sheet. The deformation can be described by using a two-dimensional coordinate system. Here t and
n are the tangent and normal to the surface, respectively. ¢ gives the position of the tangent with
respect to the horizontal direction. {B) Experimental results for polyester on water for Ay (squares)
and A, (circles). Experimental data were taken for several membrane sizes, including when ¥ = 3.5,
4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0. Dark solid lines show numerical results for a sheet

with L = 3.5 Both the physical polyester and

data are made Ay Ao, and

A are scaled to A. (Inset) A; versus horizontal displacement for several numerical systems of

different sizes (solid blue lines}. The dashed line is the theoretical curve A =

(v 2)ixln/(d13.5) (20)

that follows the numerical curve for N'= 3.5 and d << 1. In both numerical and physical cases, the
data are more scattered for d < 0.3 and then collapse onto more compact (perfectly so in nu-
merical case) curves past this point. This behavior is indicative of the size-dependent behavior in
the wrinkling (d < 0.3) regime and size-independent behavior in the folding (d = 0.3) regime.

16 MAY 2008 VOL 320 SCIENCE www.sciencemag.org



our numerical analysis. Thus, the total energy for
the folded state in terms of only material con-
stants and displacement is {7 ~ {HK)V?A - KA.

One way to check this energy is to calculate
the pressure needed to confine a sheet. From our
scaling law, p = 3,0 ~ (BK)"2 — KA>. Tn di
mensionless form, the pressure can be written as
PABK)"? = a— bd®, where & is obtained from the
linear analysis [a = 2, see derivation in (20)] and
b from fitting the numerics (b= 2.47) (solid curve
in Fig. 3C).

The energies of the wrinkled state and folded
state differ only in a term of higher order that is
related to the geometry of the localized fold. This
term lowers the total energy, which explains why
a localized fold is observed for high values of
confinement instead of a stationary wrinkled state
that extends throughout the surface. Rewriting
the scaling in terms of d, the wrinkle and fold
energies are within 10% of each other around d =
03. As such, the energy-scaling arguments are in
quantitative agreement with the experiments. The
fold energy becomes more stable when the sheet
is compressed beyond a third of the initial wrin-
kle wavelength, at which point energy begins to
be localized within a narrow part of the surface
proportional to / {25)

This focusing effect and the wrinkle-to-fold
transition should generally occur when the thin
membrane and substrate foundation are consid-
erably mismatched in their elastic properties. In

the case of a fluid substrate where the fluid has no
siatic elasticity, the transition occurs as described.
In the case of soft gels (such as the system in Fig.
1B) where the ratio of the Young's moduli of the
membrane (£,) and substrate (£} is ~1000,
localization still occurs (c in Fig. 1B) yel is
distributed into several folds. Work on very stiff
substrates (E,/E, < 100) has shown the persist-
ence of wrinkles at large confinement with no
stress focusing (24). We believe the relaxation of
wrinkles into multiple folds is linked to the
underlying ability of the substrate to stretch and
shear We predict that in the range 1000 E,/E, >
100, the number of wrinkles relaxing into one fold
should decrease, giving rise to a larger number of
folds with smaller amplitides. Az the lower limit
is reached, surface focusing is suppressed, and the
excess membrane length due to compression is
accommodated in wrinkles of longer wavelengths
and larger amplitudes (24),

Many physical examples exist where the
mismatch in membrane and substrate elasticity
is large. A long-standing problem in supported
membranes has been understanding the focused
and large-amplitude folds seen in lipid mono-
lavers. More than 50 years ago, Ries and Kimbal!
showed that such monolayers at airfwater inter-
faces develop large-amplitude folds at localized
sites on the surface (25). Since then, folding has
been reported in several other lipid (/0, 26) and
nanoparticle films (/2), yet existing theories rely-

REPORTS I

ing on defects (8, 15, 17, 18) fail to account for
the universality of how these ultrathin membranes
transition from flat structures only nanometers in
thickness to folds orders of magnitude larger. We
canjecture that the large-amplitude folds i self-
assembled layers like lipids and gold nanoparticles
initiate via the mechanisim explored here. Gener-
ally, self-assembled films at airliquid interfaces
should become unstable 1o wrinkling and folding
when they become solidlike and capable of
supporting lateral compression (27).

Our made! also provides an elegant mecha-
nism that accounts for fold size and directionality
by simply invoking the film's elastic character
and confinement to the interface. The bending
stiffness of a lipid monolayer is (10 kT) (4),
which would give it a wrinkle wavelength of
O(1 pm) using K = pg. Wrinkles have been dif-
ficult to detect in lipids because of their poor scat-
tering of light; however, diffuse x-ray scatlering
has shown wrinkle signatures with wavelengths
of O(1 yun) (4, 26). If the monolayer transforms
as an elastic sheet, then we expect folds of the
same order as the wavelength appearing perpen-
dicular to the direction of compression: in par-
ticular, our scaling shows / ~ A /A, yet as the fold
makes sclf-contact A ~ %, so [ ~ & The most
detailed study of monolayer folding where thou-
sands of folding events were analyzed showed
that the most probable folds in a model lung sur-
factant system were 2 um in size and oriented

A B
14 f 4o Y N=55 -
20, L2
1214

0.2 0.4 0.6

08 1.0 C

Fig. 3. (A) Experimental results for the arder parameter Ag/d, (circles). The
solid line is the master curve derived from numerics. The master curve only
uses systems where A is a fractional number. (Inset} Experimental profiles of
the sheet as confinement is increased. (B) Different possible localized folds for
d = 0.5 (center) and d = 0.9 (right}. ¥ gives the starting wrinkled state from
which the fold was obtained. ¥ = 6.0 and N = 7.0 produce 5 and anti-§
shapes, respectively. N = 6.5 produces a fold pointing upwards instead.
Generally, the same final shapes are observed for any other system that has
the equivalent size 5.5 < N — n < 7.5, with n being an even number. The two
images at the left show the initiation of S (top) and anti-S (bottom) folds in
the polyester and comparing it to a similar d value numerical state. The 0.5
numerical membrane in each case will continue to form the § and anti-5 folds
reaching the state seen at the right. However, the physical membrane will
eventually untwist to a down fold in both cases (22). (C) Di fonless cross-
sectional pressure versus horizontal displacement for M = 5.5. Here, the
dimensionless pressure was obtained from the numerical analysis (solid line)
and compared to our theoretical prediction (empty circles). (Insets) Profiles
maximum amplitude normalized to 1.

0.0

02 0.4 0.6 1.0

of the sheet for each value of the horizontal displacement with the
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directly perpendi to the axis of
(28). This is in agreement with our prediction. In
the gold nanoparticle layers shown in Fig. 1C,
wrinkles are more easily seen because of the
strong scattering of the metal cores. As the image
shows, the length scale over which the fold forms
Dk s sslby m: initial wn'njcl: wavelength (A).
of ~thin
m:mbmnua uzmngh uontrmla.b]: and reversible
modes like wrinkling and folding opens the door
1o technological use of these systems (29). In
medicine, developing synthetic lung surfactant
formulations depends on our capability to re-
produce the incredible ability of mative lung
surfactant to compact by folding (9). Likewise,
nanupamc]e ﬁun lilm ﬂpp!n:aucns mly on un-
and re-
sponses ufsu::'h]ﬂyus (12, 13, 29). From wrinkle
wavelengths, constants like the bending modulus
can be found (5, 6, 30), whereas controlling the
wrinkle-to-fold transition can help the develop-
ment of adaptive functions in new technologies
like flexible electronics (29, 31).
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Metasomatized Lithosphere
and the Origin of Alkaline Lavas

Sébastien Pilet,* Michael B. Baker, Edward M. Stolper

Rscyded aceanic crust, with or without sediment, is often invoked as a source component of continental and
oceanic alkaline magmas to account for their trace-element and isatopic (hara(term:s. Alternatively,

these features have been attributed to sources

In melting

veined, pl

‘experiments on natural amphibole-rich veins at 1.5 gigapascals, we found that partial melts of metasomatic
veins can reproduce key major- and trace-element features of oceanic and continental alkaline magmas.
Moreover, experiments with hornblendite plus Lherzolite showed that reaction of melts of amphibole-rich
veins with surrounding lherzolite can explain observed compositional trends from nephelinites to alkali

is a viable ale to models of

olivine basalts. We conclude that melting of

alkaline basalt formation by melting of recycled oceanic crust with or without sediment.

race-element and isotopic characteristics
of alkaline [i.e., nepheline (ne}-nommative]
basalts from ocean islands and continents
suggest the presence of enriched components in
their mantle sources ({). These components are
often mierpreted as derived from recycled oceanic
crust with ar without sediment (/). An altemative
is that the enriched components are recycled,
meiasomatized lithospheric mantle (2-6). Al-
though both hypotheses are compatible with
trace-clement and isotopic characteristics of oce-
anic and continenta! alkaline magmas, they must
also be capable of accounting for the distinctive
major- and minor-element characteristics of alka-
line basalts (Fig. 1).
Although basic to ultrabasic ne-normative
liquids can be produced by low-degree melting

of garnet lherzolite, no high-pressure melting
experiments on “dry” peridotite have produced
melt compositions that are plausible parents of
alkaline ocean-island basalts (OIBs) (7-16). Ad-
dition of CO; to peridotite substantially modi-
fies liquid compositions: Near-solidus melis are
carbonatitic (11, 12), but with increasing temper-
ature, low-degree melts are silica-poor and CaO-
and COyrich (1), Such findings suggest that
ne-normative magmas similar to natural alkaline
basalts could be produced by low-degree melt-
ing (2 10 5%) of primitive mantle sources

Divisien ef Geolegical and Planetary Sciences, Califomia
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containing 0.1 to 0.25 weight percent (wt %)
€O, (11). However, primitive mantle is too poar
in TiO; to produce in this way melts with the
high TiO contents of alkaline basalts (/3); this
is consistent with the premise of both of the
above hypotheses that components in addition
10 normal mantle peridotite are required in the
sources of these magmas.,

The melting of recycled oceanic crust has
been investigated experimemtally, and high-
pressure partial melts of quartz and coesite ec-

logites (approximating average oceanic crust at
high pressures) are hypersthene (hy)-normative,
not ne-normative (Le., they are silica-oversaturated
rather than alkaline) (/4, {5) and thus cannot
produce alkaline magmas directly. A possible res-
olution is that silica-oversaturated oceaic crust
transforms o silica-deficient gamet pyroxenite
by the extraction of silica-tich fluids or melts dur-
ing subduction (16, 17). High-pressure melting ex-
periments on silica-deficient gamet-clinopyroxenite
compositions, either dry (16, I7) or with COs

Naphsiinila _Basanite AWali ol Tholeile Nephelinite _Basanife

Alkall ol _Tholeiite
basall

REPORTS I

{18), have indeed produced ne-normative liquids
close in some respects to the compositions of
alkaline basalts (Fig. 1). However, liquids from
such experiments do not reproduce the K20 con-
tents of alkaline basalis (Fig. 1G), and the ex-
trace-clement compositions of these liquids,
although not addressed in these experimental
studies, are depeudem on the processes assumed
for the arigin of the silica-deficient pyroxenite
sources and are consequently poorly constrained.

Hydrous minerals and enrichments in incom-
patible elements in mantle xenoliths demonstrate
that metasomatism occurs in lithospheric mantle
(19). Here, we present results of melting experi-
ments on natural homblendite and clmopyroxene
{cpx) homblendite to investigate whether meli-
ing of metasomatic hydrous veins could produce
liquids consistent with the major- and trace-
element compositions of alkaline magmas.

We selected homblendite (AG4) and cpx
homblendite (AG7) starting materials from the
French Pyrenees because they contain amphiboles
(amph) typical of those in hydrous veins from the
oceanic and continental lithosphere (Fig. 2). We
conducted piston-cylinder experiments on these
compsitions at 1.5 GPa (comesponding to a depth
of ~45 km, ie., within the lithospheric mantle)
and 1150° to 1400°C for 24 to 64 hours (20).

Glass :ompmll ons from experiments on

Ky0 (WL

35 38 40 42 M 46 48
Si0y (WE%)

38 38 40 42 44 48 4B S50 B2
S0, (Wt %)

80 &2

qu. 1. Major oxides (A to G) and KZDJNagO (H) versus 5i0; (volatile-free) for hornblendite, clinopyroxene-

ite, sandwich ite + peridotite), and silica-deficient gamet-pyroxenite
melts (£C0,} compared to conunental and oceanic intraplate basalts and mid-ocean ridge basalt
{MORB) compasitions. The Macdonald-Katsura line [dashed line in (A)] separates alkaline from tholeiitic
basalts. Positions of the terms nephelinite, basanite, alkali olivine (oL} basalt, and tholefite along the
top of (A) and (B) denote the approximate silica values of each rock type. Solid gray circles, 0IBs; solid
black circles, continental intraplate basalts; open black circles, MORBs [all rock compositions are from
GEOROC and PetDB databases (36) and have 8 to 15 wt % Mg0J. Solid red and green diamonds, glass
compositions from 1.5-GPa experiments on AG4 and AG?, respectively (the open diamonds are the
starting compositions). Solid and open orange diamonds, glass compositions from 1.5-GPa sandwich
experiments where orthopyroxene is present or absent, respectively, in the peridotitic layers. Solid dark
and light blue triangles, glass compositions from 2- to 5-GPa experiments on silica-deficient garnet
pyroxenites, dry (16, 17) and in the presence of 5 wt % CO, (18), respectively (the open triangles are
the starting compositions). The orange arrow in each panel connects the AG4 melt compositions to the

both vein were strongly alkaline
(normative ne + leucite > 18 wi % for AG4 and
> 11 wt % for AGT), and all had <44.1 wt %
Si0, (Fig. 1A). Glasses from experiments at
1250° 10 1300°C for both compositions over-
lapped the compositional felds of nephelinites
and basanites from ocean islands and continen-
tal settings far most elements (Fig. 1 and fig. S1).
Compositional similarities between initial par-
tial melts of AG4 and AG7 reflected incongru-
ent melting of amphibole in both lithologies
[amph — ~0.6 melt + 0.3 epx + minor olivine
(ol) + spinel (sp)] at ~1150°C, the sol:dus for
both that is, the of
the subsolidus amph rather than the abundance

TI02 amph (W4, %)

o

70
Mg# amoh
Fig. 2. Ti0, (wt %) versus Mg# [100 Mg/(ig + Fe),
molar| for amphiboles from AG4 and AG7 (the
starting materials used in this study; red and
green diamonds, respectively) compared to am-
phiboles from oceanic and continental litho-
spheric veins (black dircles), amphibole xenocrysts

compositions of glasses produced at same temperature (1300°C) in the sandwich exp (AGA +  from c | basanites (open triangles), and
peridotite) and illustrates how melt ¢ itions change with the assimilation of P {+ spinel i from ized peridotite (gray
from the peridotite layers. diamonds} (20).
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of epx in the starting material was the major con-
trol on the solidus temperature and the compo-
sition of the initial melt. However, the liquidus
temperatures of the two compositions were dif-
ferent: AGT (with 45 wt % cpx) had a higher
liquidus temperature than AG4 (with no observed
€px), ~1385°C versus ~1315°C.

The trace-element patterns of AG4 and AG7
experimental glasses were similar to those of the
starting materials (Fig. 3A) but were progres-
sively enriched relative to them with decreasing
melt Imcnnn and were somewhat mm:hnd in
more-i ible relative to |
elements. The patierns of the starting materials
and their partial mells were also generally sim-
ilar to those of alkaline lavas, including features
such as positive Nb and negative Pb anomalies
(1) and elevated La/Yb mtios. In summary, the
melts of amphibole-bearing metasomatic veins
at 1.5 GPa were similar in major-, minor-, and
trace-element compositians to those of oceanic
and continental nephelinites and basanites.

The compositional continuum from nephe-
linites o alkali olivine basalts shown in Fig. 1 is
observed in many alkaline suites (21, 22) The
trace-clement pattems are generally similar for
the various hasic magmas from a single province,

but with overall trace-clement concentrations de-
creasing with decreasing alkalinity (i.e., as mag-
mas become less ne-normative) (Fig. 3, C and
D). This decrease in trace-element concentrations
Tas been used to suggest that the continuum from
nephelinite to alkali olivine basalt reflects an in-
crease in the degree of partial melting of a com-
mon source (24, 22); however, this continuum
could also be explained by mixing of alkaline and
tholeditic liquids or reaction between nephelinitic
«or basanitic liquid and surrounding peridotite (23).

To test this latter hypothesis, we performed
sandwich experiments i which a layer of AG4
homblendite was packed between layers of
moderately depleted peridotite (DMMI) (24)
at 1.5 GPa and 1225° to 1325°C. The sandwich
experimenis yielded reactions between partial
‘melts of the homblendite (i.c., nephelinitic melts)
and peridatite, even though temperatures were
below the estimated anhydrous DMMI solidus
[~1330°C (24, 25)]. Glasses from these exper-
iments (Fig. 1) had Si0; contents 5 10 6 wi %
higher than glasses from AG4

and higher Al;Oq and MgO contents. Glasses
from the sandwich experiments were general-
ly similar to oceanic and continental alkaline
basalts with 44 t0 47 wt % silica (Fig. 1), and
wends extending from the glasses from the
hornblendite-only experiments to those from
the sandwich ex; ts (red amows i Fig. 1)
paralleled the well-defined nawral trends from
nephelinites and basanites o alkali olivine
basalts. The wace-element panerns of the sand-
wich experiments were paralle! to, but ~25%
lower than, those in glasses from AG4 exper-
iments at the same temperature (Fig. 3B). These
resulls suggest that major- and trace-element
trends from nephelinites and basanites to alkali
olivine basalts and tholefites could be explained
by interaction between hydrous nephelinitic melt
and spinel peridotite dominated by reaction be-
tween the low-silica melt and orthopyroxene,
generating a lughzrsllm melt plus olivine.
Two scenarios have been proposed for the
produ:mm of alknl.mc ma.gmns by melting of
d

at similar conditions (and therefore had lower
nommative nepheline; ie., from ~45 wt %
ne to ~2.0 wt % hy}); somewhat lower TiO;,
FeO®, Ca0, Na;0, K;0, and H,O contents;

Fig. 3. Primitive man- Hnmb!mdﬂl AGA
tle (2}-normalized trace- A AG4 Whola rock n7s
element abundances _ ypg / "," :gg.g
for (A) hornblendite = CPX homblandita AGT:
and clinopyroxene- = 1250°C
homblendite melts, (B) £ T
melts produced in the E

homblendite (AG) + @& 1o |
peridotite sandwich ex- ‘gj‘ AGT Whole rock

periments (results from B t’z‘i’:ﬂ“ﬂ"f"“‘ from —

the 1250° and 1300°C A

AG4 melting experiments = " =

are shown for compari- oo o = "
son), and {Cand D) bas- @ A R Momirie Jos:
anites (510, < 45 wt %) § Homblendite AG4 - ¥ A —-— 1300°C
to alkali olivine basalts @ De

(5i0; > 45 wt %) from
the island of Tubuai
(Polynesia islands} (22)
and the Cantal massif

: (1) Shortly after or
dent with the 1 h
experiences a thermal perturhation or decampres-
sion and thereby melts in situ without recycling
through the deeper mantle (3, 5, 19, 26): or
(i) the metasomatized lithosphere is recyeled
into the convecting mantle by subduction or
delamination and melts during later upwelling
(e.g., in a plume) (2-6). The presence in conti-
nental alkaline magmas (27) of amphibole xeno-
crysts compasitionally similar to
metasomatic veins (}-‘ug 2 and fig. 52) and in
metasomatized peridotite Xenoliths (19) is con-
sistent with the in situ hypothesis; that is, these
xenocrysts and xenaliths could come from veins
and associated cryptically metasomatized litho-
sphere formed during an earlier stage of volcanic
activity that subsequently melted to produce
the host alkaline magmas (/¥, 26). The time be-
tween metasomatism of the lithosphere and
the formation of the alkaline magmas cannot
exceed the age of the lithosphere; however, long
times are required to explain the range of iso-
topic ratios observed in same OIBs (e.g., from
Tahaa, Rarotonga, Tubuai, etc., in Polynesia)
(3, 6). The recycling scenario (2-6) could ac-
count for these long time scales: Such recycling
could isolate metasomatic veins for times suf-
ficient {1 billion to 2 billion years) for ingrowth
of extreme isotopic ratios such as those ob-
served in the OIBs from Polynesia (6).

Note that the details of melting of recycled
metasomatic veins are likely to differ from those
of our experimenis; because amphiboles in litho-
spheric veins are not stable above 2.5 to 3 GPa
(~100 kan depth), deep recycling of these veins
would result in amphibole breakdown, and thus
subsequent melting of the veins during upwell-
ing would mvolve dehydrated equivalents of the
hydrous compositions we have studied.

‘ments on dehydrated AG4 at 1.5 GPa (2) (1able
S1) show that glass compositions are still strong-
ly ne-normative [consistent with experiments on

=
(France} (6). The gray o r \‘ :g‘"
band in (), (@, and (D) :,;/ / = :
shows the range (defined & T — aithe
as +lc of the average of & el raa  Wigheadd
195 analyses) of trace- % 10 T
element contents in low- %
silica QIB lavas (40 to D
A% SO with 810 o0 cenfmcle
15 wt % Mg0 [com- Cantal Lava (France)
piled from the GEQROC e el
database (36)]. = o 4TOWN

a Alkall of basalt —e— 480wl

%

-1

- \.%

5

@

1
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silica-poor gamet pyroxenites (16, 7)) and sim-
ilar to those produced in the experiments on the
hydrated AG4 composition, which suggesis that
even deeply recycled metasomatized lithosphere
could produce nephelinitic and basanitic magmas.

Although our data are consistent with the
hypothesis that alkaline magmas are produced
by melting of metasomatic veins, they do not
provide constraints on vein formation mecha-
nisms. The most widely cited mechanism is
that these veins crystallize from low-degree
melts of HyO- and CO,-bearing gamet perid-
otite (4, 5, 28, 29), but individual veins are not
thought to be representative of these low-degree
melts (fig. 83). Instead, veins are explained as
concentrations of phases crystallized from such
melis as they cooled on ascent through the lith-
osphere, generating a continuum from anhy-
drous to hydrous assemblages (plus cryptically
metasomatized adjacent peridotite) (28, 29), and
it is these fractionated cumulate assemblages
that are the hypothesized sources of neph-
elinitic and basanitic magmas. Pantial melts of
amphibole-hearing veins formed as cumulates
from low-degree mantle melts would have fea-
tures characteristic of the trace-element pat-
terns of alkaline lavas (20). For example, the
positive Nb/La and Ce/Pb ratios observed in
metasomatic veins (Fig, 3A and fig. 84) and
in basic alkaline magmas (/) would not be in-
terpreted as a characteristic of the mantle sources
of the metasomatic liquid but would instead re-
flect amphibole-liquid distrbution coefficients
[DREMA > DM and DEFYI > petia
(30, 31)). On the other hand, some composi-
tional istics of the ic veins

amount of melting that the same vein material
would undergo if it were not embedded in the
peridotite; meanwhile, the required latent heat
essentially refrigerates the enclosing peridotite,
and thus it will melt at lower pressure and to
lower degrees than if the veins were not present
(33). Thus, it can be anticipated that low-solidus
vein material in upwelling mante would melt
more, relative 1o expectations based on its itial
potential temperature, and that the peridotite
would melt less (32, 33). Therefore, recycled
lithologies characterized by low solidus temper-
atures that are embedded in peridatite will likely
melt to moderate to high deprees (especially if
the enclosing peridotite also exceeds its solidus
at some point during the ascent). However,
subducted oceanic crust would have to melt to a
low extent (<1%) in onder to explain the high
trace-element contents of alkaline CIBs (34);
such low degrees of meliing scem inconsistent
with the analysis above, and thus it is difficult to
einvision oceanic crust [or silica-deficient pyrox-
enite residual to extraction of fluids or melts from
subducted oceanic crust (16, 17)] as major trace
clement-bearing components of the sources of
alkaline basalts. In sum, the consequences of
multilithologic decompression melting are con-
sistent with our experimental results, which
suggest that high degrees of melting of meta-
somatic veins best explain the major- and trace-
clement contents of alkaline basalts.

