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The Rag GTPases Bind Raptor and Mediate Amino Acid Signaling to
mTORC1

¥. Sancak et al.
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which bind to a signaling comples, moving it close to the nucleus where it initiates
eekored: 10.1126/science. 1157535
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RESEARCH ARTICLES

MICROBIOLOGY

Virus Population Dynamics and Acquired Virus 1047
Resistance in Natural Microbial Communities

A. £ Andersson and J. £ Banfield

Fragments of viral genes found within Archaea and Bacteria
genomes are part of an antiviral defense system and can be

used to identily and track the viruses themselves.

BIOCHEMISTRY
Regulated Protein Denitrosylation by Cytesolic and 1050
Mitochondrial Thioredoxins
M Benhnr M. T Forrester, D. T. Hess,j' S. Stamler

10 be antioxi itrosyl groups
from a protease to activate it and ey also function in this viay in other
cellular regulatory systems. == rers; p. 101

REPORTS

MATERIALS SCIENCE

Structural Diversity of Sodium 1054
E. Gregoryanz et al.

Single-crystal diffraction data reveal that many crystalline phases

of sodium, some quite complex, accur near its unusual minimum
melting temperature at very high pressure.

MATERIALS SCIENCE

Inverse Temperature Dependence of Toughness in 1057
an Ultrafine Grain-Structure Steel

Y. Kimura, T. Inoue, F. Yin, K Tsuzaki

A network of fing, fibrous grains formed at high temperatures
substantially improves the strengih and ductility of @ \:mquny steel

at low temperatures, where itis typically brittle.
MATERIALS SCIENCE
Dislocation-Driven Nanowire Growth and 1060
Eshelby Twist

M. J. Bierman, Y. K. A Lau, A. V. Kvit, A. L Schmitt, 5. Jin
Ascren dislocation drives the growth of a nanowire pine tree,

in which branches regularly extend from the trunk in a spiral,
confirming Eshelby's theary of dislocations.

PLANETARY SCIENCE

Detection of Silica-Rich Depaosits on Mars 1063
5. W, Squyres et al.

The rover Spirit has found opaline silica-rich soil and rocks on Mars,
providing further evidence for extensive lacal mineralization by
nydrothermal fluids at low pH.

GEOLOGY

Formation of Box Canyon, ldaho, by Megaflood: 1067
Implications for Seepage Erosion on Earth and Mars

M. P. Lamb et al.

Aclassic amphitheater-shaped canyon in Idaha, similar to

features seen on Mars, formed in a glacial megaflood, not

through groundwater seepage at its head as was thought.
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Anticorrelated Seismic Velocity Anomalies from 1070
Post-Perovskite in the Lowermost Mantle

A.R. Hutke, T Lay, J. Revenaugh, E. J. Garnero

Analysis of 10,000 seismic waves passing through the deep mantle
shows that a velocity jump 300 kilometers above the core is caused
by a phase change in a major mantle mineral.

SIOLOGY

erential Rescue of Light- and Food-Entrainable
Circadian Rhythms

P M. Fuller, J. Lu, C. B. Saper

When hungry, mdents may optimize their chances of finding food by
engaging a foad-entrained circadian clock in the brain that takes over
from the light-driven clock.

MOLECULAR BIOLOGY

Endogenous siRNAs Derived from Transposons and 1077
mRNAs in Drosophila Somatic Cells

M. Ghildiyal et al.

Endogenous small interfering KNAs transcribed from both
iransposons and messenger RNAs are found in somatic cells

of lues and mar act to silence “selfish” genetic elements.

EVOLUTION

Resource Partitioning and Sympatric Differentiation 1087
Among Closely Related Bacterioplankton

D. £ Huntetal

Amodel of a marine plankton population reveals that ecologically
distinct subgroups undergo sympatric speciation fast enough to
overcome horizontal gene flow:

MEDICINE

A Polymorphism Within the G6PC2 Gene Is 1085
Associated with Fasting Plasma Glucose Levels

N. Bouatia-Naji et al.

Variation in a gene for a protein in the pancreas may help explain
why people have different levels of fasting blood glucose, a factor
that affects disease risk.

CELL BIOLOGY

The Serine Protease TMPRSSG Is Required to Sense 1088
Iron Deficiency

X. Du etal,

Acell-surface enzyme that cleaves proteins is unexpectedly
necessary for sensing when iren levels are low and thereby
triggering compensatory absorption of iron Irom food.

PSYCHOLOGY

The Right and the Good: Distributive Justice and 1092
Neural Encoding of Equity and Efficiency

M. Hsu, C. Anen, 5. R. Quartz

Abrain region linked to emotion-processing systems is activated as
humans weigh fairness to an individual against benefit for a group.
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Monkey Model of Huntington's Disease

‘Genetically modified primates may be better than mice for
studying neurclogical disorders.

Astronomers in a Spin About Mystery Pulsar

One of the universe’s most extreme objects just got a bit stranger.

Catching a Climate Offender
New strategy could reduce €Oz emissions from coal plants.
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E M. Adler and ], F. Foley

The nature of microbe-host relationships often depends on signaling
pathways in the host.

PERSPECTIVE: Diversification of the Function of

Cell-to-Cell Signaling in Regulation of Virulence Within
Plant Pathogenic Xanthemenads

M. Dow

Different plant pathogens use similar signaling molecules in distinct
ways.

PERSPECTIVE: Bacterial-Modulated Signaling Pathways in
Gut Homeostasis

W] Lee

Stimulation of the production of reactive oxygen species in gut
epithelial cells by commensal bacteria dampens the host immune
respanse.

PERSPECTIVE: ETosis—A Novel Cell Death Pathway

F. Wartha and B. Henriques-Normark

Pathogenic microbes are lrapped and killed by mast cell— and
neutrophil-derived extracellular traps.
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D. Jensen
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B. Noordam and P. Gasling

Problem-salving and communication are important skils if you want
10 advise industry executives,

From the Archives: How to Get a Job in Academia

A, Fazekas

Search committees at different institutions look for different
strengths in their faculty applicants.
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Improving the

Strength of Steel

Steel will typically lose strength and ductility at
lower temperatures, becoming weaker and mare
brittle, which may have contributed to the sinking
of the Titanic. Solving this prablem usually requires
the addition of a number of alloying elements that
can significantly raise the cost of the steel. Kimura
et al (p. 1057; see the Perspective by Morris) have
develaped a low-alloy steel with elongated grain
structure that shows an inverse temperature
dependence of the strength and ductility, so that
the materials’ properties improve as the tempera-
ture is lowered.

Regulating
S-Nitrosylation

Covalent modification of proteins
by §-nitrasylation is an important
mechanism for regulation of bio-
chemical activity in cells. However,
mechanisms of protein denitrosylation
have not been well characterized. The protease
caspase-3, which promotes apoptasis, is inhibited
by S-nitrasylation and is denitrosylated in cells in
which the cell death-pramating receptor Fas is
activated. Benhar et al. (p. 1050; see the Per-
spective by Holmgren) purified a protein fraction
that catalyzed denitrosylatian of caspase-3 and
identified thioredaxin-1 (Trx1) as the pratein most
likely to be respansible for the denitrosylation
activity. Depletion of Trx1 caused accumulation of
S-nitrosylated caspase-3 and ather S-nitrosylated
proteins in cultured cells, and Fas-induced deni=
trosylation of caspase-3 was inhibited by deplet-

wwwsciencemag.org  SCIENCE  VOL 320 23 MAY 2008

ing thioredoxin reductase 2. Thus, regulated
denitrosylation of target prateins by Trxl
appears to provide a key companent of enzy-
matic regulation of caspase-3 and possibly other
proteins by S-nitrosylation.

Here Comes the Flood

One piece of evidence supporting the presence
of past groundwater on Mars has been canyons
that start in a steep amphitheater shape. Similar
canyans on Earth have been interpreted as mark-
ing areas of seepage and flow of o

NEEK Ll

EDITED BY STELLA HURTLEY

<< Building Nano-Pine Trees

While nanoscale wires and rods hold tremendous potential in electron-
ics, optics, or catalysis, one limitation is in the patterning or develop-
ment of hierarchical structures. Branched wires can be grown using
metal nanoparticles or by changing the composition or growth condi-
tions of the wire, but Bierman et ol (p. 1060, published online 1 May)
now show a growth mechanism that is driven solely by the screw com-
ponent of a single dislocation along the long axis of the nanowire. The
nanowires have a pine tree morphology, with regular branches spawn-
ing off a thicker trunk, and the growth agrees with the theory of how
screw dislocations relax at surfaces.

crystalline phases (6 within a 4-GPa window)
that were not predicted by theory. While the
mechanism giving rise to such complex behav-
iar remains unclear, such structural complexity
may be par far the course, even for simple
elements like hydrogen.

Fishing for Viruses

We understand very little about how microbial
viruses influence the natural enviranment. Using
sequmce dma gathered from acid mine micrabial

Lamb et al. (p. 1067} now shaw that one
— of the examples, Bax Canyon, Idaha,
e on the Snake River Plain, is
likely to have formed during a
glacial-aged megaflood, not
by gradual erosion caused
by graundwater seepage.
Cosmaogenic dating of boul-
ders in the canyon suggests
that the flood was abaut
45,000 years ago.

Sodium Gets Complex
Under Pressure

Until recently, the pressure-temperature-phase
diagram of elemental sadium, while exhibiting
a curious minimum melting transition under
high pressure, was thought ta be understood
fully. Using state-of-the-art, high-pressure x-ray
synchrotron single-crystal diffraction tech-
niques to focus in on the minimum melt
regime, Gregoryanz et al. (p. 1054} report
a remarkable concentration of different

and Banfield (p. 1047)
have taken advamage of the recent discovery of
what appears ta be a prokaryotic defense mecha-
nism against viruses to identify "wild” viruses in
uncultured biofilms, Several classes of viruses
were identified, and the analysis suggests that a
rapidly changing population of viruses and hast
microbes is engaged in a defensive arms race of
sequence shifting.

Martian Opal
Extensive deposits of nearly pure silica—either
as quartz or opal—are indicative of complex sec-
ondary pracesses, including the involvement of
fluids. Squyres et al. (p. 1063) now report the
discovery of opaline silica deposits on Mars by
the rover Spirit. Thermal emission data show
that the depaosits, which include nodules on an
outcrop, rack samples, and light-colored soil
excavated by the rover wheel, are opal, not
quartz ar cristobalite. Formation is likely to
have involved hydrothermal fluids at low pH,
perhaps assaciated with past valcanic activity
in the regian.

Continued on page 983
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Continued fram page 981

Two Clocks Are Better Than One

The circadian clock of mammals resides within the hypothalamus, in the suprachiasmatic nucleus, and it
is entrained by light. There is evidence that another circadian clock—entrained by food—also exists in
the brain, possibly elsewhere in the hypathalamus. By replacing a missing clock component (Bmal} in
selected hypothalamic nuclei of mice lacking Bmal1, Fuller ef al (p. 1074) identified the dorsomedial
nucleus of the hypothalamus as the site of the food-entrained clock. When Bimrall was reintroduced
selectively into the suprachiasmatic nucleus, the previously unresponsive mice regained the ability to
entrain bath locomator activity and bady temperature rhythms to a 12:12 light:dark cycle. Reintroduc-
tion of Bmai into the dorsomedial nucleus restored the ability of the animals to entrain to a restricted
periad of food availability, but not ta a light cycle. Thus, the dorsomedial nucleus cantains a second cir-
cadian clock that seems to be induced when faad is restricted ta take over control of functions such as
activity levels that increase the chances of the animal successfully locating additional food resources.

Widening RNA Interference Functions

In plants, fungi, and worms, RMA interference (RNAi) functions ta silence endogenous repeated and parasitic
DNA, including transposons. In flies and mammals, a distinct RNA-based silencing pathway invalving Piwi-
interacting RMAs (piRNAs) operates in the germ line to silence the parasitic DNA there. Ghildiyal et al. (p.
1077, published online 10 April; see the Perspective by Birchler and Kavi, published online 8 May) now
show that Dresaphila somatic cells produce endogenous small interfering RNAs (siRNAs). Like piRNAs, many
of the endogenaus siRhAs map to large genomic clusters that include transposans and repeated sequences,
but also to messenger RNAs (mRNAs), suggesting that endogenous siRNAs may regulate mRNA expression.

A Sweet Tale of Gene Hunting

Epidemiological studies have shown that even modest elevations in fasting plasma glucose (FPG) levels
predict an elevated risk of cardiovascular disease, even when these levels fall within the “normal” range
and are not associated with type 2 diabetes. The molecular mechanisms controlling FPG levels in humans
are incompletely understood, Using data fram a gename-wide association study, Bouatia-Naji et al. (p.
1085) identified a single nucleotide polymarphism (SNF) that contributes to the interindividual variation
in FPG levels in normoglycemic individuals. The SNP resides within an intron of the GEPC2 gene, which
encades gl 6-phosph catalytic subunit-related protein (alsa known as IGRP}. This protein is
selectively expressed in pancreatic islets and is thought to function by modulating the set paint for
glucose-stimulated insulin secretion.

Unmasking the Sensor of Iron Deficiency

Iron deficiency is common among animals. Human cells can sense and utilize iron taken up by the body

from food sources; however, the mechanism for perception of low iron availability has remained obscure.

By positionally claning the gene mutatian respansible far the mouse “mask” phenatype, characterized by

iron deficiency anemia and progressive loss of body (but not facial) hair, Du et af. (p. 1088, published

— O7linc 1 May) have identified a critical element of the “low
iran” detection apparatus. The cell surface protease transmem-
brane serine protease 6 acts to inhibit the production of hep-
cidin, the master repressor of intestinal iron absorption. The
transmembrane serine protease 6 mutation invalved in the
mask phenatype specifically impairs dietary iran absarption,

ighlighting the imp of this ic pathway.

Kindness or Fairness?

It's easy to propose that allacations of scarce resources should provide the greatest benefitto a group as a
whole and be as fair as passible to individual members of the group, but what should be done when both
aims cannot be optimized simultaneously? Hsu et al (p. 1092, published online 8 May; see the 9 May
news story by Miller) use functional brain imaging, not to resalve these dilemmas, but to probe the
underlying cognitive and emational pracesses supporting ane view (favoring equity, for instance) versus.
the other (maximizing the good). Brain regions involved in encoding reward relate also to calculations of
total benefit, whereas the balancing of equity and utility seems ta be the pravince of the insula, which
connects with emation-processing neural systems. Thus, judgments of fairess derive fram emation-based

preferences, rather than those of pure reason.
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4 Microbes in the Energy Grid

THE CURRENT SURGE IN FOOD AND FUEL PRICES HAS SOUNDED AN ALARM SHOWING WHY
providing a sustainable global energy supply and minimizing climate change are arguably two
of the greatest challenges facing 2 1st-century society. With adequate researchand proper imple-
mentation, the diverse and often unseen inhabitants of the microbial world—bacteria, yeasts,
fungi, and archaca—can help address these challenges.

The incredible metabolic diversity of today’s microbial world reflects the accumulated evo-
lutionary response to diverse environments present over the 3.5 billion years that they have

James Tiedie is a profes-
sor of microbiology and
crop and soil sciences
and director of the Center
for Micobial frologyar 1O e : ; bhe
HMichigan State Univer- inhabited Farth. Over this time, extensive mutation, recombination, and Jateral gene transfer
sity, East Lansing, M. have produced microbes that access most of the theoretically possible redox reactions, capture

solar and other energy resources, and inhabit a wide range of environments. Some of these
microbes—the extremophiles—exist at the current limits of life.

To harness microbial activities to address these challenges, much
remains to be learned about the chemical space they occupy. OF the
estimated 10°° microbes on Harth, the vast majority are still unknown.
Unknown microbes live onand in us; some weenconmterreglﬂar]y infood, - =

walter, or air,and others live inoften i ‘ sp pla Mostmicrobes are % = ‘:
beneficial, and their combined activities positively affect numerous o -
aspects of the biosphere and its inhabitants. -
For energy production, microbes offer efficient and sustainable ways to s
S

convert plants or other biomass inte liquid fuels, hydrogen. methane, elec-
tricity, or chemical feedstocks currently derived from fossil fuels. But to
realize this potential, society must invest inresearch programs to decouple
bioenergy production from the food chain. Currently, microbial fermenta-
tion of sugars and starch from food crops is the main source of the ethanol
Timothy Donohue is a blended with liquid transportation fuels. However, there is a large underutilized resource of cellu-
professor of bacteriology  10sic biomass from trees, grasses, and the nonedible parts of crops that could serve as a feedstock.

at the University of Totap into this cellulose energy reserve, public and private sectors have begun research programs
Wisconsin, Madison, Wi, to synthetic, and other approaches to identify microbes, enzymes, or microbial
and principal investigater  communities that release sugars from cellulose and convert them into ethanol or other fuels. Once
of the Great Lakes Bio- efficient technologies are capable of achieving this, large-scale conversion of cellulosic biomass

energy Research Center, into ethanol and other biofuels, including hydrocarbons, will reduce the need to produce fuel from
Madison, Wi, edible sugar and starch

Microbial-plant relationships can improve the inability of biofuel prod
Microbes surround plant roots; inhabit stems, roots, and leaves; and live on leal andmol sur-
faces. Individual microbial activities also provide plants with nitrogen (decreasing the need for
fertilizer), help them access phosphorus, protect them from disease, recycle nutrients, and
improve soil structure. These associations can improve crop production, especially onmarginal
Jands, and benefit both food and fuel production, helping to abate the current food-versus-fuel
debate and lessen the environmental footprint of agriculture.

Plants and autotrophic microbes might also help mitigate climate change because they
sequester atmospheric carbon dioxide at a rate that dwarfs its flux into fossil fuels (120 versus
7.6 petagrams of carbon per year). It's the subsequent oxidation of soil and plant carbon by
microbes that determines how much carbon will remain sequestered. Thus, managing the
dynamics of the plant-microbe-soil ecosystem warrants further investigation, as it could
improve the productivity and carbon neutrality of cellulose-to-liquid fuel systems, while help-
ing us reshape how society generates a substantial fraction of its energy.

As Earth’s master chemists, microbes can help address society’s energy, environmental, and
food challenges. To realize these goals, the scientific community must inform the public and
policy-makers about the research needed to bring the chemical and catalytic power of microbes
to bear on meeting our ever-growing energy needs. With proper research coordination and
implementation, the genetic blueprints of microbes will provide a rich stockpile of building
blocks to provide new energy sources while improving the health of the biosphere.

—James Tiedje and Timothy Donchue

10.1126/science. 1159999
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ECOLOGY

A Steady Supply of Food

EDITED BY GILBERT CHIN AND JAKE YESTON

The environmental and anthropogenic factors affecting leatherback turtle populations are
generally unknown and cannot explain why populations are increasing in the Atlantic yet
declining in the Pacific. By analyzing reproductive success rates, migratory patterns, and
oceanographic variables, Saba et al. demonstrate that turtle populations are most likely reg-
ulated by the abundance of zooplankton where they forage, as measured by the net primary
productivity (NPP} estimated from satellite data. NPP was shown to vary among oceanic
regions and to be affected by regime shifts that typically enhance acean productivity; how-
ever, both the total NPP and overall consistency in NPP over time were much lower in the
Pacific regions examined than in the Atlantic. In turn, these differences in local resources
appear to affect turtle size and overall eqg production—larger females that have matured
faster lay more eggs than smaller females. These differences, coupled with anthropogenic
impact and the effects of climatic shifts on NPP, may explain the discrepancy in demography
between the Atlantic and Pacific leatherback populations. — LMZ

APPLIED PHYSICS
Tracking Gyrating Memories

Whereas the bits in present magnetic memory
starage media are written using electrical cur-
rent pulses in a write head, recent work has
shown that the spin-polarized current in a ferro-
magnetic medium can impart a spin-transfer
torque to the magnetization, resulting in its
motion. Such a wired-up memoary architecture
would allow yet higher storage density and pro-
vide faster access times than present hard
drives offer. Understanding how the spin cur-
rent affects the dynamics will help in develop-
ing memory starage devices based on this
2 effect. Bolte et at. provide a direct view of the
£ dynamics of the pracess. They use time-resolved
x-ray imaging to track the motion of the mag-
5 netization, showing how magnetic vortices in
& permalloy dots gyrate and jiggle in response ta

TTON: DANEL PYNE/GETTY IMAGES; ADAPTED BY 2AN) ET AL, PROC. NATL. ACAD, SCI. US.A. 105, 7046 2008

Ecology B9, 1414 (2008).

the injected spin-polarized current. The tech-
nique is sufficiently sensitive ta uncover the
various contributions ta the dynamics, thereby
offering the apportunity to fine-tune the
process. — 150

Phys. Rev. Leti. 100, 176601 (2008).

CHEMISTRY
Does Saltwater Wobble?

When fonic salts dissolve in water, the
resultant solution tends to become mare
viscous than the pure liquid. This observation
can be broadly understoad based an a picture
in which the web of hydrogen bonds holding
the water molecules together rigidifies around
salvated ions. However, the molecular details
appear much more complicated, because time-
resolved vibrational spectroscopy has sug-
gested that most individual water malecules

cantinue to rotate freely regardless of how
much dissolved salt is present. Turtan et al.
explare this discrepancy using two related
spectrascopic techniques to probe the molecu-
Lar structure of aqueous salt solutions. The first,
dielectric relaxation spectroscapy, is sensitive to
individual molecules’ orientations, and con-
firms the rotational freedom previously
absenved. The second technique, optical Kerr
effect (OKE) spectrascopy, reflects polarizability
and so is mare sensitive to intermolecular
changes that stem from translation. The OKE
data reveal increasing translational restriction
with rising salt cancentration, as the fon
solvation shells crowd against one another.
The authars note that such a decoupling of
rotation and translation is analogous to the
jamming that occurs during transitions from a
liquid to a glass upon supercooling. — J5Y

J. Chem. Phys. 128, 161102 (2008).

BIOMEDICINE

Engineering a Healing
Environment

In respiratory conditions such as asthma and
chronic obstructive pulmonary disease, the air-
ways narrow, leading to impaired oxygen
exchange. Tissue engineering affords one
approach to reverse such damage: Endothelial
cells embedded in a polymer matrix adopt normal
morpholagies and, when implanted close ta sites
of damage, promote vascular tissue repair with-
out triggering an immune respanse. Zani ef al.
have applied this methad by embedding into a
denatured collagen matrix both the epithelial
cells that line airways
and the endothelial
cells from surround-
ing tissue layers.
Wrapping injured
trachea in this cell-
containing matrix
enhanced recovery
as measured by the
size of the lumen and

extent of the injury.
Trachea lumen sur- S
rounded by epithe- Either cell type alane
lium, mesenchyme, had beneficial effects,
and cartilage. but bath tagether syner-

gized to improve luminal
size and epithelial area mare effectively. Mea-
surements of cytakine and growth factor secre-
tion from the endothelial and epithelial cells
Continued on page 989
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Continued from page 987

indicate that the two cell types are interdepend-
ent, Their crosstalk increases healing, presum-
ably via secretion of repair-promoting factors,
but because the cells are interspersed within the
matrix, the narmal cellular architecture of the
tissue seems not to be required. — KK

Proc. Natl. Acad. 50, U.5.A 105, 7046

{2008).