Our results imply that the enriched compo-
nent in alkaline basalts should not necessarily be
equated with recycled oceanic crust and suggest
that recycled components in the sources of is-
lands ch; d by tholeiitic magmas (ie,

would be inherited directly from the low-degree
melts of gamet peridotite from which they
crystallize—for example, the high La/Yb ratios
observed in whole-vein compositions (Fig. 3A)
and in amphibole separates (fig. S4).

An imporiant element of any mode! for the
petrogenesis of alkaline basalts that invokes the
melting of lithospheric lithologies (e.g., oceanic
crust, with or without sediment or metasomatic
veins) during upwelling is that the solidi of
these lithologies must be lower than that of the
enclosing peridotite. This point is satisfied by
amphibole-bearing veins (or their dehydrated
equivalents) and by oceanic crust [as eclogite
(15) or after transformation into silica-deficient
gamet pyroxenite (16, 17)]. However, an aspect
of decompression melting of a multilithologic
mantle i that the various lithologies each in-
fluence the other’s melting behavior, such that
knowledge of the melting behaviors of the in-
dividual lithologies is not necessarily a guide to
their behavior when they ascend together in a
parcel of upwelling mantle (32, 33). For exam-
ple, suppose low-solidus vein material embed-
ded in highsolidus peridotite begins to melt
during adiabatic decompression but maintains
thermal equilibrium with the adjacent, unmelted
peridotite. In such a case, the degree of melting
of the veins will be enhanced relative to the

wwwsciencemag.org  SCIENCE

Hawail or leeland) interpreted as recycled ooeanic
crust (35) are distinct from those in the sources
of islands where ne-normative compositions are
dominant (i.c., Polynesia, islands in the Atlantic
Ocean, etc.). They also sugpest that alkaline mag-
mas are produced by high degrees of melting of
a volumetrically minor mantle companent rather
than low degrees of melting of the dominant
peridotite component. If so, these alkaline rocks
do not carry as much information about the ma-
Jjar components of the convecting mantle as is
often presumed. Finally, the ranges in isotopic
ratios observed in alkaline lavas from a single
oceanic island do not necessarily imply the in-
teraction between distinct mantle components
such as high u {u = Z*U/%'Pb), enriched man-
tle, and depleted MORB mantle (/). Instead,
they could reflect in part the time-integrated
history of a suite of veins with vanable trace-
element ratios (e.g., Nb/Th, Ba/Nb, and Ce/Pb;
including ratios that conirol the evolution of
critical isotopic systems such as U/Pb, Rb/Sr,
and Sm/Nd) (6) resulting from percolative frac-
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Ultrafast Probing of Core Hole
Localization in N,

M. 5. Schoffler,™ ). Titze," N. Petridis," T. Jahnke,” K. Cole,* L. Ph. H. Schmidt,*

A. Czasch,” D. Akoury,™* . Jagutzki," ). B. Williams,” N. A. Cherepkav,” 5. K. Semenov,”
C. W. McCurdy,” T. N. Rescigno,” €. L. Cacke,” T. Osipov,” S. Lee,” M. H. Prior,?

A. Belkacem,” A. L. Landers,” H. S(I\midt-ﬂﬁtkiug,’ Th. Weber,” R. Dérner®

Although valence electrons are clearly delocalized in molecular bonding frameworks, chemists
and physicists have long debated the question of whether the core vacancy created in a
homonuclear diatomic molecule by absorption of a single x-ray photon is localized on one atom or
delocalized over both. We have been able to clarify this question with an experiment that uses
Auger electron anqular emission patterns from molecular nitrogen after inner-shell jonization as an
ultrafast probe of hole localization. The experiment, along with the accompanying theory, shows
that observation of symmetry breaking (localization) or preservation (delocalization} depends on
how the quantum entangled Bell state created by Auger decay is detected by the measurement.

alence electrons in molecules owe their
‘ f binding force to their delocalization over
two or more sites. By contrast, the orbital
density of inner-shell electrons is confined near
individual nuclei. The overlap of these wave finc-
tions from neighboring atoms is almost negligible
(1. Stll, the electronic structure of molecules with
equivalent sites iz generally caleulated using
symmetry-adapled delocalized wave functions
for inner- as well as outer-shell electrons. In Na,
for example, the spatial distibutions of the in-
nermost electrons are usually described by la,
and 16, molecular orbitals, which are both de
localized over the two nuclel. For fiull shells, the
quantum mechanical indistinguishability of the
electrons renders the question of localization or
delocalization meaningless. For a single hole
created in an inner shell, however, the question is
relevant.

Bagus and Schifer (2), following a proposal
of Snyder (3), found that allowing for a local-
ization of the hole in a Hariree-Fock-type cal-
culation lowers the total energy of the 05 (1s™")
ion, yielding better with experi
However, it is now known that with more ac-
curate approaches than Hartree Fock, it is always
possible 1o obtain accurate energies without the
assumption of localized orbitals (4). Thus, the
question of whether a localized hole is formed by
photoicnization of the K shell is left unanswered
by quantum chemistry ( 5-7). Experimentally, the
question is similarly controversial ().

For K-shell ionization, the latest studies using
high-resolution clectron spectroscopy seem to
support the picture of a delocalized hole. These

experiments resolved the energy splitting he-
tween the gerade (g) and ungerade (u) states of
the hole (9-11), which was found to be 100 meV

Fig. 1. Ultrafast probing
of core hole localization
by coincident detection of
a photoelectron and an
Auger electron. (A and B}
Scenario for the case of
K hole localized at one
atom. (A} Photoelectron is
emitted from the right
atom. The red line in the
diagram shows the cal-
culated angular distribu-
tion for this photoelectron
at 9 ev; the light is cir-
cularly polarized, propa-
gating into the plane of
the figure. The orientation
of the molecule is indi-
cated by the barbell. In
a standard i

where the Auger elec-
tron is not detected, one
would measure the dotted
black angular distribution,
which is the sum of the
electron emission pattern
from the left and right
atoms. (B) With a time de-
lay of ~7 f5, the core hole
decays by emission of an
Auger electron (blue). The
blue line in the diagram
shows the calculated an-
qular distribution of the
Auger electron for assumed
localization of the hole at
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for Ny Ehara ef al. (i1) were able 1o track the
photon energy dependence and even the photo-
electron angular dependence for the g and u hole
states separately, yielding very good agreement
with a theory built on symmetry-adapted wave
functions (ic., a delocalized hole). In contrast,
tecent core hole photoelectron-photoion coinei-
dence experiments on acetylene (HCCH) support
the oppasite view (12). The photoelectron angular
distributions associated with nonsymmetric frag-
mentation show evidence of a localized core hole.

A puzzling question throughout this discus
sion is what physical process could possibly be
responsible for the apparent break in the inver-
sion symmetry of the system, leading to local-
ization of the electron in the meolecule. For
molecules such as HCCH with equivalent sites,
asymmetric vibrational modes are excited. The vi-
‘brational excitation breaks the aniginal symmetry
of the molecule and allows a localization of the
hole [see, eg., (J3-15)]. For homonuclear di-
atomics, however, no such asymmetdic modes
existand the only remaining means of labeling left
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the right atom. (C and D} Scenario for the case of a delocalized core hole in the 16, molecular orbital. (C) The
red line shows a RPA calculation of the photoelectron angular distribution, with electron energy of 9 eV, ejected
from the 1, shell by dircularly polarized light. (D) Calculated angular distribution of Auger electron from decay
of delocalized 1a, hale state. Detecting photoelectrons and Auger electrons in coincidence in the localized
scenario reveals broken symmetry, whereas inversion symmetry is preserved in a coincidence experiment for
the delocalized scenario.
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and right sides is by the charge states of the ions
created by fragmentation. For H, ionization fol-
lowed by asymmetric dissociation to a neutral H
atom and a proton, we have recently shown that
the symmetry of the photoelectron can be broken
if intermediate doubly excited states are involved
(16). The case discussed here is much more fun-
damental because even the ion charge states are
symmetric. The N; ultimately fragments into two
indistinguishable N fons, both in their electronic
ground state. Does this mean that the symmetry
must be conserved?

We used a distinet approach to address this
question, A core-lonized molecule is not stable.
‘The core hole decays, in many cases by emission
of an Auger electron. In the Auger decay, an elec-
tron from an cuter shell fills the core hole while a
second outer-shell electron is emitted, camrying the
excess energy. This decay can be thought of as a
measurement: The photoabsorption is a pump
step, and the Auger decay acts as an ultrafast
probe siep delayed by the lifetime of the hole
(~7 fs). The Auger electron carries information
about the hole that was filled. In our coincidence

tained by summing the delocalized 1o, (Fig. 1,C
and D) and le, core hole contributions. By
tracking both electrons, however, the localized
case might be expecied to show an asymmetric
pattern for the photoelectron, if the Auger
electron is detected (for example) on the left. In
contrast, with the delocalized assumption (Fig. 1,
C and D), all coincident electron distributions
will always show inversion symmetry. In reality,
both situations are realized, depending on the
angles of the photoelectron and Auger electron
emissions. This is possible because of the quan-
tum nature of the two entangled clectrons, which
form a Bell state.

The photoinduced process can he described
more completely as a three-step model (Scheme 1)
First, the absorption of a photon ejects a photo-
electron from the K shell of N, creating a hale in
the 1s shell N,*(1s7"). We directly measure the
trajectory of this electron with respect to the mo-
lecular axis in our experiment. The energy of the
photoelectron (9 ¢V in this case) is determined by
the excess pha(on energy. Second, the N;'(1 s")
decays 1o N,** by emission of a fast Auger

experiment we read out this i

The experimental idea is sketched in Fig. |
together with our calculated distributions (sec
below), assuming either a localized hole (Fig. 1,
A and B) or one of the two possible delocalized
core holes (Fig. 1, C and D). Clearly, the Auger
and photoelectron angular distributions in the
body-fixed frame of the molecule are different
in the two cases. However, if (as in all previous
experiments) the two electrons are not detected
in coincidence, then, even with the localized as-
sumption, emission from the left and right atoms
would be equally probable, and the experiment
d a distribution characterized by the
inversion symmetry shown by the black dashed
line in Fig. 1A (the sum of the red curve and its
inverse image). An identical result would be ob-

Photoernission: hv + Ny —3 No* (1577) + €55,

'

Dacay: N + Bpuger
Dissaciation: N*+N*
Scheme 1.

und 370 eV), which is also measured
in coincidence. Finally, the \lg dissociates into
two N™ ions with a kinetic energy release (KER)
in the region of 4 to 20 eV. The question of core
hole localization concems the character of a
shori-lived transient state of N5 "(1s™).

Parity describes the behavior of a system’s
‘wave function under inversion through the center
of the molecule. If the system is in a quantum
state of well-defined gerade or ungerade parity,
all observables are fully syminetric under inver-
sion, because they are obtained from the squared
modulus of the wave function. A hole localized
on one of the N; atoms implies that the wave
function is not a pure symmetry eigenstate but
rather a coherent superposition of gerade and
ungerade states.

The process we measure begins with the N,
molecule in its ground state, which has 'E, sym-
metry. Afier absorption of the photon, simple
selection rules dictate that the sysiem consisting
of N, " and the photoelectron must have (€ or IT)
ungerade symmetry. After the Auger decay, the
new system consisting of Ny*', the photo-
electron, and the Auger election must also have
ungerade symmetry, because Auger decay cannot
change the overal! parity of the system. Auger
decay can, however, populate states of No** of
any symmetry or parity. In our data reduction, we

Fig. 2. Photoelectron angular dis-
tribution in the molecular frame for
circularly polarized light. The pho-
ton propagation direction is into

-y
the plane of the figure. The orienta- hf
‘tion of the molecular axis s indicated
by the barbells. The photoelectron | A

REPORTS I

select the decay to the ).‘*\lnu 24, {ln“ Y%

and T(lx,’,20,") states of N, for further
analysis [see (/7) for the assignment of states].
All these states have perade parity, but the total
system must have ungerade parity, as explained
above. Conscquently, the photoelectron and
Auger electron must have opposite parity 1o each
other, one gerade and the other ungerade.

To analyze our findings theoretically, we
exploit a two-step model in which we describe
the steps of photoionization and subsequent
Auger decay by the product of a dipole amplitude
{7, quv |d|¥y) describing the former, and of a
Coulmb matrix element 5y [V, ) de-
scribing the latter. The subbcript f rofeso the
final state of No** We choose perade and
ungerade molecular states ‘') for the interme-
Ui, Eoub et ity chemd iod aid o
herently sum the amplitudes comesponding 1o
these intermediate core hole states before com-
puting the probabilities for producing the various
N final states.

Using a completely coherent superposition of
twa pathways to the final state via the 15" and
la,' intermediate states would be correct only if
the two states were energetically degenerate or if
the pathways could not be distinguished by the
energy of the photoelectron. The core glu energy
splitting of 100 meV in N, (9, /) is comparable
to the natwral widths of the “E (16!} and
2% (o'} states, which are lfetime Jimited
Th:mfcr: the states cannot be fully resolved in
principle and their amplitudes must be added
coherently. With this assumption, the cross sec-
tion for ident detection of a ph lectron
into the solid-angle element d€), and an Auger
clectron into dy, is given by

da

A0y dQy,
Z\ V[ N v ) +
BT e UL Y

It is only the mnterference temm between the 1o,
and 16, amplitudes in Eq. 1 (the product of the
terms being added in the coherent sum) that can
break the symmetry of the systein, as the individ-
ual cross sections are symmetric under nversion.
To simulate the photoionization process and
the photoelectron wave function yj, , we applied
the random phase uppmxlmauon (RPA) with
relaxation effects included (18, 19). The equa-
tions derived by Zahringer e al. (20) were used
for the calculation of the Auger decay amplitudes
{20) into three final N;™* states, 'Ef (1x77),
‘A&(m;f), and *IT, (1,26, ), which corre-
spond 10 the experimental KER values. For every
final state, the Auger electron wave function i,
was caleulated using the Hartree Fock a-rF)

energy is 9 eV. (A) N K-shell ioniza-

‘tion integrated over all Auger elactron angles. (B) Subset of data in (A), where the Auger electron is emitted at
80° to the molecular axis, as indicated by the arrow. (C) Distribution of photoelectrons emitted from the

carbon K shell of CO (black end of the barbell).

www.sciencemag.org  SCIENCE  VOL 320

i the frozen field of the comespond-
ing doubly charged ion. We note that the con-
tribution from the T {1, 26, ) state is very
small
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The results shown in Fig. 1, C and D, for an
assumed delocalized core hole were calculated
from the square of the 1a, amplitudes in Eq. 1
The case of the localized core hole was calculated
by a coherent swm of the gerade and ungerade
amplitudes with equal weight for the g and u
states. In general, although the calculations pro-
vide two different types of distributions (local-
ized and delocalized) for the Auger electron and
the photoelectron, the experiment shows that the
emission pattern depends on the observation angle
of either the Auger electron or the photoelectron

The experiment was performed at the
Advanced Light Source of Lawrence Berkeley

Fig. 3. Auger electron and photoelectron angular
distributions in the molecular frame for circularly
polarized light with an incident energy of £, =
419 eV. Dots are experimental data; lines represent

National Laboratory via the cold target recoil fon
‘momentum spectroscopy (COLTRIMS) tech-
nique (22, 23). Circularly polarized photons

time of flight of the photoelectron and fons, we
could determine their vector momenta. To im-
prove the ion momentum resolution, we used a

(419 eV) from beamline 11 were d with
a precooled supersonic beam of Ny in the vibra-
tional ground state. The photaclectron was guided
by parallel electric (12 V/em) and magnetic
(6.5 G) fields toward a multichannel plate de-
tector (diameter 80 mum) with delay-line position
readout (24), Those N> ions that fragmented
within 15 parallel to the electric field axis of
our spectrometer were guided toward a second
position-sensitive detector, 72 cm from the inter-
action point. From the position of impact and the

A JHITG

theory according to Eq. 1. Th ! axis (N) is
shown by the barbell, and the photon propagation
direction is into the plane of the figure. (A to E}
Auger electron angular distribution; (F to J} pho-
toelectron anqular distribution. (&) and (F), non-
coincident detection (integrated over the second
electron); (B} to (E), Auger electron distributions
when photoelectrons are emitted at selected angles
as indicated in (F); (G) to (]), photoelectron dis-
tributions when Auger electrons are emitted at
selected angles as indicated in (A). (K) The same
data asin (A), but notin polar form. The pink and
green lines represent the g and u ¢

the black line is the sum.

Auger el and

gated on E
J H 1a

HAuger eloctron total j\
B \

i

il | " i
1 075 05 035 0.0 025 05

07 1
Cosine of the electron emission angle

three-di | time and space—fo g fon
optics setup [see figure 12 in (22)]. Momentum
vectors of the photoelectron and the two ions
from the four-body final state (€pncios Caugers N's
and N") were measured directly, whereas the mo-
mentum of the fourth particle, the Auger electron,
was obtained through momentum conservation.

The experiment yielded the full 4m solid
angle distribution for the Auger electron and
photoelectron and ~1% solid angle for the ion
momentum. We obtained an overall resolution
of better than 50 meV for the KER and 0.5
atomic unit momentum resolution on the center
of mass motion (the calculated Auger electron).
The breakup is known to be much faster than the
rotation, so the direction of the N* fragments
coincides with the direction of the malecule upon
ph ion (25) [axial recail imati
(26)]. By coincident measurement of electron
and fragmentation direction, we determined the
electron angular distributions in the body-fixed
frame of the molecule without aligning the gas-
phase molecule in advance (27). The data were
recorded in list mode, so any combination of
angles and energies of the particles could be
sorted in the off-line analysis without repeating
the experiment. All spectra reported were taken
simultaneously with the same apparatus o reduce
possible systematic errors.

The coincident detection measurements di-
rectly show the localized character of the emis-
sion site for cenain emission angles of the Auger
electron. Figure 2A displays the photoelectron
angular distnbution for a 9-eV ph lectron
ejected by circularly polarized light in the
molecular frame. No specific Auger electron
direction is selected in this spectrum {noncoinci-
dent detection). The data agree very well with
similarly measured published data (28). The
distribution has inversion symmetry because the
N* fragments are indistinguishable. However, if
we examine a subset of these data in which the
Auger electron is emitted at an angle of 80° with
tespect 1o the molecular axis, the mversion sym-
metry of the photoelectron angular distribution is
strongly broken (Fig. 2B). These coincident data
closely resemble the pattern found for carbon
K-shell ionization in CO, shown in Fig, 2C for
comparisan. CO is isoelectronic with Ny, and the
carbon K shell is selected by the energy. The
comparison suggests that in Fig. 2B the K hole in
N is localized to the night.

We now show that the resulis presented in
Fig. 2 strongly depend on the cheice of direction
of the Auger electron. The angular distributions
of the Auger electron and photoelectron are
shown in Fig. 3, A and F, respectively. In both
cases, the comesponding other clectron is not
detected (integrated over all angles in our case):
The experiment thus measures the incoherent
sum of the theoretical amplitudes for the gerade
and ungerade contributions. Although thearet-
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ically we can perform the full calculation with
either localized or delocalized hole staies, only
the experiment tells unambiguously which de-
scription is appropriate. The experimental data
allow selection of the theoretical mode! that ade-
quately describes the abserved phenomena. From
such noncomcident angular diswibutions, no in-
formation about the character of the core hole
can be obtained The calculated Auger electron
angular distribution shows very narrow structures.

The photoelectron angular distributions for
four different fixed directions of the Auger elec
tron are shown in Fig. 3, G to J. We find a strking
change in these distributions upon small changes
in the angle of the coincident Auger electron. If
the Auger electron is detected in a direction where,
according fo the calculations, only the compo-
nents associated with filling a 1, vacancy con-
tribute (72.5%, Fig. 3A), then the pholoclectron
slwws an angular distribution that coincides with

i for the gerade 1 Car-
nspmdmgLy, if the Auger electron is detected
around 907 to the molecular axis, where the 16,
contribution has a node, the photoelectron
angular distribution appears dominated by unger-
ade symmetry. Note that for this particular
geometry at 90° to the molecule, our analysis of
the symmetry of the Auger clectron does not
even require a calculation. If we ignore the small
coniribution from the *TT, { In,', 20, } final state,
then thenode a190° follows from the prapestics of
an ungerade Auger electron wave of @ or §
symmetry. Twa waves emerging from a double
slit with x phase shifi destructively interfere at the
center between the slits,

Our results show that if the Auger electron is
selected in a direction where only perade waves

b wave
has ungerade parity, and vice versa Because the
photoclectron and the hole states must have
opposite parities, knowledge of the photoelectron
parity reveals the parity of the hole state, which
must be delocalized in this case.

The other extreme is shown in Fig. 3, I and J.
Here the Auger electron is selected in directions
slightly to the left or the right of 90° to the mo-
lecular axis, where, accarding to the calculations,
the g and u c:vmponmts contribute equalLy In
this case, the p ! angular distrib

pressed in either basis, that leads to the observed
resulis. Phoioeleciron ejection and the subse-
quent decay create a fully entangled electron pair,
which by our measurement we project anto either
of these basis states. This is by analogy to an
entangled two-photon state, for which measure

ment of one photon by a horizontal linear po-
larizer projects the other photon onto a state of
vertical polarization; similarly, circular polarizers
project onto left and right circular bases,

If we select from all Auger electrons de-
picted in Fig. 3A only those associated with a
photoclectran in a certain direction (indicated by
the arrows in Fig, 3F), then measuring the pho-
toelectron in a direction where only gerade photo-
electrons contribute projects the Auger electrons
onio the ungerade continuum states (Fig, 3B).
Ci dingly, selecting a photoel direc-
tion where only the u state contributes results ina
g-type angular distribution of the Auger electron
(Fig. 3C). Selecting photaclectron angles where g
and u contribute equally projects the Auger elec-
tron onto a left (Fig. 3D or right (Fig. 3E) state.

What conclusion can be drawn with respect to
the question of core hole localization? To discuss
this question in a quantum mechanically mean-
ingful way, it is first necessary to include the
decay, which is an inherent property of the ex-
cited molecule. Whether the core hole is better
thought of as being localized or delocalized
depends on the direction in which the photo-
electron or Auger electron is emitted. Detecting
the direction of the photoclectron in the exper-
ment selects between cases in which the transient
core hole is best described by a delocalized state
of g oru symmetry, and other cases for which itis
‘more appropriate to think of a localized hole. This
situation can be described by a coherent super-
position of gerade and ungerade states, or alterna-
tively by a superposition of states comresponding to
a hole on the left and one on the right.

In using a ccherent superposition of g/u hole
states to analyze our results, we have ignored any
physical processes that might destroy this local-
ization, The g/u hole states have a small energy
splitting (9, £7), which can be expressed in the
time domain as a hopping of a 1s vacancy be-
tween the two atoms (3). The 100-meV splitting

ds 10 a hopping time from one side to

shows the smmgiy broken symimetry already
discussed in connection with Fig. 2. The hole
appears localized on the right or left atom, e
spectively. A change of the Auger angle from 80°
to 100° is sufficient to apparently switch the site
of the core hole from left to right (Fig. 3, Land J).
On the other hand, these angular distributions are
comectly reproduced by our caleulation using a
coherent superposition of the gerade and ungerade
hole states in Eq. 1.

In our calculations, we used gerade and
ungerade orbitals, but we would obtain equivalent
results with left- and rightlocalized functions.
Wave finctions in one basis are easily expressed
through the wave functions in the other basis. It
is the coherent combination of amplitudes, ex-

wwwsciencemag.org  SCIENCE

the other of ~20 fs. This time is long relative 10
the ~7-fs lifetime of the hole states, so in most
cases the Auger decay takes place before the hole
changes sites. Cases where the hopping time and
Auger lifetime are comparable would require a
time-dependent treatment and invite time-resolved
experiments. An example of a time-resolved ex-
periment for a different process was recently
reported (29). To date, only the coupling of va-
cancies to the nuclear degrees of freedom (such
as vibrational modes) has been considered in the
literature. Our experiment shows that this topic
should be revisited while carefully addressing the
electronic decay of the states (347).

More generally, we have shown that detect-
ing the signals (electrons in our case) from the

VOL 320
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creation and time-delayed decay of vacancies
gives insight into the transient structure of ex-
tremely short-lived species. This methodology is

not

limited by the time resolution of the pump

and probe pulses. Therefore, it allows us o ex-
ploit high-resolution mdiation sources such as
synchrotrons and future free-electron lasers, The
ultrafast time correlation is provided by the short-
lived transient species and its decay dynamics,
Recent progress in coincidence techniques for
electrons from surfaces (3/-33) shows that ap-
plication of this scheme in solid-state physics is
within reach.
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Measuring Picosecond
Isomerization Kinetics via Broadband
Microwave Spectroscopy

Brian C. Dian,* Gordon G. Brown, Kevin O. Douglass, Brooks H. Patet

The rotational spectrum of a highly excited molecule is qualitatively different from its pure
rotational spectrum and contains information about the intramolecular dynamics. We have
developed a broadband Fourier transform microwave spectrometer that uses chirped-pulse
excitation to measure a rotational spectrum in the 7.5- to 18.5-gigahertz range in a single shot and
thereby reduces acquisition time sufficiently to couple molecular rotational spectroscopy with
tunable laser excitation. After vibrationally exciting a single molecular conformation of
cyclopropane carboxaldehyde above the barrier to (—C single-bond isomerization, we applied
line-shape analysis of the dynamic rotational spectrum to reveal a product yield and picosecond
reaction rate that were significantly different from statistical predictions. The technique should be
widely applicable to dynamical studies of radical intermediates, molecular complexes, and
conformationally flexible molecules with biclogical interest.

ure rotational spectroscopy has played an

important role in molecular structure de-

termination for many decades. Much of
the cument work in molecular rotational spec-
troscapy uses pulsed molecular-beam sources to
produce cold, gas-phase samples. The high res-
olution and sensitivity of current cavity-based
Fourler transfomm mi W) molecul

tant and product. The frequency separation be-
tween characteristic rotational frequencies can
be several gigahertz for dynamic rotational
spectroscopy (DRS), making it possible to study
picosecond-time scale isomerization reactions.
The experimental demands for DRS are chal-
engmg For example, coalescence caused by

(FTMV

beam spectrometers, a design pioncered by Balle

and Flygare almost 30 years ago (1), allow strue-
ture determination for a wide range of biolog
ically relevant molecules (2), weakly bound van
der Waals clusters (3), environmentally important
radicals (4), and molecules of potential impor-
tance in astronomy such as the first molecular
anion detected in the interstellar medium, which
was identified by its laboratory rotational spec-
troscopic signature (5).

Beyond structure determination, we have ap-
plied rotational spectroscopy to probe intramo-
lecular dynamics (6-&). The rotational spectrum
of a highly excited molecule displays qualitatively
new features that come from the nuclear motion
associated with inramolecular vibrational energy
redistribution (IVR) and isomerization. Wheneas
the moments of inertia are constant in pure mla
tiomal sp v, they become time-d
quznmLes ina h.ng‘.y excited molecu e. The
modulation of the molecular rotational frequency
by the fluctuating nuclear geometry causes
changes to the overall line shape of the spectrum
in a way that is analogous to motional effects in
dynamic nuclear magnetic resonance speciros-
copy (9, 10). In particular, isomerization kinetics
can be determined through coalescence of the
spectnum at a frequency between the charac
teristic pure rotational frequencies of the reac-
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can produce a rotational spectrum
that spans a range of several gigahertz. Because
the molecule remains bound at all times during
isomerization, the spectrum will consist of a series
of quantum state-resolved tansitions whose
intensity profile reflects the smooth coalescence
line shape. Accurate spectral itensity informa-
tion across the entire measurement bandwidth
is therefore essential to the kinetic analysis. Fur-
thermore, the total rotational spectral intensity is

conserved during coalescence, meaning that the
E: strength of any individual transition will
be diluted by the isomerization kinetics. Finally,
the experiments are limited by the properties of

the laser source used to generate the excited-
state papulation. A high-resalution laser is used
to prepare one (or a small number) of highly
excited quantum states. The laser frequency must
be stabilized and power fluctuations minimized
during the course of the rotational spectrum ac-

isition to ensure constant population transfer to
the excited state. A rotational spectroscopy tech:
nique capable of fast spectm acquisition is
favored to minimize the effects of power varia-
tion and laser frequency drifi.

We have developed a broadband FTMW
spectrometer for applications in DRS that
offers orders of magnitude improvement in
spectrum acquisition times (/). This spectrom-
eter exploits recent advances in digital electron-
ics to measure the malecular rotational spectrum
in the 7.5- to 18.5-GHz frequency range in a
single data acquisition event. By comparison, a
cavity-FTMW spectrometer has a measurement
bandwidth of about 500 kHz and would require
22,000 measurement steps to cover the same
spectral region. The technique introduces three
maor changes to previous FTMW measurements.
First, a chirped pulse with a linear frequency
sweep from 7.5 to 185 GHz is used to polarize
the sample through fast passage excilation.
McGurk, Schmalz, and Flygare first recognized
that rapid passage produces strong sample polar-
ization in rotational spectroscopy, in exper-
ments where the molecular transition frequency
was swept through a fixed microwave frequency
using the Stark effect (/2). Second, the chirped
pulse is generated by a high-speed arbitrary
waveform generatar (AWG) that is phase- locked

Fig. 1. A schematic dia- = 2CHz

gram of the CP-FTMw | Arbitrary | LI il

spectrometer. The chirped | Waveform i

pulses are generated via | $eneralor |Chimed Pulse

an AWG (AWGT108, < Pulsed Nozzle Sample Feed
op

Tektronix Inc., Beaverton,
Qregon) and a micro-
wave dircuit for frequency
up-conversion and band-
width extension (fig. S1).
The chirped pulse (linear
frequency sweep of 7.5
to 18.5 GHz with a 1-us
pulse duration) is ampli-
fied by a pulsed travel-
ing wave-tube (TWT)
amplifier (1000TP8G18,
Amplifier Research,
Souderton, Pennsylvania). The amplified pulse is

1

IR Multpass
—— P

=
et A

18.99 GHz PDRO|

broadcast into the sample interaction region of a

molecular-beam spectrometer with a WRD750 standard gain hom. The molecular beam s created by a
pulsed-jet expansion of 0.5% CPCA in an 80:20 neon-to-helium gas mixture. The backing pressure
behind the nozzle (Series 9, Parker Hannifin, Pine Brook, New Jersey) is 1 atm, the nozle diameter is
1 mm, and the pulse duration is 500 ps. The infrared laser pulse is coupled into the interaction region
with a plane-parallel multipass cell. After the rotational FID is collected by the second WRD750 homn,
amplified, and down-converted to the 0.5- to 11.5-GHz band, it is digitized at 40 Gs via a digital
oscilloscope (TDS6124C, Tektronix Inc., Beaverton, Oregon).
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1o a rubidium-disciplined crystal oscillator. The
phase-reproducible chirped pulses created by the
AWG allow time-domain signal averaging of
the coherent molecular emission. Third, the rota-
tional free induction decay (FID) is recorded with
a high-speed digital oscilloscope 1o caphure sig-
nals over the full spectrometer bandwidth on
each data acquisition event. The frequency-domain
spectrumn is recovered through fast Fourier trans-
form of the rotational FID, We term the tech-
nique chirped-pulse Fourier transform microwave
(CP-FTMW) spectroscopy to emphasize these
essential features of the design.

For broadband FIMW spectroscopy, the
chirped pulse offers two more crucial advantages.
First, frequency bandwidth and pulse duration
are decoupled in the chirped pulse. This be-
havior is different from the transform-limited,
or “hard,” pulses usually used in Fourier trms-
form spectrascopy, where bandwidih increases
must be achieved by shonening the pulse. Using
“siretched” pulses, we can deliver mare energy
10 the sample from a microwave amplifier with
fixed peak power Second, there is a simple
method to extend the bandwidth of a chirped
microwave pulse. When a chirped pulse passes

REPO

through a microwave frequency multiplier, the
bandwidth increases by the multiplication factor
of the device while the pulse duration is pre-
served. This effect enables high-bandwidth pulse
synthesis via cument AWG technology.

A schematic of the CP-FTMW spectrometer
is shown in Fig. 1. The three major companents
are the pulse generation system, the sample in-
teraction region, and the broadband FID de-
tector. The most important design choices are
related to the pulse generation system, where a
chirped excitation pulse with a linear frequency
sweep is created and amplified. The first step
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Fiig. 2. The key physical quantities for the DRS experiments. (A) The potential
energy surface for conformational isomerization of CPCA calculated at the
B3LYP/6-31+G™ level of theory is shown. Superimposed on the surface are
the torsional energy levels calculated from the 1D torsional Hamittonian.
Molecular structures of the syn (blue) and anti {red) conformers are shown as.
insets. This conformer color code is also used in Figs. 3 and 4. The probability
distributions for the lowest torsional energy levels of each conformer are
displayed. (B) The CP-FTMW spectrum of CPCA recorded with a single valve
pulse (positive, black) is compared with the calculated spectrum for the syn
(negative, blue} and anti (negative, red} conformers. The strongest pure ro-
tational transition for each conformer is the 2o—1¢ (standard asymmetric top
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notation, Jy.) a-type transition at 12471 MHz (anti) and 15686 MHz (syn). A
larger version of this figure is shown in the SOM (fig. 52). (€) The conformer-
selective infrared spectra of CPCA in the aldehyde (—H stretch region extracted
from the CP-FTMW spectra are shown. The red trace shows the laser-induced
changes to the 2q,—1g; rotational frequency of the anti conformer (12471
MHz) as a function of the laser frequency. The laser-induced signal changes for
the 2g—1¢; rotational transition of the syn conformer (15686 MHz) are shown
in blue. Arrows indicate the ab initio predictions for the aldehyde C-H-
stretching fundamental (table 52). Boxes highlight the vibrational bands
examined in this study. The room-temperature gas-phase Fourier transform
infrared spectrum of CPCA is shown in the upper panel for comparison.
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Fig. 3. The DRS measurements of CPCA and the line-shape analysis method used in the
rate determination. (A} The DRS measurements for CPCA in the 2819- to 2825-<m™
region are presented in a 2D format. The strong pure rotational transitions of CPCA {Fig.
2B) are cut from the spectrum to isolate the laser-induced rotational transitions. The red
and blue lines indicate the pure rotational frequencies for the anti and syn 2p—1g;

transitions, respectively. The top panel shows an expanded region of the spectrum
shown in Fig. 2C and demonstrates that the laser selectively excites the syn conformer. The anti conformer spectrum trace is offset by —40% for darity. The
right panel shows the maximum signal level at each microwave frequency over the laser scan region. (B) The isomerization rate determination is performed by
fitting the cumulative intensity distribution of the microwave spectrum to the integrated line shape of the rotational Bloch model modified for chemical
exchange (see section "B” in the materials and methods of the SOM). The best fit (red trace) to the experimental cumulative intensity distribution (black trace}
is shown in (B). (C) The best-fit overall line shape is compared with the experimental dynamic rotational spectrum measured in the microwave (MW) frequency
region. The smooth line-shape profile from the rotational Bloch model is displayed in red.
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in pulse generation uses an AWG with a 3.96-
gigasamples (Gs)s sample rate to generate a
chirped pulse with a linear fraquency sweep from
1625 to 1537.5 MHz. After up-conversion into
the microwave frequency range with a 9.90-GHz
phase-locked dielectric resonator oscillator
(PDRO), a microwave circuit is used 1o expand
the pulse bandwidth by a factor of eight in two
stages. The components used in the microwave
circuit are shown in fig. S1. The final pulse
output of this circuit provides a linear frequency
sweep from 7.5 to 18.5 GHz. This pulse is
amplified by a broadband-pulsed traveling wave-
tube amplifier with 2-kW peak power.

We coupled the chirped pulse into the inter-
action region using a double-ridge (WRD750)
standard gain hom with 20-dB gain. A second

hom is used to receive the molecular FID. By
using broadband standard gain homs to broad-
cast the microwave polarizing pulse and receive
the weak molecular emission, we achieve a flat
spectral response that produces accurate relative
infensitics over the spectrometer bandwidih.
Molecules are introduced through a pulsed, free-
Jjet expansion. A mnable, pulsed ifrared laser
(10-Hz repetition rate, 8-ns pulse duration, 0.02-
e bandwidth, 8 mJ per pulse near 2750 cm ')
is used to vibrationally excite the molecules in the
collision-free region of the free-jet expansion. The
laser pulse interacts with the sample before the
microwave excitation. When the laser is resonant
with a vibrational transition, it transfers the
population 1o excited vibrational states. In DRS,
we are interested in the rotational spectrum of the
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Fig. 4. The dynamic rotational spectra are shown for four infrared bands at: (A) 2686 cm™, originating
from the anti conformer; (B) 2762 cm™, originating from the syn conformer; (€} 2806 cm™", eriginating
from the anti conformer; and (D) 2822 cm™, originating from the syn conformer. The horizontal axis
gives the laser frequency, and the vertical axis is the microwave frequency. The red and blue reference

lines mark the position of the pure rotational 2p,~1g, transition of the anti and syn

quanium  states populated by laser excitation.
However, the population transfer also changes
the signal level of the rotational transitions in
the ground vibrational state. Therefore, by
monitoring the signal level of the pure rotational
transitions, we obtain the conformer-selective
vibrational spectrum in a multiplexed version
of infrared (IR}-FTMW double-resonance
spectroscopy (13).

The microwave chirped pulse with 1-us pulse
duration is coupled into the spectrometer imme-
diately afler the infrared laser pulse. After a delay
time of 2 us to permit dissipation of the high-
power excitation pulse, the molecular emission
is switched out to a low-noise, broadband am-
plifier and subsequently mixed with a PDRO
operating at 1899 GHz to bring the 7.5- to
18.5.GHz molecular emission inta the operating
range of the digital oscilloscope (de 1o 12-GHz
Thardware bandwidth). In the DRS measurements
reparted here, the FID was acquired far 2 ps. The
lifetime of the excited molecular quantum states
must exceed the 5-us time interval required to
complete the rotational spectrum acquisition. In
the collision-free region of the expansion, the
only lifetime contribution comes from radiative
decay, and this process occurs on the millisecond
time scale for infrared fuorescence.

Reduced measurement time is the major
advance of the CP-FTMW spectrometer that fa-
cilitates DRS measurements. Because the excited-
state rolational signals are about cne-tenth as
strong as the pure rolational signals, we perfonn
85 tine-domain signal averages for each spec-
tum. With the system operating at the 10-Hz
Tepetition rate of the laser, we can measure and
archive the broadband spectrum (7.5 to 185 GHz)
in 11 5. In the experiment presented in this re-
port, we acquire 17,000 rotational spectra as
the laser frequency is scammed continuously
from 2670 to 2850 e in a total measurement
time of 52 hours. By comparison, the computer-
controlled cavity- FTMW  spectrometer in our
laboratory takes 14 hours to complete a broad-
band scan from 8 to 18 GHz and would require
about 27 years of continuous operation 1o com-
plete the measwrements. The short acquisition
times also minimize the effects of laser frequen-
cy drift, because only short-temm frequency sta-
bility is required. Further, by the acquisition of
the full rotational spectrum on each laser pulse,
shot-to-shot variation in the laser pulse energy
affects only the overall signal level and does not
skew the line-shape profile that containg the
reaction rate information.

We applied this broadband FTMW spectrom-
efer to rotational spectroscopy of cyclopropane
carboxaldehyde (CPCA). CPCA has two sta-
ble molecular conformations—syn and anti—as
shown in Fig. 2A. These two geometries inter-
convert by intemal rotation about a C-C single

respectively. Horizontal bars to the right of the spectra represent the present product yield for syn/anti
isomerization determined from the total spectra intensity in efther the anti or syn region of the dynamic

rotational spectrum.

bond. The one-di 1 (1D) potential curve,
calculated by ab initio methods (14), is shown
in Fig. 2A. The anti conformer is calculated to be
46 (zero-point—corrected) more stable than

16 MAY 2008 VOL 320 SCIENCE  www.sciencemag.org



the syn conformer. The calculated barrier to con-
formational isomerization is about 2200 em'.
The highest level calculations in the literature
use the CBS-4 method and have the anti con-
former more stable by 85 cm™", with a barrier of
1910 em™* for isomerization to the syn geom
etry (I5). These computational resulls are in
good agresment with previous gas-phase micro-
wave (16) and infrared (J7) studies of CPCA,
which have determined a small difference in
the conformational energies (10 to 30 cm ')
and conformational isomenzation barriers of
~1600 cm ', We acquired the pure miational
spectrum of CPCA measured via CP-FTMW
spectroscopy (Fig. 2B) using a single molecular-
beam pulse. The signal-to-noise ratio on the
strongest transitions is about 100:1,

The fast acquisition of the CP-FTMW spec-
trometer allows “on-the-fly” kinefics measurements
by recording the dynamic rotational spectrum of
the excited state as the laser frequency is scanned.
Here, we focus on the region of the infrared
spectrum in the vicinity of the aldehyde C-H
stretch (Fig. 2C). Electronic structure calcula-
tions predict no additional normal-mode funda-
mental vibrations for either conformer in this
180-cm " spectral range (table $2). However,
several absorption features appear for each con-
former in this frequency region. The extra spec-
tral features indicate the presence of IVR caused
by the anharmenic coupling of different normal
mode vibrational states (/8). In addition to the
strong vibrational coupling that produces the
few discrete vibrational bands in the 2670- 10
2850-cm " region, there also exist weaker inter-
actions with near-resonant vibrational states that
cause further local fragmentation of the infrared
oscillator strength. Although the vibrational spec-
trum shows that TVR occurs, the existence of
extensive vibrational coupling does not guarantee
that isomerization oceurs.

We detect whether isomerization cccurs
through the properties of the dynamical rota-
tional spectrum. If CPCA isomerizes at the ex-
citation energy, then the wave functions prepared
by laser excitation acquire characteristics of both
stable conformations. The conformational com-
position of the wave functions is probed by ro-
tational spectroscopy and provides the product
yield for the reaction. Furthermore, the overall
intensity profile of the dynamic rotational spec-
tum confains rate nformation that can be ex-
tracted through line-shape analysis via a rotational
spectroscopy Bloch model modified for chemical
exchange. The rotational Bloch mode! for a revers-
ible first-order isomerization reaction is presented
in the supporting online material (SOM)} iext. The
extraction of the reaction rate and product yield
from the spectra are illusirated in Figs. 3 and 4.

The conformer-selective vibrational spectruim
in Fig. 2C shows that the vibrational bands at
2822 cm ! originate from the ground vibrational
state of the syn conformer. However, the dynam-
ic rotational spectrum of these laser-prepared
quanturn states is peaked around the character-

www.sciencemag.org  SCIENCE  VOL 320

istic frequencies of both stable conformational
geometries, as shown in Fig. 3A. The spectrum
as a fimetion of laser frequency is displayed by
a contour plot, with the conformer-selective vi-
brational spectum shown at the top for refer-
ence. The resolution of the rotational spectrum
is deliberately degraded in the figure so that this
2D plot can convey the general appearance of
the spectrum at each laser frequency. To the
right of the comtour plot, we show the total pro-
Jjection of the dynamic rotational spectrum for
all measurements in this spectral region at the
resolution of the CP-FTMW measurement. A
video ion of the (movie

REPORTS I

The reaction product yields observed in these
spectra demonstrate conformation-specific isom-
enization reaction dynamics. We obtained an
estimate of the reaction yield using the total
spectral intensity in each of the characteristic
rotational frequency regions, which is shown
for four vibrational features in Fig. 4. We ob-
serve similar product distributions for selective
excitation of the syn conformer near 2764 and
2822 o ' 63%/37% syn/ant and 58%/42%
syn/anti, respectively. These vields are near the
equal distribution expected for a reaction where
the reactant and product have about the same

S1}, showing each acquired rotational spectrum,
is included in the SOM.

The determination of the isomerization rate
of CPCA in the energy region around 2822 cm *
by line-shape analysis is illustrated in Fig. 3, B
and C. The rate analysis is based on the overall
intensity pattern of the spectrum. Because the
intensities of each individual rotational tran-
sition must fluctuate around the smooth line-
shape profile, we analyze the cunmilative spectral
intensity (Fig. 3B) (/9). The cumulative intensity
for the contour of a coalescence line shape char-
acterized by a reaction rate of gy =5.60 % 10° s
(2035 % 10" s ' at the 95% confidence level) is
found to best represent the data, corresponding
to an isomerization time scale of 180 ps. This
total reaction rate is the sum of the forward
and reverse reactions of the reversible confor-
mational isomerization process. The best-fit
individual fates are Kypieyn = 3.08 % 107 7
(20,16 % 10° s 1) and Ky ques = 2.52 ¢ 107 57
(#0.19 = 10° s ), The SOM includes a more
detailed descripfion of the rate-constant analysis
procedures.

The DRS experiments directly measure the
microcanonical rate [k({E)] for the conformation-
al isomerization reaction. The experimental re-
sult can be compared with a statistical prediction

(RRKM)

via Ri Kassel-M:

point energy. In contrast, we do not ob-
serve efficient production of the syn conformer
afier excitation of the anti conformer, as shown
by the dynamic rotational spectra recorded
near 2686 and 2806 cm . Although the anal-
ysis is not shown, the reaction rates in regions
where isomerization oceurs are nearly con-
stant: ki, = 5.78 % 10° 5! (2040 x 10° 57
(2764 e 1), kg = 560 % 10° s (2035 % 10°s7H)
[2822 cn ™' (Fig, 3)), and ki, = 4.84 x 107 57
@060 % 10" s ) (for the small region around
2804 cm* where anti excitation leads to product
formation).