GEOLOGY
P in All Its Guises

Phosphorus is the rarest of
the majar biological nutri-
ents on Earth, tending to
be locked up primarily in a
few rather insoluble miner-
als. Nanetheless, it plays a
key role in biological
processes and metabolism,
feeds primary production
in the aceans and plants on
land, and is required to

form bones, teeth, and some
shells. Rampant soil fertilization and industrial
use have conversely led to the problem of tao
much phosphorus in many rivers and estuaries,
where it is difficult to remove.

Filippelli considers the long-term gealogical
cycling of phospharus and how this critical ele-
ment gets released to the environment over
time or sequestered. Erosion enhances the
release of phosphorus, which makes its way to
the oceans. Records of past marine phospharus
concentrations and biological productivity sug-
gest that the formation and uplift of the
Himalayas may have thus fueled ocean produc-

EDITORS'CHOICE

tivity ~20 million years ago; similar arguments
have been praposed for glacial cycles. Further
in the past, the relation between enhanced ero-
sion and thick sequences of phasphorus marine
racks remains unclear. Today, the phasphorus
cycle is dominated by human activities; we have
doubled the natural riverine load globally. As
discussed by Oelkers and Valsami-Janes, further
use at this rate may soon run up against the
limited geological supply. — BH

Elemenis 4, 89; 83 (2008).

MICROBIOLOGY

A Specialist R

Sequencing the genome of the fungus Triche-
derma reesei has led to surprising questions
about haw it degrades biomass efficiently and
whether it can be engineered for the commercial
productian of biofuels. Breaking down ligno-
cellulase in plant cell walls requires cellulases
and hemicellulases, but Martinez et al. found
that T. reesei harbors fewer genes dedicated to
cellulose digestion than do 13 other fungi that
digest plant cell walls. Some of these genes are
located in clusters, which may reflect a func-
tional arganizatian that allows efficient enzyme
production. Moreaver, genes encoding the
secretory machinery of . reesef are similar to
those of budding yeast, consistent with its
extraordinary ability to secrete 100 g of protein
per liter. The absence of a wider variety of cellu-
lose-degrading enzymes may be an opportunity
ta engineer industrial strains of I reesei far
economical processing of biomass feedstack

; A\
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used in the production of biofuels. — LC
Nat. Biotechnol. 26, 553 (2008).

Speakers and discussants include:
Gillian Beer, Richard Dawkins,

Randolf Nesse, Sarah Hrdy, Paul Nurse,
Dan Dennett, John Hedley

<< Lateral Receptor Transfer

Although many malignant gliomas display EGFRvIII,
an ancogenic mutant form of the epidermal growth
factor receptor (EGFR), the mutant receptor may be
expressed only by a subset of cells in the tumor. Al-Nedawi et al. found that a human glioma
cell line (U373} transfected with EGFRvIII (U373v111) produced mare membrane-derived
microvesicles than did the parent cell line. The U373viIl cell-derived microvesicles contained
EGFRvI, as well as the lipid raft marker flotillin-1. Unlike U373 cells, U373viIl cells formed
subcutaneaus tumars when injected into immunadeficient mice, and these tumors released
EGFRvIlI-containing microvesicles into the circulatory system. U373 cells that had been
exposed to EGFRvIIl-containing microvesicles shawed increased phospharylation of extracellu-
lar signal-regulated kinase 1 and 2 (ERK1/2). Pharmacological treatment to inhibit signaling
by EGFR-family receptors attenuated this increase in ERK1/2 phosphorylation, as did treatment
with annexin V (to prevent microvesicle uptake). EGFRvIll-containing micravesicles also
stimulated other downstream events: release of vascular endothelial growth factor, levels of the
anti-apoptotic protein Bel-x,, and the ability of U373 cells to graw in soft agar (indicative of
malignant transfarmation). The authors conclude that membrane microvesicles provide a path-
way for transfer of the transformed phenotype. — EMA

Science Signaling raoke, Janet Brown, Rabert May,
Martin Rees, Niles Eldrige, Cynthia
Kenyon, Matt Ridley, Steve Jones,
Herb Gintls, John Krebs, lan McEwan
and Antonia Byatt.

RIAAAS

Visit www.Darwin2009festival.com or
contact Programme Director Miranda
Gomperts phone:+44 1223 852437
email:mg129@cam.ac.uk

Mat, Ceff Biol. 10, 619 {2008).
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Hold ‘em or Fold ‘em

Competitive wrestling meets molecular bialogy in
Faldit, an online game that lets you tussle with
the stuff of life, folding strings of amino acids
into their correct protein structures.

Predicting the 3D structure of prateins from
amino acid chains takes supercomputers tril-
lions of calculations. In recent years, the public
has been helping via data-crunching screen-
saver programs. Foldit asks people to add the
idle processing of their own brains.

After teaching how different amino acids
constrain folding, the game presents players
with strings of amina acids. The goal is to stabi-
lize a protein’s active site by hydrogen-bonding
strands and reducing its total volume—obut not

RELIVING IRAQ

A Humvee heads up a desert road in Virtual
Iraq, an emerging treatment for veterans with
post-traumatic stress disorder. At this month’s
meeting of the American Psychiatric Associa-
tion in Washington, D.C., psychologist Barbara
Rothbaum of Emary University in Atlanta,
Georgia, reported promising results for a tech-
nique that combines Virtual Iraq with a drug
that madifies the brain’s fear respanse. The
drug, o-cycloserine, enhances the function of a

be raised for the job.

by too much, because bringing like-charged
amina acids together results in a bristle of red
alarms. The quicker you get the correct fold, the
higher your score.

"Wy dream is that a 12-year-old in
Indonesia will turn out to be a prodigy and
build a cure for HIV," says Foldit team leader
David Baker, a molecular biologist at the
University of Washington, Seattle, in a press
release. Arthur Olson, a molecular biologist
at the Scripps Research Institute in San
Diego, Califarnia, doubts that players will
perform better than automated computer
programs, but he admires Foldit's educa-
tional patential, calling it "a puzzle that
makes Sudoku look like tic-tac-toe.”

www fold it

receptor for the neurotransmitter glutamate—the so-called NMDA receptor—that is critical for
memaory extinction. Earlier research showed that it helped peaple reduce their fear of heights

(Science, 2 April 2004, p. 34).

| RANDONMCSANPLES

EDITED BY CONSTANCE HOLDEN

' Sculpture Diagnosis

Erected in 1980 but dismantled 16 years later because of concerns abaut
its stability, Henry Moore’s sculpture Large Arch may soon be backin place
in London’s Kensington Gardens. The 6-meter-tall work is made of seven
pieces of travertine stone connected 1o resemble sheep collarbones.
Experts at Imperial College London, the Glasgow School of Art, and the Tate
museum used laser scanning and computer modeling to find the sculp-

ture’s weak paints. (The mast stressed areas are shown in blue ) With the
insertion of fiberglass rods and a new base of reinforced concrete, the sculp-
ture could be safe for the ages, the team says—providing that funding can

High Eye-Q

Da glasses make you look brainy? Apparently,
even small children think so.

Eye dactar Jeffrey Walline of Chia State
University in Calumbus headed a study to see
what children think of ather children wha wear
glasses, Lighty chil-
dren ranging in age
from 6 to 10 were
shown pictures of
24 pairs of chil-
dren, one with and
ane without eye-
glasses, af bath
sexes and varying
ethnicities. They
were asked ques-
tions including which member of the pair
looked smarter.

The result, published in the May issue of
the journal Ophthalmic and Physielogical
Optics, indicates that although gender has a
strong influence on some impressions—boys
were perceived as better athletes regardless
of whether they wore glasses, for example—
glasses trump other characteristics when it
comes to brains. Female glasses-wearers, in
particular, had a 72% likelihood of being
seen as smarter than the nonbespectacled
children they were paired with. Ethnicity had
no effect on chaices.

There's a “well-known correlation
between [high] 1Q and myopia,” says behav-
joral geneticist Nicholas Martin of the

to you?

In each of five sessions, soldiers take the drug and don virtual-reality goggles. Then a thera-
pist guides them through a traumatic memary, most often an with an improvised
explosive device. The experience comes with sounds—peaple yelling, dogs barking, guns dis-
charging, and helicopters whirring—vibratians, and even smells of burning rubber and fuel. “In
general, veterans don't respond as well as civilians to drugs or therapy,” Rothbaum said, but this
combination makes for a “more potent exposure.” The researchers have so far enrolled 27 vets,
with 1-year follow-ups on three patients. Preliminary data, she said, indicate that two sessians
with the drug achieve as much as eight without it.

ol land Institute of Medical Research in
Brisbane, Australia. Were the children pick-
ing up on that? Walline doubts it. “Myopia
typically doesn't develop until age 8 or
later,” so they wouldn’t see much of it in
their peers, he says. But it does seem that
even when you're in first grade, “spectacles
make children appear to be smarter.”

REDITS (TOP T BOTTON(: THE HENKY MOGRE FOUNDATIGN, JEFFREY WALLINE: SKIP RIZZC.
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IN THE COURTS

PROLIFIC. An Istanbul court has sentenced an influential Islamic
creationist to 3 years in prison for starting a criminal organization
and profiting from it. But the conviction, which Adnan Oktar says he
will appeal, seems unlikely to stem the flood of creationist books
and DVDs he is publishing,

Oktar, who uses the pen name Harun Yahya, became well-known
outside Turkey when his Foundation for Scientific Research (BAV)
widely distributed its Atlas of Creation, a stunning, 768-page tome
(Science, 16 February 2007, p. 925). BAV is not directly linked to the
activities that landed Oktar in trouble, and creationism had nothing
to do with the charges.

Even so, a BAV spokesperson says Oktar is being persecuted
“because of his ideas.” Given the political pressures on Turkey’s jus-
tice system, thats “not entirely implausible,” says physicist Taner
Edis of Truman State University in Kirksville, Missouri, who has
followed the case closely. BAV says “the work will go on” even if its
leader goes to prison.

FT, MOLLY MCELROY

SOURCE: GARY |

REDITS (TOP TO BOTTON: PATRICK

RISING STARS

FOOT SOLDIERS. At age 13, Anya Suslova
thought it would be fun to tag along with
her father, a boat captain in Zhigansk,
Siberia, as he helped an international team
of climate scientists collect Arctic water
samples along the Lena River. Her curiosity
and hard work—she volunteered to collect
samples during the bitter Russian winter,
including drilling through 0.6 m of ice—
have spawned the
Student Partners
Project, a science
and outreach effort
funded by the U.S.
National Science
Foundation (NSF).

Anya's effort in
2003 “was the start
of a fantastic addi-
tion" to the project’s
data set, says team
leader R. Max Holmes, an earth systems sci-
entist at Woods Hole Research Center in
Massachusetts. In 2005, Holmes and his
colleagues received a 5630,000 NSF grant
to study the effects of climate change on
Arctic river systems with help from hun-
dreds of schoelchildren, their teachers,
and community leaders.

Suslova, now studying economics and
political science at Yakutsk State University,
is spending this summer at Woods Hole and
plans to pursue a career in environmental
policy. “Zhigansk is developing. | want it to
be environmentalllyl clean [so] that we will

wwwsciencemag.org SCIENCE  VOL 320 23 MAY 2008

be able to drink water from Lena as we do
now and swim there.”

PIONEERS
AMONG THE STARS.
Jim Gray went sailing
off the coast of San
Francisco in January
2007 and was never
seen again. But last
wieek, Microsoft, his
employer, unveiled
one of his legacies: a
way to help astron-
omy buffs explore the night sky from their
compulers.

WorldWide Telescope is a program that
brings together high-reselution images from
several ground-based and space-based tele-
scopes. It builds upon an online astronomical
image database called the SkyServer that Gray
pioneered back in 2001, The application
enables users te "fly” through a virtual sky,
zooming in on constellations, galaxies, and
stars of interest, and even take “tours” guided
by astronomers.

“Aside from being a brilliant database engi-
neer, he was a great connector,” says Curtis
Wong, a computer visualization expert at
Microsoft Research in Redmond, Washington,
wiho led the effort to create worldwidetele-
scope.org. Wong says that Gray, who worked at
Microsoft for 11 years, helped him team up with
astronomers and other researchers from 10
institutions around the world. Wong's team has
dedicated its project to their former colleague.

Nonprofit World

BOTTOM-UP. Fuel-cell developer and
millionaire Gary Mittleman decided
to run for Congress to push for better
federal policies on energy, the
environment, and the economy.
But last month, the 55-year-old
Democrat changed his mind
after deciding that he could
get more bang for his bucks—
he had planned to donate up
to $300,000 to his campaign
to represent upstate New
York in the U.S.
House of Represen-
tatives—by setting
up a nonprofit
organization,
Mittleman
says that the One
Dream One Earth
Foundation, which
he is seeding with
funds that he and
his donors plan
to provide, will conduct an education
campaign at the grass-roots and federal
levels. He hopes that better information
will dissuade lawmakers from taking
steps such as starving the U.S. strategic
petroleum reserve of oil, an idea that
he says is simply “more lunacy.”

Got a tip for this page? E-mail people@aaas.org
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SICHUAN DISASTER

Landslides, Flooding Pose Threats
As Experts Survey Quake’s Impact

CHENGDU, CHINA—Wei Fanpqiang knows
what it’s like when a mountain crumbles:
The Longmenshan, or Dragon’s Gate
Mountains, are prone to landslides. But
when the physical geographer and seven
colleagues with the Chinese Academy of
Sciences’ Institute of Mountain Hazards
and Environment (IMHE) in Chengdu
trekked into the area devastated by the
Sichuan earthquake, they were stunned. It
looked as though the hills had been blown
apart. Landslides had flattened several-
story buildings in the town of Beichuan and
annihilated villages that clung to the steep
slopes. In Wenchuan, Wei and his comrades
picked their way across a 70-meter-high,
300-meter-wide rubble pile that had
crushed a hydropower station and blocked
the Chaping River. If an aftershock had
struck, it could have spawned a new land-
slide where they were walking. “It was very,
very dangerous,” Wei says.

Landslides unleashed by the rupture of a
more than 200-kilometer section of the
Longmenshan fault, followed by powerful
aftershocks, dammed parts of nine rivers,
creating 24 new lakes. The biggest and most
threatening is 3.5 kilometers upstream of

Beichuan. If the debris dam were to break,
the resulting flood would threaten relief
workers and researchers in Beichuan.
“We're worried about another catastrophe,”
says Wei. As Science went to press, experts
with the Ministry of Water Conservation
were weighing options for how to relieve
pressure building up behind the dam.
They had at most a week to act, said
Cheng Genwei, IMHE's vice director.
Down the road from IMHE, researchers
with the Chengdu Institute of Biology (CIB)
were in mourning. Three senior staff mem-
bers died when the wall of a hostel in the

NI U

b -

Shake map. The magnitude-7.9 earthquake cen-
tered inWenchuan brought devastation tothe severe
shock zone (red) on the Longmenshan fault.

The skinny on
microbes

On the fault. A massive
landslidecrushed some

bl

mountains collapsed as they were dashing
out of the door for safety. (IMHE lost one
staffer in Beichuan.) After a 20 May memo-
rial service, CIB scientists were hoping to
return to work with an ambitious research
agenda, including an examination of habitat
fragmentation and ecological succession in
landslide areas. “The earthquake will be a
big driver for research.” says CIB ecologist
Bao Weikai. He and colleagues will also be
alert to a grave threat to Sichuan’s famed
giant pandas: the possibility of a massive
die-off of bamboo, the panda’s staple, like
one recorded in a quake 30 years ago.

At 2:28 p.m. local time on 12 May, the
Sichuan earthquake struck with a magni-
tude of 7.9. Tt “was not a total surprise to
geophysicists,” says Mian Liu, a geo-
physicist at the University of Missouri,
Columbia. It occurred on a well-known,
active fault system, he notes, which in 1933
produced a magnitude-7.5 quake that killed
about 9000 people.

But the death tol] of the Sichuan earth-
quake is horrific. As of 20 May, more than
40,000 people are known to have perished,
including thousands of children. Experts are
asking whether better construction, espe-
cially at schools, could have prevented
many deaths. “Earthquakes themselves do
notkill people,” says Liu. The biggest killer,
he says, is structural collapse—"a point so
sadly illustrated by this earthquake.” It
appears that many wrecked buildings were
not reinforced. “One hardly sees steel
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beams extruding from the collapsed build-
ings,” Liu says. “When they are seen, they
are 50 thin that they bent with the debris like
overcooked noodles™

Under a makeshift canopy next toa swim-
ming pool ata community center in the hard-
hit historic town of Dujiangyan, west of the
epicenter, geophysicist Miao Chong-Gang
points to a map on his laptop overlain with
seven circles in a line on the Longmenshan
fault. It’s the Jatest data from China’s seismic
monitoring network showing that the
Sichuan earthquake was composed of seven
powerful sequential ruptures unleashed
when the fault ruptured southwest to north-
east. “Several years ago, we could not do an
analysis like this,” says Miao. But with more
than 1000 seismometers now in a digital
network, China can now parse data like this
ina few howrs,

Within 30 minutes after the quake hit, the
China Earthquake Administration {CEA) in
Beijing had crunched the numbers and issued
a preliminary forecast of at least 7000 deaths.
Their assessment would prove to be an under-
estimate, but it was alarming enough to
prompt CEA to mount a full-scale response.
Miao, vice-director of CEA’s Earthquake
Emergency Management Department
Response Command Center, led a 230-
person team to Dujiangyan late in the evening
on 12 May. His group, one of 187 rescue
teams in the disaster area, has saved 48 people;
in the moming of 19 May, they were elated to
have saved a 61-year-old woman who had
survived 163 hours in the rubble.

Miao’s team was about to switch from
rescue to recovery. Among their tasks over
the next 2 months, Miao says, is to ground-
truth the computer-generated data. That will
mean ¢o ing seismic, strong-moti
and geologic surveys and running tests on
everything from geomagnetism to water
chemistry. Such research must wait unti] the
aftershocks have subsided. Several CEA
volunteers who were ferrying food and
water on foot into the disaster zone were
among more than 150 relief workers known
to have died in aftershock-induced land-
slides. The slides also claimed the lives of
two Sichuan Earthquake Administration
researchers who were measuring crust
deformation. “We have almost no experi-
ence in responding to an earthquake in a
mountainous area,” says Miao.

Back in Chengdu, CIB scientists are itch-
ing to get out into the field. A week after the
quake, 10 of their colleagues were alive but
stranded at CIB s Maoxian Mountain Ecosys-
tem Research Station in a pine forest 220
kilometers northwest of Chengdu. The insti-
tute had a couple of dozen long-term projects
in the disaster area, a biodiversity hot spot
that encompasses 22 nature reserves. They'll
have to write a new research plan. “The earth-
quake has dramatically changed the land-
scape,” says CIB ecologist Luo Peng,

One urgent task is to monitor bamboo.
The plant flowers once every 70 years or so.
Shortly after a powerful earthquake in the
1970s, large swaths of bamboo suddenly
flowered and died, says CIB ecologist Pan
Kai-Wen. How a quake might trigger flower-
ing is a mystery, but a large-scale die-off, he

says, could pose a big threat to China’s
endangered giant pandas.

To map the landslides, Wei and his
IMHE colleagues ventured into the danger
zone on 15 May. They had to abandon their
car where a landslide had blocked the high-
way and head toward Beichuan on foot.
Traveling in the other direction was a
ragged stream of refugees. When the
researchers reached Beichuan the next day,
they found that although many buildings
had collapsed from the shaking, many oth-
ers were demolished by massive boulders.
“In some places, the landslides did more
damage than the earthquake,” Wei says.
“We know the rock is very loose here. But
still T was surprised that the landslides were
sosevere.” [nanearby village, a woman was
on top of a pancaked building. “She was
calling her son’s name, trying to wake him

up.” There was no one else around.

‘Wei and his colleagues could not get past
a blocked mountain pass leading to the
biggest landslide, a 2-kilometer-long debris
flow that had clogged the Qingjiang River. To
ward off a catastrophic breach, Cheng says,
the preferred option is to dig a canal that
drains the lake gradually. If that’s impossible,
he says, they'll have to blast the dam and
allow a more chaotic release. Sichuan’s rainy
season starts in late June; if the rains start
early, before the problem is dealt with, the
situation could be very dangerous, says Wei.

The IMHE researchers plan to head into
the field as early as next week to sample
landslide material and draw topographic
maps. A future task is to advise authorities
on a safe place to rebuild Beichuan city. The
original site will almost surely be aban-
doned. “It should be a memorial to the earth-
quake victims—and a reserve for seismic
research.” says Miao. CIB scientists hope to
turn the disaster into an opportunity to
advise Longmenshan residents about more
sustainable livelihoods in the fragile moun-
tain ecosystem. One practice they want to
see ended is farming on the steep slopes.
Better forest cover could reduce the land-
slide risk, says Luo: “We need a new strategy
of mountain development.”

Others say the Sichuan disaster should
stimulate China to rethink its entire
approach to earthquake research. “In recent
decades, geophysicists have spent too much
energy and funding on research on deep-
earth structure or tectonics,” says Zhou
Shiyong, a geophysicist at Peking Univer-
sity. He argues that more attention should be
devoted to earthquake prediction. “We could
find some precursors,” he says, such as
abnormal patterns in seismic stress or under-
water variation before a huge quake occurs.
Miao counters that any precursors of the
Sichuan quake were minimal. “They counld
not have given us any warning,” he says.

One thing that will surely come under
scrutiny 1s China’s construction standards.
“More effort should be devoted to earth-
quake hazards analysis and management,
mehiding developing and enforcing proper
building codes, especially for schools, hos-
pitals, and other public buildings,” Liu says.
For thousands of victims in Sichuan, that
lesson came too late. ~RICHARD STONE
With reporting by Chen Xi and Hao Xin
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U.S. AGRICULTURE

Farm Bill Gives Agriculture Research
A Higher Profile in the Department

Spending on basic agricultural research in the
United States could grow significantly thanks
toa massive farm bill that Congress approved
overwhelmingly last week. The bill also calls
for a larger competitive grants program
within the U.8. Department of Agriculture
{USDA). “We view this as a real win,” says
[an Maw, vice president of the National Asso-
ciation of State Universities and Land-Grant
Colleges (NASULGC) in Washington, D.C.
The changes are part of the Food, Conser-
vation, and Energy Act of 2008, a 5-year,
$307 billion measure that preserves massive
subsidies for farmers. It renames the depart-
ment’s major extramural arm, the Cooperative
State Research, Education, and Extension Ser-
vice, as the National Institute for Food and
Agriculture (NIFA). The institute is to be
headed by a “distinguished scientist”
appointed by the president to a 6-year term.
The competitive grants portion of the new
institute, to be called the Agriculture and Food
Research Initiative, will replace the National
Research Initiative (NRI). [ts budget will be
authorized at $700 million a year, $200 mil-
lion more than the level for NRI, which actu-
ally receives only $180 million a year.
Supporters of agricultural research hope
these changes will be more than cosmetic.