This application of CP-FTMW spectroscopy
to isomerization kinetics has revealed rich dy-
namical behavior for a simple, two-geometry
reversible reaction. The unimolecular isomeriza-
tion rates of the isolated molecule are 16 times
slower than these predicied by RRKM theory.
Low-bamier isomerization reactions have been
the subject of much experimental (2/-24) and
theoretical (25-27) investigation and are be-
lieved to be a general class of reactions that are
poorly predicted by statistical reaction rate theory:
We also observe strongly conformer-specific re-
action yields This ohservation suggests that spe-
cial doorway resonances that are sparse at this
level of facilitate the i izati
reaction. These DRS measurements on isolated

theory (Eq. 1) (20)
_ oW(E)
= ()

KE) (1

where ¢ is the symmetry number of the reac-
tion coordinate, W{E) is the number of energy
levels of the transition state, / is Planck’s con-
stant, and p is the density of states of the reac-
tant. We have evaluated Eq. 1 using the scaled
normal-mode frequencies and the reaction
bartier obtained from the best-reported elec-
tronic structure caleulations (1910 em™"). The
RREM theory calculation vields a toial reac-
tion rate that is 16 times faster than the
experimental determination: Apgsoq = 9.09 %
10° 5™ The RRKM calculation is described
more fully in the SOM

We have examined the dynamic rotational
spectra for the other vibrational features in Fig.
2C that can be specifically assigned 1o selective
excitation of either the syn or anti conformer.

in a molecular-beam environment di-
rectly probe the intrinsic intramolecular reaction
dynamics and complement recent 2D ulimafast
infrared spectroscopy techniques that have been
used 1o measure C-C single-bond isomerization
Kkinetics in room-temperature solution (28). The
combination of techniques applicable to iso-
lated molecules and dilute solutions will make
it possible to understand the interplay of pure-
ly intramolecular dynamics and intermolecular
interactions in thermal conformational isom-
erization reactions in solution (29-31).
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Hidden Neotropical Diversity: Greater
Than the Sum of Its Parts

Marty A. Condan, 3+ Sonja ). Scheffer,>** Matthew L. Lewis,” Susan M. Swensen®

The diversity of tropical herbivorous insects has been explained as a direct function of plant
species diversity. Testing that explanation, we reared 2857 flies from flowers and seeds of

24 species of plants from 34 neotropical sites. Samples yielded 52 morphologically similar species
of flies and documented highly conserved patterns of specificity to host taxa and host parts.
Widespread species of plants can support 13 species of flies. Within single populations of plants,
we typically found one or maore fly species specific to female flowers and multiple specialists

on male flowers. We suggest that neotropical herbivorous insect diversity is not simply a
function of plant taxonomic and architectural diversity, but also reflects the geographic distribution

of hosts and the age and area of the neotropics.

he diversity of neotropical herbivorous

insects, ranging in number from 3 million
l 1o 30 million species (/), has been hy-

pothesized to be a function of plant diversity
(2, 3), but the degree to which specialization

shapes that function is contentious. Plant archi-

tecture (4, 5) and disiribution also affect pattems
of insect diversity (6, 7). Diversity estimates
have traditionally been generated from counts of
morphologically distinguishable insect species
(morphospecies) collected on plant surfaces (2, 3).
However, molecular evidence suggests that tallies
of morphospecies underestimate both diversity
and host specificity (8, 9). Temperate zone re-
search has revealed diverse assemblages of host-
specific cryptic species as well as recently
diverged host races (14, including groups that
diversified to different parts (e g, leaves, flowers,
stems) of the same host plant (7). Although
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different plant tissues represent numerous niches
in the tropics, few studies have assessed the
diversity of concealed larvae feeding inside
those parts (12, 13), and even fewer have used
molecular markers to reveal cryplic species (/4).

To address the relationship between host and
insect diversity, we focused on Blepharoneura
(15), a neotropical genus of tephritid fruit flies
that, as larvae, feed within the flowers or fruits of
plants in the cucumber family (Cucurbitaceae).
Blepharonetra larvae rarely cause external signs
of damage, and few host recrds existed prior to
this study. More than half of the known host
species of this group of Blepharonenra belong 1o
the Guraniinae, a cucurbit subtribe characterized
by architectural complexity. The two largest
genera within the Guraniinae (Gurania and
Psiguria) have brightly colored flowers with
succulent outer floral organs (calyces), typical of
many hummingbird-pollinated plants (fig. S1).
Most species have male and female flowers borne
on sexually dimorphic branches, which are tem-
porally and spatially isolated on individual plants
{16). Because only large plants produce female
branches, which produce fewer flowers for a
shorter period of time than male inflorescences,
female flowers are rarer than male flowers.
Thus, a population of a single host species rep-
resents a mosaic of morphologically distinctive

targets differing in abundance at any point in
time (fig. §2).

To investigate pattems of host use and di-
versity in Blepharonewra, we reared 2857 flies
from 24 different cucurbit host species in nine
genera and three tribes, Our sample encompassed
10 distinct biogeographic neotropical regions
(table S1) spanning the geographic distribution
of the subtribe Guraniinae, from Mexico to
southem Bolivia (~5500 km) and from the
Pacific to the Atlantic coasts of South America
{~3000 km). We analyzed 419 specimens from
34 sites in 10 countries. With a conservative 4%
sequence divergence cuioff for species limiis
(13), a phylog analysis of ial
cytochrome ¢ oxidase subunit 1 (mtCOT) sequence
revealed 52 species of flies (figs. 83 to 58). Most
of these species were morphologically indis-
tinguishable (15) but had sequence differences
ranging from 6 to 18% (Fig. 1). Because diver-
gent groups revealed by mtCOI can incorrectly
identify species (/7), we examined two miclear
genes from 58 specimens from the Napo region
of Ecuador. Analysis of nuclear elongation
factor 1-o (EF 1-a) and CAD (1 5) recovered the
same 10 lineages (fig. 89) and corroborated the
miDNA resulis (Fig. 1), which suggests that these
lineages indeed represent distinet species. Sub-
sequent morphological analyses of a subset of
these genetically defined species revealed slight
but statistically significant differences in mor-
phology (18).

Cryptic species of Blepharanewra showed
specificity both to host part and to host taxon: Of
45 species reared from reproductive tissues, only
a single species (sp. 39) fed on both flowers and
seeds, whereas all other species appeared to be
restricted to either flowers or seeds. Among
flower-feeders, mast specialized on flowers of a
single gender. This is surprising because most
flower-feeders feed primarily on calyx tssue,
which is similar in flowers of both sexes. Fur-
thermore, many species specialized on female
flowers, which are rare relative 10 male flowers
(fig. 82) (15, 16), in contrast to predictions that
insects are less likely to specialize on rare hasts
{19). Both sced- and flower-feeders tended to
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Costa Rica 5 French Guiana
Ecuador (Chocé)

sp. 37

sp. 39

"

St eyt gt bt gt

Ecuador (Napo)

Bolivia

}sp.22
}sp.24

sp. 8

sp. 10
sp. 4

Hosts
ponia glanduiosa B G. costaricensis B G. spinulosa = 0.005 substhutionsitits
D, B G. enantha W G. subumbellata
inopepon racemosus B G makojyans B Psiguria 12
B G reficuiata

Fig. 1. Multiple sympatric species, often specific to flower gender, infest lineages within species 37 that would be recognized as distinct spedies if less
single species of hosts in diverse geographic areas. Neighbor-joining trees  conservative criteria were used to delineate species (15). See table 51 for
were constructed from mtCOl sequence data from specimens collected in 6  locality data for transects (identified by italic letters and numbers): Trees
of the 10 biogeographic regions we sampled (15). Branch colors indicate  denoted Costa Rica (C14), the Chocd region of northwestern Ecuador (£20),
host species (see key). Terminal labels indicate host part infested: red, the Mapo of eastern Ecuador (E19), and Peru (P31) were constructed from
female flowers; blue, male flowers; tan, seeds. Species are identified with  samples collected along single transects (each <20 km long with elevation
numbers as in figs. 53 to $8; underlined identification numbers indicate  variation of <400 m); trees denoted French Guiana (F22 to F25} and Bolivia
species reared from more than one host species; letters (3, b, o highlight (B to B7) were from samples collected along more than one transect.
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specialize on a single species; 80% were reared  significantly change when we used less conserv-

rarer host plants in this study supported only

from a single host plant species (15), The ative criteria for species delimitation (15). We
proportion of host taxon specialists did not  also found, contrary to predictions (19), that the

Fig. 2. Maimum likeli- ~ HOST TAXA FLY SPECIES ID
hood tree of 45 speues Guraniinae s

of Bi

mum  likelihood ana!.ysls
used a combined data set
of the nuclear CAD and
EF1-a genes and the mito-
chondrial COI gene. Fly
spedies, each represented
by a single individual, are
identified by numbers (figs.
3 to S8 spp. 44 and 45
lack nuclear sequences
and are not included
here). Collection localities
for each species are indi-
cated by letters: A, Pan-
ama; B, Bolivia; C, Costa
Rica; E, eastern Ecuador;
F, French Guiana; G, Guy-
ana; M, Mexico; P, Pery;
V, Venezuela; W, western
Ecuador (table S1). Colors
of branches and letters
indicate most commonly
used hosts in an area; col-
ors of rectangles around
letters indicate additional

host-t falists and were not hosts to
generalist species (Fig. 1)
Maximum thood analysis of the genetic

data revealed distinct groups of seed- and flower-
feeding species restricted to specific plant parts
and plant taxa (Fig. 2). Two clades of flower-
feeders associated with groups characterized by
relatively large flowers and succulent tissues,
Species 1 10 30 were flower-feeders found on
plants within the subtribe Guraniinae (98% boot-
strap support). Altematively, species 41 to 43
were restricted to the trihe Cucurbiteac (100%
‘bootstrap support). Within the seed-feeding clade
{spp. 31 10 39), twa strongly supported lineages
appeared 1o be restricted to the subtribe Sicyeae
(100% bootstrap support) and the Guraniinae
(100% baotstrap support), respectively (Fig. 2).
Thus, the mumber of Blepharomewra species re-
flects the diversity of different plant paris and host
taxa but exceads the sum of plant part types for
some plant taxa, because multiple species of flies
infest a single type of plant part. We observed that
some host species were infested by at least 13
species of Blepharonewra, We typically found
fourto six species infesting flowers in a population
of a single species of host (Fig 1 and tahle S1).
Our data show that peographically wide-
spread host plants supported mare species, both
lacally and regionally, than did hosts with more
limited distributions (Fig. 3}, reflecting pattems
observed in the temperate zone (6, 7). The most
abundant and widespread species of Gurania
(G. spinulosa) was infested by 13 species of
Blepharonenra (Figs. 1 to 3, table 81, and ap-
pendix S1), Gurania acuminata, another wide-
spread but locally rare species, hosted nine
species of Blepharonewra, four of which were
reared from flowers collected on a single day
from the same tangle of vines in Peru (spp. 2, 3,
21, and 28; Fig. 1). The close ecological asso-
ciations of sympatric species feeding on the same
host taxon and tissue were not unusual; even on
less common hosts (e.g., G. eriantha), we reared
multiple species from single inflorescences (spp.

More than half of the Blephwonewra species
we discovered were found at only one site and
may have very limited ranges (Figs. 1 and 2, figs,
83 to S8, and table S1). Species endemic to
particular regions were not restricted to rare hosts
or to hosts with limited geographic distributions.
Three of the 13 species infesting the widespread
G. spinulosa appeared to be local endemics: One
species appeared to be restricted to the Napo
region of eastern Fcuador (sp. 12; Fig. 2 and fig.
85), one to nerthwest Ecuador (sp. 9; Fig. 2 and
fig. §5), and one to the southernmost limit of
G. spinulosa’s distribution in Bolivia (sp. 24;
Fig. 2 and fig. 83). Most widespread species of
Blepharonenra showed a high degree of fidelity
10 host species and tssue, but we detected

some hic variation in host use patterns
(eg, spp. 27 and 30; Fig. | and figs. S6 and
S7). For example, species 10 was distributed

hests at some sites. Flower
color indicates host taxon: e LS e
red, Guraniinae; white, HOST PARTS
Cucurbiteae. Host nomen- D
clature is as in appen- seets D “m"@?
dix S1.
Fiig. 3. Diversity of Blepharoneura HOST COLOR CODE
species per host species increases 189 | iimmin
with number of transects. Host plants
found in multiple transects host more ﬁ
species of Blepharoneura than do §.14 1
rarer species and species with more @ Y]
limited distribution - = 0.9337). % ‘E’“;‘
Colors (see key) identify hosts; tran- < 127 <] 13 and 14; see Napo, Fig. 1).
sect identification numbersare bsted 3.
by country {table 51). All transects %
are <20 km long with elevation var- 'gw 9
iation of <400 m. & (E13 8
]
(P37}
io
2
8
61
g i
4 (cra. 19
1] s
z 53 01520
24 cB L=
° (857)
vewonl (Cra Wrzazs
— T v T 1
o 2 4 6 8 10 12
Number of fransects.
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throughout tropical South America, fed exclu-
sively on female flowers, and, in all but one lo-
cality, fed on a single species of host (Fig. 1 and
fig. 84). Other species (e.g, sp. 27) fed almost
exclusively on female flowers (30 of 32 speci-
mens) of at least two host species in Central
America, but commonly fed on male (N = 4) and
female (V= 4) flowers in areas west of the Andes
in Ecuador (Fig. 1 and fig. $6). These variable
partems of host use form a mosaic that varies
from community to commumity across large

hic areas (20) and icates attempts
1o extrapolate local samples to global estimates of
tropical diversity (21).

Although we report diversity exceeding the
original morphological estimates by an order of
magnitude (15), this must undemrepresent the
actual diversity of this group because our cri-
terion for species delimitation is highly conserv-
ative (15). This is because we used a 4% miCOI
divergence, whereas other studies recognize
species differing by less than 1% (8). As a result
of this conservative criterion, we may be lump:ng

host-specific species (e.g, sympatric mono-
phyletic lineages feeding on separate hosts; see
sp. 37 in French Guiana, Fig. 1 and fig. S8). Also,
our samples are limited; most of our collections
were made during single trips, and our samples
were restricted o species in fruit or flower at that
time {table S1). Finally, the number of fly species
recorded for a particular host plant species was
most likely limited because the mumber of nsect
species detected rose as the number of collection
localities increased (Fig. 3)

We also found that the distribution of hosts
may also predict herbivore diversity at both local
and regional scales (6, 7). The neotropics include
amosaic of biogeographic zones reflecting a long
history of repeated habitat fragmentation (22).
During periods of habitat fragmentation, insect
populations may be more likely than these plant
populations to diverge, as insects have shorter
generation fimes and can evalve mare quickly
than plants with long generation times (13). Fur-
thermore, sexual selection accelerates rates of
evolution in insects, particularly in groups with
complex courtship displays such as Blepharonenra
(9, 18, 23). When these new species come
together, as habitats expand and host popula-
tions rejoin, assemblages of highly host-specific
cryptic species result. In local assemblages of
Blepharonewra (Fig. 1), the minimum pairwise
divergence among sympatric species is ~6%,
which sugpests that they diverged at least 2.6

million years 2o {24). During the past 2. Smxllmn
years, even uniform habitats
multiple cycles of fragmentation and expansion
(22). If host plants represent “hard boundaries”™
(25) for ranges of host-specific insects, simple
neutral models incorporating changes in habitat
area (25) as well as time (26, 27) could help ac-
count for pattems of diversity. Conflicting as-
sessments of host specificity and diversity in the

www.sciencemag.org  SCIENCE  VOL 320

tropics (2, 3, 28) may reflect differences in geo-
graphic scale rather than differences in evolu-
tionary or ecological processes.
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Surface Tension Transport of
Prey by Feeding Shorebirds:
The Capillary Ratchet

Manu Prakash,! David Qué

%7 John W. M. Bush®

The variability of bird beak morphology reflects diverse foraging strategies. One such feeding
mechanism in shorebirds involves surface tension—induced transport of prey in millimetric
droplets: By repeatedly opening and closing its beak in a tweezering motion, the bird moves

the drop from the tip of its beak to its mouth in a stepwise ratcheting fashion. We have analyzed
the subtle physical mechanism responsible for drop transport and demonstrated experimentally
that the beak geometry and the dynamics of tweezering may be tuned to optimize transport
efficiency. We also highlight the critical dependence of the capillary ratchet on the beak's wetting
properties, thus making clear the vulnerability of capillary feeders to surface pollutants.

shorebirds with long thin beaks feed

primarily on small crustaceans and other
invertchrates (/). By swimming in a tight circle
on the water surface, they generate a voriex that
dmaws underlying fluid and suspended prey
toward the surface (Z). By pecking on the water
surface at a rate of ~1.5 Hz (4, 3-6), the birds
capture water droplets with a characteristic scale
of ~2 mm between their upper and lower man-
dibles (movie S1). Suction cannot be used to
raise the drops mouthward hecause of the geom-
etry of the open beak; gravity acts to oppose the

Pha]amp& (Fig. 1A) and several other

drop motion. Nevertheless, the birds succeed in
raising the drops mouthward by opening and
closing their beaks successively (1, 5, 7, 8). Al-
though the imporiance of surface tension in this
process was inferred (£}, the physical mechanism
respansible for the droplet transport, specifically

ICenter for Bits and Atoms, Massachusetts Insitute of

Technology (1), 26 Ames Stree, Cambridge, #4 62139,
USA. “Physique et Mécanique des Miliews Hétéragines,
UMR 7636 clu CNRS, Ecole Supérieure de Physique et e
Chimie Incustrilles, 10 ue Vavcuelin, 75005 Paris, France.
“Depariment of Mathematics, T, 77 Massachusets Avene,
Cambridge, MA 02139, USA.

16 MAY 2008

931



I REPORTS

932

the critical role of the beak’s characieristic
‘tweezering action, has yet to be rationalized.
When a fluid drop is placed on a flat solid, the
equilibrium contact angle 8 between the wetted
solid surface and the interface is defined by the
well-known Young’s equation. If 8 — 0, the drop
completely wets the solid, whereas for any finite
0, the drop is said to panially wet the solid. In
practice, static contact angles observed in the
case of panial wetting may lie anywhere in a
finite range bounded above and below by the
values at which contact line motion is initiated;
specifically, the advancing and receding contact
angles, respectively 8, and 6, (9-1/). An impor-
tant consequence of this so-called contact-angle
hysteresis is a contact force that causes drops to
adhere to surfaces; for example, rain drops stick
to window panes because of the difference in the
contact angles on their upper and lower edges (12).
Although contact-angle hysteresis typically acis

plasma-treated in oxygen for | min to remove any
residue, then left in air for an hour before ex-
perments weme pm‘ﬂlrm::i The mnchmmj h:a]:s
and actuated by a
‘meter stage so that the beak opening and closing
angle could be precisely contralled by a
Drops of known volume (ranging from 0.5 1o
2 pl) were inserted via a micropipette at the tip of
the beak. A high-speed video camera (Phantom
v5.0) recorded the resulting drop dynamnics.

‘We first deposited a completely wetting fluid
(silicone oil, ¥ = 0.02 Nim) in the form of a
droplet that spanmed the wedge (Fig. 2A). The
drops propagated toward the narrower region,
advancing first at a constant speed then aceeler-
ating as they approached the apex of the wedge
(Fig. 2, B and C). The behavior in this fully
wetting regime may be rationalized by simple

scaling arguments (supporting online material).
The jump in pressure across a surface is propor-
tional to y and the local curvature; such curva-
‘ture pressures are capable of driving fluid motion.
In 1712, Hauksbee (21) reporied that “oil of
onange” droplets trapped between two nan-
parallel glass plates moved spontaneously in the
direction of decreasing gap thickness. Similarly, a
completely wetting fluid drop confined in a
conical capillary is known to self-prope! toward
the narrower end because of the axial force aris-
ing from differing curvature pressures across its
end caps (22). In our wedge geometry, the open-
ing angle is denoted by e, the width of the drop
by ¥, the distance of the drop from the apex by x,
and the length of the drop by L (Fig. 2B). The
drop height is necessarily ax. For x > L, the
pressure difference between the two caps scales

1o resist the sliding of draplets on solids (14, 11, i
it may be overcome by vibration (13, 14). We
demonstrate that, in capillary feeding, contact-
angle hysteresis couples to the time-dependent
beak geometry comesponding to the mandibular
sprmlm.g cycles (I, 5-8), thereby driving drop
‘motion via a ratcheting mechanism.

Surface tension transport relies explicitly on
the bird opening and closing its beak and so
varying the beak opening angle a (1, 5) (Fig. 1B).
This angle has an upper because a drop
pimned between two plates will break at an
opening angle Gy if its height-to-radius matio
exceeds 2x (/5-17). Denoting the beak length by
1, and the drop size by the capillary length 7, ~
Cip2i*® ~2 mm (where  is surface tension, p is
density, and g is the gravitational acceleration), the
maximum opening angle is thus on the order of
pgeatc ~ I/, ~ 11 for capillary feeders (Fig. 1B
and fig. S1). The characteristic time to transport a
drop along the beak length [y, ~ 2 cm is 20 ms,
comesponding to mean drop speeds as high as 100
emns (1, 4). In Fig. 1B, we present the mean beak
length and width of 18 shorebird species with W it -
straight b‘usu:f ““P}‘“’:‘nd":“‘ E;d;‘: tension + Gallingo gallingo .
beaks. Ru‘:ega{ﬂu:?mnhymed“ﬂ:mbeakdm( =2 — W e L
nmdﬂnmwelewud:bodibmmaﬂmmmc}:l £l ks g:g;gg;‘gg alexandinus &

, Phal s, i & wl } Calidris alpina

critical role of beak marphology in capillary i Calidris m?r‘auta .
feeding. Recently, Estrella ef al. (7) substantially B L[ Cacreeka, -
expanded the list of capillary feeders (Fig. 1B), = I he Jringa rythropu .
underscoring the prevalence of surface tension i £ L ) Limosa limosa .
iransport, Though morphometric analysis of bind & g ,i—_j_-l ------- - f:"'""’y Limosa Iapponica .
bills commanly yields insight into foraging mech- , I skt Pluvialis squatarola e
aisons (/8) and s led 10 new wnderstanding of  4F G e kil P
m'ﬂgm("ﬂ»wm"“m@ X “--7--__-—‘-"' ) ) | Avenaria interpres .

es o 2

a ] O] El 0 00 )

(Eﬂm\\;;m pmtm’l;n;ych;m » Beax Length L, (mm)

chanical wedgelike geometries modeled afier the
bird beak. Mechanical beaks with a stainless steel
surface were polished with a Buehler Metadi
diamond shury (average particle size ~ 3 pm). The
surface was ultrasonically cleaned for an hour,

Fig. 1. (A) A juvenile Wilson's phalarope feeding.

Note the prey suspended in the droplet trapped

in its beak (inset). [Photo courtesy of Robert Lewis| (B) Shorebirds use a variety of foraging
strategies (28) and so exhibit large variations in beak size and shape. Here we plot the bill length
and base width of common shorebirds with straight bills [data compiled from (4, 18, 29). Scale
bars represent the standard deviation in the reported data.
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as yL/ox’ and the drop volume as £ ~ axLiv:
hence a driving force F ~y WLix arises. For a fluid
drop with dynamic viscosity n advancing at a
speed v, the viscous force resisting its motion is
given by F, ~niLvi{ox); the force balance thus
yields a steady speed v, ~youn that is independent
of drop position x and drop length L. As the drop
approaches the apex, x < L, the pressure difference
between the caps scales as yA(ax) and the volume
asal W, The resulting driving force now varies as

yLIx, and the viscous resistance as ni#i/o. The
resulting drop speed vyl/x diverges as the drop
approaches the apex despite the progressively

REPORTS I

quently, the droplet motion is resisted by contact-
angle hysieresis. Specifically, there is an adhesive
force whose itude scales asy WAcosl, where

increasing confinement. Afier a brief transient
pericd, these two distinct regions of constant speed
and acceleration are apparent in Fig. 2C.

When water is used i place of oil, the be-
havior is strikingly different: No droplet motion
arises (Fig. 3A, top row). Unlike the silicone ofl,
the water only partially wets the solid; conse-
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Fig. 2. Fluid drop in a horizontal beak. (A) Schematic of a bird beak with a fluid drop trapped
between upper and lower mandibles. (B} A completely wetting drop of silicone oil (6, = 6, = 0,
dynamic viscosity n = 0.05 kgm™" ) self-propels toward the apex of a mechanical bird beak with
a constant opening angle a = 3.4° and uniform width of 1 mm. Scale bar, 2 mm. (C) Plot of drop
front position versus time for silicone oil (n=0.01 kg m~" 5%} for three opening angles a, = 1.9°
(blue triangles), a; = 2.8° (red circles), and a5 = 4.2° (green squares), where d (in millimeters)
represents the distance from the beak tip to the drop’s trailing edge.
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Fig. 3. The capillary ratchet. (A) Time sequence illustrating the water droplet transport generated by an
opening and closing cycle of the mechanical beak. In the closing cycle, the leading contact line proceeds
toward the mouth; in the apening cycle, the trailing contact line recedes toward the mouth. The result is
net drop transport toward the mouth. Scale bar, 2 mm. {B} Plot of the associated motion of the leading
(red) and trailing (green) contact lines generated by varying the opening angle o over three cycles. d (in
millimeters) represents the distance from the beak tip to the contact line. [See also movie 52]
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Acoshl = cosb, — cos, (J0, 23), and W is the
length of the advancing contact line. Tn our
system, water droplets an stainless steel beaks
have an advancing angle 0, ~ 65° and receding
angle 6, ~ 20° that are comparable to those of
water droplets on keratin (24). Drop motion i
possible only if the capillary driving force F -
+yeos (WL/x) exceeds this sticking force; that is,
if @ > [(AcasBYcos] [(WL?)]. This condition
cammot be satisfied, because both Acosf/cost and
SU(WL?) are order-one quantities, whereas a must
‘be less than Oy ~ 0.2 radians for drop stability
The relatively minor influence of the fully three-
dimensional geometry was examined numerical-
ly (fig. SI). The influences of beak taper and
orientation were examined hoth experimentally
and numerically. Realistic beak tapers (3, 5) were
found to have only a weak quantitative effect on
the drop propulsion, whereas beak orentation had
anegligible effect in the ratcheting regime.

Phalaropes induce drap motion hy cycli
opening and closing their beaks (1) We
their lead in actuating the mechanical beak by
opening and closing the wedge geometry at a
constant angular velocity o, with .o and Ogpa
‘being the minimum and maximum opening angles,
respectively, We recorded the location of both front
and rear contact lines of the drop with a high-speed
camera mownted on a microscope (Fig. 3A). Fora
given drop VOILNE, VAIYING U A 0y Teveds
three distinet regimes.

If Ggpen — Giose is sufficiently small that the
leading and trailing contact angles, 8, and 6, re-
spectively, satisfy 8, < 8, < 8, < 8, then the drop
remains pinned (Fig 4A) The dynamics for
larger values of Copen — Geicqe are best understood
by considering in turn the closing and opening
phases. During the closing phase, both contact
lines have the tendency to progress outward, but
the leading edge (A) always does so first. During
the opening phase, both contact lines tend to
retreat inward, but the trailing edge (B) does so
first. The drap thus advances through a slipping
ratcheting motion: In each cyele, both leading
and trailing edges of the contact lines advance
and retreat. Nevertheless, due to the asymmetry
in the wedge geometry, net mouthward drop
motion is still achieved, albeit inefficiently. When
ygoe a0 G, are optimally tuned, the droplet
advances through a pure micheting motion with
no slippage. The two contact lines move asyn-
chronously but progressively toward the apex:
During the opening phase, the leading edge (B)
remains pinned while the trailing edge (A) re-
treats; during closing, the leading edge (B) ad
vances while the trailing edge (A) remains pinned
(Fig. 4A). The time dependence of the contact
line pesitions and opening angle for nearly pure
capillary ratcheting is ploned in Fig. 3B. The
ratcheting motion is quasi-static, with the instan-
taneous position of the drop being determined
by the histary of the heak motion; therefore, the
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Fig. 4. (A) A schematic
illustration of droplet dy-
namics in an osdillating
bird beak. The drop is
pinned for region 0, >

Ratchet regima

L

—

Cptimal fitehet
Grep
MBinmett opw:_q_pn.s.

0y > 6, > 6, marked by
the red line. As the beak
is closed progressively,
first the leading (A} then
the leading and trailing

LD
t
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(B) contact lines advance.
As the beak is opened,
first the trailing (B) then
the trailing and leading
(A) contact lines retreat.
Ultimately, the drop breaks
when @ > Gy The
ratcheting regime is indi-
cated in green and the 1
optimal ratchet by the red
amovs, (B) Regime dia-
gram for droplet transport
in an oscillating me-
chanical bird beak illus-
trates the dependence of
the system’s behavior on

== 10 SR

Drop

: A
spilage g g 7 M, -

L g

B ST
Ratchef rogine

1
M7 g

@4 =
410~ prr—

P

-

e,

T
the minimum and maxi- 00 05
MUm opering angles G

AN Oty > Ol TRSPEC

T T T
19 15 20 25 30fa5 4b 45 50
Cloiose™  Olype () Olaigoe™*

‘tively. The drop volume was foced at 1.5 1L For oy, > Gy, the drop breaks, whereas for gy <uu"‘",medmp
spills from the beak. The numbers denote the number of cycles required to transport the drop from the beak tip to
the mouth in the ratcheting regime. The optimal capillary ratchet transports the drop in three cydes.

drop speed increases linearly with the ratcheting
frequency .

Figure 4B illustrates the various regimes of
droplet transport observed in our mechanical bird
beak when the minimum and maxirmm opening
angles, Olcjoge AN Gy pey, Tespectively, were varied.
In addition to regimes characterized by drop
pinning and drop breakup, we report the mimber
of cycles required for drop transport from the
mechanical beak tip 1o the apex of the wedge in
the ratchet regime. For our specific combination
of droplet volume (1.5 pl) and mechanical beak
geomelry, the minimum number of cycles, three,
camesponds to the most efficient capillary ratchet.
It is interesting to speculate as 1o the degree of
optimization of capillary feeding in the wild. On
average, a single drop is wansported from the
beak tip to the buccal cavity of the red-necked
phalarope in two to three mandibular spreading
cycles (1, 4). Wilson's phalarapes are evidently
less optimized for capillary feeding, and require
seven to eight cycles (7). Our observations pro-
vide a quantitative measure of the efficiency of
shorebird beaks in capillary feeding, and so may
yield insight into their degree of adaptation.
Morcover, they yield new insight into recent
observations of rynchokinesis, in which capillary
feeding may be enhanced by beak flexure (6).

The beaks of shorebirds may be largely ver-
tical during capillary feeding; thus, the influence
of gravity needs to be considered. Although gravity
acts to resist the climbing drop, i is overcome by
contact-angle: hysteresis provided that the pinning
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force, F, = yIWAcosB, exceeds the drop and prey
weight, Mg, Characteristic values for the phala-
rope [~ 2 mm, -~ 5 1o 10 ul (1}] indicate that
Fp/(Mg) > 1: Contact-angle hysteresis can safely
support the drop’s weight In our experimental
study, changing the orientation of the mechanical
beaks from horizontal to vertical indeed had a
negligible effect on the dynamics of the water
drops. Conversely, wetting silicone droplets were
observed to slip downward under the influence of
gravity, owing to the absence of contact-line
pinning. Wetiing droplets would slip if the pro-
pulsive capillary force yWLx were exceeded by
the drop’s weight. Because the relative magnitudes
of these forces are given by £2/(aly?) ~ 0.1, with
@ ~5°= 0.1 rad and beak length £y, ~ 2 cm, we
conclude that gravity would preclude capillary
feeding if the beaks were wetting. We thus see
that, although the partially wetting nature of the
bird beaks disables stafic capillary propulsion
through the introduction of an adhesive force, it
enables droplet transport via capillary micheting,
amechanism that naturally overcomes gravity. We
thus highlight the precarious nature of capillary
feeding: Any surface contamination that aliers the
wetting propertics of the beaks represents a serious
threat, particularly to shorebinds such as the red-
necked phalarope that rely exclusively on this mode
of fieding (7). Given the drastic changes in wetting
behavior that accompany contamination with pol-
lutants such as petroleum or detergents (23), our
study makes clear the critical danger posed to this
class of shorcbirds by chemical or ol spills (25, 26),

Contact-angle hysteresis typically resists the
motion of drops on solid substrates; conversely,
in capillary feeding, it couples with the time-
dependent beak geomeiry to drive the drops. As
such, surface tension transport represenis a pe-
culiarity for which contact-angle hysteresis
enables rather than impedes drop motion. By
elucidating the dependence of the efficiency of
the capillary ratchet on dynamic beak marphol-
oy, we have enabled quantitative comparative
studies of capillary feeding across species. The
efficiency of capillary feeding may be enhanced
by tuning the beak geometry, dynamics, and
welting properties. Analogous mechanisms for
small-scale drop transport in microfluidic systems
{27y are currently being explored.
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Termination Factor Rho and Its
Cofactors NusA and NusG Silence
Foreign DNA in E. coli

Christopher ). Cardinale,'* Robert 5. Washburn,®* Vasisht R. Tadigotla, >t Lewis M. Brown,’
Max E. Gottesman, >+ Evgeny Nudler't

Transcription of the bacterial genome by the RNA polymerase must terminate at specific points.
Transcription can be terminated by Rho factor, an essential protein in enterobacteria. We used the
antibiotic bicyclomycin, which inhibits Rho, to assess its role on a genome-wide scale. Rho is
revealed as a global regulator of gene expression that matches Escherichia coli transcription to
translational needs. We also found that genes in £. coii that are most repressed by Rho are
prophages and other horizontally acquired portions of the genome. Elimination of these foreign
DNA elements increases resistance to bicyclomycin. Although rhe remains essential, such
reduced-genome bacteria no longer require Rho cofactors NusA and NusG. Deletion of the
cryptic rac prophage in wild-type E. coli increases bicyclomycin resistance and permits deletion
of nusG. Thus, Rho termination, supported by NusA and NusG, is required to suppress the toxic
activity of foreign genes.

Based on sequence, approximately half of the
transcription units, or operons, in £. cofi are
predicted to end with a specific structure, an
intrinsic terminator, consisting of a hairpin fol
lowed by several U residues at the 3’ terminus
of the RNA This structure alme is sufficient to
di; the pal complex
in vitro (2, 3). In contrast, transcription termi-

nation of the remaining half of operons could

richia coli revealed that 90% of its nu-

cleotide sequence could encode protein
(1). The remaining noncading genome is dense
ly packed with regulatory signals for tran-
seription initiation and termination. This Iugll
information density requires that tr
terminate precisely at operon ends to avoid in-
terference with neighboring transcription units.

Thn complete genome sequence of Esche-

K-12 Orthalogs
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not be predicted from DNA sequence and has
been generally assumed to rely on an adenosine
triphosphate-dependent RNA-DNA helicase
known as Rho factor. In the decades since its
discovery (#), Rho has been well studied bio-
chemically and structurally (2, 5-8), but its rale
as a biological regulator is still unclear. Rho fac-
tor recognizes no specific consensus but rath-
er binds 10 naked, untranslated RNA, favaring
C-rich sites that comtain lirle secondary struc-
ture (%-f1). Rho-dependent termination sites
occur frequently in operons. For example, Rho
can stop transcription when the end of the cod-
ing information is reached (/2) and attenuate
transcription conditionally at the beginning of
operons (/5), and even within open reading
frames (ORFs) when mRNA is uncovered by a
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Fig. 1. Genomic response of divﬁrgent E. coli strains to Rho inhibition. (A)
Hierarchical cluster analysis of a concentration gradient of BCM (doses of 10,
25, and 100 pg/ml} in E colf K-12 strain MG1655, showing only genes
orthologous between K-12 and enterohemarrhagic £. coli. Arrays (columns)
are shown in biological duplicates, normalized so that the average of each
gene on the untreated control arrays is equal to 1 and expression in treated
cultures is displayed as a ratio of treated to untreated. Yellow blocks rep-
resent up-regulation by BCM, and blue represents down-regulation. (B)
Response to BCM of genes present in K-12 £ coli but absent from entero-
hemorrhagic E. coli, displayed as in (A). {€) Hierarchical cluster analysis of
the response of genes in enterohi agic £. coli 0157:H7
strain EDL933. (D) Respanse to BCM treatment of genes present in entero-

www.sciencemag.org  SCIENCE  VOL 320

hemorrhagic £. coli but absent from K-12. (E) Expression of ORFs in

.

response to BCM displayed as a scatter plot of probe intensity in the control
array (r axis) and BCM-treated array (y axis) from a representative pair of
arrays. The diagonal line represents equal probe hybridization intensity
between both arrays; points above the diagonal are genes up-regulated by
treatment with BCM, and points below the diagonal are down-regulated. The
red lines located at 100 intensity units represent the threshold below which
probe-level analysis i 90% likely to call the probe absent. Therefore, probes
in the upper left quadrant are ORFs whose expression was induced de novo.
Gray points are orthologous genes and violet points are K-12-specific genes.
(F} Scatter plot of probe intensity for intergenic (IG) regions of MG1655 after
treatment by BCM.
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nonsense mutation (/4). In each case, the hy-
pothesized roles of Rho are to prevent transcrip-
tion from impinging on neighboring operons,
to prevent the wasteful production of unusable
transcripts, and to recycle polymerases prompt-
Iy to locations where they are needed. How.
ever, because only a handful of Rho tenminators
(<10) have been actually located and charac-
terized (15), there is still much to be learned
about the role of Rho-dependent termination
in vivo,

To imvestigate the biological role of Rha, we
assayed gene expression using the Affymetrix
E. coli Genome 2.0 array, an in situ synthe-
sized oligonucleotide amay covering the entire
genome of four evolutionarily divergent E. coli
strains: the laboratory strain K-12 MG1655, the
enterohemorrhagic strains O157:H7 (EDL933
and Sakai), and uropathogenic CFTO73. Specif-
ic and potent inhibition of Rho can be achieved
rapidly by treatment with the antibiotic bicyclo-
mycin (BCM) (16). An advantage of chemical
over genetic intervention is that the transerip-
tome content of control and experimental cul-
tures remains identical until the moment the
inhibitor is added. Indeed, total inhibition of
Rho termination activity cannot be achieved by
genetic manipulation because rho s an essen-
tial gene (/7). BCM is highly specific to Rho;
it rapidly permeates cells and has no other
known in vivo targets (/6, 18). Changes in gene
expression in response to BCM reflect, there-
fore, a snapshot of Rho activity. Treatment of
MG1655 with a series of concentrations of BCM
for short time intervals revealed a pervasive
change in gene expression (Fig. 1). One theme
that emerges from the array data is a widespread
increase in the expression of genes derived from
recent horizontal transfer into the genome of
K-12 from other species or from defective bacte-
riophage (Fig. 1, B and D, and fig. $2B). Based
on whole-genome alignment, ~14 to 18% of the
K-12 genome differs from other families of E. coli,
tending to oceur in contiguous blocks known as
K islands (19, 20). K islands are characterized
by an altered guanine-cytosine/adenine-thymine
(GC/AT) content, distinet codon preference, and
reduced evolutionary conservation. The genomic
islands are enriched in defective prophages, wans-
posons, and insertion sequences (21). Compar-
ing MG1655 with the enterohemorrhagic strain
0157:H7 (EDL933) shows that the two strains
possess 3658 genes that are nearly identical in
sequence, as well as 648 and 1769 unique genes,
respectively (22). As shown in Fig. 1, B and D,
the genes unique to each strain and prophage
genes tended to be up-regulated, with half of
these genes increasing expression by a factor of
more than 3. By contrast, a quarter of orthologous
genes, common between the two strains, were
up-regulated by a factor of more than 3 (com-
pare orthologous and K-12-specific genes in
Fig. 1E}).

We find that expression of the noncoding
intergenic (IG) regions is in general increased by

Rho inhibition (Fig. 1F). Of the 1G probes that
were reproducibly measured, as selected by sig-
nificance analysis of microarrays at the 1% false
discovery rate (23), 72% were increased by a
factor of at least 3 and only 1% were decreased
by a factor of at least 3. The general up regulation
of IG regions confinns that Rlio has a global
role in preventing synthesis of untranslated tran-
seripts. Taken together, the array data from BCM
treatment of £ coli indicate that Rho is inti-
mately involved in operon regulation through-
out the genome and is not only acting on a rare
subset of genes or when translation terminates
abnormally.

We next sought to determine whether this
extensive perturbation in the transcriptome was
reflected in the proteome. We used difference
gel electrophoresis (DIGE} to analyze the pro-

Fig. 2. Proteomic re-
sponse to Rha inhibition
as detected by DIGE. Two-
dimensional electrophore-
sis gel of protein extracted
from BCM-treated and
control cultures. Control
protein is pseudacolored
green, and BCM-treated
protein is red. Differ-
entially expressed pro-
teins (indicated by name)
were identified by mass
spectrometry.
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o
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tein complement of MG1655 cells treated under
the same conditions used in the microarray ex-
periments (24). The workflow for this analysis
iz shown in fig. S6A. Two-dimensional gels
of fluorescently labeled proteins show that of
3341 unique spots analyzed, 101 were increased
by a factor of mare than 2 and 8 were decreased
by a factor of more than 2 by BCM treatment.
Altered spots were robotically excised from gels,
and the proteins were identified by mass spec-
trometry (Fig. 2). As shown in Fig. 2 and tables

S1 and S2, among the most affected unique
proteins is Rho itself and the RecE protein of
the Rac prophage. For reasons not understood,
most of the other proteins identified arc in-
volved in anaerobic metabolism and the re-
sponse io acidic pH. Based on the microarray
result, that many de novo transcripts of unique

-BCM

+ BCM (25 pg/ml)

00

L | =

Fig. 3. Reduced-genome £ colf is resistant to Rho inhibition and deletion of elongation factors
MusA and NusG. (A) Hierarchical cluster analysis of ORF gene expression in strain MDS42, BCM-
treated MD542, MDS42 AnusA, and MDSA2 AnusG. Probe intensity is normalized to the untreated

MDSA42 strain. (B) Efficiency of colony formation assay of the indicated stra
and 107 were spotted onto a control plate or a plate containing BCM at 25 pg/ml.

of 107,107,

Cultures at dilutions

int-kilR and int-ydak are fragments of the rac prophage that were deleted.
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genes were being produced, we expected to see
many new spois appearing on the gel from the
BCM-treated sample. However, this did not occur.
The proteomic results corroborate the role of
Rha as a general inhibitor of transcription under
normal growlh conditions. There is a profound
excess of'| ional output over 1

needs when Rho activity is reduced. The lack of
perturbation of the proteome also suggests that
protein expression is frequently controlled post-
transcriptionally.

Because R]m slmng]y Tepresses u-ansmptuun
of] d genes, we tig
asynthetic E. cali strain, MDS42, that lacks these
genes. Fourteen percent of the MDS42 genome
has been removed by targeted deletion of pro-
phages, IS elements, and K-island clusters (25, 26).
Figure 3B shows that MDS42 was ~10" tmes
as resistant to BCM (25 ug/ml) as the parent
strain, MG1655. MG1655 contains the remnants
of a lambdoid bacteriophage known as rae. This
defective prophage carries a kif gene encoding
an inhibitor of cell division. Deletion of rac
alone produced levels of BCM resistance com-
parable to the MDS42 strain. The resistance was
conferred by deletion of k! and the remaining
downstream operon but not DNA downstream
of kil (Fig. 3B)

Studies of & phage revealed that endoge-
nous host proteins NusA, NusB, NusE (ribosomal
protein $10), and NusG were required for the
A& N protein to suppress transcription termina-
tion on the phage chromosome (27, 28). NusA
and NusG have been implicated in both Rho-
dependent and intrinsic termination and are es-
sential for E. cofi to survive (29, 30). It was
possible to delete both arsA and nusG in strain
MD842, although stationary phase survival was
poor, and the strains were highly sensifive to BCM

A

(Fig. 3B). Deleting nusA or ausG also adverse-
ly affected growth rate, increasing the doubling
time in rich media from 32 min to 57 min and
68 min, respectively. Unexpectedly, it was pos-
sible to transfer the nusG knockout allele to a
wild-type MG1655 strain lacking the rac pro-
phage alone, which indicates that suppression
of rue gene expression is the critical function of
NusG.

Strains lacking NusA or NusG are highly
similar in their overall pattern of gene expression,
as shown by the hierarchical cluster analysis in
Fig. 3A and the scatter plot of intergenic region
expression in supplemental fig. S2, C and D, We
therefore conclude that these proteins normally
act in concerl, recognizing the same elongation
and termination signals.

To understand the basis of how Rho inhibi-
tion could affect gene expression on such a per-
vasive scale, we examined two specific operons,
ane in the rac prophage and one in % The maps
in Fig. 4, A and B, show that the leftward
operons of rgc and A are homologous, which
implies that there should be a Rho-dependent
{EmminAtor {lyy) in 7ac afier the racR gene, as
there is in & Addition of BCM enables the RNA

REPORTS I

As shown by the maps of prophages in fig.
84, genes that are up-regulated by treatment with
BCM tend to occur in consecutive series in the
same strand orientation, suggesting that prevent-
ing readthrough into neighboring operons is an
important function of Rho. Rho’s bias toward
suppressing foreign DNA could be related to the
lower density of the Rho-independent intrinsic
terminators in the K-island regions. Using the
terminator-prediction model of Lesnik ef af. (32),
there is an intrinsic terminator on average every
4.0 kb in the conserved regions of the genome,
but only every 8.5 kb in the K islands (table S7)
(32). Moreover, the penes up-regulated by treat-
ment with BCM tend to be more AT rich than the
genome as a whole (fig. S1) and have a lower
codon adaptation index (fig. S5B). The lower
secondary structure of AU-rich RNA could make
it a favored target of Rho-dependent termination
despite Rho's in vitro binding affinity for C-rich
RNA, whereas the subaplimality of translation in
genes with poor codon preference leaves them
open o Rho.

‘Our results reveal Rho factor as a global reg-
ulator of bacterial gene expression under nor-
mal growth oondluons Rho serves the crw:w‘

polymerase 1o continue through this

role of t

and express downstream genes, meluding the

throughout the genome. In particular, Rho is

toxic kil gene, Reverse po]ymcrase
chain reaction (RT-PCR) analysis reveals the
clongated transeript (Fig. 4C). Similarly, the
leftward operon of A (Fig. 4B) exhibits read-
through of the 1, terminator into the down-
stream N..facZ reporter fusion in the presence of
BCM (Fig. 4D). The HK022 Nun tennination
protein, which blocks transcription elongation at
the & nutl. site, prevents reporter gene expression,
consistent with a transcript originating from the
Ppoy promoter (31).

ible for silencing h transferred
DNA elements, some of which are detrimental
ta the host. Recently, H-NS protein has been
implicated in selective silencing of foreign DNA
in Salmonella by acting at the level of promater
mitiation (33). Rho-dependent termination may
represent a separate “imimunity” system that pro-
tects bacterial cells from the harmfu! activity of
certain foreign genes. The existence of such dif-
ferent defensive tools against new acquisitions to
the genome underscores the importance of this
phenomenon for bacterial evolution.
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Genome-Scale Proteomics Reveals
Arabidopsis thaliana Gene Models
and Proteome Dynamics

Katja Baerenfaller,»* Jonas Grossmann,™-* Manica A. Grobei,>* Roger Hull,®
Matthias Hirsch-Hoffmann,! Shaul \’almrsl(y,5 Philip Zimmermann,! Ueli Grossniklaus,>*
Wilhelm Gruissem,*®?* Sacha Baginsky®**

We have assembled a proteome map [orAn:rb!dops:s thaliana from high-density, organ- spennr. proteome
catalogs that we generated for different organs, d L stages, and undi cultured
cells. We matched 86,456 unique peptides to 13,029 proteins and provide expression evidence for 57
gene models that are not represented in the TAIR7 protein database. Analysis of the proteome identified
organ-spedfic biomarkers and allowed us to compile an organ-specific set of proteotypic peptides for
4105 proteins to fadilitate targeted quantitative proteomics surveys. Quantitative information for the
identified proteins was used to establish correlations between transcript and protein accumulati
different plant organs. The Arabidopsis proteome map provides information about genome activity and
proteome assembly and is available as a resource for plant systems biology.

equencing of complete genomes has ad-
vanced our understanding of biological
systerns, mostly by enabling a broad range
of technologies for the analysis of gene func-
tions and by providing information about the
theoretical protein-coding capacity of organisms
(). Because proteins are usually the effectors of
biological function, knowledge about their ex-

To assemble a high-density Arabidopsis
proteome map, we performed 1354 LTQ (linear
trap quadrupole) ion-trap mass spectrometry runs
with protein extracts from six different organs

[fig. 81, table S1, and (5)]. The resulting data
files were analyzed with two search algorithms,
PeptideProphet (6) and PepSplice (7) (fig. 52).
We identified 13,029 proteins with 86456 unique
peptides originating from 790,181 tandem mass
spectrometry (MS/MS) spectrum assignments at
a false-discovery rate below 1%. The data set
of 13,029 proteins is formed by merging the
set of 10,902 distinct proteins identified from
plant organs, including roots, cotyledons, juve-
nile leaves, flower buds, open flowers, carpels,
siliques, and seeds, with the set of 8698 proteins
identified from undifferentiated cultured cells
(Table 1). Together, these proteins represent as-
signments for nearly 50% of all predicted Ara-
bidopsis gene models. Our data set is publicly
available in the PRIDE database (8, 9), together
with information about protein and peptide iden-
tification, as well as the corresponding origi
nal MS/MS spectra to ensure compliance with
the current standards for proteome data depo-
sition (MIAPE) (10). The data can be queried
in the PRIDE BioMan at www.eblac.uk/pride/
prideMart.do, and an enhanced view of the
data set is available from our server at www.
AtProteome ethz ch.