RESEARCH FUNDING

They have long pressed for an entity within
USDA analogous to the National Institutes of
Health (NIH) or the National Science Foun-
dation. Although Congress rejected a pro-
posal from President George W. Bush to
combine the department’s intramural and
extramural research programs into an office
of science (Science, 23 February 2007,
p. 1073), the legislation seeks to better coor-
dinate USDA’s 82 billion research portfolio
by requiring an annual “roadmap.” It assigns
the job to the undersecretary for research,
education, and economics, currently Gale
Buchanan, former agriculture dean at the
University of Georgia.

The arrangement combines the recom-
mendations of a group headed by William
Danforth, former chancellor of Washington
University in St. Louis, Missouri, and a pro-
posal from NASULGC. Danforth calls the
measure “a great breakthrough” but adds that
“what will really be necessary will be to build
competitive funding.” Almost all of NRI's
current budget is spent on “formula-driven”
research, says Maw, whereas the new bill des-
ignates that 60% must go to basic research. It
keeps separate the department s intramural
arm, the Agricultural Research Service.

The NIFA chief would also oversee

Veggie power. Research on specialty crops, such as
artichokes, would get more attention in new farm bill,

$308 million over 5 years for competitive
grants in two new areas: organic crops and
“specialty crops,” otherwise known as fruits
and vegetables. This funding becomes an
actual spending level unless Congress
explicitly decides otherwise.

Bush says that the bill is too generous on
agricultural subsidies. But both houses passed
it with veto-proof majorities, and it was
expected to become law as early as the end of
the week. It would take effect in October 2009.

~CONSTANCE HOLDEN

Australia’s New Science Budget Gets a Mixed Review

CANBERRA, AUSTRALIA—Two of Australia’s
science agencies are shedding jobs and trim-
ming programs to comply with a new national
budget that’s both praised and criticized by
research leaders. The spending plan
announced by the Labor government last
week—its first since coming to power in
2007—provides more money for education
mitiatives, inchiding a $10.5 billion trust fund
for higher education infrastructure, but less for
two key players, the nation’s premier science
agency, the Commonwealth Scientific and
Industrial Research Organisation {CSIRO),
and the Australian Nuclear Science and Tech-
nology Organisation (ANSTO). The cuts are
troubling, some say, because the government
expects to reap a $20.7 billion surplus over
Australia’s next annual budget cycle, which
starts 1 July.

The reduction at CSIRO is “a disappoint-

ment,” says Chief Executive Geoff Garrett.
Combined with a cut announced previously, it
will shrink the agency’s appropriation
through the 2008-09 budget cycle by roughly
$15 million, or just over 2%, to $660 mil-
lion. “Our aim will obviously be to preserve
core capability and the science and research
activities that we're doing, ... but the arith-
metic is such that ... there will be some staff
losses.” He says CSIRO will benefit from
funding for energy technology, water man-
agement, and climate change adaptation. But
it will probably have to cut its 6350-strong
workforce by about 100. ANSTO, mean-
while, is to lose about 80 of its 1009 staff as it
deals with rising costs and a cut of about
2.6% from its $144 million appropriation in
the year ending on 30 June 2009.

Australian Academy of Science President
Kurt Lambeck welcomed the education invest-

ment fund, saying it will “put us on a path to a
world-class higher education and research sec-
tor” He is also enthusiastic about a promise to
create new scholarships and 1000 fellow-
ships for mideareer researchers: “It creates
opportunities for retaining people in Australia
and attracting overseas researchers at a stage
when they are most productive.” But climate
change research is a different story: An outlay
of $2.2 billion over 5 years for global warming
R&D, including clean coal and renewable
energy projects, “does not reflect the urgency
of the problem,” he says.

Lambeck worries that a series of reviews
into the national innovation system and uni-
versities could be “used as an excuse for inac-
tion.” Minister for Innovation, Industry,
Science and Research Kim Carr could not be
reached for comment. ~CHERYL JONES
Cheryl Jones is.a writer in Canberra, Ausiralia.
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GLOBAL WARMING

Hurricanes Won't Go Wild,
According to Climate Models

If you put much faith in the world’s most
sophisticated climate models, there’s good
news about how hurricanes will react to
plobal warming. Two new model studies
project a modest increase or even a decrease
in the frequency and intensity of Atlantic
tropical cyclones. “The Atlantic isn’t going
to be swallowed by repeats of the [disas-
trous] 20035 hurricane season,” concludes
hurricane researcher Hugh Willoughby of
Florida [nternational University in Miami,
who did not take part in the work.

But even some of those involved in the
studies urge caution in inferpreting the results.
“I'm much less sanguine about models solv-
ing the problem.” says Kerry Emanuel, lead
author of one of the papers and a hurricane
researcher at the Massachusetts [nstitute of
Technology (MIT) in Cambridge. There's still
too much messiness beneath the surface ofall
such studies, he says.

percent increase in the intensity of storms.
The MIT group reported just a couple
of percent increase in frequency and a
7.5% increase in intensity.

Broader interpretations, however, differ.
Pointing to their model’s striking ability to
reproduce variations in hurricane frequency
during the past 25 years, Knutson concludes
that his group’s work “does not support the
notion that increasing greenhouse gases will
support large increases in hurricane or tropi-
cal storm frequency.” In contrast, Emanuel
finds his “results to be very different when
vou [run] different models and very different
in different ocean basins.” For example, using
the MIT approach, the GFDL mode] produces
a23% increase i storm frequency rather than
a decrease of 8%, he says. The models do pre-
dict a smaller increase in Atlantic hurricane
activity than has been seen in the past few

Using two differ-
ent approaches, both
mode] studies tweak
the big global climate
models to simulate
tropical cyclones.
Global climate mod-
els can’t form tropical
cyclones because their
picture of the atmos-
phere is too fuzzy. So,
as they report in this
week’s issue of Nature
Geoscience, climate
modeler Thomas Knutson and colleagues atthe
National Oceanic and Atmospheric Adminis-
tration’s Geophysical Fluid Dynamics Labora-
tory (GFDL) in Princeton, New Jersey, put
extra computing power into simulating the
tropical Atlantic in enough detail to form
storms while embedded in a fuzzy global
model. And Emanuel and his MIT colleagues
randomly “seeded” seven different global mod-
els with incipient storms that grew or died
depending on whether conditions favored

HURRICANES (AUGUST-OCTOBER)
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the American Meteorological Society.

On average, the two approaches yielded
much the same results for the Atlantic, where
actual hurricane numbers have doubled in
the past 25 years. The GFDL model pro-
duced a modest 18% decrease in the fre-
5 quency of Atlantic hurricanes by the end of
© this century under plobal warming and a few

T KNUTSON ETAL
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them, as they reported in the March Bufletin of
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Hindsight. A Geophysical Fluid Dynamics Laboratory madel (red) does well at
simulating the actual (blue) year-to-year and long-term variations i hurricane
number. The model predicts modest changes under global warming.

decades, Emanuel concludes. That implies
that global warming was not the prime driver
behind the recent burst of activity.

On the other hand, Emanue] adds, the mod-
els may not be properly handling global warm-
ing and its effects on tropical cyclones. Other
studies have statistically linked the tropical
Atlantic warming both to the greenhouse and
to the jump in storm activity, many researchers
note. What’s more, the MIT group’s seven dif-
ferent models yiekl a disturbing variety of pre-
dictions—froma 23% increase in frequency to
a29% decrease. And most researchers are con-
cemed that the GFDL group generated input
for its Atlantic storm model by averaging
together a large range of predicted conditions
from global climate models. As might be
expected, researchers say bigger and better
models are needed to make the message clear.

~RICHARD A. KERR

Paying for Medical School

An Ohia medical schoal hopes ta encourage
budding physician-scientists to stick with
research by paying far a big chunk of their
education. The Cleveland Clinic Lerner College
of Medicine, which opened in 2004, accepts
32 students a year inta a 5-year program—
one more than the norm—specializing in
clinical research. Last week, it announced that
tuition, worth $43,500 a year, will be free,
Current students will get back 50% of what
they have already paid.

“We really wanted ta remove debt as a
potential obstacle to pursuing careers in aca-
demic medicine,” says spokesperson Raquel
Santiago. The schalarships, which are meant ta
put students on a par with their peers in gradu-
ate school, will be financed by endowment
funds and clinical income. -JOCELYN KAISER

Help for Mystery llinesses

The U.5. National Institutes of Health (MIH)
has begun a new service for patients with
undiagnosed diseases. Some two dazen spe-
cialists at its renowned clinical center in
Bethesda, Maryland, will be part of a team that
will tackle such baffling cases.

These patients often "hit a brick wall,” says
William Gahl, clinical director of the National
Human Genome Research Institute, who will
direct the effort. Advances in genetics have led
to “mare and more ... manifestations of new
diseases,” said NIH Director Elias Zerhouni in
annauncing the initiative this week.

The new program expects to treat up to
100 patients a year. For more information,
call 1-B66-444-8806.  ~JENNIFER COUZIN

A Larger STEM Profile

The U.5. Congress is being asked to elevate the
status of science and math education, coordi-
nate $3 billion in current federal programs,
and prod states to adopt comman K=12 sei-
ence and math standards. Legislation intro-
duced this week by Representative Michael
Honda (D—-CA) would create a Science, Technol-
ogy, Engineering, and Mathematics (STEM)
Education Committee within the White House
and an Office of STEM Education at the Depart-
ment of Education. The bill also requires fed-
eral STEM programs ta share results.

“Having a dedicated office far STEM in the
White House should raise its visibility, " says Jodi
Peterson of the Natianal Science Teachers Asso-
ciation in Arlingtan, Virginia. A parallel Senate
measure was introduced by Democratic presi-
dential hopeful Senator Barack Obama (IL),

~YUDHIJIT BHATTACHAR] EE
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CLIMATE CHANGE

Polar Bear Listing Opens Door to New Lawsuits

The Bush Administration’s decision last
week to list the polar bear as a threatened
species is about to spark a new round of liti-
gation over greenhouse gas emissions. After
analyzing climate models that predict the
bear’s sea ice habitat would continue to
shrink due to global warming, the U.S.
Department of Interior ruled that the animal
deserves some protection under the Endan-
gered Species Act (ESA). Several environ-
mental groups are preparing to use the ruling
to argue that cuts in greenhouse gases are
now legally required to protect the polar bear,
whereas conservative legal groups are plan-
ning to challenge the ruling itself.

‘When he announced the polar bear’s new
status, Interior Secretary Dirk Kempthorne
tried to preempt litigation to force cuts in
greenhouse gases. No specific source of
these gases, Kempthorne asserted, will kill
any individual polar bear, so the ESA doesn’t
require power plants, refineries, or even the
nation’s fleet of automobiles to reduce their
emissions. But attorneys on both sides of the
long-running legal war over endangered
species predict that some courts will reject
that argument. “The secretary can’t dictate
to the courts how they interpret the law,”
says M. Reed Hopper, a principal attorney
for the Pacific Lepal Foundation (PLF) in
Sacramento, California, a conservative
critic of environmental regulation. T think

status to seek changes in U.S. climate policy.

Bearing witness. Lawsuits will use the polar bear's “threatened”

for Biological Diversity (CBD) in Joshua

the environmentalists will find sympathetic
Jjudges who will rule that there is a causal
connection and give them standing to bring
their suits.”

Kassie Siegel, an attorney for the Center

Tree, California, is leading the environmen-
talists” strategy. The “attempt to exempt
greenhouse gas emissions is illegal and
won't stand up.” she says. CBD, Green-
peace, and the Natural Resources Defense

The Threat to the World's Plants

Aday after polar bears made headlines last week, the worlds leading botanical gardens issued a
call to remember threatened plants, too. Their new repart, Plants and Climate Change: Which
Future? makes the case for protecting the botanical foundations of terrestrial life. “If you read any
report about the impact of climate change, it's almost always about palar bears or tigers,” said
Suzanne Sharrock, directar of Global Programmes for Botanic Gardens Conservation International
(BGCI) in London and a ca-authar of the report.

But BGC, a network of 2000 organizations involved in plant conservation, says climate change
could kill off half of Earth’s plant species. Plants that grow an islands or on mountainsides are at
qgreatest risk because they have "nowhere to go” as the climate shifts around them.

BGCI also announced its own global effort to catalog and preserve threatened plants. It will
update a 10-year-old survey of the world’s trees, identifying species that need additional protec-
tion in their native habitat and collecting athers for preservation in batanic gardens and arboreta.
BGCI plans to reintroduce some threatened plants into their former habitats.

Thamas Lovejay, president of the H. John Heinz Center for Science, Econamics and the Envi-
ronment in Washington, D.C., welcomed the new initiative. "At the outset, plants were scarcely
mentioned in the Endangered Species Act. Now, it's an integral part,” he notes. -D.E.C.

Council jointly filed their mitial
legal challenge on 16 May. Siegel,
= who alzso filed lawsuits that
forced the government to list the
polar bear, plans to argue that the
ESA requires every povernment
agency to consult with polar
bear experts at the U.S. Fish and
Wildlife Service before taking
any step that could increase
emissions of carbon dioxide.
Such steps include authorization
of oil and gas drilling, issuing
permits for coal-fired power
plants, or writing new fuel-
economy standards for sport
utility vehicles and trucks. “It’s
high time that federal agencies
rolled up their sleeves and did
what they’re supposed to do on
greenhouse emissions,” she says.
Some environmentalists
doubt that such lawsuits ulti-
mately will reduce greenhouse
gas emissions. “I think it’s
highly unlikely that any court
will say, ‘This source of emis-
sions has to be halted because
it’s adding to the burden of car-
bon dioxide, which is melting
ice in Alaska,” ” says Michael
Bean, a specialist on wildlife conservation
at the Environmental Defense Fund in
Washingten, D.C. Such legal actions could,
however, capture public attention, says
Holly Doremus, a professor of environmen-
tal law at the University of California,
Davis. “It can really help people agree that,
‘Okay, we've got to act. And we've got to
act now.””

Meanwhile, PLF has announced that it
will challenge the Administration’s polar
bear decision in court. Hopper says it
makes no sense for the government to
declare the polar bear threatened while
insisting that it can do nothing to change
the situation. “A listing that cannot address
the alleged problem ... should not have
occurred,” says Hopper. “The listing can’t
affect the melting, but it does open the
floadgates to litigation.”

Even some environmentalists say g
the ESA isn’t well-designed for dealing
with the broad impact of climate change.
Doremus points out that global warming
may create new dilemmas that the law didn’t
foresee. “Suppose we decide we can’t save

CREDIT. JPITER IMAGH
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all species. Which ones should we concen-
trate on? The law doesn’t allow us to give
up easily,” she says. “But in situations
where we may have to give up on some, we
may need better mechanisms for triage.”
And Bean finds it “worrisome™ that “you
have a species that is at risk of extinction,
but the law that was designed to protect

MICROBIOLOGY

endangered species lacks the tools to deal
with the threat.”

More animals may also be called as wit-
nesses in the fight against U.S. climate
change policy. as the polar bear is far from
the only animal threatened by the shrinking
field of arctic ice. Ice-dwelling mammals
such as the Pacific walrus and several

NEWS OF THE WEEK I

species of seals “are in even worse shape,”
says G. Carleton Ray, an environmental sci-
entist at the University of Virginia, Char-
lottesville. CBD has already filed petitions
demanding that the ribbon seal and Pacific
walrus also be listed as threatened.

~DAN CHARLES
Dan Charles is a freelance writer in Washington, D.C.

Bacteria Are Picky About Their Homes on Human Skin

Julie Segre is teuring the microbial land-
seape of our bodys biggest organ, the skin.
In anticipation of a $115 millien, 5-year
effort by the U.S. National Institutes of
Health (NTH), she’s traveling from head to
toe, conducting a census of some of the tril-
lions of bacteria that live within and upon
human skin. Although their project is just
getting off the ground, Segre, a geneticist at
the National Human Genome Research
Institute (NHGRI) in Bethesda, Maryland,
and her colleagues have already uncovered a
surprising diversity and distribution among
skin bacteria. And a few oddities have
emerged, too: Microbes known mostly from
soils like healthy human skin, living in har-
mony with us; and the space between our
toes 1s a bacterial desert compared to the
nose and belly button.

Segre’s work on what bacteria live where
“is cool stuff,” says Steven Salzberg, a bio-
informaticist at the University of Maryland,
College Park. “We need to increase our own
and the public’s awareness of the diversity
and quantity of bacterial species on our own
skin. The more people are aware, the more
we can do to control infection.”

Bacteria and other microbes that colo-
nize our skin and other tissues outnumber
the human body’s cells 10 to 1, forming
dynamic communities that influence our
ability to develop, fight infection, and digest
nutrients. “We’re an amalgamation of the
human and microbial genomes,” says Segre.
Recognizing this, NTH last year designated
the Human Microbiome Project as one of its
two Roadmap initiatives (Science, 2 June
2006, p. 1355). Researchers will sequence
the genomes of about 600 bacteria identified

0 as human inhabitants and get a handle on the
99% of bacteria that defy culturing but
thrive in the skin, nose, gut, mouth, or
vagina. “You have to understand what is the
normal flora in the healthy skin to under-
stand the impact of flora on disease.” says
Kevin Cooper, a dermatologist at Case West-
ern Reserve University in Cleveland, Ohio.

CREDIT: BILL LGSH/GETTY MACH

As a first step, Segre, NHGRI postdoc-
toral fellow Elizabeth Grice, and their col-
leagues have studied five healthy volun-
teers, swabbing the insides of their right and
left elbows. The site chosen isn’t as unusual
as it sounds; people with eczema often
develop symptoms there. To survey the full
thickness of skin, the researchers also used
a scalpel to scrape off the top cells.
And to reach even deeper, they took small
“punches” of skin, a procedure akin to
removing a mole.

From all the samples, Grice, Segre, and
colleagues pulled out 5300 16S ribosomal
RNA genes, which vary from microbe to
microbe. After lumping together the
most similar 165 genes, they came up with
113 kinds of bacteria and identified these
dermal residents by matching the 168

Mere than skin-deep. DNA surveys of the belly
butten, inner elbows, and elsewhere reveal diverse
micrabial communities.

genes to those of known bacteria. (Segre
described the results at a recent meeting at
Cold Spring Harbor Laboratory, and they
are being published online 23 May in
Genome Research.) “That's a lot of diver-
sity, a lot of different organisms,” says
Martin Blaser, a microbiclogist at New
York University, who has done a similar
survey of microbes living on the forearm,
also finding a lot of diversity.

Vet just 10 bacteria accounted for more
than 90% of the sequences. Almost 60% of the
168 genes came from Psewdomonas, Gram-
negative bacteria that flourish in soil, water,
and decomposing organic debris. The next
most common one, accounting for 20%, was
another Gram-negative soil and water bug,
Janthinobacteriwm. Neither had been consid-
ered skin microbes before this census.
Although there were some differences among
the volunteers in the microbes present, their
elbows did share a commeon core set of
microbes, the group reports.

The three sampling methods yielded
slightly different results, with “punches”
revealing a surprising number of bacteria
under the skin—1 million bacteria per
square centimeter compared with 10,000
from the scrapes. “I would have thought
under the skin there would be fewer,” says
Salzberg.

Segre and her team have also begun sam-
pling 20 other skin sites, including behind
the ear and the armpit, from the bodies of
volunteers. Skin varies in acidity, tempera-
ture, moisture, oil accumulation, and “dif-
ferent environments select for different
microbes,” says Blaser. Bacteriawise,
reports Segre, “no subsite is identical "

Some researchers suspect that shifts in
the makeup of skin microbial communities
activate the immune system to cause dis-
eases such as eczema. “If you know what
the [healthy] flora is, then one strategy is to
recolonize the area with the right flora,”
says Cooper.

-ELIZABETH PENNISI
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Caspian
Sea

ASHGABAT, TURKMENISTAN—Bone-dry and
as forbidding as California’s Death Valley, the
windswept, 120-kilometer-long Karashor
Depression—a natural bowl speckled with
the ash-gray, mica-laden sand that gives the
Karakum, or “Black Sand,” Desert its
name—might seem the last place in the world
to put a lake. But on a fine day in
October 2000, some 450 kilome-
ters south of Karashor, President
Saparmurat Niyazov leaned
against a spade and breached a
few-meters-wide earthen dam.
Laborers took over, and soon
water was gushing into the initial
segment of a canal intended to fill
Karashor to its rim. Golden Age Lake, the late
president said, would become “the symbol of
revival of the Turkmen land.” covering 3500
square kilometers—nearly the area of Utah’s
Great Salt Lake.

‘With that gesture, Niyazov—known as
Turkmenbashi, or “Father of the Turkmen Peo-
ple”—launched one of the most grandiose
water projects ever undertaken. According to
the plan, two canals that bisect the country will
funnel runoff from heavily irrigated cotton
fields into Karashor. The $6 billion project is
designed to drain swamps and combat the
buildup of salt and other minerals that have
degraded three-quarters of Turkmenistan’s
arable land and eroded renowned archaeo-
logical monuments. “The lake will solve

More on this
story in Science’s
Podcast

many problems,” says Paltamed Esenov,
director of the National Institute for
Deserts, Flora, and Fauna in Ashgabat.
Turkmen officials predict that the project
will reclaim 450,000 hectares of water-
logged agricultural fields and create a habi-
tat for migratory birds and an inland fishery.

Next month, Turkmen engi-
neers say they will complete the
mammoth effort’s first phase:
excavation of the two “collector”
canals, each hundreds of kilome-
ters long. Water apparently has
already begun trickling into
Karashor. “We are carrying out a
unique, pioneering project,” says
a senior engineer at the Turkmen State
‘Water Research, Production, and Design
Institute in Ashgabat, which leads construc-
tion of Golden Age Lake. “Everything we
are doing is aimed at increasing agricultural
productivity,” says the engineer, who
requested anonymity after agreeing to be
interviewed without permission from Turk-
menistan’s Ministry of Foreign Affairs.