Table 1. Number of assigned spectra, distinct peptides, and proteins in different samples and
organs. Mol. mass, average molecular mass in kD.

pression levels provides relevant information for  plant tissue Spectra Distinct peptides Proteins Mol. mass
the characterization of a biclogical system. Mass .
speciromctry ins s with incr _ Differentiated argans 465,836 64,219 10,502 54.6
: o ey : Roots 71,516 21,546 6,125 55.0
tion sesuhiity; dogether with penteln anipep Roots 10 d 38,476 20301 5,159 55.7
tide fractionation technologies and data analysis oot B8 days !!'040 lﬁ‘!m 4'466 ;4‘3
tools, have facilitated cataloguing of proteomes L w 30'186 20‘417 4’353 57'5
1o acquire information about functional proper- e g g g 4
ties and activiies of the genome (24} Cotyledons 39,419 13,628 3,665 58.2
£ Juvenile leaves 40,767 14,437 3,892 57.8
Flowers 147,650 33,192 7.040 57.4
Flower buds 54,588 19,467 5,104 58.5
“institute: of Plant Sciences, ETH {Swiss Federal Insitute of 7 g g
Technolegy) Zurieh, Unvessititsirsse 2, 8092 Zurich, Swtzer- Open flowers 57,861 20,205 5215 59.0
lang. “Center for Model Organism Profeomes, University of Carpels 35,201 13,393 3,946 56.7
2Zurich, Winterthurersirasse 196, 8057 Zurich, Switsedand. Siliques 79,589 23,054 5779 54.6
*Functienal Genemics Center Zurich, Winterihurersirasse 190,
8057 Zurich, Switzerland. “nsfite of Plant iology, University Seeds 6,895 13,901 3,789 547
of Zurich, Tolikersrasse 107, 8008 Zurich, ewitertand CElL Culture 324,345 49,842 8,698 57.3
“Faculty of Uife Sciences, University of Manchester, Brunswick Dark 149,051 34,551 6,547 59.7
Street, Wanchesier M13 9Pl UK. “Degartment of Pant Light 143,583 32,656 6,474 59.8
Sdences, Tel Aviv University, Tel fuiv 69978, lsrael Light; small 31,711 15,318 aa72 432
*Te whom (unrsponder(e should be addressed. Emale  Total 790,181 86,456 13,029 54.7
h {KB.); b (W.G.1;
shaginsky@ethz.ch {5.8.) TAIR? 27,029 45.9
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We evaluated the disiribution of the identi-
fied proteins into different biological processes
on the basis of the TAIR7 Gene Ontology (GO)
annotation (1), using the elim method pro-
vided with topGO (12), and performed Fisher’s
exact lest to assess the significance of over- ar

protein identifications with an average molecu-
lar mass of 41.2 kD to the cell culture protein
set (Table 1),

PepSplice was specifically designed for
operating in large search spaces (7), which
allowed us o identify peptides containing post-

underre; of GO gories compared
with all proteins in the Arabidopsis database.
Our nalysis revealed an underrepresentation
of known low-abundance proteins, such as
those involved in transcriptional regulation
and signaling, and an overrepresentation of
proteins involved in basic metabolic processes,
including glycolysis, photosynthesis, cellulose
synthesis, and translation (fig. $3). We further-
more observed a preferential detection of large
proteins (Table 1). This known bias is pamm—
larly pronounced for very complex prolein mix-
tures in high throughput proteomics (3, 13). In
order to mitigate this detection bias, we enriched
for low-molecularmass proteins from cultured
cells by altemative gel electrophoresis on 10%
Tricine gels. This approach added 714 (~9%)

A Differant START/S " and - ATO00041
Amewa:m

B Different STOP/3' and - ATO00017

L modifications (5) and peptides with
nontryptic ends in extended database searches,
including protein N temini with N-tenninal
acetylation or with their initiator methionine
removed (tables 82 and $3). Most of the de-
tected modified peptides were either oxidized
at methionine (10,089} or tryptophan (347} or
carbamidomethylated at cysteine (11,373).
Amino acid carbamidomethylation and oxida-
tion usually occur during sample preparation
in vitro, but a function for methionine and
tryptophan oxidation in signal transduction in
wvivo is currently being discussed (14). We al-
so id d 195 N-tenminal lated pep-
tides. Because acetylation can be catalyzed by
acetyltransferases in vivo, the identified pep-
tides provide information about the substrate

AT2G42600 <y Com — - -I— — -
Peptides mmm mE o e m
C Imergenic - ATO00027
Taa e aion TR a2
Coniig T9C5 .
A13G49600.1 AT3GA9610.1
- B

D Ditferent splicing — ATO0C019

AT3GOE530 FETINE T STITEErE T 1 (W T e

-

Peplides L I 0N N I D@ 0 D00 WOW 1000 N0 mEm
E Gitterent reading frame - ATO00053
AT5G39570 —— —
EmnE mE

' e

y —
Genome sequance
ATSG30570TAIR7 © % R N L 8 T D % A M ¥ 0 K R R W 8 ¥ ¥
SprembliQBL7C5 © ¥ R N L 8 T D L A M V D KRB WS KV
SwissprollQSFKAS R K P X B X Y O 3 5 Y B G QT EVETYGR
Peplide K PETSEYOSGYOOGQT®EVETYGRHR
G pepiie3 R K P E 8 2 Y G 8 6 Y & 6 0 T2V EYGR

Fig. 1. New or alternative gene models identified by expression evidence from identified peptides. (A
to E) Five examples of newly identified gene models. The upper blue line depicts the gene model in
the TAIR 7 protein database, the red boxes indicate the localization of the peptides identified in the
whole-genome search, the blue boxes are the peptides of the corresponding gene model identified in
the standard protein database search, and the gray line represents gene prediction by alternative
gene prediction tools (Genscan (16), Twinscan (27), EuGENE (28)]. The different categories of gene
model revisions include (A) evidence for a different START/S' end for gene model AT4G17330, (B)
evidence for a different STOP/3’ end for gene model AT2G42600, (C) evidence for gene expression in
the intergenic region between the two gene models AT3G49600 and AT3G49610, (D) evidence for
different splicing of AT3G04530, and (E) evidence for a different reading frame within gene model

AT5G39570.
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spectrum and activity of acetyliransferases
(table S3).

We used the PepSplice extended search func-
tionality to match all MS/MS specira against
the TATRT genome database and identified pep-
fides from genome regions that have no anno-
tated protein-coding capacity. We required at least
two distinet peptides to support a gene model
different from those in the drabidopsis protein
database, We found 57 new or alternative gene
models based on 261 unambiguously identified
unique peptides from 2671 spectrum assign-
ments. The revised gene models (Fig. 1 and
table S4) fall into several different categories.
For 22 amotated gene models, we found differ-
ent 5’ or 3’ ends. In seven gene models, peptides
were identified in predicted intron sequences.
We also identified peptides from seven infer-
genic regions and 15 pseudogenes, which sug-
gesis (hat these genome regions are expressed
Six of the detected pseudogenes are related 1o
open reading frames in transposable elements,
which are often listed as pseudogenes, although
some are known 1o be transcribed and translated.
Expression of the pseudogenes was firther val-
idated by analysis of recent TILING amrays, in
which 12 of the 15 pseudogenes were found
to be transcribed (15). For two annotated gene
models, we were able to establish a different
open reading frame, whereas four new gene
models represent a mixture of the different cat-
epories detailed above. Altogether, EST evidence
was found for 185 out of the 261 peptides in
GenBank (table S4). Genscan, a de novo gene
prediction algorithm (/6), calculated 226 of the
261 peptides, which encompassed 51 of the 57
mew or altemative gene models (table S4).

We used 1opGO to compare the GO cat-
egory distribution of the cataloged proteins in
cach Arabidopsis organ with the distribution
of proteins in the entire map of identified
Arabidapsis proteins (11, 12). Proteins in GO
calegories franslation and gheolysis were over-
represented in all organs, whereas proteins were
ovemepresented for photosynihesis and chloro-
plast ion in leaves; for i
profein ransport, response lo oxidative stress,
and toxin catabolic process in roots; and for
response (o heat stress and embryo development
in seeds (Fig. 2A and table S5). Thus, each plant
organ can he assigned a specific and func-
tionally significant proteome map. Proteins in
the GO category RNA metabolism were over-
represented in the proteome of cultured cells,
which may reflect their high cell-division rate
and their unique metabolism in the presence
of sucrose.

For a more detailed comparison of the dif
ferent organ protecmes on a gename-wide scale,
we modified the APEX-indexing method to cal-
culate approximate abundance values for all iden-
tified proteins (7). From the values obtained for
each protein in the different organs, we calcu-
lated a correlation matrix to assess the degree of
similarity between the different organs (Fig. 2B).
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The pairwise comparison of undifferentiated cul-
tured cells as a reference with cells from differen-
tiated organs resulted in Spearman rank correlation
values ranging from 033 for he seed protcome
up to 0.46 for the root proteome. Among the
proteomes of differentiated organs, the correla-
tion values range from a minimum of 0.39 be-
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Fig. 2. Characterization of protein identifications.
(A} Functional classification of proteins into TAIR
GO categories from the aspect “biological process”
with topGO using the elfm method (11, 12).
Fisher's exact test was used for assessing GO term
significance. Shown are the overrepresented GO
categories of the proteins in each of the organs as

compared with all identified proteins with a P value < 107,
(B) The Spearman rank correlation coefficients between the
sets of proteins identified in each organ. (C) The distribution
of protein identification in relation to transcript levels (i.e.,
the log-transformed arithmetic mean of transcript levels).
Shown in blue are those proteins that were not detected in
our proteome analysis, even though their genes are rep-
resented on the Affymetrix Genechip array and in red, those

for which the protein was detected.

biomarker data sets cluster similarly in the dif-
ferent organs, which validates the specificity of
biomarker detection using proteomics and tran-
scriptomics (fig. S5).

After quantifying proteins using the modi-
fied APEX-indexing method described above,
we integrated transcriptional profiling data from
G :

tween the root and leaf and the seed
1o a maximum of 0.60 between the flower and
silique proteame. These comelation coeflicients
support the results in Fig. 2A and indicate that
specialization between different plant organs
is reflected in the differential accumulation of
proteins,

We next identified proteins from our data set
that were found in only one organ, no others,
with at least three different spectra. These pro-
teins we called “organ-speeific biomarkers.” The
biomarkers are enriched for specific functional
categories (fig. S4 and table $6) and support the
GO term assignments of organ-enriched func-
tional protecme maps (Fig. 2A). Our list of 571
organ-specific proteins {table S7) may help iden-
tify cis-regulatary elements that control the organ-
specific expression of the comesponding gene
models. We compared the distribution of the 571
organ-specific biomarkers (table S7) with the dis-
tribution of biomarkers identified with tran-
scriptional profiling, by using the Genevestigator
anatomy profiles (18). We found that the two

igator with our data to as-
sess the correlation between transcript levels and
prolein accunulation in different organs {/8). Our
proteome analysis preferentially detected pro-
teins that are expressed at higher transcript fre-
quencies (Fig. 2C). To quantify this effect, we
caleulated the comelation coefficients from the
transcript and protein levels in the different or-
gans. The highest correlation coefficient of 0.68
was found for leaves, and the lowest, 0.52, was
found for seeds (fig. $6). Seeds contain a high
percentage of stable storage proteins that are
deposited in protein bodies, which could explain
the low correlation between transcript and pro-
tein accumulation compared with other organs.
Although transcript and proteomics data were
obtained from similar, but distinet, samples and
from different experiments, the positive correla-
ton in the different organs suggests that this ap-
proach is robust. Cverall, the correlation analysis
between transcript and protein accurnulation at
a genome wide scale suggests that the accu-
mulation of proteins in Arabidopsis is primarily

regulated at the transcript level, More detailed in-
formation will be required to establish the level of
postranscriptional control for individual genes.
Tarpeted quantitative proteomics requires com-
prehensive inf on about detectable peptides
that unambiguously identify a protein. Predic-
tion efforts depend on peptide properties and
are useful but limited in reliability, because ion
suppression effects from coeluting analyte mol-
ccules influence which peptides are detecable
(19). With the constraint that a peptide must be
detected with at least three different spectsa in a
fraction (table S1) in order to be considered pro-
teotypic, we found that the majority of proteo-
typic peptides were only detected in one fraction
or organ, and only a few peptides were detected
multiple times (Fig. 3, A and B). One possibil-
ity to establish a selection of reliably detectable
peptides is to consider only those peptides as
proteotypic that are observed in more than 50%
of all identifications of the corresponding pro-
tein (20). Such a strict definition, however, does
not allow for a systematic assessment of peptide
traceability, because it does not distinguish be-
tween peptide samples that were generated with
different extraction methods or from different
plant samples. An llustrative example for this issue
is acetyl-CoA C-acetyltransferase (ATSG48230),
for which different peptides were detected in dif-
ferent organs and different fractions (Fig. 3C).
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Fig. 3. Organ- and fraction-specific

£

detection of proteotypic peptides.
(R) Distribution of proteotypic pep-
tides in different organs. The majority
(65%) of all protectypic peptides re-
here were detected in only one
organ (see number of organs, 1), with
a pronounced drop in the number of
proteotypic peptides identified in more
than ane organ, and only 1.3% iden-
tified an all organs. (B) Distribution of
proteotypic peptides in different frac-
tions. The same trend as in (A) ap-
plies to the detection of proteatypic
peptides in different fractions. (C}
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spedfic detection of proteotypic pep-
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The Arabidopsis proteome map provides a
detailed map of 14,867 organ-specific proteo-
typic peptides, which accounts for the diverse
composition of protein samples and confers
higher sensitivity to proteotypic peptide selec-
tion for targeted and quantitative proleomics.
Similar proteome maps are available for Dro-
sophila, human, and yeast, and the Drosophila
and human proteome maps have pointed o
gene structures not identified by other means
(3, 21-23). Collectively, these proteomics data
complement other strategies for genome an-
notation and gene prediction. The quantitative
proteome map we have assembled for Arabi-
dopsis will also facilitate genome-scale tran-
script and protein abundance correlation analyses
to increase our understanding of gene expression
control in specific tissues or organs (24, 25). The
library of Arabidopsis organ-specific proteo-
typic peptides now allows expanding quanti-
tative correlation analyses to high-resolution
surveys of metabolic or regulaiory pathways,
or even individual enzymes, by sensitive de-
tection and quantification of minute amounts
of protein (26). Organ-specific proteotypic pep-
tide maps are key to the successful design of
such targeted proteomics surveys (supporting
online material) and allow proteomics to be used
as a routine scoring method in plant systems
biology.
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Cell Identity Mediates the Response of
Arabidopsis Roots to Abiotic Stress

José R. Dinnerly,“T Terri A. I.ong,“ Jean Y. W'ang,l Jee W. ]ung,l Daniel J\ll;n:e,z Solomon Puimer,‘
Christa Barron,” Siobhan M. Brady," John Schiefelbein,” Philip N. Benfey"*f

Little is known about the way developmental cues affect how cells interpret their environment.
We characterized the transcriptional response to high salinity of different cell layers and
developmental stages of the Arabidopsis root and found that transcriptional responses are highly
constrained by developmental parameters. These transcriptional changes lead to the differential
regulation of specific biological functions in subsets of cell layers, several of which correspond to
observable physiological changes. We showed that known stress pathways primarily control
semiubiquitous responses and used mutants that disrupt epidermal patterning to reveal
cell-layer—specific and inter—cell-layer effects. By performing a similar analysis using iron
deprivation, we identified common cell-type—specific stress responses and revealed the crucial
role the environment plays in defining the transcriptional outcome of cell-fate decisions.

igh salinity is an important agricultural
Hcomaminam () and has complex effects

on root physiology. Although a small set
of studies has begun to explore salt responses at
the cell-type-specific level (2, 3), it remains un-
clear to what extent cell identity influences stress
respanses and what mechanisms enable this reg
ulation. To directly add:m Ihcs: mucs, we pen-
erated a ge ale, high
map for wots grown under standard anzt high-
salinity conditions (). We first performed a phe-
notypic analysis using different concentrations of
sall and a time-course analysis [TC data setin the
supporting online material (SOM) text, Fig. 1, A
and F, fig. S1. and rables S1 and S2)] of the
response of whole roots to salt to select the
specific parameters (1 hour of exposure to 140
mM NaCl) for our spatial microarray analysis.

The root of Arabidopsis grows from stem

cells at the tip. We dissected roots into four lon-
gitudinal zones (LZ data set in Fig. 1A and table
S1) for analysis, using the position of cells along
the longitudinal axis as a proxy for developmen-
tal time (fig. 82) (5). Cell identity varies along the
radial axis; epidermal cells constitute the outermost
tissue, followed by the cortex, endodenmis, and the
central stele (fig. S2). Cell-type-specific transcrip-
tional profiles were penerated by fluorescence-
activated cell sorting (FACS) of roots that express
green fluorescent protein (GFP) reporters in spe-
cific cell types (6, 7) (RZ data set in Fig. 1A and
table S1). Six different GFP reporters were used
to profile all radial zones, including the columella
root cap and phloem vasculature (fig. S3 and
table: S3). Intact roots rather than protoplasted. or

isolated populations of cells were exposed to salt
1o ensure that the observed transcriptional
response occumed in the context of the whole

Standard

3,055

Repressed

od biogeoesis

organ. We performed control experiments to test
the effects of sorting on salt-responsive genes
{SOM fext and tables 54 and 85) and used GFP
reporiers (§) along with image analysis software
(9) to validate the aceuracy of the RZ microarray
data (Fig. 1, B to D, and figs. 54 and S5).

‘With stringent statistical significance criteria,
we idemified increasing numbers of differentially
expressed genes at higher spatial resolution:
238 (at 1 hour), 1173, and 3862 genes were iden-
tified inour TC, LZ, and RZ experiments, respec-
tively (Fig. 1A and table S2). Genes regulated in
our TC experiment tended to respond to salt
stress in multiple radial or longitudinal zones,
whereas the majority of genes regulated in the
spatial data sets changed in only one zone (Fig. 1,
E, G, and H, and fig. S6).

lanation for the prevalence of cell-
type-specific responses may be that salt might
not have fully penetrated all root tissues, which
led to localized responses. We found, however,
that intemal tissues tend 10 be highly responsive;
8% of salt-responsive genes were regulated in

[+ NaCl D Al3g49760
* W Standara condrions
g | NaCiconations
34
g
[

wild type
mM 25miM 140 mM OVFM 25mM 140 mM

*Department of Siology, Dike Uriversity, Durham, NC 27708,
USA. “insfifute for Genome Sciences and Policy Center for
Systes lology, Ouke Uriversty, Durham, NC 27708, USA
“Depariment of Walecular, Cellular, and Developmental Biol-
agy, University of Mickigan, Ann Arber, NI 48109, USA.
“These authors contributed equally to this wark.

tPresent acdress: Temasek Lifesciences Laboratory, Mafional
University of Singapore, Singapore 117604, Singapere.

10 wham comrespondence should be addressed. E-mall:
philip.benfey@éuke.edu

Fig. 1. Salt-stress microarray data sets. (A) Venn diagram showing overlap between data sets (1-hour TC
comparisons in parentheses). (B to D} Salt-responsive GFP-reporter [(B) and (C}] for At3g49760 and
associated microarray data (D). EPI, epidermis and lateral root cap; COL, columella root cap; COR, cortex;
END, endodermis and quiescent center; STE, stele; PHL, protophloem. (E) Percentage of genes requlated
in one to six cell types identified in the TC and RZ data sets, respectively. (F to H) Ten most common
transcriptional changes in each data set and percent of responsive genes in each experiment (bottom
row). Yellow indicates up-regulated genes; blue indicates down-regulated genes. (I} Enriched Gene-
Ontology cateqgories. (]) Expression patterns for cell-shape regulators in response to salt. (K and L) Cortex
cells (arrowheads) swell in response to salt. cob-1 mutants are hypersensitive to NaCl. Scale bars indicate
50 pm [(B) and {C)] and 30 um [(K} and (L.
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the cortex (Fig. 1H), and similar numbers were
regulated in the stele (28%) and in the epidermis
(31%). Along the longitudinal axis, an increase
in salt responsiveness correlates with the be-
ginning of the elongation zone, in which cells
begin 1o acquire their final shape and function
(Fig. 1G).

Testing our LZ and RZ data sets for enrich-
ment in Gene-Ontology (10) annotations (Fig. 11,
fig. 57, and tables 86 and S7), we found 50 10
82%, respectively, of enriched categories are zone-
specific (fig. S8), indicating that salt stress regulates
distinet processes on the basis of developmental

context. Categories associated with stresses, in-
cluding abscisic acid (ABA) response, tend to be
enriched in multiple cell types, supgesting that
most previously characterized stress-response
genes are not cell-type-specific.

Salt stress results in radial swelling of the
outer tissue layers of roots (Fig. 1K and fig. 89)
(11, resembling plamts with mutations in genes
important for cell-wall biogenesis or with re-
duced tubulin expression. Several of these genes
are repressed in the cortex and epidermis, includ-
ing COBRA (COB) (12), RADIAL SWELLING3
(RSW3) (13), TUBULIN ALPHA-6{TUAB) (14),

B ABA marker genes

REPORTS I

and KOBITO! (KOBI) (15) (Fig. 11 Gene-
Ontology categories associated with these
functions are also enriched (Fig. 11). Consistent
with these findings, a hypomorphic allele of COB
enhances the salt-regulated radial swelling of the
cortex, indicating that the expression changes
facilitate the cell-shape changes (Fig. 1, K and L,
and fig. S9).

‘We compared cis-element enrichment in the
promoters of genes regulated in a zone specific
manner with genes regulated in at least three
zones (semiubiquitous responders) for the 17 and
RZ data sets, respectively (Fig. 2A and table S8)
In the 1.Z data set, enrichment of many known cis
clements, such as drought-responsive clement
(DRE) (6) and ABA-responsive element (ABRE)
(.'7 18), was observed in both gene sets, whereas
was largely Emited to the semiubig-

Nurmber of genes

C Semi-ubiquitous

= g mwicnee ez
5

B

S

ig * s

Standard

[ T —
DRER2A OE activated |

| IR

M ot cal

ayens

[RET—

Salt

Fig. 2. Requlation of salt responses. (A} Enriched known cis-elements. Gene sets in red contain
fewer than 50 genes. Shading indicates increasing statistical significance from P= 1 x 10 to P =

1y 10

; yellow box indicates cell-type—specific enriched cis elements. Figure S10A shows cis

elements enriched in salt-repressed gene sets. (B) ABA-marker genes are up-regulated and
enriched (asterisks, P < 1 % 10™%) in all cell layers. (C and D) The abg-2 mutation significantly
affects semiubiquitous and cell-type—specific salt-responsive genes (asterisks, P < 0.05). (E}
DREB2A overexpression (OE) targets tend to be regulated in multiple cell types by salt. (F and G)
Gene sets regulated by epidermal patterning and salt stress. (H) Hair-cell regulators are
dynamically expressed in response to salt. (I and J) Hair-cell outgrowth is transiently suppressed

by salt stress. Scale bars, 100 pm [{1) and ().
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uitous gene set in the RZ data set. Thus, although
canonical stress-response pathways appear to be
active inall cell layers, cell-type-specific respanses
are distinguishable at the promoter level and prob-
ably controlled by other cis elements. This suggests
that cell-type-specific salt responses are not sim-
ply controlled by a combination of stress- and
developmental-regulatory elements in a single
promater.