But Golden Age Lake has unleashed a
torrent of criticism as well. “There’s no
sense in this,” says Timur Berkeliev. a geo-
chemist who coordinates the Worldwide
Fund for Nature’s Econet project in Turk-
menistan. He and others are skeptical of
plans to purify the runoff, laden with pesti-
cides and fertilizers, and contend that the

lake will become an artificial Dead Sea.
“Trying to find value in this lake may be
like trying to put lipstick on a pig,” says
Michael Glantz, director of the U.S.
National Center for Atmospheric Research’s
Center for Capacity Building in Boulder,
Colorado. “A bad idea, even for the best of
intentions, is still a bad idea.” Some experts
believe that runoff will be insufficient to fill
the lake, as the drainage water will evapo-
rate or seep into the desert through unlined
feeder canals.

That prospect raises fears that the lake
could trigger a water war. Some observers
worry that to prevent Golden Age Lake from
Tunning dry and to dilute tainted water, Turk-
menistan might top it off with fresh water
from the Amu Darya, a river on the border
with Uzbekistan to the north. Uzbeks rely on
the river for irrigation, and their leaders have
said they would not tolerate a reduced share
of the Amu Darya. “The lake project has
incredible geopolitical implications,” says
Johan Gely, who works on water issues in
central Asia for the Swiss Agency for Devel-
opment and Cooperation. The senior water
engineer insists such fears are unfounded:
“Every drop of the Amu Darya is valuable,
and nobody is planning to use this water for
Golden Age Lake.” he says.

Some see a window of opportunity to
coax Turkmenistan to reconsider. Niyazov
died in D ber 2006, and his g
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Making a lake. Two cross-country canals will funnel
drainage water from Turkmenistan's heartland inta
the Karashar Degrassion.

Gurbanguly Berdimuhamedov, has not yet
spoken publicly about the project. Foreign
leaders have remained mum as well, perhaps
in deference to Turkmenistan's growing clout
as owner of the world s fifth Jargest natural gas
reserves. [n the meantime, Berdimuhamedov
has promoted a gradual opening of the iso-
lated country. “The leadership is now sensitive
toworld opinion.” says Berkeliev. There might
be one last chance, he says, to persuade
authorities to convene an international scien-
tific review before irreversible steps are taken
to fill the lake. “This is the right time to do
something,” he says.

Back in the USSR

Centuries ago, central Asians learned how to
make the most of the region’s scarce water
with networks of underground canals that
conserved water for irrigation and drinking.
“The tragic irony is that this region was home
to one of the largest and most efficient irriga-
tion systems in history, until the Mongol inva-
sion destroyed much of the network,” says
Peter Sinnott, director of the Caspian Project
at Columbia University.

Josef Stalin managed to outdo the Mon-
gols. During the Cold War, when central
Asia was part of the Soviet Union, Stalin’s
water managers cooked up a notorious
fiasco. In the 1950s, they began to divert
massive amounts of water from the Syr
Darya into a network of canals to irrigate
cotton fields in Uzbekistan. The Syr Darya
is one of two main sources of water for the
landlocked Aral Sea; the river’s reduced
flow resulted in the Aral’s shrinkage to less
than a quarter of its original surface area.

Soviet planners were pushing cotton in
Turkmenistan as well, and in 1954, work com-
g menced on the Karakum Canal, which would
feed water from the Amu Darya—the other
big Aral Sea source—into the Turkmen heart-
land. At 1375 kilometers in length, the
Karakum waterway, completed in 1988, is the
world’s longest irrgation canal. It has been a
boon for agriculture—it tripled the arable land
in its vicinity—and provides water to the cap-
ital, Ashgabat.

But it has a dark side: A sizable fraction
of the water that enters the canal {15% to
50%, depending on whom you ask) seeps
through its unlined bed into the surrounding
soil. The hemorrhaging created a patchwork
of ponds and swamps and has exacerbated
salinization. As the ground became water-
logged, the water table rose, bringing salts—
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primarily sodium sulfate—to the surface by
capillary action. With evaporation, the brine
crystallizes into mirabilite, a corrosive min-
eral that ruins oases and poisons fields.
“Several kilometers to the left and right of
the canal is a death zone,” says a Turkmen
government scientist who asked to remain
anonymous to keep his job. “If you step in
the extremely salty water, your shoes are
destroyed within a week,” adds a Western
technician in Ashgabat who has visited the
construction site of Golden Age Lake.

The Karakum Canal is not the only vil-
lain in the salinization saga. In the mid-
1970s, Seoviet engineers constructed
drainage canals to discharge runoff into the
desert. Dumping, coupled with overirriga-
tion of farm fields, has saturated the ground
and brought salt to the surface across the
watershed. The water table is so high in the
Dashoguz region, researchers say, that
dozens of saline lakes have formed from
water burbling up from the ground. “About
80% of arable land is damaged to different
degrees,” says Berkeliev. Many Turkmen
farmers soak fallow fields in winter,
wrongly believing that as fresh water seeps
into the soil, it takes salt with it. “But this has
the opposite effect,” concentrating
mirabilite, Berkeliev says: “This is a very
complex problem, and the level of study is
not adequate.”

That hasn't stopped Turkmen authorities
from forging ahead with a solution: the res-
urrection of a 1970s idea to divert Turk-

Going, going ... The 1400-year-cld Little Kyz Kala fartress in
Merv was in bad shape in 1950 (top); a rising water table acceler-
ated the erosion, greally diminishing the manument by 2003.
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menistan’s irrigation runoff into Karashor,
near the border with Uzbekistan. Niyazov
dusted off a Soviet rough blueprint for an
artificial lake, Glaniz and others assert, as a
strongman’s way of showing dominion over
nature. “Only a powerful state can build
such a gigantic thing,” Niyazov said in
2003. Turkmenistan’s leader from the coun-
try’s independence in 1991 until his death,
Niyazov was anointed by parliament as
Saparmurat Turkmenbashi the Great and, in
1999, made president for life. Golden Age
Lake was not put to public consultation or
debate. “It was almost impossible to object
before,” says Berkeliev. In 2004, after
merely asking whether the project included
ecological expertise, the country’s sole
homegrown environmental group, the
Katena Ecological Club, was shut down.

One potential beneficiary of the lake
project is the region’s archaeological treas-
ures. “Water and salt are the main enemies
of archaeological sites.” says the govern-
ment scientist, who says that farmland and
runoff have begun to encroach on what
might be Turkmenistan’s most famous
site, the Bronze Age ruins of Gonur Depe
(Science, 3 August 2007, p. 586). Saliniza-
tion has already taken a heavy toll at one
ancient monument, Little Kyz Kala in the
medieval city of Merv, which has deterio-
rated especially rapidly in recent decades.
The water table rose, soaking the foundations
of the 1400-year-old brick fortress with salt
and weakening them (see photos, below).
‘With archaeologist Tim Williams
and colleagues at University Col-
lege London, Sébastien Moriset’s
team at the [nternational Centre
for Earth Construction of the
Grenoble School of Architec-
ture in France has helped Turk-
men conservators impmve
drainage and apply sacrificial
s0il layers at monuments that
will bear the brunt of erosion
rather than the original walls.

Draining the runoff water
from the landscape should, in the-
ory, ameliorate salt-induced ero-
sion of the monuments, says the
government scientist. “How it
will work in practice.” he says,
“we don’t know.”

Salvation or damnation?

To turn a dusty depression into a
lake requires a whole lot of mois-
ture. So the first and perhaps
most formidable task was to
excavate the two ﬂl‘{lSS-COIIﬂH’y
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The End of an Intellectual Dark Age?

ASHGABAT, TURKMENISTAN—This autumn, 80 top university graduates
in this central Asian nation will take part in a revived system of candidate
(the Russian equivalent of a Ph.D.) and doctoral degrees in fields as diverse
as art history and zoology. If that sounds modest, consider how many stu-
dents last year began postgraduate studies in Turkmenistan: zero. This is the
country’s first crop of postgrads since 1997.

That year, the nation’s authoritarian former leader, Saparmurat Niyazov,
abolished advanced degrees. Other elements of his stultifying program
included halving undergraduate education to 2 years and lopping a year off
secondary school. Niyazov also closed the Academy of Sciences in 1997, cit-
ing “the lack of any practical scientific results.” Perhaps most insidious of all,
his underlings enfarced rote ization of a book—the Rukh a
banal spiritual primer that Niyazov himself penned—as dogma.

[ e 3 Since Niyazov's death in December 2006, his successor, Gurbanguly

RS - 3 Berdimuhamedov, has made education reform a top priority. He has upped
'5“““ up new “dens  Turkime university educationto 5 y ix for aspiring physici d reinstated
State University students are riveted the lost year of secondary school. Science is back in fashion: "Science plays
by the words of a foreign lecturer, the leading role in the strong state, and therefare we should keep pace with

1004

collector canals. Specialists plotted out
routes that would make best use of natural
topography. “Tn some places we had to dig as
deep as 50 meters,” says the senior water
engineer. [n other areas they built platforms
or added boulders as obstacles to suppress
the flow rate. When they encountered giant
stone slabs, they invented equipment that
could be inserted in cracks between layers to
lift the rock out. Blasting was considered too
expensive, and “we don’t have reliable pro-
fessionals for that purpose,” says the senior
water engineer.

The crew dug the northern canal in the
Dashoguz region wider and deeper to allow
for a larger water flow. For about half its
length, the 432-kilometer Dashoguz Collector
follows the bed of the ancient Uzboy River.
The 720-kilometer Great Turkmen Collector
starts in the Lebap region in the east and
links up with the Dashoguz Collector 75
kilometers upstream of Karashor. About 45
kilometers from the depression, engineers
built a 30-meter-tall, 600-meter-long dam to
steer the water; otherwise it would have fol-
lowed the lower-elevation Uzboy riverbed to
the Caspian Sea. The senior water engineer
says his engineers have also done some
“sculpting” of Karashor’s contours.

Water is now moving the length of the
Dashoguz Collector and beginning to flow m
the Great Turkmen Collector, the senior water
engineer says. Satellite images confirm this.
“It looks like canals, even unlined, can convey
the drainage flow,” says Leah Orlovsky, a
water researcher at Ben-Gurion University of
the Negev in [srael who works in Turk-
menistan. On a flight from Tashkent to Tel
Aviv last October, Orlovsky noticed that an

area of roughly 20 to 25 square kilometers at
the southern end of Karashor was flooded.

Filling the lake should take several
decades, says Esenov of the desert research
institute. Water must first flow into the capil-
laries—a 1000-kilometer network of small
feeder canals linking at one end to agricultural
drainage ditches and at the other to small
reservoirs or to the vast collector canals.
Pumping stations regulate the flow into the
collectors. Eventually, the senior water engi-
neer says, the gronndwater table should drop
by a couple of meters, allowing for the gradual
desalinization and reclamation of farm fields.

Although Golden Age Lake could save
some iconic monuments, lesser known

haeol 1 sites were d ged during
construction. “They just bulldozed some
small monuments and sites that hadn’t been
excavated yet,” says the government scien-
tist. The project’s design called for an
archaeology rescue program, he says, but it
had no funds. Living heritage is being lost as
well. The collectors have raised the water
table along their length, spoiling drinking
water wells in some desert settlements. “Vil-
lages with ancient roots are being moved,”
says the independent scientist. “It’s a degra-
dation of the cultural landscape.”

Future plans call for widening and deepen-
ing both collectors, says the senior water engi-
neer. But there are no plans to line them. He
referred questions about their dimensions and
anticipated flow rates to institute colleagues,
‘who were not available for interviews. One
told Science privately that the lake's depth
should reach 130 meters and its anticipated
volume is 135 to 145 cubic kilometers.

“Data from Turkmenistan are hard to come

by ... and not so reliable,” says Glantz. But
even rough approximations suggest that the
project is doomed, says Berkeliev. The quality
of the lake will depend on what goes into it,
and Turkmen authorities in the past have pre-
dicted a water inflow of 10.5 cubic kilometers
a year. About two-thirds will come from
Dashoguz, including cross-border runoff
from the Khorezm region of Uzbekistan; the
Great Turkmen Collector will supply the other
third of the water. However, Uzbekistan plans
to build a drainage canal from Khorezm to the
Aral Sea, so the amount feeding Golden Age
Lake would eventually taper off, says Kai
Wegerich, a central Asia water expert at
‘Wageningen University in the Netherlands.
“If the Uzbek drainage canal is built, it might
not make sense anymore to construct the
lake,” he says.

Khorezm canal or no, Berkeliev says his
calculations are damning. Based on the high
evaporation rate in Karakum, he asserts,
“there will never be a water body there” Oth-
ers say Golden Age Lake may well come into
being but is fated to become an environmental
nightmare: a salty broth of organic pesticides
and fertilizers.

Not so, says Vyacheslav Zharkov. He and
his colleagues at the desert research institute
in Ashgabat are devising filter media that
absorb heavy metals and organic contami-
nants from runoff. These can be installed at
treatment plants at points where water enters
the collector canals—if the Turkmen gov-
ernment finds money to build such treat-
ment plants. “Afler treating water with our
sorbents, it is suitable for agriculture and for
drinking,” Zharkov says. He claims that salt
will be drawn out as water moves along the
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its latest achievements, " Berdimuhamedov said recently, accarding to the
state press. But recovery will not be easy. "After so many years of the forced
degradation of the education system, it's really hard to revive it,” says one
Turkmen government scientist. “The serious scientists didn't wait for changes
within the country—they left.”

Turkmenistan is not the first modern nation to willfully erode its intellec-
tual capacity: Afghanistan under the Taliban, for instance, suffered severely.
But Turkmenistan’s descent took place largely out of sight, as Niyazov iso-
lated the country and placed sharp limits on international cooperation. In
this twilight, in 2001, the Rukhnama appeared. The book is a mix of folksy
guidance abaut how to lead a good life and a history of the Turkmen people
that mangles the chronology of real events and fabricates others. “It did
great damage for historians,” says the government scientist. Workplaces
formed Rukhnama study circles, and TV programs showed children reciting
passages while professing their love for Niyazov. Rukhnama knowledge was
necessary to pass exams, including the driver’s test.

The Rukhnama is still for sale in Ashgabat, and insome primary and second-
ary schoals “it remains a strang part of the curriculum,” says Leon Yacher, a
geographer at Southern Connecticut State University in New Haven, who lec-

NEWSFOCUS I

city on the Caspian coast, “every student had a capy of the book on their desk,
and they were expected ta read from it every day.” But ta the relief of scholars,
the Rukhnama is being phased out in universities and government offices.

Turkmen academics are trying to pick up the pieces. "A change of the cur-
riculum is needed badly,” Yacher says. One prablem is that there are few solid
Turkmen textbooks, and no recent textbooks in Russian or in English, says the

scientist, That matches the gy L mpitude ﬂfthe faculty. Even
in a field that was in favor under Niy th was
eliminated at Turkmen State Unlvemw in 1999 and, says the government sci-
entist, “the youngest archaeclagist we have is a 60-year-old guy. When the last
generation of archaealogists is gone, only foreigners will work here.”

Among signs of progress, construction has bequn on a $35 million build-
ing for Turkmen State’s physics and mathematics faculty, and a new campus
is in the warks for Turkmen State Medical Institute. The country is looking
beyond its borders as well, with plans this fall to dispatch 1500 students to
overseas universities, including Columbia University. “If [students] are off-
the-charts goad, we should do what we can to overcome any obstacles and
getthem here,” says Peter Lu, a physicist at Harvard University, who lectured
in Turkmenistan in 2005. Foreign institutions can play a critical role in the
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tured in Turkmenistan last month, When he visited a schoolin Turkmenbashi, a

canals. “We have asked how the salt will be
removed. They say the water will clean
itself. Nobody is able to explain to me how
this works,” says the Western technician.
Berkeliev too says he is mystified.

Looming shortage

The overarching question is whether Turk-
menistan might tap the Amu Darya to
improve the new lake. Under the Soviet-era
water-sharing agreement, Torkmenistan and
Uzbekistan each can use up to 22 cubic kilo-
meters of water flowing out of Afghanistan
and along their shared border—despite a
huge difference in population size. {Turk-
menistan has 5 million people; Uzbekistan
has 28 million.) “The Uzbeks will not toler-
ate any ‘vanity diversions’ to the new lake,”
says Glantz. [n a tense situation, “new diver-
sions will lead to a real war.”

Even if water isn’t diverted to the lake,
Afghanistan’s plans to rev up irrigation are
likely to curtail the Amu Darya’s flow. Cur-
rently, ituses only a few cubic kilometers each
year. “They are planning a massive expansion
of irrigation,” says Wegerich. Several
major projects launched in the last 2 years
aim to irrigate more than 1 million
hectares, with completion dates staggered
over the next 3 to 15 years. Adds Glantz,
“The Uzbeks think it is decades away.
Wrong.” A complicating factor is the retreat
of glaciers in the Pamir Mountains—the
source of much of central Asia’s fresh water.
“Eventually, there will be no Amu Darya, no
Syr Darya,” Mamadsho [olov, president of
Tajikistan’s Academy of Sciences, told Sci-
ence. Golden Age Lake, he says, “will be
very dangerous for neighboring countries.”

The best solution to Turkmenistan’s
‘water problems, Berkeliev and others argue,
is conservation. Currently, Turkmenistan
uses 5000 cubic meters of water per capita
per year. That’s twice the rate of Uzbekistan
and more than 10 times that of Israel. “We
are the champions of water waste,” says
Berkeliev. It’s high time, he and others say,
that the country revises its Soviet-era agri-
cultural system and switches to water-saving
technologies, like drip or subsoil irrigation,
and converts a significant portion of farm-
land to less water-intensive crops like wheat,
corn, grapes, and olives

Turkmenistan must also solve another
problem arising from its poorly maintained
infrastructure: water hoarding. Public sup-
plies are sporadic, and when the spigot is on,
Turkmen farmers funnel off as much as they
can. Upgrading the irrigation system would
be a much better investment than the lake,

Seaking up contaminants. Vyacheslav Zharkov
says his sorbents can render the waters of Golden

Age Lake suitable for drinking.

intellectual revival, starting with the next generation.

-R.S.

says Aral Sea expert Philip Micklin, a geog-
rapher at Western Michigan University in
Kalamazoo. In his view, Golden Age Lake is
*“a big waste of money.” When the plan was
being put together in the late 1990s, ithad a
conservation component—"but that disap-
peared.” says the independent scientist. “If
they spent half the budget of the lake on
water conservation,” he says, “they would
not have had to build the lake.”

The senior water engineer says he is not
bothered by the criticism and that it will not
derail the lake project. “We faced the same
opposition when we built the Karakum
Canal.” he says. “Any such great project will
have negative effects. But these are out-
sweighed by the benefits.”

Berkeliev says it’s refreshing to be able
to have this debate; it could never have
happened under Niyazov. “But to change
the minds of decision-makers, we need
strong support from the outside,” he says.
“We must have an international review of
this project while there’s still time,” adds
geographer [gor Zonn of the Engineering
Research Center on Water Management,
Land Reclamation, and Environment in
Moscow. That might be possible, as Turk-
menistan continues a cautious opening up
to the world. “We are trying to increase
international cooperation on environmen-
tal issues,” Ogulsona Karyeva of the Min-
istry of Nature Protection told a Fulbright
conference in Ashgabat last month.

“We would be very happy to work with
foreign scientists,” says Esenov. “It's a
complex problem.” That’s something
@VEryone can agree on.

—RICHARD STONE
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COMMUNITY ECOLOGY

All That Makes Fungus

Gardens Grow

The discavery of a parasitic yeast draws attention to the ways that pathogens can
stabilize ant agriculture and other symbiotic networks

Fifty million years ago, while the earliest pri-
mates were still scurrying from tree to tree,
scrounging fruits and insects, attine ants were
growing their own food. They were so adept
at domesticating mushrooms that hundreds of
species have descended from the original
farmers, all of them cultivating fimgi

Humans could learn a lot from the ants’
success. Over the past 10 years, researchers
have come to realize that the fungus gardens
thrive because of an intricate web of bacteria
and fungi that includes both pests, such as a
newly discovered black yeast, and partners,
including bacteria that keep pathogens in
check. By studying these relationships, biolo-
gists hope they ]l uncover lessons about the
evolution of such interactions, knowledge that
will help humans better manage microbes in
medicine and agriculture. “It’s a system that
works,” says John Morrissey, a microbiologist
at University College Cork mn Ireland. “If you
could develop a bacterial inoculant that was as
successful in controlling a specific pathogen as
the [beneficial bacteria] are for the ants, you'd
be onto a real winner.”

Complex network
Ant agriculture runs the gamut. For leaf-
cutter ants, farming is big business.
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Theyre the most notorious of the more
than 230 described species of fungus par-
deners, forming colonies of millions of
workers that can defoliate a tree or crop in
mere hours. The ants use the harvest to fer-
tilize hundreds of separate fungus gardens
in an elaborate subterranean compound.
Most attine gardens, however, are small-
scale operations: Their inconspicuous
colonies are tended by as few as a dozen
workers that scavenge bits of detritus to feed
a spongy handful of fungus.

But from the most primitive gardener to
the dreaded leaf-cutter, all attines would
starve if deprived of their fungal crops. When
anant queen leaves home to mate and found a
new colony, she must take a little mouthful of
the fungus with her to start a garden.

Although naturalists have known since
1874 that the attine ants are fungus gardeners,
more than a century passed before Ph.D.
student Cameron Currie began to chip
away the microbial complexity underlying
the ant-fungus symbiosis. While at the Uni-
versity of Toronto in Canada, he discovered
that ant gardens often contained a second fun-
gus, Escovapsis. When he grew it on culture
plates with different food sources, Currie
determined that Escovopsis is a pathogen

with a sweet tooth for only the ants” cultivar.
‘What's more, the pathogen’s evolutionary tree
had the same basic shape as those of the ants
and their crop, indicating that all three had
coevolved since the beginning of ant agricul-
ture, Currie and colleagues reported in 2003
(Science, 17 January 2003, pp. 325, 386).

Although Cwrrie isolated Escovapsis from
up to 75% of the gardens of several attine
species in Panama, this pathogen rarely
seemed to do much damage. The reason, it
turned out, was a fourth symbiont: Currie
found that actinomycete bacteria, housed and
nourished in pits on the ants’ bodies, produce
chemicals that keep Escovopsis in check.

The four-part garden symbiosis of ant,
cultivar, pathogen, and bacteria interrupted a
scientific wadition of studying symbionts two.
at a ime—think corals and alpae, for exam-
ple, or soybeans and nitrogen-fixing bacteria.
The discovery accelerated a transition toward
thinking of interacting organisms in trios or
networks, not pairs.

“When [ got into this stuff, it was two sym-
bionts,” says Ted Schultz, an entomologist at
the Smithsonian National Museum of Natural
History in Washington, D.C., who has studied
attine evelution for nearly 30 years. “T was
stunned” when Currie identified two more.

Now, in a paper in this month’s issue of
Ecolagy, Currie and his colleagues introduce
a fifth symbiont. “{It] just continues the trend
of being repeatedly surprised by how com-
plex this system is,” Schultz says.