The plant hormone ABA is known to mediate
stress responzes, and ABA-response mutants are
partly resistant to high salinity (/9). Strong en-
richment of ABRE cis elements in the promoters
of iubi d that
ABA activity is present throughout the root. To
test this, we examined the salt responsiveness of
hormone-marker genes (200, We find enrichment
of up-regulated ABA-marker genes in all cell
layers of the root (Fig. 2B and table $9) but not
for other hormones (fig. S10B). This apparent
widespread activity suggested that ABA might
primarily mediate semiubiquitous transcriptional
responses 1o salt. We therefore monitored the ef-
fects of ABA deficiency on the expression of a
set of cell-type-specific, salt-stress-activaled genes
(21, 22). We find that salt-induced expression is
diminished for many of these genes, similar to a
collection of semiubiquitous responders also
tested (Fig. 2, C and D). Together, these results
indicate that ABA regulates cell-type—specific
responses 1o salt stress in a mamer independent
of characterized ABRE elements,

DRE and its derivatives are bound by a subclass
of APETALA2 (AP2)- and ethyl

. binding profein-type

such as DREB2A (23, 24). Strong DRE mnch-
ment is detected in genes up-regulated in at least
three radial zones (Fig. 2A). Consistent with this,
DREB24 is expressed in all cell layers under salt-
stress conditions (fig. $10C). Recently, potential
direct targets of DREBZA have been identified
(25). These targets tend 10 be up-regulated by
sall in at least three cell types at a higher fre-
quency than expected (P= 6.5 = 107°, Fig. 2E,
and table 510), supporting the hypothesis that the
DRE/DREB2A reguiatory module primarily con-
trols samiubiquitous responses.

responder:
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To understand how developmental pathways
regulate salt responses, we transcriptionally pro-
filed three mutants that alter cell-fate decisions in
the epidermis: werewalf mb23, caprice triptychon
(26), and serambled (27) (fig. S11, A to D, and
table S11). By using less-stringent significance
criteria to aid in the idemtification of cell-type—
specific responses, we identified four sets of genes
whose activation or repression by salt is dependent
on correct epidermal patterning (Fig. 2, F and G,
fig. 811, F and G, and table $12). One gene set
whose expression is hair-identity-dependent and
repressed by salt shows enriched epidenmal ex-
pression in the RZ data set under standard con-
ditions, indicating that these genes are likely to be
hair-cell-specific and salt-responsive (Fig. 2F).
Root-hair elongation is inhibited by salt siress (28),
and we find that many of these repressed genes
encode structural components of the cell wall
(P=1 107" orare involved in trichoblast (hair-
cell precursor) differentiation (P = 1 % 107,
Several of these genes, such as COBLY (29) and
ROOT HAIR DEFECTIVE2 (RHDZ2) (30), show
fluctuating expression i the TC data set (Fig,
2H). By quantifying trichoblast cells that failed to
form hairs, we were able to track the effects of
salt stress on hair development. Hair outgr

Standard

Radial Zones

was initially suppressed by salt stress, then
mmnedaﬂm'shcu:safmunmlﬂ'-‘g 2, Iund
J, and fig. SIIE). Thus, th

static but changes over time, pulmLmly as aresull
of adaptation.

Unexpectedly, 51% of the genes whose ex-
pression is affected by salt and cpulmnal pal—
teming are exclusively regulated in

cell types, based on the RZ data set (table $12).

Thus, cell-fate decisions may have

effects on responses in other cell layers. We also
identified 47 genes that respond most dramati-
cally in hairless caprice triptychon mutants,
indicating that a component of the variation in
response is a direct outcome of changes in cell
identity and not solely the effects of enhanced salt
absorption in genetic backprounds that develop
hairs (fig. Sll 'FandG and table $12).

At1g08930

xana:m mnﬂmms -Fe conditions

Expression Valve, .

o END

WRZ data set
TC data set

Parcent (%)
ocHHEEESIRES

Number D‘ Cel ryoas

-

SRR
It
e

.\-u:unuu
30:

Transponten

Ak1986430 ) Nevsonaros
hesgseces f s
T3

Fig. 3. Iron-deficiency microarray data sets. (A) Venn diagram showing overlap between data sets
(1-hour TC comparisons in parentheses). (B) Iron-deficiency responsive GFP reporter (At1g08930)
and associated microarray data (C€). (D) Percentage of genes regulated in ane to six cell types
identified in the TC and RZ data sets, respectively. (E to G) Ten most comman transcriptional changes
in each data set and percent of the total responsive genes in each experiment (bottom row). Yellow
indicates up-i reguLated genes; blue indicates down-regulated genes. (H} Regulation of putative and
known iran response genes. Yellow indicates up-regulated genes; blue indicates down-

Tad hether the trends b d
for salt stress hold for other envirommental stinuli,
we generated TC, LZ, and RZ data sets for roots
exposed 1o iron-deficient media (-Fe, tables S1
and S2; control experiments described in SOM).
On the basis of the TC data, we performed the LZ
and RZ profiling at 24 hours. Tron is a necessary
micronutrient and is used in diverse processes
from photosynthesis to metabolism. Similar to
the salt stress data set, increasing numbers of
differentially expressed genes were detected with
increasing spatial resolution [at 24 hours: TC,
111 genes; LZ, 142 genes; and RZ, 1318 genes]
(Fig. 3A). Most genes are regulated in a zone-
specific manner (Fig. 3, B 1o D, and fig. 512, A
and B). Unlike salt stress, iron deprivation
elicited the strongest i fesponse

regulated genes (At5g53550, FOR = 2.7 x 107°). (I} Enriched Gene-Ontology categories. miRNA,
microRNA; RNase, ribonuclease; GTPase, guanosine triphosphatase. (J) Expression patterns for cell-wall

biogenesis genes in response to iron deprivation (At3g49840, At3g54580, mgoa410 At5g06630, and

hort

At5906640). (K) Root hairs. and

50 um [(Bland (K].

(Fig. 3, E 10 G, and fig. S12D). Putative and
known genes encoding iron transporter, chelator,
storage, metabolic, and regulatory proteins
responded in a cell-type-specific manner (Fig.
3H and table S18) (32, 33’) The stele response
was enriched for

(arrows) in respot iron Scale bars,

genes, such as the proline-rich extensins associated
with root-hair morphogenesis (29), were down-
regulated i epidermal cells and may explain
the observed changes in root-hair morphology
('F\g 3 Jaml]() (34).

of the two RZ data sets re-

genes and suggests that iron deﬁc.m:y may be
sensed inemally (Fig. 31). Consistent with known
roles n nulmml nbsmpuun genes activated in

after 24 hours of treatment in LZ 4 (85%) and
in the stele (36%), where iron is predominantly
stored in seeds and circulated in adult plants (31)

he epid hed for metal-fon wransport
and n'coumamme {metal chelator) hiosyn-
thesis (Fig. 31, fig. S12A, and table $7). Addi-

vmcd that 20% of salt-responsive genes also
responded 1o iron deprivation (Fig. 4B and table
$15). Of these, about half are scored with similar
transcriptional changes across all five cell types
(Fig. 4A). We initially hypothesized that semi-
ubiquitous salt-respansive genes would be most

tionally, cell-wall t is and or

likely to a general siress response;
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F Fig. 4. Comparison of
stresses. (A) Percent of iron-
deprivation— and salt-
stress—coregulated genes
that exhibit identical (re-
gion 5} or completely dis-
similar (region 0) regulation
in the RZ data set. (B) Per-
cent of salt-stress—responsive genes that are also iron-deprivation responsive and the number of cell
layers in which those genes respond under salt stress. Overall overlap is 20% (red line). (C) Super cluster
(no. 406). Figure 513 lists other super clusters. (D) Gene-Ontology categories enriched in gene sets with
environment-dependent cell-type—specific expression. (E) Percent conservation of cell-type—specific gene
sets comparing standard conditions with stress gene sets, respectively. (F) Gene-Ontology categories
enriched in gene sets with environment-independent cell-type—specific expression. (G) Chloroplast
enrichment in the cortex {c). Chloroplasts also accumulate in the pericycle, which was not specifically
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profiled in these experiments. Scale bar, 50 pm.

however, genes tesponsive to salt in all five
layers are the least likely to be coregulated by
iron deprivation, indicating greater environ-
mental specificity for these genes (Fig. 4B). This
suggests that cell-type-specific biological pro-
cesses are common targets for stress regulation,
whereas responses oceurring in all cells must be
finely funed for specific stimuli. To better under-
stand shared responses, we used the Affinity-
Propagation clustering algorithm (33) to identify
gene sets that coclustered in the iron-deprivation
and salt-stress data sets (super clusters, table
515). The largest set of coregulated genes dis-
played concerted down-regulation in the epi-
dermis and encoded genes important for protein
biosynthesis (Fig. 4C and fig, S13A). Both
stresses result in reduced root length (figs. S1,
A to C, and S12C); this super cluster may rep-
resent a common stress module associated with
growth suppression.

Previously we have shown that under stan-
dard conditions, many biological functions are
regulated in a cell-type-specific manner (6, 36).
On comparison of expression under stmdard con-
ditions with these two stresses, we find that only
15% of cell-type-specific biological functions en-
riched under standard conditions are conserved
(Fig. 4D, fig. 513, Eand F, an.dwbeSlG) Thus,

genes that exhibited stable expression pattemns be-
tween standard conditions and each stress varied
for most cell types, the epidermis consistently
showed the least conservation (13 to 15%) (Fig.
4E). This trend holds despite the epidermis not
being the most respensive cell type for either
stress and suggesis d1= ﬁ.uu:lwns that deﬁne lh:s
layer are on

constraints,

We identified 244 genes that are cell-type-
specific and whose expression pattern does not
substantially change with either stress (table S16).
Enriched Gene-Ontology categories are consistent
with known functions, and we discovered chloro-
plast accumulation as a nove! feature of the cortex
in light- (Fig.4,Fand G), Additionally,
this gene set is enriched for many known regulators
of cell identity (table S17), suggesting that a small
sel of core regulators maintain cell identity inde-
pendent of environmental fuctuations,

Our results reveal that the transcriptional state
of a cell is largely a reaction to environmental
conditions that are regulated by a smaller core set
of genes that stably determines cell identity. The
use of environmental stimuli combined with cell-
and developmental-stage-specific profiling will
enable the identification of high-confidence tran-
scnpuenal nmdu.es, an important first step in

networks in multi-

the majority of a cell type’s unique pht is

environment-dependent. Although the percent of
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Early Forebrain Wiring:

Genetic

Dissection Using Conditional

Celsr3 Mutant Mice

Libing Zhou," 1sabelle Bar,** Younés Achouri,’ Kenneth Campbell,” Olivier De Backer,®

Jean M. Hebert," Kevin Jones,® Nicoletta Kessari:
Dennis D’leary,7 William D. Richardson,® Andre

Development of axonal tracts requires interactions

s,® Catherine Lambert de Rouvroit,”
M. Goffinet,® Fadel Iissir’f

between growth cones and the environment.

Tracts such as the anterior commissure and internal capsule are defective in mice with null
mutation of Celsr3. We generated a conditional Celsr3 allele, allowing regional inactivation.
Inactivation in telencephalon, ventral forebrain, or cortex demonstrated essential roles for

Celsr3 in neurons that project axons to the anterior commissure and subcerebral targets, as well as
in cells that guide axons through the internal capsule. When Celsr3 was inactivated in cortex,
subcerebral projections failed to grow, yet corticothalamic axons developed normally, indicating

that besides guidepost cells, additional Celsr3-indey

pendent cues can assist their progression. These

observations provide in vivo evidence that Celsr3-mediated interactions between axons and
guidepost cells govern axonal tract formation in mammals.

ormation of axonal tracts is essential for
Fbrafn wiring, and several cues, such as

extracellular molecules, guidepost cells,
and fiber-to-fiber interactions, guide growing
axons to their targets (). We showed previ-
ously that the anterior commissure (AC) and
the internal capsule (IC) are defective in con-
stitutive Celsr3 mutant mice (2). Celsrl, Celsr2,

*Developmental Neurabiology, Université Cathaligue de
Leuvain, 1200 Bruxelles, Belgique. “Faculiés Universitaires
Nofre-Dame de la Paix, 5000 Namur, Belgigue. *Division of
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Medicine, Bronx, WY 10461, USA. *University of Celorado,
Boulder, €O 80309, USA. *University College Landan, London
WCLE 6AE, UK. "Salk Institute, La Jolla, CA 92037, USA.
*Present address: Université Libre de Bruxelles, 1050 Bruxelles,
Belginue.

fTa wham comespongence should be addressed. E-mall:
fagel tissir@uclouvain.be

Fig. 1. Celsr3 expression is required
intrinsically in neurons of origin of the
AC. (A} Schematic representation of
the AC, compased of a rostral com-
ponent (R) that contains commissural
axons connecting olfactory nuclei and
a caudal component (C) made of axons
that connect temporal lobes. OB in-
dicates olfactory bulb. (B and €} Mon-
tages of coronal sections at the level of
the AC in newborn animals. The con-
trol phenotype is shown on the left
side, and the right side shows Celsr3|
Foxg1 (B) and Ceisr31EmxI (C} mice.
Note the rudiment of AC in Celsr3]
EmxZ mice (arrow in 0. (D'to F} Hor-
izontal sections at birth day (P0) after
Dil injection in control (D), Celsr31
Foxg1 (E), and Celsr3|Emx1 mice (F).
Arraws in {O) and (F) point to rudi-
ments of AC that never cross the midline.

A

g0 Ul ig

Celsr3 are homologous to Drosaphila flaminga/

with homozygous Celsr3ff females. Celsr3 in-
activation requires Cre-mediated modification of
one floxed allele only, thereby increasing effi-
ciency. To facilitate reading, we use the shorthand
“P: for example, Celsr3|Foxgl is shert for
Celsr 3/~ Foxgl-Cre/+ . Cre-expressing strains
were crossed with ROSA26R mice (7) 10 verify
that Cre activation proceeded as described. In-
activation was further confirmed by in situ hy-
bridization with a probe complementary to exons
19 10 27 that allows detection of intact Celsr3
mRNA only and by Westem blot (fig. S1). Con.

rol animals were double heterozygotes, c.g.,
Celsr3fi+ Foxgl-Creft.

We first examined the role of Celsr3 during
formation of the AC. In Celsr3|Foxg/ mice in
which Celsr3 iz inactivated in the telencephalon
(8), the AC was absent (Fig. 1, A, B, D, and E).
Tt was also drastically affected in Celsr3|Emx]
mice that express Cre in olfactory structures
and neocortex (9). Diminutive bundles origi-
nating from olfactory nuclei ran caudally and
turmed, but never crossed the midline, as con-
firmed by injecting 1,1"dioctadecyl 3,33 3"

ine perchlorate (Dil)

starry night (Fmi/star) (3, 4), which collab

with Frizzled and Van Gogh to regulate planar
cell polarity (PCP) and neurite development.
Celsr proteins are seven-pass transmembrane
cadhering and are thought to mediate cell ad-
hesion via homophilic interactions. Celse3 is
expressed in postmigratory neurons in cortex,
ventral telencephalon, olfactory structures, and
thalamus during development and progressive-
ly down-regulated during maturation (5).

To probe forebrain wiring, we generated a
conditional mutant allele that allows inactivation
of Celsr3 by crosses with mice that express the
Cre recombinase in region-specific manners (6).
This allele was produced by flanking exons 19 to
27, deletion of which generates a null allele (2),
with faxP sites (“floxed” allele, Celsr3f ). Mice
with regional inactivation were produced by cross-
ing double heterozygous males (Celsr3+/~ Creft)

Control

Celsr3|Foxg1

Celsr3|Foxg1

in the olfactory bulb (Fig. 1, C and F), This
phenotype could reflect the kinetics of Cre ac

tivation: Axonal growth from olfactory nuclei
may be initiated before a full inactivation of
Celsr3 is achieved. In Celsr3|Emx! mice, Celsr3
mRNA is absent from the olfactory and the
temporal neurons of origin of the AC but
present in the cells located along the pathway.
Thus, normal Celsr3 activity is likely required
cell-auwtonomously in the neurons of origin of
the AC. In all other crosses, namely Celsr3|Gish2,
Celsr3|Nix2.1, double Cefsr3{Gsh2 and Nix2. 1),
and CelsriDIx5/6, that express Cre in large
sectors of basal telencephalon but not in olfac-
tory nuclei nor temporal cortex {18, 11, the AC
developed normally. This suggests that Celsr3
expression may not be required in cells along
the AC pathway. Alternatively, functionally

Contral Celsr3|Emx1

Celsr3|Emx1
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Fig. 2. Region-specific Control Celsr3|Foxg1 Cantral Celsra|Dixsi6 Control Celsr3|Emx1
Celsr3 inactivation af- A A

fects development of #
the IC in different man-
ners. (A to F) Montages
of PO sections stained
with Cresyl violet [() to
(O or neurofilament an-
tibody (NF) [(D) to (F)L.
The IC is fully defective
in Celsr3lFoxgl mice
in which some thalamic
axons cross to the con-
tralateral diencephalon
[arrow in (D). In Celse3]
DLs/6 mice, the IC does
not form, but cortical
axons stall and form a
mass at the level of the
striatum [asterisks in (B}
and (E}], whereas tha-

[8SIN

AN

lamic fibers are mis-
routed to the amygdala
[arrow in {E)). In Celsi3l
EmxI mice, the IC is
present and thalamo-
cortical connections are
similar to that in normal
mice [(C} and (F)l. (G)
Schematic summary of
the IC phenotypes in the
various mice used, in re-
lation to areas of Celsr3
inactivation (gray) and
expression of markers i
(Dlxs/6, Gsh2, Nkx2.1,
and Rora). dTh and vTh,

ewaps

DTB

Thalamocortical axons  @— Corlicothalamic axons ~ ®—= Subcerebral axons [l Celst3 removed

M Rora Dix5% [l Nkx21 [l Gsh2

dorsal and ventral thal-

amus; HT, hypathalamus; VP, ventral pallidum; NCx, neocortex; PSPB, pallial subpallial boundary; and DTB, diencephalon telencephalon border.

Fig. 3. The IC corridor expresses Celsr3,
Di5/6, and islet] and is flanked with
expression of Nkx2.1 and Gsh2. Coro-
nal sections at rostral (A to E) and
caudal levels {F to J) of the forebrain
atE12.5, showing expression of Celsr3
[{A) and (F), in situ hybridization], acti-
vation of the LacZ reporter in ROSAZ6R!
Nkx2.1 mice [{B) and (G)] and ROSAZ6R!
Gsh2 mice [(Q and (H)), expression of
Dlx5/6 [(D) and (1), EGFP in the trans-
genel, and expression of Islet1 [(E} and
(), immunohistochemistryl. A central
corridor is characterized by high levels
of Celsr3, DIx5/6, and Islet1, and low
levels of LacZ. Arrows in (F) and (}
indicate a Ceisr3-positive, Dix5/6-
negative zone that could explain par-
tial growth of TCA in Celsr3IDix5/6
mice. CGE, LGE, and MGE, caudal, lat-
eral, and medial ganglionic eminences.

Cols3mRNA  Nix2.1-Cre Gsh2-Cre _ DIx5/6-EGFP Islett
e B D
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relevant cells in intermediate regions may have es-
caped Celsr3 inactivation, because Gsh2-, Nix2.1-,
and Dix5/6-Cre mice do not express Cre strongly in
the medal region where AC axons cross the mid-
line. We faver the latter interpretation because it fits
with the observations en the IC described below.

We next mvestigated the function of Cels3
during development of the three components of
the IC, namely conticothalamic axans (CTA), thal-
amocortical axons (TCA), and subcerebral pro-
Jjections [terminology of Molyneaux er al. (12)].
In Celsr3|Foxg! mice, despite normal Celsr3 ex-
pression in dorsal thalamus, all three components
were defective (Fig. 2, A and D). No thalamic
fibers turned toward the striatum, and no thalamic
neurons were labeled after Dil injection in cortex.
Reciprocally, injection of Dil in thalamus did not
label cortical neurons but stained thalamic axons
that ran into the basal forebrain or crossed the
midline ventrally, like in constitutive Celsr3 and
Fzd3 mutants (2, 13) (fig. $2). With use of focal
Dil injections in the basal forebrain at embry-
onic day 13.5 (E13.5), we found that early
thalamic fihers reached the medial ganglionic
eminence in normal but not in Celsr3—/~ mice.
In contrast, in both genotypes, corticofugal fi-
bers crossed the pallial subpallial houndary and
reached the lateral ganglionic eminence at E13.5
(fig. 83). Thus, Celsr3 is required for the early
growih of TCA, but not CTA, toward ventral
telencephalon

The three components of the IC were also
defective in Celsr3|Dix5/6 mice that express Cre
in the ventral forebrain (£7) (Fig. 2, B and E). A
subset of TCA managed an incomplete murning at

Fig. 4. The corticospi-
nal tract is defective in
Celsr3lEmx mice. Com-
parison of control [(A),
(€}, and (E)] and Celsr31
Emx1 [(8), (D), and (F)]
mice. In sagittal sections AV
at P& stained with an )
antibody against the L1
molecule (A) and (B), cor-
ticospinal axons are la-
beled in control [arrow
in (A)] but not in the
mutant ventral hindbrain.
Crosses were carried out
with Thyl-YFP mice, a
transgene that labels
neurons in cortical layer
5 and corticospinal axons
(O o (F). AtP20, layer 5
is well populated in con-
trol mice (Q), and the
corticospinal tract is
clearly defined [arrows
in (E)l, whereas cortical
layer S is very diminu-
tive (D) and no cortico-
spinal axons are detected
in the hindbrain () of
Celsr3\Emx1 mice.

-

(9d) 11

(02d 'd4A-1AUL) XON

T
@
=
=
<
i}
3
o
2
2

Control

the diencephalon-telencephalon border but then
ran aberrantly through the pallidum and amyg-
dala. Corticofugal fibers crossed the pallial-
subpallial boundary and entered the lateral part of
the basal forebrain. However, they failed to pro-
gress and spiraled in a disorderly manner, form.
ing an abnormal mass that filled most of the
dorsal striatum and pmtmdad in the lateral ven-
tricle (Fig. 2E). After Dil injections in cortex and
thalamus, no labeling of thalamic or cortical cells
was observed, confirming that both TCA and
CTA were defective (fig. $2). Similarly, no sub
cerchral projections formed, as shown by ab-
sence of corticospinal tract (CST) (fig. $4). Thus,
Celsr3 expression by DIx5/6-positive cells is
required for progression of TCA, CTA, and
subcerehral projections through the ventral tel-
encephalon. Partial progression of CTA through
the pallial subpial boundary in Cels3\DIxS/8 but
not in Celsr3|Foxgl mice may reflect Cels3-
mediated fiber-1o-fiber interactions ameng CTA,
in which Celsr3 is expressed, or imeractions be-
tween CTA and Celsr3-positive, Dix5/6-negative
cells. Similarly, the partial fuming of TCA in
Celsr3|DIx5/6 mice may reflect interactions
with Celsr3-positive, Dix5/6 negative cells
To define which subset of DES/6-positive
cells could qualify as guidepost cells, we used
Gsh2-Cre and Nkx2.1-Cre mice that express Cre
in the lateral and medial ganglionic eminences,
respectively. In Cefsr3|Gsh2, Celsr3|Nix2 1, and
double Celsr3|Gsh2-Nixe2.] mice, all compo-
nents of the IC developed normally (fig. S5).
This showed that a sufficient number of Celsr3-
expressing guidepost cells along the IC originate

Celsrl Emx1

from Nkx2.I- and Gsh2-negative precursors. We
compared the disiribution of Celsr3 (in situ hy-
bridization), Nkx2.1 and Gsh? (LacZ histo-
chemistry and immunohistochemistry), DIx5/6
[enhanced green fluorescent protein (EGFP) re-
porter], and Islet] (immunchistochemistry) at
E12.5, before any fiber growth in the ventral
telencephalon, and at E14.5, when the IC be-
gins to form. AUE12.5 (Fig. 3), Celsr3 expres-
sion was very similar to that of DIx5/6, with
maximal signal along the ganglionic eminences
where Islet] was also present (compare Fig 3, D
and E, to A). Expression of LacZ in ROSAZ6R|
Nix2 1 and ROSA26R|Gsh2 mice was strong in
large sectors of the ganglionic eminences and in
the striatal mantle but low in the intermediate
region where expression of Celsr3 and DES/6
was maximal. ALE14.5 (fig. S6), zones of Gsh2
and Nix2.1 expression flanked axonal bundles of
the incipient IC, whereas Islet] -expressing cells
were in close contact with axonal tracts, in the
region of highest DIXS5/6 signal and minimal Gsh2
and Nkx2.1 signal. These observations suggest
that Celsr3 is required in basal forebrain guide-
post cells that are positive for DIx5/6 and possi-
bly Islet] and that are derived from N2 [-Cre—
and Gsh2-Cre-negative precursors.