The first hint of the new player came
when Currie, now at the University of Wis-
consin (UW), Madison, cultured the actino-
mycete bacteria from an ant called
Apterostigma. In addition to white bacterial
spots, a black yeast often appeared on the
same culture plates. Ainslie Little, now a
postdectoral fellow at UW Madison, took a
closer look at the yeast. She treated worker
ants in a vial coated with a selective anti-
Dbiotic that would rub off on the ants and kill
the yeast but not the other symbionts.

At first, it looked like the experiment was
a bust: Getting rid of the yeast had no effect
on the ants or their crop. But when Little
spritzed half the ants” gardens with a solution
of Escovapsis spores, the yeast suddenly
revealed its true colors. Over 3 days, ants with
black yeast infections lost twice as nmch of
their crop to Escovapsis as the yeast-free ants.
When Little grew the actinomycetes in petri
dishes with the yeast, the yeast ate the bacte-
ria, demonstrating that they rob ants of an
important defense against Escovapsis.

DNA studies showed that the black
yeasts are widespread on the attine ant fam-
ily tree, thriving near the pits where the ants
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house the actinomycetes. Like the cultivar,
Escovopsis, and actinomycetes, the yeast
has been part of the attines’ microbial bal-
ancing act since the ants first began to farm,
Currie says.

“It’s really exciting,” Schultz says of the
fifth symbiont. And Ulrich Mueller, an inte-
grative biologist at the University of Texas,
Austin, agrees: It's “interesting to what
extent the presence of [another] symbiont
can fund: ly change the i ion of
two other symbionts.”

No cheating allowed

Currie thinks that understanding three-,
four-, and five-way interactions like the ones
in the fungus gardens may ultimately revolu-
tionize the way we think about the evolution
of mutualism. Why two parties should coop-
erate—whether it’s two species over evolu-
tionary time or two people over the course of
a day—is one of science’s big mysteries
(Science, 1 July 2005, p. 93). Ina two-player
partnership, cheaters should be able to get
ahead by reaping benefits without paying
their dues, destabilizing the agreement. But
the ants have lived stably with two mutual-
ists for millennia.

Moreover, the two antagonists rarely get
too far out of line. Diseases and pests of
humans and their crops, on the other hand,
have evaded control measures in a matter of
decades. So everyone, from crop scientists to
basic evolutionary biologists, is itching to
know the secrets to both cooperation and con-
trol in the ants’ gardens.

Morrissey, for example, would like to
incorporate beneficial microbes into
human agriculture to reduce chemical
input. The attine system “shows it is possi-
ble to set up a structured [microbial] com-
munity ... over a very long term” for bio-
logical control, he says.

The “key question” for figuring out how to
manage beneficial microbes, says R. Ford
Denison, a crop ecologist at the University of
Minnesota, St. Paul, is why the ants” actino-
mycetes never turn against their hosts. Anti-
fungal compounds are expensive to make, and
selfish bacteria that don’t make the com-
pounds should be able to reproduce faster and
eventually overrun the helpers. But somehow
the ant system is robust to cheaters.

This is where the multipart interactions
come in, Currie says. He thinks there is a rea-
son that each partnership in the garden has a
parasite: Escovepsis intrudes on the ant-fungus
mutualism, and the yeast disrupts the ant-
actinomycete mutalism. These parasites may
be the very thing that keeps the mutualists
cooperating, Currie adds.

Currie and his colleagues tested this
idea by forcing the fungus or the ants to
cheat on each other. A selfish fungus would
reproduce more and feed the ants less. To
simulate this, Little removed specialized
nutrient-laden structures from much of the
cultivar. To shortchange the fungus, she
reduced the proportion of fungus-tending
workers in the colony.

With no Escavopsis around, the negative
effects of cheating were minimal, suggest-
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gets ahead because the actinomycetes them-
selves are so adept at evolving new antifin-
gal compounds. And if they don’t do it fast
enough, the ants can acquire new actino-
mycete strains.

But other organisms, yet to be described,
may also play a part in stabilizing fungus gar-
den ecology. “There are additional biofilms
associated with [the fungus], stuff that grows
on the fungus, or in the substrate, wherever
anything else can move in,” says Mueller.

ANCIENT AGRO-ECOSYSTEM

ing that it could become common over time.
But add Escovapsis and cheating was a dis-
aster, Currie reported last summer at the
Gordon Research Conference on Microbial
Population Biology in Andover, New Hamp-
shire. When either the ants or the fungus
were cheating, Escovopsis took over more of
the garden, killing the fungus and leaving
the ants with little to eat. Parasites, Currie
says, may play a crucial and underappreci-
ated role in keeping cooperators honest by
raising the costs of cheating.

But that doesn’t explain what keeps the
parasite itself from overrunning the fungus
garden, the same way human pathogens
have outpaced antibiotics. New results from
Currie’s lab, not yet published indicate that
Escovopsis does evolve resistance but never

Balancing act. A stable mix of cooperation and
conflict sustains ant agriculture. Symbionts help
{green) or hinder {red) one another thraugh
direct and indirect interactions.

the ants
food

‘When the ants transplant a garden, they do so
by choosing a little piece of the existing gar-
den, including any other microbes that are
mixed in with it. “In a sense, theyre selecting
on an entire community that has desirable
properties.” Mueller says. The idea still needs
to be tested. Meanwhile, only the daring
would place bets on how many symbionts
have yet to turn up. Currie expects a few more;
Mueller predicts hundreds. Evolutionary biol-
ogist Jacobus Boomsma of the University of
Copenhagen in Denmark says that regardless
of the number of symbionts, the fungus gar-
deners are poised to answer critical questions
about cooperation, conflict, and microbial
ecology. “This system,” he says, “will keep
inspiring us for at least a decade more.™
—~ELSA YOUNGSTEADT
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GLAST Mission Prepares to Explore
The Extremes of Cosmic Violence

NASA's new gamma ray observatory will probe the most energetic radiation ever
studied, the product of cataclysmic events deep in space

In July 1967, US. surveillance satellites look-
ing for signs of'a Russian nuclear test in space
recorded two flashes of gamma radiation. Sci-
entists quickly determined that the high-
energy bursts did not come from a nuclear
explosion, which would have generated a
ined stream of gamma dals
produced lower energy radiation detectable by
other satellite instruments. Only years later
did they realize that the flashes—named
gamma ray bursts (GRBs)—originated in vio-
lent events deep in space. In scanning the
heavens for an enemy secret, they had stum-
bled upena cosmic one.

That serendipitous discovery opened a
windew on previously unknown phenomena
whose signatures lay at the gamma end of the
energy spectrum. Since then, astronomers
have dispatched a number of gamma ray tele-
scopes into space to glimpse the pyrotechnics
unleashed by violent events such as collisions
between neutron stars and the emission of
particle jets by massive black holes.

Now, researchers are opening the
window wider with a new telescope
designed to record gamma radiation
several orders of magnitude higher in
energy than current instruments can
detect. NASA's Gamma-ray Large Area
Satellite Telescope (GLAST), scheduled for
launch next month, will also be the first
instrument of its kind to survey the entire sky

several times a day, increasing the chances of
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finding and following extreme astronomical
phenomena anywhere in the universe.
Researchers say GLAST's powerful com-
bination of sensitivity and sweep will yield a
rich harvest of data that could answer a host
of astronomical questions such as how super-
massive black holes behave and how cosmic
riys originate. A tantalizing possibility is that
observations from GLAST will help physi-
cists discover the fundamental nature of dark
matter, which makes up 10 times as much of
the universe as the familiar matter of planets
and stars. The mission represents a conver-
gence of the quests to understand the large
and the small, says Rene Ong, an astronomer
at the University of California, Los Angeles.
“We are just at the start of a very exciting
time in astronomy and fundamental physics.”
he says, noting that unlike data from most

Coming attraction. Simulated "gamma ray sky”
shows how new observatory will view the universe.

Final touches. Technicians al Cape Canaveral
‘ ready GLAST for attachment 1o its launch wehicle,
previous missions, GLAST's will be avail-
able in real time to scientists—and the pub-
lic—anywhere in the world starting a year
after the launch.

Catching rays
Built over a decade at a cost of $690 million,
GLAST is a feat of engineering. Its main
instrument is a 3-ton detection system called
the Large Area Telescope (LAT), which con-
sists of two devices to track the direction and
energy of incident gamma rays—energetic
photons of extremely high-frequency electro-
magnetic radiation. The direction detector is a
four-by-four matrix of towers that are essen-
tially layers of tungsten and silicon stacked
one on top of another. When a gamma ray
slams into a tungsten layer, there’s a chance its
energy will be transformed into an electron
and a positron that are propelled along the
path the ray would have taken. As the two par-
ticles travel through silicon Jayers in the stack,
they generate currents that reveal their direc-
tion. When they emerge from the bottom of
the stack, the particles enter a chamber of
cesium iodide—the telescope’s energy-
detecting device—producing a flash of light
‘whose intensity shows how fast they had been
moving and thus the energy of the gamma ray.
The stacked design gives LAT a much
larger collecting area than previous gamma
ray telescopes such as the Energetic Gamma
Ray Experiment Telescope (EGRET), which
flew on NASA’s Compton Gamma Ray
Observatory from 1991 to 2000. More col-
lecting area means increased chances of' a col-
lision. And thats exactly what’s needed in
order to detect higher energy gamma rays,
explains Steven Ritz, GLAST project scientist
at NASA’s Goddard Space Flight Center in
Greenbelt, Maryland, because they are so rare
that a less sensitive instrument would miss
them. Asa result, LAT can detect gamma rays
of up to 300 billion electron volts, 10 times
EGRETS upper limit (see figure, p. 1009).
GLAST has a second instrument designed
to detect lower energy gamma rays that
LAT would not register. Called the
GLAST Burst Monitor (GBM), its a
set of 12 sodium iodide disks and two
| bismuth germanate disks pointed in
different directions, covering practi-
cally the entire sky. The disks produce
light when strack by photons at the lower
end of the gamma spectrum; scientists can
trace the direction of the incident rays simply
by noting which disk bears the brunt of the
collision. GBM will detect rays between 10
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KeV and 25 MeV, overlapping with LAT’s
lower limit of 20 MeV. “Together, the two
instruments give us vast energy coverage,”
says Ritz, adding that “if GLAST were a
piano, it would have 23 octaves.”

One of the challenges in designing the sys-
tem was to ensure that it would run on the
small amount of power available from the
satellite’s solar panels. Robert Johnson, a
physicistat the University of California, Santa
Cruz, who led the engineering of the tower
array, says simplifying the electronics was part
of the solution. “We ended up at 160 watts.” he
says. “That’s a couple of light bulbs of power
for over 900,000 channels™

Black hole, bright lights
Astronomers will be eagerly scanning
GLAST data for clues to what goes on near
black holes thatsitat the centers of
galaxies. Such objects can be as massive as
hundreds of thousands or even billions of
stars. As their enormous gravity sucks matter
into a whirling disk around them, opposing
Jjets of particles shoot away from their poles at
nearly the speed of light. If a jet from such an
active galactic nucleus (AGN) happens to be
pointed at Earth, astronomers call it a blazar.
The process generates radiation across the
entire electromagnetic spectrun, including
high-energy gamma rays.

The Compton Observatory identified
66 blazars during its time in orbit.
Astronomers have since puzzled over how
these beasts accelerate particles to such high
speeds. GLAST is expected to find thousands
of new blazars because of its sensitivity and
periadic surveying of the sky, and the data it
sends back should provide a sharper, more
dynamic picture of these events than Compton
did, says Ritz. He expects blazars and AGN to
be a “bread and butter” topic for researchers
analyzing GLAST data.

Alan Marscher, an astronomer at Boston
University, agrees. Last month in Nature,
Marscher and colleagues presented x-ray,
radio, and visible light observations from a
blazar, suggesting that the “aceretion disk”
spinning around the black hole had caused
the magnetic field in the galactic center to
coil into a spiral, leading to the emission of
particulate jets from its core. He says
GLAST will help him test the theory by
observing how the brightness of gamma
radiation from different blazars changes
over time. “We expect time delays between
the peaks in the flares at different gamma ray
energies and relative to the flares in x-ray,
visible-light, and radio emission,” Marscher
says. That signature, he says, could offer a
deeper look into the heart of a blazar.

Outracing LHC?

Researchers involved with GLAST call the
mission a unique marriage between particle
physics and astronomy. Some are hoping to
Justify that description in grand fashion in the
years to come by carving out a prominent role
for GLAST in finding the elusive particle that
constitutes dark matter.

As its name implies, astronomers cannot
see dark matter; only its gravity gives it away.
Many theorists think it consists of still-
unknown “weakly interacting massive parti-
cles” (WIMPs). Detecting WIMPs is one of
the goals of the Large Hadron Collider (LHC),
the $5.7 billion underground accelerator at
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happy if they saw it first and determined the
particle’s mass, and then we went out and
found it in space.”

By the same token, observations from
‘GLAST could help LHC in its quest to iden-
tify WIMPs, says Dan Hooper, a theoretical
physicist at Fermi National Accelerator Lab-
oratory in Batavia, [llinois. He says LHC will
generate such a huge volume of data that any
hint from GLAST about the energy released
by an annihilating WIMP pair would help
LHC scientists to focus their search. “If you
are doing this needle-in-a-haystack search,
knowing how big
the needle is could
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Record breaker. GLAST's instruments can record gamma ray photons 10 times as energetic as

the detactors aboard earlier satellites could handle,

CERN that is expected to come on line this
summer. But if the hypothesized particles do
turn up there, physicists will still need to con-
firm that they make up the dark matter out in
space. That’s where GLAST would come in.

According to theory, in the rare event when
two WIMPs collide, they annihilate each other
and give off gamma rays. Such collisions are
most likely in galactic regions where dark
matter is densely concentrated.

“We would look in those known directions
to see if GLAST is picking up an excess of
gamma rays,” says Johnson, who started his
career as a particle physicist before being com-
pletely “consumed” by the GLAST project a
decade ago. He's now the co-convener of the
mission’s dark matter science working group.
“The dream scenario is that we see the signa-
ture of dark matter before LHC turns on,” he
says with a chuckle. “But we'd be perfectly

be key,” he says. However, Hooper cautions
that gamma rays produced by WIMP colli-
sions could turn out to be teo faint for
GLAST to see.

When the data start streaming in,
researchers will be able to sink their teeth
into them for insights into other fundamental
problems. For example, says Neil Gehrels,
deputy project scientist, GLAST might catch
small, primordial black holes in a vanishing
act, confirming a prediction by Stephen
Hawking that such objects shrink by emitting
radiation and eventually evaporate intoa cre-
matory flash of gamma rays.

“It could well be that the most interesting
observations turn out to be something entirely
new and unexpected” says Ritz. If that were to
happen, as wimesses to the discovery of GRBs
can testify, it would not be the first ime.

=YUDHIJIT BHATTACHAR]EE
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Free Access to Landsat Imagery

WE ARE ENTERING A NEW ERA IN THE LANDSAT
Program, the oldest and most venerable of
our Earth-observing satellite programs. With
little fanfare, the U.S. Geological Survey
{UUSGS) has begun providing imagery for
free over the Internet. Throughout the history
of the Landsat Program, the cost and access
to imagery has always limited our ability to
study our planet and the way it is changing.
Beginning with a pilot program to provide
“Web-enabled™ access to Landsat 7 images of
the United States that were collected between
2003 and this year, the USGS now plans to
provide top-quality image products for free
upon request for the entire US. archive,
including over 2 million images back to
Landsat 1 (1972) [for details and schedules,
see (1)]. The release by NASA and the USGS
in January 2008 of a new Landsat Data
Distribution Policy (2) was a key step to thi
poal. Free imagery will enable reconstruction
of the history of Earth’s surface back to 1972,
chronicling both anthropogenic and natural
changes during a time when our population
doubled and the impacts of climate change
became noticeable.
THE LANDSAT SCIENCE TEAM: CURTIS E. WOODCOCK,'* RICHARD ALLEN,? MARTHA ANDERSON,?
ALAN BELWARD,* ROBERT BINDSCHADLER, WARREN COHEN,* FENG GAO,* SAMUEL N. GOWARD,"
DENNIS HELDER,® EILEEN HELMER,’ RAMA NEMANI,™ LAZAROS OREOPOULOS,* JOHN SCHOTT,
PRASAD 5. THENKABAIL,'* ERIC F: VERMOTE," JAMES VOGELMANN,**
MICHAEL A. WULDER,'* RANDOLPH WYNNE®
*Department of Geography and Environment, Boston University, Boston, MA 02215, USA. *University of |dahe Research and
Extension Certer, Kimberly, [0 83341, USA. *USDA-Agricultural Research Service, Hydrology and Remate Sensing Lab.
Beltsville, D 20705, USA. “Eurepean Commission Joint Research Center, Institute for Ervircnment and Sustainability, Global
Environment Monitoring Uni, 21020, Ispra, Varese, taly. “MASA Goddard Space Flight Center, Greenbelt, D 20771, USA.
#USDA Faorest Service, Corvallis, OR 97331, USA. "Department of Geegraphy, University of Maryland, Callege Park, WD 20742,
USA. ®Electrical Engineering and Computer Science Department, South Dakata State University, Brookings, 5D 57007, USA.
Finternatienal Instiiute of Tropical Farestry, U.S. Forest Service/Rocky Mountain Research Staticn, Fort Collins, CO 80526, USA.
1ONASA Ames Research Center, Ecosystem Science and Technelugy Branch, Waoffett Field, CA 24035-1000, USA. ™ Rachester
Institute of Technology, Chester F. Carlson Center far Imaging Science, Redhest el, NY 14623, USA. 2 Antermational W
Management Institute (WAL, 127, Sunil awatha, Battaramulla, Colomba, Sri
of Waryland, College Park, MD 20742, USA, 1SNCIUSGS EROS, Siow Falls e i
Forestry Centre, Victoria, BC V67 1845, Canada. **Depariment of Forestry, Virginia Tech University, Blacksburg, VAZ4061, USA.

Free image. This Landsat 5 image of the southeast-
ern corner of the Black Sea is part of the general
U.S. archive that will be accessible for free under
the new USGS policy.

*To whom correspendence should be addressed. E-mall: curtis@bu. edu

References
1. USGS Technical usgs
2. Landsat Missions thtp:idom. usgs.qovipdifLandsat_Data_Policy.pdf).

ISGS_Landsat_Imagery_Release.pdf).

Why Rowe-Clark Doesn't
Teach by the Book

WE ARE WRITING ON BEHALF OF THE 150
students attending Rowe-Clark Math and
Science Academy, The Exelon Campus of
Noble Street Charter School, and all of their
teachers. Science reporter 1. Mervis visited
our campus for several hours this fall to
observe our science and math classes, learn
about our school, and interview students and
teachers in preparation for the News Focus
story “A new bottom line for school science”
(22 February, p. 1030).

Rowe-Clark Math and Science Academy is
an exemplary school, showcasing innovative,
engaging science and math teaching and
learning, as well as a model partnership
between a school and a business. We thank
Mervis for his attention to our school and the
‘work we are doing with Exelon

However, we feel that Mervis did a dis-
service to Science readers, as well as to
Rowe-Clark students, teachers, and pamnls,
due to a sut ial—and even offens:
error in his reporting,

Mervis reported that freshmen taking
physics at Rowe-Clark do not use a textbook.
This is accurate. What is blatantly inaccurate
is the reason Mervis cites: “because so many
of them wouldn't be able to read it” V.
Galwrza explained clearly to Mervis her
approach to teaching physics, and Mervis
observed this during a 2-hour visit to our
physics classroom. Using the modeling tech-
nique, Galarza guides students through
hands-on experiments in which they collect
data and, from that data, derive the laws of
physics. Students remember what they learn
because they have discovered it for them-
selves, not read it in a textbook. Many of our
students are admittedly behind others at their
grade level, but they are able readers who use
textbooks in classes where that is deemed by
the teacher to be the best tool for learning. In
physics, active experiments make for more
powerful and lasting learning than textbooks,
and the modeling technique is an innovation
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inscience education that is becoming increas-
ingly widespread. It is a student-centered
instructional strategy through which students
participate in active scientific inquiry, dis-
course, and evaluation of evidence.

RACHEL KRAMER AND VANESSA GALARZA

Rowe-Clark Math and Science Academy, 3645 West Chicago
fvenue, Chicago, IL60SST, USA.

Science Education:
Should Facts Come First?

IN THEIR EDUCATION FORUM "APPLICATION
of Bloom’s taxonomy debunks the *“MCAT
myth’” (25 January, p. 414), A.Y. Zheng et al.
suggest using Bloom’s taxononty as a tool for
assessment of lower- and higher-level think-
ing. We think that Bloom’s taxonomy should
be considered more carefully before it is
applied to the assessment and reform of
undergraduate courses.

Bloom’s taxonomy demonstrates a progres-
sive sequence in human cognition, from simple
{lower) to complex (higher) thought processes.
However, it does not account for one important
factor: a temporal or chronological sequence.
At different stages of the whole educational
process, instructional purposes are different.
Assessments should reflect such purposes.
Time-consuming lower-level fact instruction at

were admission tests or first-year tests. The
goal of this kind of test is to identify gaps na
student’s mastery of basic facts, and higher-
level questions are less effective in meeting
this goal. [t may be unrealistic and dangerous
in assessment to jump to a greater proportion
of higher-level thinking at the cost of possible
ignorance of students’ mastery of basic facts.
SHESEN GUO
Qianjiang College, Hangzhou Nermal University, Hangzhaou,
hejiang 316012, China. E-mail: guoshesen@126.com

Respanse

GUO IS CORRECT IN POINTING OUT THAT THE
explicitly hierarchical level of Bloom’s taxon-
omy implies a chronological sequence in
instruction (1, 2). The literature does not,
however, support the claim that factual recall
should be the primary focus of early courses
in a curriculum and that higher-order think-
ing should be reserved for later courses. Most
educators believe that students should be
working at higher levels in Blooms hierarchy
as often as possible. An author on both the
original and revised Bloom’s taxonomy (/, 2)
writes that educational objectives above the
Factual Knowledge level “are usually con-
sidered the most important goals in educa-
tion” [page 213 in (3)], including primary
and secondary education. The recent revi-
sion of Bloom’s taxonomy introduces a

earlier stages will contribute to and
higher-level thinking. Without assessment of
lower-level thinking (that is, the students’
knowledge base and comprehension) at stu-
dents” earlier stages, instructors may not know
whether students are well equipped to advance
to concepts that require higher-level thinking
and how far the students could go.

All of the sources used by Zheng ef al.

two-di d to
assess how well the educational objectives
from any course fulfill all elements in
Bloom’s framework (2, 3).