To test whether Celsr3 is required intrinsically
for progression of corticofugal axons, we studied
Celsr3|Emx] mice, in which Celsr3 s inactivated
carly in the cortical anlage (9) (fig. S1). In those
mice, subcerebral projections such as CST were
defective. In crasses with Thyl-yellow fuares
cent protein (YFP) transgenic mice (J4), the CST
was clearly defined in control mice but absent
in Celsr3|Ened mice in which the number of co-
rtical layer 5 neurons was dramatically reduced
(Fig. 4). After injections of Fluoro-Gold (Biotum,
Incorporated, Haywood, CA) in the spinal cord,
cells were labeled in the hindbrain, red nucleus,
and layer 5 in normal mice but only in the hind-
brain and red nucleus, and not in layer 3, in
Celsr3|Emx] mice (fig. 7). Thus, Celsr3 is re-
quired, presumably cell autonomously, in the
neurons of origin of subcerebral axons, like in
those of the AC.

In contrast to subcerebral projections, CTA
and TCA developed nomally in Celsr3|Emy]
mice (Fig. 2). At E14.5, fibers from dorsal thal-
amus twrned at the diencephalon-telencephalon
‘border and progressed along the ganglionic emi-
nences before passing the pallial subpaltial hound:
ary and growing toward the cortex, similar to
fibers of control mice. Injections of Dil in the
cortex and thalamus resulted in labeling of tha-
lamic and cortical neurons, respectively (fig, $2).
To assess the cortical distribution of TCA, we
studied cortical barrels by using eytochrome oxi:
dase and Nissl staining of parietal cortex. As
shown in fig. S8, barrels failed to form in mice
that had no TCA, such as Celsr3|Foxg] and
Celsr3|DEc5/6 mice, and developed normally in
Celsr3|Enx] mice, indicating normal TCA map-
ping. Thus, inactivation of Celsr3 in CTA did not
prevent them from navigating to the thalamus,

16 MAY 2008 VOL 320 SCIENCE  www.sciencemag.org



nor did it perturb the growth and cortical map-
ping of TCA.

Why would Celsr3 be required in AC and
subcerebral axons but not in CTA? First, a few

an important developmental event that hitherto
received litle attention,

In Drosophila wing cells, symmetrically ex-
pressnd le/slan proteins are thought to undergo

subplate cells could escape Celsr3 ir tion in
Celsr3|Emzc! mice and provide pioncering axons
1o thalamus (15, 16). However, Cels3 is inac-
tivated early in the conex in those mice (fig. S1),
making this rather uniikely. Second, other Celsr
proteins may act redundantly with Celsr3 in CTA
neurons and mediate their interactions with
Celsr3-positive guidepost cells. Alternatively,
normal Celsr3 expression in dorsal thalamus
and basal forebrain in Celsr3|Enze! mice allows
progression of TCA, which could encounter
Celsr3-deficient CTA and help them travel to
the thalamus, as predicted by the “handshake
hypothesis” (17). Celsr3|Rara mice were pro-
duced to inactivate Celst3 in dorsal thalamic
nuclei and thereby assess their ole in TCA
growth. The IC developed normally in those
mice, indicating a situation reciprocal to that in
Celsr3|Emx] mice. However, studies of ROSA26R|
Rova mice showed that Cre expression was
restricted to a subset of dorsal thalamic cells.
Thus being unable to test the function of Celsr3
in thalamic neurons in vivo, we addressed the
question using explant cultures. We co-cultured
explants from normal or Celsr3-mutant thalamus
that expressed the GFP transgene ubiquitously
(18) with explants of narmal ventral diencepha
lons at E13.5, As shown in fig. 89, normal dor-
sal thalamic axons were repelled by explants
from ventral diencephalon (32/57 cases) (19).
However, almost no repulsive activity was de-
tected for Celsr3-defective thalamic axons (4/34
cases; P < 0.01, z%), suggesting that Celsr3 ex
pression in TCA was required for their response
to ventral diencephalic cues. Thus, Celsr3 ex-
pression is probably necessary both in TCA and
in cells along their pathway (Celsr3DixS/6 mice).

Our resulis have implications for the mecha-
nisms of brain wiring and the function of Celsr3.
Demonstrated in invertebrates (20), a role of
guidepast cells in axonal navigation in mammals
has been repeatedly praposed (21-24). Our re
sults demonstrate that they indeed play a crucial
function that requires Celsr3 expression (the role
of other molecules implicated in thalamoecortical
and CST fiber nagivation is discussed briefly in
SOM). Altogether, our data indicate that Celsr3 is
required both in axons and guidepost cels, con

bringing distal and prox-
imal cell membranes in contact and thereby fos-
tering signaling by asymmetrically located Frizzled
on the distal and Van Gogh on the proximal side
(25). Axonal anomalies in Celsr3 and Fzd3 mu-
tant mice are similar (13), suggesting that corre-
sponding proteins also act together in mice (25).
Moreover, Fzd3 and Vangi2 are co-expressed with
Celsr3 in postmigratory neurons (26). Like in the
fly, Celsr3 expressed on the membranes of growth
cones and guidepost cells may promote adhesion
and allow Fzd3 and VangI2 to interact and signal.
This mode! predicts that the expression and action
of Fad3 and Vangl2 should be asymmetric, one in
axons and the other in guidepost cells. Condi-
tional Fzd3 and Vang!2 alleles should
ing that model further.
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cAMP-Dependent Signaling as a Core
Component of the Mammalian
Circadian Pacemaker

John S. O'Neill,** Elizabeth S. Maywood,* Johanna E. Chesham,?

Joseph S. Takahashi,” Michael H. Hastings't

The mammalian circadian clockwork is modeled as transcriptional and posttranslational feedback
loops, whereby circadian genes are periodically suppressed by their protein products. We show
ine 3',5"

that ad

sistent with its med;

Normal CTA development in Celsr3|Emx] mice
indicates that Celsr3-independent cues are also
involved in their growth. Candidate mechanisms
are CTA-TCA fiber interactions like the hand-
shake (J7, 21), fiber-fiber interactions between
CTA and pioneer subplate axons (15, /6), and
adhesion of Celsr3 in guidepost cells with other
Celsr molecules present in growth cones. Fur-
themmore, Cefsr3|Emx] mice provide a unique
model to study how subcerebral projections seg-
regate from CTA when they reach the medial as-
pect of the IC en route to the cercbral peduncles,

wenwsciencemag.org  SCIENCE  VOL 320

component of the o:

{cAMP) signaling constitutes an additional, bona fide
llatory network. CAMP signaling is rhythmic and sustains the transcriptional

loop of the suprachiasmatic nucleus, determining canonical pacemaker properties of amplitude,

phase, and period.

is role is general and is evident in peripheral mammalian tissues and cell

lines, which reveals an unanticipated point of circadian requlation in mammals qualitatively
different from the existing transcriptional feedback model. We propose that daily activation of
cAMP signaling, driven by the transcriptional oscillator, in turn sustains progression of
transcriptional rhythms. In this way, clock output constitutes an input to subsequent cycles.

hypothalamus are the principal circadian
pacemaker in mammals, driving the sleep-
wake cycle and coordinating subordinate clocks

Th& suprachiasmatic nuclei (SCN) of the

in other tssues (f). Disurbed circadian timing
can have a major negative impact on human
health (2). The molecular clockwork within the
SCN has been modeled as a combination of

16 MAY 2008
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transcriptional and postiranslational negative-
feedback loops (3), whereby protein products of
Period and Cryptochrome genes periodically
suppress their own expression (4). It is unclear
how long-term, high-amplitude oscillations with
a daily period are maintained, not least hecause
transcriptional feedback loops are typically less
precise than the oscillation of the circadian clock
and oscillate at a higher frequency than one cycle
per day (5). Moreover, recombinant cyanobacterial
profeins can sustain circadian cycles of autophos-
phorylation in vitro, in the absence of transcription
(6), and intracellular signaling molecules cyclic
adenosine diphosphate—ribose (cADPR) and Ca24
arc essential regul of circadian oscillati

transcriptional feedback to incorporate its inte-
gration with rhythmic cAMP-mediated cyto-
plasmic signaling.

We tracked the molecular oscillations of the

(Fig. 1C and fig. SI, B and C). Damping was
reversible over several days and not an artifact of
the bioluminescent reporters, because MDL also

SCN as circadian emission of bioluminescence
by organotypical slices from transgenic mouse
‘brain. Rhythmic luciferase activity controlled by
the Per! pmmnm (Per i luciferase) revealed cir-
cadian ion, and a fission protein of mPER2
and LUCIFERASE (mPER2::LUC) reported cir-
cadian protein synthesis thythms, Under these
conditions, the cAMP content of the SCN was
circadian (Fig. 1A) and accompanied by a cir-
cadian cycle in activity of cAMP response element
(CRE) reported by a CRE: luciferase

Arabidopsis and Drasophila (7, §). This md.u:mes
thai transcriptional mechanisms may not be Ih:
sale, or principal, arbiter of circadian

(9, 17). We show that the transcriptional fecd—
back loaps of the SCN are sustained by cytoplasmic
adeesine 3',5"monaphosphate (cAMP) signal-
ing, which determines their canonical properties
of amplitude, phase, and period. This extends the
concept of the mammalian pacemaker beyond
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Fig. 1. Damped and
desynchronized cellular
circadian gene expres-
sion in SCN after sup-
pression of cAMP and
CRE rhythms. (A) Circa-
dian oscillation of cAMP
concentration (blue) and
PERZ:LUC biolumines- ¥
cence (red), as well as
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adenovirus (Fig. 1B). In molluscs, birds, and the
mammalian SCN, cAMP is implicated in entrain-
ment or maintenance of clocks, or boih, or me-
diation of clock output (72-£3). It has not been
considered as part of the core cscillator (14). If the
CAMP-mediated rhythm of CRE activity is nec-
essary for SCN pacemakmg, its suppmsm
should We

d mPeri-dependent circadian transcrip-
tion reporied by green fluorescent protein (fig.
SID). Video imaging of mPER2:LUC expres-
sion showed that MDL (2.5 uM) rapidly sup-
pressed celiular circadian gene expression to barely
detectable levels (Fig. 1D). Prolonged exposure ]
MDL (1.0 uM) suppressed and
the transcriptional cycles of SCN cells (Fig. 1E).
Pharmacological inactivation of AC therefore
mimicked the effect of pertussis toxin (16) and
loss of the gene encoding the vascactive intestinal
peptide receptor 2 (Vip2r), an activator of AC
within the SCN (/7). MDL also reduced cAMP
to undetectable levels in NIH 3T3 fibroblast cul-
tures (fig. $2, A and B) and suppressed circadian
transcriptional cycling revealed by a Bmali: hue
reporter (3) (fig. 2, C to E). MDL had no effect,
‘however, on luciferase expression from NIH 3T3
cells wansfected with a control, noncircadian

gene
treated SCN slices with MDL-12,330A (MDL), a
potent, immeversible inhibitor of adenylyl cyclase
(AC) (15) to reduce concentrations of cAMP to
basal levels (Fig. 1A). MDL rapidly supp

{CMV, irus) promoter (fig. S2F).

If cAMP sustains the clock, interference with
CAMP cffectors should compromise pace-
‘making. Treatment of brain slices with inhibitors
of cAMP. protein kinase had no effect,

circadian CRE::{uciferase activity, presumably
through loss of cAMP-dependent activation of
CRE sequences (fig. S1A), and caused a dose-
dependent decrease in the amplitude of cycles of
circadian transcription and protein synthesis ob-
served with mPerl. Iuciferase and mPER2:LUC
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CRE:Luc bioluminescence

SCN slices treated with
MDL-12,330A (MDL) or
with forskalin plus IBMX.
[**P < 0.01 versus other
samples, by analysis of |
variance (ANOVA) and post

hoc Duncan's multiple-
range test | (B} Circadian
osdllation of CRE activity
in two representative
SCN slices reported by
CRE:luciferase adeno-
virus. (C) Reversible, dose-
dependent suppression
of SCN PER2:LUC ex-
pression by MDL Arrows
indicate medium changes.

Bioluminescence
(relative gray scale)

(D) Effect of MDL on PER2::LUC expression in individual SCN neurons (n = 20),
bioluminescence expressed as relative gray-scale units (0 to 255 pixel intensity).
Videomicrographs illustrate distribution of PER2::LUC expression before (left) and
during (right) treatment with MDL. V, third ventricle. Scale bar, 500 um. (E}

however, on circadian gene expression in the
SCN (fig. 83). cAMP also acts through hyper-
polarizing cyclic nucleotide—gated fon (HCN)
channels (18) and through the guanine nucleotide-
exchange factors Epacl and Epac? (Epac, ex-
change protein directly activated by cAMP) (19).
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Desynchronization of cellular pacemakers of SCN revealed by (top) raster plots

lots of PER2::LUC oscillations of 20 representative SCN

neurons before and after addition of MDL. Data are representative of three or
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Fig. 2. Influence of effectors of cAMP signaling on SCN circadian
pacemaking. (A) Effect of HCN channel blocker ZD7288 (arrow) on SCN
mPER2::LUC circadian gene expression. (B) Damping of peak bioluminescence
in SCN slices treated with vehicle or ZD7288 (Pre, pretreatment; means &
SEM, n = 4). (C) Brefeldin A suppresses circadian gene expression in
PER2:LUC SCN. (D} Transient reactivation of MDL-suppressed circadian
PER2::LUC expression in SCN slices by Sp-8-CPT-2"-0-Me-cAMPS. (E) Acute

For-IBAX (20, 500 uM)
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3. Alterations in the phase of the SCN oscillator after acute transitions in cAMP concentrations. (A)
=LUC bioluminescence rhythms from SCN treated with vehicle or forskolin and IBMX (green
arrowhead), followed by washout (blue arrowheads). Dotted lines highlight synchrony of For-IBMX—
treated slices, but not control slices, after washout. (B} Phases of PER2::LUC rhythms in individual SCN
immediately before (pre-) and 4 days after (post-} washout of vehicle or For-IBMX. Removal of For-IBMX
caused resynchronization, driving slices to a common phase, regardless of phase before washout.

activation of cellular circadian gene expression (expressed as relative gray-
scale units) by Epac agonist in presence of MDL, illustrated by raster (top}
and graphical plots {bottom) of 20 representative cells. (F} Phase shifts
of SCN circadian PER2:LUC bioluminescence rhythm by Epac agonist
(5p-8-CPT-2"-0-Me-cAMP, red) but not vehicle (black) (means + SEM,
n = 3 per time point; **P < 0.01 versus vehicle, by ANOVA and Bonferroni
test).

The imreversible HCN channel blocker ZD7288,
which would be expected to hyperpolarize the
newronal membrane, dose-dependently damped
circadian gene expression in the SCN (Fig. 2,
A and B). This is consistent with disruption of
tanseriptional feedback chythms by other ma-
nipulations that hyperpolarize clock neurons
{17, 20, 21. Brefeldin A, applied at a dose that
antagonizes Epac but does not affect synaptic
transmission (22), also rapidly and chronically
suppressed SCN pacemaking (Fig. 2C and fig.
S4A). Thus, circadian pacemaking is sustained
by cAMP effectors, as well as by AC activity.
Direct activation of the effectors might com-
pensate, therefore, for inactivation of AC by
MDL. A hydrolysis-resisiant Epac agonist [8-{4-

0} 2-0. ine-3' S"cyclic

For-IBMX

manophesphorothioate, Sp-isomer, Sp-8-CPT-2-
O-Me-cAMPS] (Fig. 2D and fig. $4B) transient-
ly activated oscillations in transcriptional activity
in SCN treated with MDL. An agonist active on
both Epac and cAMP-dependent protein kinase
(PKA), namely, Sp-8-CPT-cAMPS, also transiently
activated circadian gene expression, whereas an
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Fig. 4. Prolonged SCN circadian period in vitro and in vivo after inhibition
of AC by THFA. (A) Effect of THFA on circadian period of representative
SCN slices, reported by mPer1::uciferase. (B) Sigmoidal curve fit to one-
site inhibition model with 95% confidence limits. Red data point indicates
period after washout. (C) Circadian period in SCN from wild-type and
Clock mutant mice, before or during treatment with THFA (**f < 0.01

versus

1S S ¢

by ANOVA and fe

agonist specific for PKA (6-Bnz-¢AMP) had no
effect (fig. S4B). Video imaging showed that
Epac agonist synchronously activated circadian
gene expression in individual SCN cells (Fig. 2E).
The transcriptional cycles induced by Epac ago-
nism damped rapidly in the presence of MDL,
however, whu:h demonstrated lel., when cAMP

were d, the
reactivated transcriptional feedback loops were
not self-sustaining.

Epac can lead to activation of the tran-
scription factor CRE-binding protein (CREB)
by phosphorylation (23), and so CRE sequences
in Pers and Per2 are likely points of integration
between Epac and the core loop. An Epac agonist
acutely triggered CREB phosphorylation (fig.
84C) and CRE::luciferase activity (increase +
SEM: vehicle, 19% + 0.7%; Fpac agonist,
38.4% + 13.0%; n = 4) in SCN slices treated
with MDL. If Epac activity were rate-limiting
during the normal circadian cycle, acute activa-
tion should reset the oscillator, and indeed, a
short-acting, hydrolyzable Epac agonist (Sp-8-
CPT-2"0-Me-cAMP) phase-shifted SCN slices
(Fig. 2F). As with cAMP aganists (13), treatment
of slices with Epac agonist during the circadian
day advanced the SCN. The dependence of circa-
dian gene expression on cAMP mediators Epacl
and Epac? and HCN confirms the necessary con-
tribution of cAMP signaling in sustaining the SCN
pacemaker.

p i test). All data plotted as
means & SEM, n = 3. (D) Representative double-plotted, wheel-running
records of mice treated with (left} vehicle and (right) THFA (delivered to
SCN via osmotic minipump). Mice entrained to 12 hours light (shaded)
and 12 hours dim red light were released into continuous dim red light.
Asterisk indicates day of surgery and commencement of infusion.

o

THFA (mM)

¢ ® Wild-type, +/+
a0~ B +Clock

Period, h
8

2 3 Pre- 2mM THFA

'SCN treatment

Days of recording

If circadian ¢cAMP signaling is an intrinsic
part of the pacemaker, feeding back into the tran-
seriptional loops rather than being solely an out

480
Time (hours)

output, the enforced decline in cAMP concen-
trations would set the transcriptional oscillator to
a new unique phase. Consequently, the gene

put, it should d their lly specific

parameters of phase and period To test this, we
decoupled cAMP concentrations from the tran-
seriptional oscillator by treating SCN slices with
forskolin (For), the activator of AC, and the
cAMP phosphodiestease inhibitor 3-isobutyl-1-
methylxanthine (IBMX). This chronically elevated
cAMP levels (Fig. 1A) and acutely increased
mPER2-LUC activity (Fig. 3A). Previously asyn-
chronous SCN slices were resynchronized, an
effect inconsistent with cAMP signaling acting
solely as an output (fig. S5A). Continued expo-
sure of slices to For- IBMX elevated the circadian
nadir of mPER2:LUC expression, damping
amplitude and definition of the circadian profile
of the slice and of individual cells across the SCN
(Fig. 3A and fig. 85, B and C), With sustained
elevation of cAMP concentrations, the Jmpus:ﬂ

h between fre i lice d

(fig. S5D).

After 5 to 7 days of treatment with For-
IBMX, we acutely reduced cAMP concentra-
tions by transferring slices to fresh medium. This
was dane as a “wedge” experiment (24, 25), such
that the reduction of cAMP concentrations was
imposed at different phases of the ongoing os-
cillations of different slices. If cAMP signals
constitule part of the pacemaker and not solely its

rthythms of all slices would be syn-

chronized, regardless of fheir phase hefore
washout. Washout did not synchronize vehicle-
treated SCN (Fig. 3B and fig. S5D). In contrast,
‘washout resynchronized SCN previously treated
with For-TBMX to a common phase distinct from
that of control slices. Note that the extrapolated
phase of peak PER2:LUC activity occurmred
about 39 = 11 min afler the time of washout,
which is consistent with the delay of about 1 hour
between the circadian minimum of cAMP con-
tent and peak PER2::LUC activity in SCN slices
(Fig. 1A). Hence, the behavior of the transcrip-
tional loop was determined by acute changes in
CAMP signaling, decoupled pharmacologically
from that loop. As with protein synthesis (25),
these results identify cAMP as a component of
the SCN oscillator.

Finally, if cAMP signaling is an integral
component of the SCN pacemaker, aliering the
rate of cAMP synthesis should affect circadian
period. 9Tetrahydro-2-furyl)-adenine (THFA)
is a noncompetitive AC inhibitor (15) that slows
the rate of G-stimulated cAMP synthesis, which
attenuates peak concentrations (fig. 2, A and B).
THFA dose-dependently increased the period of
circadian pacemaking in the SCN, from 24 to
31 hours (Fig. 4, A and B), with rapid reversal

16 MAY 2008 VOL 320 SCIENCE  www.sciencemag.org



upon washout. Rhythm amplitude decreased at
higher concentrations of THFA (fig. S6A). Imag-
ing of individual cells revealed that THFA in-
ereased period in neurons across the SCN (fig.
S6B). Other noncompetitive inhibitors also
lengihened SCN peried (fig. S6C). The effect of
THFA was additive t that of the Clock mutation
(Fig. 4C), which suggests THFA acts in addition
1o, and independently of, E-box-mediated trans-
activation by CLOCK and BMALI. Further,
THFA acted additively with inhibition of ¢-Jun
N-terminal kinase (TNK), by generating unusually
long periods of 36 hours (fig. $6, D and E). THFA
also lengthened the period of circadian oscillators
in peripheral tissues from mPER2::LUC mice and
fibroblasts trmsfected with Bmall :uc reporter
(fig. 87, A to D). Note that THFA lengthened
the circadian period of wheel-running when deliv-
ered continuously and directly to the SCN of
mice via infracerebral cannulac (Fig, 4D and fig,
S7E). The differential circadian effects of AC
inhibitors, damping versus period-lengthening by
MDL and THFA, respectively, reflect their
particular actions on cAMP kinetics. The current
results thercfore suggest that noncompetitive
inhibitors, such as THFA, might be of therapeutic
value in patients with acute (jet lag, shift wark) ar
maintained [familial advanced sleep phase syn-
drome (26)) acceleration of circadian period,

wwwsciencemag.org  SCIENCE

We conclude that circadian pacemaking in
mammals is sustained, and its canonical properties
of amplitude, phase, and period are determined by
a reciprocal interplay in which transcriptional and
postiransiational feedback loops drive dythms of
CAMP signaling and that dynamic changes in
cAMP signaling, in tum, regulate transcriptional
cycles. Thus, output from the current cycle con-
stitutes an input into subsequent cycles. The
interdependence b nuclear and lasmi
oscillator elements we describe for cAMP also
ocewrs in the case of Ca™ and cADPR (7, &),
which highlights an important newly recognized
common logic to circadian pacemaking in widely
divergent taxa.
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