[n addition, we are not aware of data
supporting Guo’s assertion that “[t]ime-
consuming lower-level fact instruction at
earlier stages will ... guarantee higher-level
thinking_” In our experience, an overempha-

TECHNICAL COMMENT ABSTRACTS

CommenT on “Brain IRS2 Signaling Coordinates Life Span and Nutrient

Homeaostasis”

Colin Selman, Steven Lingard, David Gems, Linda Partridge, Dominic . Withers

Taguchi ef ai. {Reports, 20 July 2007, p. 369) reported that mice heterozygote for a null mutation in insulin recep-
for substrate=2 {Is2) display a 17%b increase in median life span. However, using the same mouse model, we find
no evidence for life-span extension and suggest that the findings of Taguchi ef af. were due to atypical life-span

profiles in their study animals.

Full text at www.sciencemag.org/cgifcontentMull/320/5879/10120

ResponSE To COMMENT on “Brain IRS2 Signaling Coordinates Life Span and

Nutrient Homeostasis”
Akiko Taguchi and Marris F. White

Differences in reported life span of mice heterozygous for a null allele of the insulin receptor substrate~2 (Irs2)

might invalve the effects of diet, breeding strateqies, and genetic background on insul

-like signaling cascades.

A better understanding will emerge from studies focusing on the coordination of autrient homeostasis and life span
oy insulin-like signaling in specific perigheral tissues and the central nervous sysiem.
Full text at wi sciencemag.org/cgifcontent/lu V320658791101 2¢

Letters to the Editor

Se1iss

ious 3 montl

sis on lower-order thinking at early stages of
instruction impedes progress in later courses
that also demand higher-order thinking.
Problems arise because students have been
trained to associate memorization with aca-
demic success.

Guo’s letter reflects a view held by a
substantial proportion of instructors that
mtroductory science courses should focus
primarily or even exclusively on factual con-
tent. The data in our Education Forum
{25 January, p. 414) indicated that biology
students who intend to pursue medical or
graduate school are poorly served by such
courses because the exams required for
admission emphasize questions above the
bottom rung on Bloom’s taxonomy.

SCOTT FREEMAN, JANESSA LAWHORN,
ALEX ZHENG

Department of Biclogy, University of Washington, Seattle,
WA 98195, USA.
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A Victory for PETA

AFTER 2 YEARS OF LOBBYING BY PEOPLE FOR
the Ethical Treatment of Animals (PETA),
CareerBuilder has stopped its chimpanzee
advertisement campaign. On 23 January
2007, PETA announced online that Career-
Builder had agreed to stop this series ofadver-
tisements; however, CareerBuilder did not
sign a pledge to never use great apes in its ads
again (1), Both AAAS (2) and CarcerBuilder
have now made the right move.

CYNTHIAR. SPIESS

Department of Computer Science, Southern Illi
University, Carbondale, IL 62901, USA.
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INTEGRATIVE BIOLOGY

What Systems Biology Is (Not, Yet)

Corey J. Cain,” Debra A. Conte, Marcos E. Garcia-Ojeda, Liza Gomez Daglio,
Larry Johnson, Eric H. Lau, Jennifer 0. Manilay, Julie Baker Phillips,
Nabora Soledad Rogers, Sarah E. Stolberg, Holly F. Swift, and Michael N. Dawson

hat is systems biol-
‘ ,‘ / ogy? Aspects of the
field can be traced
to the mid-20th century, but its.
recent growth was sparked by
the integration of theoretical
and structural molecular biol- Westerhoff,
ogy to answer new questions oA
arising from high-throughput, ~EEEIREIEDS
data-rich, functional genom-
ics. New collaborations, insti-
tutes, and at least one new re-
search university (owr own) established at the
turn of this century embraced systems biology
to transform “largely descriptive” biology
practiced along disciplinary lines into “a
quantitative, predictive” interdisciplinary en-
deavor (J). Almost ten years on, what is sys-
tems biclegy now? As students and faculty
drawn together from tissue engineering,
molecular and cell biology. physiology, ecol-
ogy, and evolution into a current topics class
of the Quantitative and Systems Biology
graduate group at UC Merced, we sought to
answer this question to define our course and
possibly our futures.

Systems Biology: Philesophical Foun-
dations, a collection of papers arising from a
2005 symposium convened by the Depart-
ment of Molecular Cell Physiology, Vrije
Univessiteit, Amsterdam, and the first book
on the philosophy of systems biology, was a
natural starting point. The editers” “Intro-
duction™ describes systems biology as the
combination of sciences from “physics to
ecology, mathematics to medicine and lin-
guistics to chemistry” and the field’s purview
as “functional biology.” Yet, they see systems
biology as largely cell biology. In their view
the field primarily studies processes that
occur in extant life forms; they also note the
importance of research nto minimal life (*“the
smallest unit of life among autonomous
cells”) and the origin of life.

Surprisingly, given systems biology’s sup-
posed broad embrace, the editors explicitly

The reviewers are students and faculty in the Current
Topics in Quantitative and Systems Biology class
(2007-2008}, Schaol of Natural Sciences, University of
California, Merced, Post Qffice Bux 2039, Merced, CA
95340, USA.

“uther for cormespondence. £-mall: ceain @uemerced

edu

Systems Biology
Philosophical Foundations

Fred C. Boogerd, Frank J.
Bruggeman,
Hofmeyr, and Hans V.

Circuits
By Uri Alon

Chagman and H;
2006. 317 pp. $54.85, £30.99,

Jan-Hendrik S.

Eds.

rdam, 2007
i8.99, £59.95.
4520852

exclude one discipline: evolutionary biology.
They explain, quoting Ernst Mayr (2), that
fimetional and evolutionary biology are “two
largely separate fields which differ greatly in
methods, Fragestellung [types of questions]
and basic concepts”” That sentiment is echoed
in a chapter on methodologies
by Hans Westerhoff and
Douglas Kell and again in the
editors’ “Conclusion™ (“sys-
tems biology is functional and
mechanistic rather than evolu-
tionary biology™), which sup-
posedly summarizes findings
of all of the chapters. However,
seven of the other 11 chapters
discuss the evolution of sys-
tems, albeit not always at
length. These include thought-
ful contributions by William
Wimsatt on research programs,
Alvaro Moreno on the origin of
biological organization, and
Evelyn Fox Keller on self-
organizing systems.

This discrepancy seems to
result from the editors’ position
that functional systems biol-
ogists “may use reasoning
derived from evolutionary
biclogy” but ignore the evolu-
tion of systems. That claim is at
best whimsical, and the editors
themselves cite homology of
DNA sequences as evidence of
the “unity of biochemistry,”
praise “the successes of ...
phylogenetics.” and foresee
synergy with “evo-devo.” A
more convineing exclusion of
evolutionary biology could

An Introduction to Systems Biology
Design Principles of Biological

RC, Baca Raton, FL,

ISBN 8781584886426 Mathematical
and Computational Biology, vol. 10.

have been damaging. The mantra that “sys-
tems biology tries to understand life as it is
now” but need not ask “why-questions” courts
the “adaptationist programme” excoriated by
Stephen Gould and Richard Lewontin (3)
three decades ago. Furthermore, the belief
that “biological systems live in the absence
of evolution” precludes rational
treatment of viruses that evolve
within the host’s body during dis-
ease progression (). Fortunately,
this is not the current prospectus
for the field (5-7)

Although we initially found
Philosophical Foundations tobea
source of frustration—a common
response for scientists attempting
their first philosophical texts—
the book stimulated self-discov-
ery and eventual insight. Despite
our disagreement with some specific conclu-
sions, we appreciated the authors’ success at
motivating mtrospection. Because the contri-
butions in the volume are autonomous, indi-
vidual chapters can be read to usefully
complement other systems biology books.

BROWSINGS

Inspired by Nature: Plants. The Building/Batany Connec-
tion. Alejandro Bahamdan, Patricia Pérez, and Alex Campello.
W. W. Norton, New York, 2008. Paper, 192 pp. $35, C$38.50,
£19.99. ISBN 9780393732511,

The authars showcase recent buildings in which the study
and reinterpretation of plants was used to enhance architec-
tural design. They present examples from around the world
that draw on vegetal strategies to create efficient and sus-
tainable forms. Individual chapters cover designs that reflect
competition far light or space, control of water, temperature
regulation, adaptations to cold or windy settings, and
defense mechanisms. The final chapter offers cases—such as
the Billkoard Building in Takyo (below)—that adopt aspects
of the botanical world for aesthetic or evacative purposes
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Uri Alon's Infroduction to Systems
Biology, written as a guide for students, takes
a very different approach, one we found more
immediately accessible and useful. Alon (a
physicist turned molecular biologist at the
Weizmann Institute of Science) aims to pro-
vide a mathematical framework, to illustrate
select design principles, and thus to foster
understanding of biological networks. He
does so by using introductory equations and
logic to capture the essence of natural phe-
nomena whose relevance to biology is illus-
trated with examples from familiar models:
bacterial chemotaxis; the neuronal network of
Caenorhabditis elegans; Drosophila develop-
ment; and the transcription network, flagellar
motor, and Lac operon of the bacterium
Escherichia coli.

The 12 chapters provide a toolbox for
investigating systems in living organisms.
They build sequentially to cover three topics:
(i) A small subset of all possible networks pro-
vides the motifs that are the building blocks of
circuits and perform defined information-
processing functions in dynamic networks.
(11) Biological circuits are robust to naturally
occurring fluctuations in dynamic systems.
{iii) Circuits in different systems repeatedly
converge on optimal designs. Alon argues that
general biclogical laws have resulted in inher-
ently simple biological networks that employ
a few motifs, are robust, and are modular. He
is largely convineing that these characteristics
are widespread, thus encouraging students of
any stage that, using the toolkit outlined, they
can develop an intitive understanding of the
peneral principles.

Although Alon’s approach provides a com-
mon language potentially scalable from bio-
chemical reactions, through cell-cell signaling,
to organismal interactions over evolutionary
time, the choice of examples “most familiar to
the author” leaves out applications to non-
madel and population-level systems. Whether
it will be practicable in such instances remains
to be demonstrated. Along with inexact usage
of a few terms—adaptation, fitness, and opti-
mality—such unknowns illustrate the necessity
for collaboration if one is to achieve seamless
interdisciplnarity. Yet, Alon’s approach is tech-
nical, not intrinsically functional nor necessar-
ily evolutionary; applied to cellular processes
occurring in extant life forms that must be
robust through time, it agnostically hints at uni-
fication of “understanding of evolved and
designed systems.”

‘What is systems biology now? The chap-
ters in Philasaphical Foundations, their com-
parison with Alon’s approach. and our own
experience demonstrate that it is different
things to different people. It is perhaps easier

23MAY 2008 VOL320 SCIENCE

and more important to identify what systems
biology currently is not. It is not a holistic
interdisciplinary endeavor. Systems biclogy
strongly reflects its origins in molecular and
cell biology departments, which separated
from organismal biclogy decades ago (§). The
broad jurisdiction of systems biology is
mmplied by titles of new journals that reference
component parts, such as Molecular Systems
Biology, Systems and Synthetic Biolagy, and
AET Systems Biology. These, however, per-
haps speak louder of what systems biclogy
risks remaining: practiced within traditional
disciplinary boundaries. When Linus Pauling
was promoted in 1931, he chose “the title of
Professor of Chemistry—not theoretical
chemistry ... not physical chemistry” (%),
Systems biologists similarly need to choose
interdisciplinarity.

The quote from Mayr, employed in
Philasaphical Foundations to exclude the his-
tory of life, actually introduces his observa-
tion that functional and evolutionary biology
“have many points of contact and overlap.
Any biologist working in one of these fields
must have a knowledge and appreciation of
the other field” (2). Choosing Mayr’s words to
eschew evolutionary biol-
ogy is additionally incon-
gruent because he was
among those who led the
modern  synthesis that
linked genetic processes
to micro- and macro-
evolution and now forms
the foundation for con-
temporary evolutionary
biology. That synthesis
achieved for organismal biology what systems
biclogy aspires to today. Its far-reaching con-
sequence is epitomized in Theodosius
Dobzhansky’s famous claim, “nothing makes
sense in biology except in the light of evolu-
tion” {10). Dobzhansky did not demand pri-
macy of evolution over all biology. Likewise,
no modern evolutionary biologist could rea-
sonably deny the fundamental contributions
made to their discipline since the 1950s by
physicists and chemists working on molecular
biology. Rather, Dobzhansky was emphasiz-
ing that even functionally peculiar biological
phenomena—such as the giraffe’s recurrent
laryngeal nerve and human’s forward-articu-
lating knee—can be explained evolutionarily.
To Dobzhansky, extant systems and their
ancestors were “interdependent and con-
nected by reciprocal feedback relationships™
(10) retained in modern function. Systems
biology’s history will, in time, explain what
the endeaver becomes. Not by chance alone
will it have the good fortune to unify biology.

of the Mollusca

B. Lindberg, Eds.

of California Press,

Phylogeny and Evolution

Winston F Ponder and David

ISBN 9780520250325,
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Hard Facts About
Soft Animals

Matthias Glaubrecht

emarkably, the poet Edgar Allan Poe

was among the first to comment that a

reliable classification of molluscs
requires a combined analysis, which in his
times meant reconciling a system based on
hard shells with evidence from
soft body anatomy. In The Conch-
ologist s First Book (1, 2), his only
book to achieve commercial suc-
cess during his lifetime, Poe ex-
plicitly distinguished between
conchology (the study of shells)
and malacology (the study of mol-
huses). Unfortunately, for almost
another century conchologists
continued to classify molluscs
using almost exclusively features of their
shells while neglecting information about the
soft bodies inside.

With some 200,000 extant species, the
Mollusca (snails, clams, and squids) are one of
the largest animal phyla, second only to the
arthropods (spiders, crabs, insects, and their
like). The remarkably rich fossil record of mol-
luses illuminates their history back into the
earliest Cambrian (543 million years ago), and
they have since spread into nearly every
ecosystem on Earth. The seven or eight classes
of living molluscs and two extinet class-rank
taxa comprise an array of extremely varied
body plans. Molluscs range from minute
‘wormlike animals dwelling among sand grains
on the beach to giant squid in the deep sea and
from microscopic snails in leaf litter to giant
clams in coral reefs. As objects of fascination,

The reviewer 1s at the Museum of Natural Histary,
Humboldi University, Invalidenstrasse 43, 10115 Berlin,
Germany. E-mall: matthias.glaubrecht @museum.hu-
berlin.ce
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function, and food, molluses play important
roles in many cultures and societies. They
include many taxa of immense econonic sig-
nificance, such as oysters, scallops, and
squids; some bivalves produce precious pearls;
some snails carry diseases that infect millions
of people, especially in the tropics

Yet, we still know few hard facts about the
evolution and phylogeny of all these soft-
bodied animals. For the greater part of the pre-
vious century, Johannes lhncle ] epmha.]
Handbuch der Sy

netic tree caleulated using another partial pene
fragment from any more-or-less randomly
chosen set of taxa is considered to merit its
own publication. The volume, compiled by
‘Winston Ponder (a recently retired researcher
at the Australian Museum in Sydney) and
Dave Lindberg (University of California in
Berkeley), two of the most distinguished
malacologists of our time, grew out of a sym-
posium organized by the editors during the
2004 World Congress of Malacology in Perth.
The fum aimed to review the available

kumde (3), published between 1929 and 19’31,
provided the standard in molluscan systemat-
ics. For his classification Thiele, a malacolo-
pist at the Natural History Museum in Berlin,
evaluated characteristics from shell, radula,
and anatory in a synthetical, albeit pre-
cladistic, manner. Although he sometimes
erred, as for example when he discarded apla-
cophoran molluses as worms belonging to the
phylum Annelida, Thiele’s systematization
was a masterpiece, By the time his handbook

Two of the many mlrphulngles of molluscs. The snail {left), an undescribed Tylemelania, is ane of abaut 40 mem-
bers of a lacustrine species flock endemic to Sulawesi. Solenogastres, such as Falcidens halonychi {right), are mastly
minule, worm-shaped inhabitants of deepwaler marine habitats.

was finally translated into English and repub-
lished in 1992 (4), a substantial volume of new
data from morphology, molecular genetics,
and paleontology had accumulated, already
too diverse for any one malacologist to master.

New tools, from molecular technigues to
fluorescence-coupled antibody staining and
« confocal laser scanning microscopy, in con-
g cert with new hes, such as

evidence from which we hypothesize mollus-
can phylogeny, and the book brings together
what we know so far from disparate areas such
as the study of ultrastructure of sperm,
chemosensory organs, and many other mor-
phological structures as well as sequence data
from mitochondrial and nuclear gene frag-
ments and multigene analyses. In doing so, it
offers a phylogenetic platform from which
malacology can proceed into the genomic era.

Mast of the contributors are authorities on

the topics they cover. The first three chapters
offer a general introduction to molluses,
review recent work on the phylogenetic posi-
tion of Mollusca and relations among its
higher taxa, and consider putative Harly
Cambrian relatives such as Kimberella,
Wiwaxia, and the halkieriids. The fnllu\\'illg 12
chapwrs provide a taxon-by-taxon synopsis of

assisted cladistics, that allow the recurrent
testing of phylogenetic hypotheses under var-
ious models and assumptions have recently
generated a renewed interest in reconstru-
cting animals’ evolutionary history. Con-
sequently, within the past two decades our
understanding of molluscan phylogeny has
undergone a remarkable transformation that
is about to fundamentally change the classifi-
cation of the phylum.

Phylogeny and Evolution of the Mollusca
provides an updated collation badly needed at
5 a time when seemingly every new phyloge-

REDITS. (LEFT)

I evolution of each of the major
g[oups, from wormlike marine Solenogastres
and Caudofoveata, through the shell-bearing
uni- and bivalved forms, to the “naked” air-
breathing land pulmonates. Each of these
chapters reviews the data in a systematic way,
‘with a shared format that helps readers quickly
orient themselves. A few chapters also provide
original data and new analyses—for example,
a combined morphological and molecular
phylogenetic study on gastropods (which, with
about 150,000 extant species, comprise 80%
of all molhiscs).

The penultimate chapter approaches mol-

BOOKS eTaL I

luses from an evolutionary-developmental
viewpoint, revealing how little we still know
in this field. The book ends with an overview
of molluscan evolutionary genomics, includ-
ing a useful survey of available data from
‘high-throughput DNA sequencing. That chap-
ter underscores our present position at the
dawn of a new synthesis of biosystematics and
evolutionary biology, paralleling that of the
early 20th century when the fledgling field of
genetics identified the underlying basis for
anagenesis and cladogenesis.

Readers may find that they disagree with
certain authors’ approaches and claims here
and there (e.g., the concept of reconstructing a
hypothetical ancestral mollusc). [am unhappy
with the editors” and, under their guidance,
most authors” uncritical use of the reappearing
term “adaptive radiation” In contrast to
Henry Fairfield Osborn’s traditional concept
of a fan-shaped diversification pattern, that is
now much more strictly (and, to my taste, ade-
quately) defined by evolutionary ecologists
(5). For some topics, contributors could
have provided a more comprehensive
coverage of the literature.

However, these minor points aside,
the volume establishes how much mala-
cology can contribute to a future synthe-
sis reconciling morphology with mole-
cules. The book makes exciting reading,
all the more so because in providing
overviews of work in progress it reflects
divergent opinions. Recurrent sections
on our gaps in knowledge and the
authors’ recommendations for future
studies reveal how much and what
remains to be done. Phvlogeny and
Evolution of the Mollusca cannot be the
definitive summary, but it constitutes a large
step forward. The review provided by Ponder,
Lindberg, and their colleagues should per-
suade a new generation of malacologists to
follow Edgar Allan Poe’s insight.
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Public-Private Partnerships and
Scientific Imperialism

T.J. Tucker'?" and M. W. Makgoba®

agencies has historically been very difficult

iseases that dominate the health of  access to funding from almost all of these
DmugtAﬁ-ican populations, such as istori iffi

AIDS, malaria, and tuberculosis,
have always received a small pro-
portion of the global financial
support that is available for med-
ical science and health interven-
tions. They are thus often referred
to as “neglected diseases” This is
reflected in the number of new
drugs developed in recent de-
cades. Of the 1393 new drugs
approved in the 25 years before
2000, only 13 were specifically
indicated for tropical diseases (1).
Health-related public-private part-
nership organizations (PPPOs)—
nongovernmental organizations
committed to a “hybrid” set of
activities, including focused prod-
uct development, advocacy, and
capacity building—have been
important in generating resources
and novel products (2). However,
itis argued that they have not been
able to change the prevailing im-
perialist paradigm or to involve
African researchers as equally
empowered participants and leaders

The pursuit of novel scientific
interventions for AIDS, malaria,
and tuberculosis has been sup-
ported for decades by the tradi-
tional public-sector research fund-
ing bodies, such as the US.
National Institutes of Health, the
UK. Medical Research Council,
the Agence nationale de recherches sur le sida,
and the European and Developing Country
Trial Partnership, with additional contribu-
tions from the private sector and charitable
bodies. These major public-sector funding
bodies are located in developed countries and,

“All Americans are from the USA. {Leadership council

{or legally impossible) for researchers from

Enterprise

developing countries. As a result, even where
developing-country researchers have received

research funds from such agencies, most of

the funding has been channeled through the
host country institutions. This creates a
dependency Ielanunshlp, as well as multiple

although the situation is direct

Scientific Medical Research {Proprietary) Ltd.,
Mandela-Rhodes Building, S5t. Georges Mall, Cape
Town, South Alrica; e-mail: tim@smr.co.za {1].1).
“Divisian of Medical Virology, Department of Clinical
Laboratary Sciences, University of Cape Town, Cape
Town, South Africa. *University of KwaZulu-Natal,
University Road, Westville, Durban, South Africas
e-mail: makgoba@ uken.ac.za (MALRL).

hies mgsuch
grants. Although certain developing countries
have research bodies that fund research into
the neglected diseases, the quantity of funding
is generally very small.

The last decade has seen the establishment
of large health-related PPPOs, each of which
aims to address specific scientific or other
hurdles relating to one or more of the neg-

Developed industrial nations are not taking
their research and development colleagues of
the developing world as equal partners in
fighting infectious disease.

lected diseases. This includes infrastructure
and capacity development in funded sites.
Each of these PPPOs has a different mandate,

PPPO Demographics

CEO Percent from Africa on
Board of Advisory
Name Head office Gender Nationality directors board(s)
International AIDS. 2 1
St New York, Y, USA Male Amedican i 143
Global Alliance for
3.0
18 Drug Develoament New York, NY, USA Male French 2: 83
Malaria Medicines Geneva, Wale British 200 55
Venture Switzerland
Aeras Global T Washington, DC, Male e 0.0 e
Vaccine Foundation A o
Program for Appropriate i . t
ttle, WA, Male American 23.1 ¥
Technology in Health Sellizl EA oy
Intefnational Partnership i going, @D, USA  Female American 10.0 15.4
for Micmobicides
Foundation for Innovative Geneva, ; = :
New Diagnostics Switzerland Hai falbg =0 Hotgen
Institute for 3 -
it San Francisco, CA, USA  Female American 0.0 8.7
Gt Hiead e New York, NY, USA vale Canadian Pending 176t

{Coordinating commitiee.

Demographics of some major PPPOs operating in the field of neglected diseases.

which varies from preventive health interven-
tions such as vaccines and microbicides to
novel drugs and diagnostic tests. The PPPOs
fund product development work, and then
own or co-own the products that emerge, with
the intention of facilitating the uptake of these
products into global health care environments.

The establishment of health-related PPPOs
received an enthusiastic early endorsement
from African stakeholders, because they were
created with the explicit mandate of making a
distinet break from the previous developed-
country, dependency-based, research para-
digm. A good proportion of these PPPOs have
achieved significant progress over time, and

23 MAY 2008 VOL320 SCIENCE www.sciencemag.org



some have grown from small organizations
into large bodies with hundreds of employees
performing excellent work within a complex
global network. This should be applauded,
because the scientific and logistic hurdles
faced by PPPOs are substantial. PPPOs have
managed to access significant new financial
resources to support their sclentific investiga-
tions, through the staggering generosity of
charitable foundations such as the Bill and
Melinda Gates Foundation and others, as well
as monies from private and public funds. The
competition among research groups for these
funds is intense.

However, on examining the Internet-
available data, we question whether the cur-
rent PPPO paradigm has, in fact, perpetuated

“on-the-ground” communities in Africa, de-
spite the fact that this input is critical if large
studies are to have cultural sensitivity in
TESOUrCe-Poor environments.

There have been impressive disbursements
to developing countries, with PPPOs such as
the Program for Appropriate Technology
in Health, the International AIDS Vaccine
Initiative, and others investing millions in
capacity development, infrastructure, and
research and development, activities that have
the potential to benefit Africa. However, the
true benefit of these has yet to be assessed.

Hovwever well-intentioned these individu-
alsand organizations are, the traditional impe-
rialist power dynamics remain, in which
African researchers have very limited execu-

research di and power i

possibly accentuated the dependency rela-
tionship of developing-country researchers
rather than contributing to correcting the dis-
parity. Data show that the notion that PPPOs
are global organizations with equal (or at
least significant) representation from all
regions of the world is false. Although all
health-related PPPOs focus on neglected
African diseases, they are distinctly first-
world entities with differing levels of out-
reach to developing countries. Every major
PPPQ is headquartered in the United States or
Europe, and most are based in the United
States (see table, page 1016). As a result,
almost all monies raised by PPPOs are chan-
neled through first-world head offices, and
any decisions made regarding how these are
spent in developing countries are made by the
CEOs, together with their senior staff and
boards (statutory and advisory). A great
majority of CEOs are male, all are Caucasian,
and all are residents of either the United
States or Europe. Not one “global” PPPO is
led by a person who is a developing-country
national, and not one resides withinone of the
developing countries severely affected by
neglected infectious diseases.

Only a very small proportion of senior
staff at the executive director leve] has non-
US. or non-European origins. The PPPO
boards of directors, who have ultimate respon-
sibility for the organization’s actions, show
similar trends, with Africans generally mak-
ing up a small proportion of statutory board
membership (0 to 20%). The advisory boards
{or leadership council) generally have better
representation from Africa than statutory
boards, but representation remains low (0 to
24%). The main advisory boards tend to have
fewer representatives from Africa thanthe less
influential subadvisory committees or boards.
In addition, the main advisory boards of
PPPOs mostly have no people representing

tive d king ability within PPPOs,
and Africans are only able to access resources
that (predominantly) non-Africans decide are
appropriate. It is the dominant neocolonial
structure of funding and operation that char-
acterizes all PPPOs irrespective of grant sizes
that is of major concern.

There is no doubt that African research
groups and communities play a meaningful
role in PPPO work. They perform critical elin-
ical work associated with product develop-
ment, which often cannot be performed in
the developed countries. However, the nature,
scope, and budget of that work are almost
always ultimately decided upon by the PPPO
head offices, not the African researchers, and
thus executive decision-making remains out-
side Affica.

Before it is thought that this paper argues
in favor of reducing the involvement of those
from North America and Europe, let us clar-
ify. It is abundantly clear that there is limited
capacity in Africa and that many of the hurdles
faced by the PPPOs are scientific and not
logistic. It is also true that the overwhelming
majority of scientific resources in the world
are in North America and Europe. Africans
know this. Thus, we need to argue vocifer-
ously for increased involvement of all com-
munities to solve the problems we face.

The African research leadership comumu-
nity must also ask whether they are not, in
part, responsible for this situation as well.
African countries have been notorious for cor-
ruption, and much donor funding remains
unaccounted for (). Yet, many institutions
appear not to be taking adequate steps to
counteract such corrupt practices. We have
played senior roles in the South African AIDS
Vaccine Initiative (SAAVI) (4), and we
believe that it is a positive example of finan-
cial accountability. It is likely that there will be
far higher levels of willingness shown to fund
African PPPO efforts if more attention is paid
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to issues of corruption. In addition, African
states have not contributed sufficiently to cre-
ating career structures for clinicians and sci-
entists within the African institutions, so there
is a relative lack of available capacity to build
PPPOs in Africa. Ifmore of these career paths
were available to African scientists, fewer
would be drawn away from the continent, and
thus, the establishment of PPPOs in Africa
‘would be easier.

African states should themselves be
investing in health-related PPPOs, as too few
examples of successful African-funded sci-
ence programs exist. Global financiers would
likely be more willing to fund African-based
initiatives if individual A frican countries or
the African Union structures led the way in
establishing and funding PPPOs to address
important health issues. Having greater
African leadership in this is critical.

Afiican scientists and clinicians also need
to address power imbalances when establish-
mg their own individual relationships with
the large PPPOs. Although many African
researchers are desperate for any funds that
become available, others who are relatively
well resourced appear to perpetuate the power
imbalances by accepting contractual relation-
ships with PPPOs that are continuing the old
dependency paradigms. African researchers
themselves need to take a more proactive
stance on these matters and to ensure that their
relations with the large PPPOs and funders are
better balanced.

Africa’s relative lack of scientific capacity
accentuates the need to increase Africa’s
meaningful role in PPPOs, lest PPPOs them-
selves increase the scientific capacity dispari-
ties, power inequities, and scientific deficien-
cies that already exist. It is imperative that
those who fund and control PPPOs change the
way in which PPPOs operate, including their
structures, personnel, and systems, so that
Africans will not remain relatively disempow-
ered participants. Africa should not dominate
PPPO structures. However, the current PPPO
paradigm is fundamentally neocolonial in
structure and operation, and this needs to be
revisited and addressed.
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Wi-Fi-Fo-Fum

Robert Morrow

in wireless communication has been

the Wi-Fi implementation. So-called
“hot spots” abound, saturating homes, air-
ports, hotels, and restawrants. With an indoor
range of 10 to 50 m, depending on data rates
and obstacles {/), one Wi-Fi base station can
serve users throughout a small building (see
the first figure, top panel). Larger areas can be
supported via multiple base stations, and even
seamless roaming is feasible for those with the
motor skills to walk and surf at the same time.
The latest version of Wi-Fi equipment, based
on the draft version of the [EEE 802.1In stan-
dard, promises to deliver raw datarates ashigh
as 600 megabits per second (Mb/s), which is
sufficient to carry several simultaneous high-
defiition television signals. Efforts to expand
the useful range of Wi-Fi even farther have
run into obstacles of cost and interference
from other radio-frequency devices. These
difficulties have been addressed with a new
standard, WiMAX, which operates in the
licensed radio band at higher transmit power
(see the first figure, bottom panel).

Such widespread use did not come
overnight. Bepun in 1990 by the Institute of
Electrical and Electronics Engineers (IEEE)
as Project 802.11 (2), the Wi-Fi specification
has changed substantially as new theory and
implementation methods evolved. The first
802.11 standard, published in 1997 supported
raw data rates of 1 and 2 Mb/s. International
acceptance of the standard was aided by oper-

ating in the (mostly) worldwide 2.4-gi t

F ormore than a decade, the brawny giant
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Wi-Fi and WiMAX landscapes. The lower-power
Wi-Fi implementation can readily connect devices
within a building, whereas WiMAX can connect
devices over greater distances.

certified products, regardless of who made
them. The third improvement was the release
of 802.11a, which specified an entirely new

(GHz) license-free radio band. The radios
were expensive and power-hungry, and
devices from different manufacturers often
refused to communicate with each other.
Despite these restrictions, corporate users in
particular embraced 802.11 as a way to con-
nect computers together without cables.

A banner year for 802.11 evolution was
1999, out of which emerged three major
improvements. The first, called 802.11b, sup-
ported faster data rates of 5.5 and 11 Mb/s.
The second was the formation of the Wi-Fi
Alliance by several vendors to provide a
means for interoperability testing and certifi-
cation. Earning the Wi-Fi logo guaranteed that
the product could communicate with other

#orrow Tech Services, 6976 Kemplon Read, Centerville, IN
47330, USA. E-mail: rtkmorow@ieee.org
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s of digital radio 1called

y division p 12,

hogonal
or OFDM (3).
This multicarrier modulation
method uses 48 data subcarriers
and four pilot subcarriers, all 0
spaced as closely as possible in fre-
quency within the band without
causing mutual interference. The
pilot subcarriers act as references
forchanges in transmission proper-
ties in different operating environ-
ments. Each subcarrier holds its
own independent data stream,

-t OF DI subcarriers —a=

A guide to what actually happens when you
connect your laptop with Wi-Fi and WiMAX
networks.

tion, multiple bits can be transmitted in a
given symbol (4).

The 802.11a standard was slow to be
adopted, however, because inexpensive 5-
GHz radios were difficult to make, the 5-GHz
band was not available worldwide, and the
digital signal processing (DSP) to build the
OFDM signals overwhelmed low-cost late
20th-century technology. In June 2003, with
the release of the 802,11 g standard, all of these
impediments were addressed. With a change
in government wireless regulations in several
countries, OFDM was now allowed in the 2.4-
GHz band—which, by operating at lower fre-
quency, allowed the components to be larger
and hence cheaper to manufacture. Also, DSP
became sufficiently fast and sophisticated to
build a new OFDM signal every 4 pis, as
required by the standard.

Giants in technology, to remain giants,
must always be on the move, and 802,11 is no
exception. The latest enhancement, 802.11n,
is set to become an official IEEE standard in
late 2008. Taking another leap upward in
sophistication, $02.1 In still uses OFDM but
now allows up to four ransmit antennas, each
radiating its own independent data. Given suf-
ficient DSP. these antennas can also use beam
forming; that is, they can steer their signals in
the direction of the desired receiver.

In a similar way. multiple antennas at the
receiver can electronically aim their sensitive
main lobe toward the desired signal source,
combine reflected copies (multipath compo-
nents) of the signal, and even turn a deaf ear
toward interfering transmissions. Both the
2.4- and 5-GHz license-free bands are sup-

OF D symbols
&

which allows aggregate data rates
of 6 to 54 Mb/s in the 5-GHz
license-free communication bands.
Data are transmitted in 4-Jis win-
dows called symbols; by combin-
ing amplitude and phase informa-
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WiMAX management of multiple users. Mobile WiMAX
processes signals in 102.9-ps inlervals, or “symbols,” and can
allocate groups of subcarriers to different users during both
downlink and uplink frames.
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ported. All of this technology can now be had
for just a fraction of the cost and physical size
of basic 802.11 devices that were prevalent at
the beginning of this decade.

As versatile as Wi-Fi may be, however, it
cannot easily be shoehorned into applications
that are able to service large regions of fixed,
portable, and mobile users at low cost and
ultralow power. [ndeed, several municipalities
abandoned earlier plans to install citywide
Wi-Fi coverage when they became aware of
the cost and complexity of placing thousands
of base stations throughout the community.

In an effort to provide long-range, high-
speed data access, at least for nonmobile users,
the Fixed WiMAX standard (IEEE 802 16-
2004) was developed. For short-range wireless
audio connections to a cell phone, Bluetooth
has a near-monopoly, and ZigBee (who
dreams up these names?) takes aim at simple,
low-cost security and control applications ().

Providing high-speed data services to
highly mobile users is the next great challenge
in terrestrial wireless engineeri luti

Fi standard, WiMAX has much in common
with 802.11n: OFDM (now with up to 2048
subcarriers), multiple antennas carrying inde-
pendent data streams, and beam forming (6).

Perhaps the greatest advantage WiMAX
has over Wi-Fi is that it operates in various
licensed frequency bands, thus eliminating
the cacophony of interference prevalent on the
unlicensed bands. In addition, as a licensed
service, regulations allow a WiMAX trans-
mitter to have much higher power, easily
expanding its useful range to 1 km or more, or
at least 20 times the reach of a Wi-Fi base sta-
tion; an entire city can be serviced with a few
dozen base stations.

The flip side of such a large coverage area
in a mobile user environment is the chance
thata large number of users may at times con-
verge ona single WiMAX base station, which
will require sophisticated resource allocation
methods. WiMAX provides such sophistica-
tion by assigning different OFDM subcarrier
groups to different users. In this way, a single
WIMAX ission frame can carry data to

range from various third-generation (3G) cellu-
lar-based proposals to an IEEE standard called
B02.16e-2005 with the commercial name
Mobile WIMAX. Taking a page out of the Wi-

several users at once, either on the uplink (user
—» base station) or downlink (base station —
user) (see the second figure). Furthermore, if
throughput becomes too low, a WiMAX base

PERSPECTIVES I

station can direct some of its users to connect
toanother base station.

It is likely that Wi-Fi radios will remain the
dominant player in indoor areas with a rela-
tively high user density. WIMAX may very
well become the system of choice where user
density is lower and larger coverage areas are
needed. Thus, the best way to stay fully con-
nected may require having access to bothtech-
nologies. Fortunately, dual-mode WiMAX
and Wi-Fi devices are already available.
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BIOCHEMISTRY

SNO Removal

Arne Holmgren

ore than 100 proteins
|\ fI become S-nitrosylated
in cells (1). Nitric oxide

acts as a mild oxidant (J, 2) that
reacts with a cysteine residue’s
thiol group (thiolate) to form an S-
nitrosothiol (SNO). This modifi-
cation affects most classes of pro-
teins and alters protein function.
Thus, in the context of redox-
based regulation of cell signaling,
it is a highly dynamic posttransla-
tional regulatory mechanism of
physiclogical and pathophysio-
logical importance. However, the
mechanisms that remove nitric oxide (deni-
trosylation) have largely remained unchar-
acterized. On page 1050 of this issue (3),
Benhar ef al. show that thioredoxin and
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thioredoxin reductase in the cytosol and mito-
chondria, respectively, constitute a major

Reduced thioredoxin denitrosylates caspase-3,
a key protein involved in cell death.

Dynamic equilibrium. Formation of S-nitrosothial
{SNQ) an a protein thiol (SH) by nitric oxide denors
{NOX) or nitric axide synthase (NOS) changes a pra-
1ein’s activity. Removal of SNO by reduced thiare-
doxin [Trx-(SH), ] restores the thiol. Oxidized thiore-
doxin {Tr-S,) 1s reduced by nicotinamide adenine
dinucleatide phosphate (NADPH), catalyzed by
thioredoxin reductase (TrxR). dinitrachlorobenzene
{DNCB) and auranafin are inhibitars of TraR.

A subpopulation of caspase-3 in the mito-
chondria is constitutively S-nitrosylated and,
as such, is inhibited. Stimulation of the cell
surface “death” receptor Fas causes the deni-
wrosylation of this subpopulation of caspases,
leading to apoptosis {4). However, the mecha-
nism of denitrosylation has not been clear.
Benbar et al. developed an assay based on

physiological d ylation 1
that controls programmed cell death (apopto-
sis) in response to particular stimuli.

The enzyme caspase-3 cleaves several tar-
get proteins and is the major executioner of
apoptosis. This protease is inhibited by nitro-
sylation of a cysteine residue in its active site.

ion of nitrosylated, inactive caspase-3
and denitrosylating activity that was purified
from cell extracts. They found that thiore-
doxin and thioredoxin reductase together act
as a principal denitrosylation mechanism.
Thioredoxin, a conserved dithiol protein with
a Cys-Gly-Pro-Cys active site (5), reduces
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protein disulfides by a cysteine thicl-disulfide
exchange mechanism. The active-site disul-
fide in oxidized thioredoxin is itself reduced
by thioredoxin reductase using electrons from
e adeaie di R
Human and other mammalian thioredoxin
reductases contain an active-site selenolthiol
that mediates this reduction (6).

By inhibiting thicredoxin reductase in
cultured T cells with the compounds dini-
trochlorobenzene and auranofin (both target
the active-site selenol in the reduced enzyme),
Benhar et al. show that thioredoxin and thiore-
doxin reductase are the physiologically active
principle. This was confirmed using RNA
interference to reduce the expression of
thioredoxin and thioredoxin reductase in
cultured T cells. The authors also examined
human macrophages treated with lipopoly-
saccharide and interferon-c, which induce
nitric oxide production. They show that this
treatment, combined with inhibition of thiore-
doxin reductase by auranofin, elicits robust
S-nitrosylation of caspase-3. [n human cells,
thioredoxin 1 and 2 are the cytosol-nuclear
and mitochondrial isoforms, respectively, and
the products of two separate genes; the same is
true for thioredoxin reductase. These results
show that thioredoxin is the major denitrosy-
lating agent in this cell type, and together with
thioredoxin reductase, controls the amount of
basal S-nitrosylation of caspases in response
to Fas activation (4). Thioredoxin reductase
may be rate-limiting for the overall effects

Originally identified as a hydrogen donor
for ribonucleotide reductase, thioredoxing
have a long evolutionary history (5, 6)
Thioredoxin is a major reductant for keeping
sulfhydryl groups on intracellular proteins ina
reduced state, thus controlling redox states
and signaling in the cytosol and nucleus
Thioredoxin also controls the redox state of
thiols that are oxidized by hydrogen peroxide
As part of the cell’s antioxidant defense,
thioredoxin donates electrons to peroxiredox-
ins, enzymes that catalyze the breakdown of
hydrogen peroxide. The enrichment of thiore-
doxin 1 at the plasma membrane (6), where
enzymes that generate nitric oxide (nitric
oxide synthases) are also concentrated, sug-
gests that signaling by nitrosylation may be a
localized phenomenon. Reactions between
hydrogen peroxide, peroxynitrite, or nitric
oxide donors and protein cysteine thiols may
give rise to sulfenic acid, which is reduced
by thioredoxin (7).

Previons results identified thioredoxin and
thioredoxin reductase in denitrosylating the
low molecular weight nitrosylating agent
S-nitresoglutathione in vitro (8) and proteins
{inchuding caspase-3) in human liver cells {9)

23MAY 2008 VOL320 SCIENCE

Benhar et al. extend these findings by show-
ing that both thioredoxin 2 in the mitochon-
dria and thioredoxin 1 in the cytosol and
nucleus are denitrosylases in the physiological
context of apoptosis. The study also indicates
the presence of a dynamic equilibrium,
whereby nitrosylation and denitrosylation
reactions oceur (see the figure). The results
are important because they identify a denitro-
sylase pathway in the cell and widen the range
of thioredoxin functions to the control of
apoptosis. Studying the turnover of thiore-
doxin and thioredox in reductase in the context
of nitrosylating and denitrosylating reactions
should be a rich playing field for determining
thiol redox control of membrane receptors,
ion channels, and transcription factors (6, 7).
The study by Benhar ef al. also suggests
that the effect of thioredoxin and thioredoxin
reductase inhibitors as cancer treatments to
control cell viability (/0) may involve previ-
ously unknown effects on S-nitrosylation.
Reduced thioredoxin is bound to proteins
such as thioredoxin-interacting protein or
apoptosis signaling kinase (7). These interac-
tions should now be considered in relation to
nitrosylation. Human eytosolic thioredoxin
contains three structural cysteine residues that

control thioredoxin activity {6) and potentially
control transnitrosylation reactions (/7). Fur-
thermore, thioredoxin-dependent control of
nitric oxide synthase may involve denitrosyla-
tion of the synthase (which would stimulate
nitric oxide production) (7). We are only
beginning to understand the links among
thioredoxin, protein nitrosylation, and redox-
controlled signaling (3, 9, 1.
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OCEAN SCIENCE

Marine Calcifiersina

High-CO, Ocean

Victoria J. Fabry

New results show that the response of marine organisms to ocean acidification varies both within

and between species,

he oceans have taken up about one-

I third of the total carbon dioxide (CO,)
released into the atmosphere by human
activities over the past 200 years (1). This
addition of CO, to the surface ocean changes
seawater chemistry, resulting in a decrease in
pH and carbonate ion concentration, and an
increase in the concentrations of bicarbonate
ion and hydrogen ion. Ocean absorption of
anthropogenic CO, also reduces the satura-
tion state of seawater with respect to calcite
and aragonite, two common types of calcium
carbonate secreted by marine biota. Experi-
ments with calcareous organisms indicate that
calcification is strongly dependent on the car-
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bonate saturation state of seawater (2-6),
which suggests that ocean acidification will
adversely impact calcifying taxa. Evidence is
now accumulating that the acidifying effects
of CO, on seawater may have diverse conse-
quences for marine calcifiers.

Most studies on the effects of ocean acidi-
fication on calcification have focused on
warm-water coral reef species (2-4). Only six
species of living, planktonic calcifying organ-
isms have been investigated—four cocco-
lithophore species and two foraminiferan
species. Similar to coral reef species () and
several other taxa (2, 3), two bloom-forming

lithophores (including Emiliania -
leyi; see the first figure) (5, 6), showed
reduced calcification rates in response to ele-
vated partial pressure of CO, (pco,) in seawa-
ter. However, two other coccolithophore
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species, which are important in terms
of calcium carbonate export to sedi-
ments, did not conform te this pat-
tem (7). Calcification in one species
did not significantly change when
seawater pco, varied from 15010 915
patm (see the second figure, bottom
right). In the other species, calcifica-
tion rates measured over a similar
range of pco, levels resulted in a
nonlinear curve (see the second fig-
ure, bottom left), with maximum
calcification oceurring at pco, val-
ues that correspond to that of the
present surface ocean.

Recently, Iglesias-Rodriguez et al.
(&) confirmed that the response of cal-
cifying organisms to CO,-induced
changes in seawater chemistry is not
uniform and may be much more com-
plex than previously thought. When the authors
grew laboratory cultures of E. Juccleyi at 750
parts per million by volume (ppmv) CO,—
almost twice the average value of today’s sur-
face ocean—rates of calcification doubled
compared to calcification rates of cells grown
at 280 ppmv (see the second figure, top right).
This is in marked contrast to earlier work with
laboratory cultures and field populations of
E. huxleyi (5, 6), which reported decreases in
calcification rates under high-CO, conditions
(see the second figure, top left).

The authors suggest that one reason their
results differ from previous work with this
species is that they manipulated the inorganic
carbon system of seawater by bubbling with air
containing different ions of CO,

Scanning electron micrograph of the coccolithophore
Emiliania huxleyi.
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Calcification response patterns of four cocco-

In contrast, several previous studies used
hydrochloric acid to achieve target pco, values
{5, 6). The former method more closely mimics
ocean acidification because it increases the
concentration of total dissolved CO,, whereas
adjusting the carbonate chemistry with acid
holds the concentration of total dissolved CO,
constant. Moreover, compared to the acid tech-
nique, the gas bubbling method results in a
larger increase in the bicarbonate jon concen-
tration, thoughtto be the substrate for caleifica-
tion in E. fnccleyi (9). Several earlier laboratory
and mesocosm experiments bubbled with CO,-
enriched air. yet those studies reported reduced
calcification rates in E. huxleyi in response to
elevated pro, (6). Part of the discrepancy in
results may be due to other differences in exper-
imental conditions. Factors such as nutrients,
light, trace metals, temperature, and salinity, as
well as their interactive effects with CO,, can
affect coceolithophore calcification in ways
that are just beginning to be understood (6).
An alternative hypothesis that may explain
the divergent results is that the traditional view

PHOTO CREDIT: JEREMY YOUNG/NATURAL HISTORY MUSEUM, LONDON

phore species to elevated CO,. (Top left)
Decreased caldification (5, 6); (top right) increased
«aldification {8); (bottom left) nonlinear response (7);
{bottom right) no change (7). Similar respanse pal-
Lerns have been identified in benthic arganisms (12).

of E. huxleyi as a single species is flawed.
Increasingly, evidence suggests that this cos-
mopolitan species is composed of many vari-
eties with genetically and morphologically
distinet properties (10, 17), which may
account for the physiological variability
observed in E. hwxleyi with respect to calcifi-
cation and other processes (7). Indeed. the
high genetic diversity of E. huuxieyi may confer
ecophysiological plasticity that will allow it to
persist and even flourish in the face of ongo-
ing ocean acidification and global warming.
A taxonomically varied response in calci-
fication to CO,,-induced ocean acidification is
not limited to coccolithophores. Ries ef al.
(12) conducted experiments with a variety of
calcarecus benthic invertebrates and macroal-
gae over a range of carbonate jon concentra-
tions and aragonite saturation states. Some
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organisms had increased rates of caleification
i response to elevated pco,, while others
showed decreased calcification rates, and still
others displayed a li paraboli
response as a function of carbonate saturation
state. Even closely related organisms—
for example, tropical and temperate sea
urchins—showed different responses.

Calcification mechanisms in caleium car-
bonate—secreting organisms are not suffi-
ciently understood to explain the species-spe-
cific differences observed in CO,-perturba-
tion experiments. The energy dependence of
calcification and mechanisms to prevent dis-
solution implies that there are physiclogical
limitations such that net dissolution will
exceed net calcification when CO, is raised
above a threshold value. The results of [glesias-
Rodriguez ef al. {§) and Ries ef al. (12) sug-
gest that such “tipping points” may vary con-
siderably among calcifying species. A differ-
ential response of calcifiers to elevated CO,
conditions may result in competitive advan-
tages that could drive the reorganization of
many planktonic and benthic ecosystems,
which in turn could have significant ecologi-
cal and biogeochemical implications.

Currently, persistent aragonite undersat-
uration of surface seawater in high latitudes
is projected to oceur as early as 2050 (13).
Recent observations of seasonal aragonite
undersaturation of surface waters in temper-
ate, nearshore regions, however, suggest that
some calcareous organisms may already be
experiencing substantial, transient changes
in seawater CO, chemistry (14, 15). Given
the importance of coastal and high-latitude
regions to fisheries and other ecosystem
services, a comprehensive understanding
of the impacts of ocean acidification is
urgently needed.

Future work should investigate additional
species and life stages of calcifiers, examine
the possible interactions of increasing CO,
with other environmental variables, and
explore the capacity of organisms to adapt to
projected changes, Equally important is the
developmient of internationally agreed-upon,
standardized protocols for the control of sea-
water composition in manipulative experi-
ments, as well as for the measurement of cal-
cification rates. Without such protocols, it will
continue to be difficult to compare results
among laboratories, across taxa, between
regions, or over time.

The diverse pattern of poorly understood
biotic responses to ocean acidification found
thus far makes it problematic to reliably pre-
dict the ecological and biogeochemical
changes that will result from continued
oceanic uptake of anthropogenic CO,. As

wwwsciencemag.org SCIENCE  VOL 320 23 MAY 2008

1021



I PERSPECTIVES

1022

atmospheric CO, levels continue to rise, we
are embarking ona global experiment with as
yet uncertain long-term consequences for
many marine calcifiers.
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Stronger, Tougher Steels

J. W. Morris Jr.

teel is the workhorse of our infrastruc-

ture, Stronger, tougher steels are always

needed to reduce weight and improve
safety in transportation, enhance architectural
flexibility in construction, and improve per-
formance in heavy machinery. For structural
steels to be both strong and tough (resistant to
fracture), they mustnot be used at temperatures
below the ductile-brittle transition

began to reveal the complex microstructures of

high-strength steels, it became clear that the
alloy additions modified the microstructure in
ways that promoted ductile fracture (3). Since
the 1970s, researchers have focused on thermal
or thermomechanical processes that produce
desirable microstructures in low-alloy steels, or
processes that combine alloying and thermo-

hanical treatments to achieve high strength

Ty. at which the steel loses its toughness and
fractures in a brittle mode (see the figure, top
panel). This transition results from a competi-
tion between plastic deformation and brittle
fractureat the tips of cracks or flaws in the steel.
It can be controlled by techniques such as grain
refinement that inhibit brittle fracture, or by
techniques such as controlled delamination that
facilitate plastic deformation. On page 1057 of
this issue, Kimura ef al. (1) show how these
approaches can be combined to achieve low 7,
and high toughness in an ultrahigh-strength
Tow-alloy steel

The ductile-brittle transition became infa-
mous during the Second World War when
hundreds of mass-produced American “Tib-
erty ships™ cracked or split open in northern
waters (7). This aquatic carnage led to the first
systematic research on the ductile-brittle tran-
sition in steel and stimulated the development
of fracture mechanics as a science.

Afier the war, the need for cold-weatherand
cryogenic structures—from pipelines, ships,
and offshore structures for use in cold waters to
the extremely low temperatures required for
transporting and storing liquid helinom—
impelled research on methods to lower 7.
Initial successes used relatively expensive alloy
additions, particularly nickel. As techniques
such as transmission electron microscopy

Department of Materlals Science and Engineering,
University of Californa, Berkeley, CA 94720, USA. E-mall:
Tumorris@berkeley.edy
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and toughness.
The source of the ductile-brittle transition
can be understood from the Yoffee diagram

Fracture toughness

Ductile

I
Temperature

's

N}

Stress

ay

Temperature

Avoiding brittle fracture. (Top) At the ductile-brittle
transition (7;), the steel becomes brittle and most of
its taughness is lost. (Bottom) The Yaffee diagram
illustrates 7, at the intersection of the effective yield
stress (o,) and the brittle fracture stress (). Raising
the brittle fracture stress (vertical arrow) causes a
substantial decrease in T (horizontal arrow).

Insights into the microstructure and brittle
failure of steels is leading to a new generation
of structural steels.

(see the figure, bottom panel), an idealized
repr ion of the relative likelihood of
ductile or brittle fracture at the tip of a preex-
isting crack (4). As the applied stress is
increased toward failure, the peak stress at the
crack tip first reaches one of two levels: the
effective yield stress (6,,) ( 5). at which signif-
icant plastic deformation occurs, or the brittle
fracture stress {Gy), at which the crack propa-
gates in a brittle mode. The effective yield
stress rises as the temperature drops, and the
ductile-brittle transition temperature, 7, is
that at which 6, rises above 6.

The Yoffee diagram suggests two ways to
suppress the ductile-brittle transition: raising
the brittle fracture stress or lowering the effec-
tive yield stress. Because a high yield stress is
a desirable feature of a structural steel, most
research has focused on the brittle fracture
stress. Raising the brittle fracture stress (verti-
cal arrow in the figure) is very effective in
lowering Ty (horizontal arrow).

To raise the brittle fracture stress, it is first
necessary to suppress intergranular fracture
along grain boundaries. Intergranular embrit-
tlement is usually a result of chemical impuri-
ties such as sulfur and phosphorus that accu-
mulate between the grains. It can be con-
trolled by purifying the steel to remove the
offending specm or by introducing microal-
loy additions to gener’ them into mechani-
cally innocuous precipitates. Suppressing
intergranular fracture in steel lowers 7}, but
does not eliminate the ductile-brittle transi-
tion. The steel can also fracture by a cleavage
mechanism in which the individual crystal
grains break by separation on the face planes
of the iron crystal; this transgranular cleavage
mechanism must also be addressed.

The best way o raise G, for transgranular
cleavage i8 to refine the “effective grain size,”
that is, to decrease the mean free path of a
cleavage crack before a grain boundary or

www.stiencemag.org



other crystallographic discontinuity forces it
to deviate or stop. Processes to do so include
thermomechanical treatments during hot-
rolling from slab to plate, sheet, or bar (6),
thermal cycling treatments that manipulate
the transformations that occur during quench-
ing (7). and tempering treatments that inter-
pose fine distributions of nanosized second-
phase particles to disrupt the intragranular
erystallography (7).

The complexity of the many possible
microstructures of steel ofien makes it diffi-
cult to decipher what the effective grain size
really is. Recently, electron backscatter dif-
fraction (EBSD) has been used to map crystal-
lographic patterns in the microstructure of
steels and to identify the effective grain sizes
in several important microstructures (4, 8).
This information is being systematically
exploited in steel research, particularly in var-
ious “supersteel” projects in Asia (7).

The second generic approach to lowering
Ty is to decrease the effective yield stress at
the crack tip. A simple way to do this is to
replace thick beams with a laminate of thin
sheets, a technique used by 19th-century engi-
neers in early steels. A modern alternative is to
design the microstructure so that it sponta-
neously delaminates in the stress field at the
crack tip, effectively dividing itself into a lam-
inate of thin sheets and lowering the effective
stress at the crack tip by a factor of 2 or more
(10). This approach was used (but, to my
knowledge, never

while resisting brittle fracture. As advances
in the understanding of brittle fracture and
the control of microstructure feed into the
design of new structural steels, more exciting
results of this kind can be expected.
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MOLECULAR BIOLOGY

Slicing and Dicing for Small RNAs

James A. Birchler and Harsh H. Kavi

A new type of small RNA and mode of gene regulation is discovered in fly and mammals.

early two decades after gene silencing
was first described (7)), the field con-
tinues to reveal new and diverse roles
for the small RNA moieties involved. These
functions inchide modulating the translation of

ur-
ers of stee] line pipe more than 20 years ago. It
lowers T}, but also lowers the toughness in the
ductile mode, presumably because the weaker
of the delaminated sheets fracture under small
loads. Particularly in the case of ultrahigh-
strength steels, high toughness is required for
structural reliability in service.

Kimura ef al. now describe a clever method
for combining grain refinement and delami-
nation to obtain a particularly promising com-
bination of properties. The steel is processed
to high strength through a bination of

RNA (mRNA) into protein, estab-
lishing chromosomal architecture, regulating
stem cell renewal, and providing defense
apainst viruses and mobile genetic elements
(transposons) that could cause deleterious
mutatiens (2). Three major classes of small
RNAs have been defined in plants and animals:
microRNAs (miRNAs), small interfering
RNAs (siRNAs), and Piwi-interacting RNAs
{piRNAS). Previous work has suggested that
dedicated pathways generate each class of
small RNA. Now, six recent studies, including
oneby Ghildiyal et al. on page 1077 of this issue,

grain refinement and precipitation hardening.
The grain refinement is accomplished by
bar-rolling, producing a fibrous texture that
delaminates ahead of and perpendicular to the
propagating crack tip, thereby relaxing the
crack-tip stress concentration without produc-
ing planes of weakness to lower toughness in
the ductile mode.

Defeating the ductile-brittle transition in
steel is always difficult, and as the figure
makes clear, this becomes particularly chal-
lenging for an ultrahigh-strength steel. As
Kimura ef al. show, this challenge can be
met with low-alloy steel by tailoring the
microstructure to achieve high strength

reveal an interplay of these canonical pathways
in generating a new class of endogenous
siIRNAs (endo-sIRNA) (3-8) (see the figure).
miRNAs are encoded by the genome and
processed to 22-base pair products that inter-
act with homologous mRNAs to moedulate
their translation and affect developmental
processes. siIRNAs are 21 base pairs long and
generated from double-stranded RNA precur-
sors such as those from viruses and endoge-
nous transposons. Recently, piRNAs have

Division of Biolagical Sciences, University of atissauri,
Calumbia, MO 65211, USA. E-mail: birchlerj@missouri.
edu

been described in the germ line of flies and
marmmals (9). They are approximately 25 base
pairs long with homology to tranzposable
elements and other sequences.

In the fly Drosophila melanogaster, the
enzyme Dicer-1 cleaves double-stranded
miRNA precursors, and the resulting prod-
ucts bind to the protein Argonautel (Agol).
siRNAs are generated by Dicer-2 from dou-
ble-stranded RNA precursors, and bind to
Argonaute (Ago2), whose “slicer™ activity
cleaves homologous RNAs. piRNAsare gen-
erated by a dicer-independent mechanism
that relies on the slicer function of a separate
clade of argonaute proteins consisting of
Piwi, Aubergine, and Argonaute3 (9). These
proteins use antisense transcripts (comple-
mentary to mRNA) encoded by piRNA clus-
ters in the genome that harbor transposable
element fragments, and target the destruc-
tion of transposon sense transcripts. New
studies report sequencing of extensive pools
of small RNAs from various somatic and
germline sources in flies and mice (3, 4, 6-8)
and identify a new type of sIRNA that is
homologous to transposons and protein-
encoding gene sequences.

Ghildiyal ef /. found that although most
small RNAs in fly somatic cells are
miRNAs, some have characteristics of
sIRNAs—equal quantities of sense and anti-
sense orientations, a 21-base pair length, and
2-0-methyl modifications at the 3" end. Most
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of these endo-siRNAs are homologous to
transposable elements, and many originate
from piRNA clusters. Curiously, mutations of
the genes encoding Dicer-2 (der-2) and Ago2
{agoe2) did not eliminate all of these small
endo-siRNAs, suggesting that Dicer-1 and
Agol can generate and bind, respectively,
some siRNAs under these circumstances.
Moreover, somatic pi-like RNAs, which
exhibit characteristics of the germline name-
sake, were found in age2 mutants, raising the
possibility of somatic activity of the Piwi fam-

ALL RN

Germ line

Length
Type  {nucleotides)

mRNA 21-23  Dicer dependent
pIRNA 24-27  Dicer independent, Pini clade dependent
endosiRNA  21-23  Dicer dependent

Soma

miRNA 21-23  Dicer-1 dependent (in Drosophila)

piANALke  24-27  InAgoz mutanis (in Drosophiia)
endo-siRNA  21-23  Dicer-2/Aga2 dependeat (in Drosophila)
hpsiRhlA 21-23 Dicer-2/Ago2/loqs dependent (in Drasaphila)

Mechanism of generation

ism to ameliorate

with homology to transp were also
found in fly ovaries, and their function de-
pended on Dicer-2 and Ago2, revealing that
the germ line has both siRNA- and piRNA-
generating machineries.

The production of small RNAs by slicing
and dicing has also been reported in mouse
germline cells. Watanabe ef a/. (7) and Tam ef
al. {8) sequenced small RNAs from mouse
oocytes and found both siRNAs and piRNAs.
Depletion of Dicer and Ago2 in these cells
reduced the number of sIRNAs while increas-

Biological role

Regulation of trandation
Transposan requlation and unknosn functions

Transposon requlation

Regulation of trandlation
Transposon regulation

Regulation of mRHAs

Small RNAs. A summary of small RMAs faund in germline and somatic cells and their identilied functiens.

ily of argonautes. Mutations in der-2 or ago?
increased the expression of certain trans-
posons, thus linking endo-siRNAs to the con-
trol of transposable elements in the soma.

Similarly, Czech et al. (4) found endo-
siRNAs in somatic and germline cells of flies
by analyzing sequences from three sources:
those bound to Agol and Ago2, those present in
small RNA libraries, and those from flies with
mutations in the canonical miRNA and siRNA
pathways. They observed that the protein
Loquacions (Logs), which associates with
Dicer-1 for miRNA production, also interacts
with Dicer-2 and is required for some endo-
$IRNA formation. Okamura ef ol (5) analyzed
the processing of products of endogenous long
RNA hairpin (hp) genes in flies. These
hpRNAs are processed by Dicer-2, in conjunc-
tion with Logs, and then bind to Ago2. The
siIRNAs generated from these genes can silence
selected mRNAs using the slicer function of
Ago? rather than by translational repression.
Collectively, these new fly studies illustrate the
interplay among mechanisms generating vari-
ous classes of small RNAs.

In a complementary study, Kawamura
et al. (6) sequenced small RNAs bound by
Apo? in cultured Drosophiia cells. The endo-
siRNAs recovered showed homology to a sub-
set of transposons. Depletion of Dicer-2 and
Ago2 in these cells reduced the quantities of
endo-siRNAs and increased the expression of
the corresponding transposons. Endo-siRNAs

23MAY 2008 VOL320 SCIENCE

ing that of transposons and certain mRNAs.
Because there is only one Dicer gene in mam-
mals, these results demonstrate that this
enzyme functions in both miRNA and siRNA
production. The piRNAs found in oocytes
were bound to MILI, a mammalian counter-
part of Piwi. In this case, pIRNAs and siRNAs
sometimes correspond to distinet transposons,
indicating preferred mechanisms for their gen-
eration, although transposon-rich loci could
also give rise to both siRNAs and pIRNAs.

It is not unexpected that endo-siRNAs to
transposable elements would be found in
animals, given their presence in plants (/0)
and fungi (/7). Based on the sophisticated
immune systems of vertebrates, early thinking
posited that the small RNA-processing
machinery involved Dicer primarily for the
maturation of miRNAs. The discovery of a
PIRNA system that does not invelve Dicer,
but protects the germ line from transposon
expression, remforced this view. Although itis
difficult to compare the strength of gene
silencing across species, Drosophila somatic
cells require multiple copies of a transgene to
reduce the expression of homologous tran-
seripts (72), and the effect is not as preat as
seen with a few copies of many transgenes in
plants (2). Perhaps the evolution of robust
immune systems in animals relaxed the
selection pressure for a strong response of
the siRNA defense against viruses. Thus,
the piRNA system might represent a germ

Regulation of transpasons, mRNAs, and heterochromatin

the mobility of transposable elements, and
thus reduce the occurrence of mutations.
However, the finding that endo-siRNAs are
present with homology to complementary
pseudogenes and homologous genes as a
newly recognized mode of pene regulati
(8), and that long hpRNA genes produce
SiIRNAs that can affect gene expression (5),
might suggest that these roles for siRNAs
have maintained the Dicer-dependent mach-
inery at some level in both somatic and
germline cells of animals. This
machinery could still metabolize
double-stranded viral and trans-
poson RNAs.

Dual small RNA—processing
mechanisms in animals might
reflect a response to transposons
that evolve to evade silencing by
one or the other mechanism in the
never-ending arms race between
transposable elements and the
host genome. Transposons in mouse
oocytes have somewhat distinct
profiles of sSIRNAs or piRNAs,
indicating that certain elements
can avoid one of the mechanisms
of silencing. Any transposon that escapes both
systems will likely proliferate into new
genomic positions and produce substrates that
could be subject to one or the other type of
silencing. The piRNA loci are graveyards of
transposable elements whose ghosts in the
form of small RNAs commit fratricide against
their homologous brethren. From a selfish
DNA point of view, it is interesting to con-
template how the transposons are “tricked"” by
the host to insert into pIRNA loci and in twn
'whether classes of transposons evolve mecha-
nisms to avoid these locations for insertion.
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RETROSPECTIVE

Edward N. Lorenz (1917-2008)

Kerry Emanuel

o students taking their first physics

I course, the idea that the evolution of

the material universe is governed by
physical laws may come as a revelation.
Hitherto mysterious events are unmasked as
predictable, and the same laws that govern the
rise and set of the Sun and Moon can be used
to place a probe into a precise region of
Jupiter’s atmosphere, over 600 million km
from Earth. One is led quickly to the clock-
work universe of René Descartes, in which
every event, every outcome, is predetermined
by events at the beginning of the universe.

Cracks in this deterministic world view
began to show up early in the 20th century. In
1906, Henri Poincaré, after the frustrating
experience of failing to solve the three-body
orbital problem, conjectured that the evolu-
tion of some systems is so sensitive to initial-
state perturbations that prediction becomes
practically impossible. Twenty years later,
Werner Heisenberg and the Copenhagen
School showed that the subatomic world can
only be described in probabilistic terms. Yet
the physics of macroscopic phenomena con-
tinued to proceed under the mantra of strict
determinism, encouraged by—among other
developments—the shunning success of gen-
eral relativity. [t was left to a mild-mannered
MIT mathematician to hammer the last nail
into the casket of the Cartesian universe.

Edward Norton Lorenz was born in West
Hartford, Connecticut, on 23 May 1917, and
developed an early interest in science. “Asa
boy [ was ahways interested in doing things
with numbers and was also fascinated by
changes in the weather,” he later wrote ().
After receiving degrees in mathematics from
Dartmouth in 1938, and Harvard in 1940, he
enlisted in the U.S. Army Air Corps, where he
served as a weather forecaster. After the war,
he studied meteorclogy at MIT, earning a doc-
torate in 1948 and then joining the faculty of
the meteorology department there.

The story of how Lorenz embarked on the
development of the modern theory of chaos is
by now well told. Working with a primitive
computer in 1961, he was calculating numeri-
cal solutions toa set of three differential equa-
tions representing a reduction of the equations
governing fluid convection in a box. Wanting

program in Atmospheres, Oceans, and Climate, ass-
achusetts Institute of Technclogy (MIT), Cambrivige, MA
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to carry the integration
further in time, he re-
started a calculation at
about the midpoint of his
first run, using the numer-
ical output as his starting
state. Escaping the racket
of the machine, he step-
pedout fora cup of coffee,
but on returning found
that the solution had di-
verged greatly from the
first run. At first suspect-
ing a machine malfunc-
tion, he quickly realized
that he had stumbled on a
proof of Poincaré’s con-
jecture: On reentering
the data, he had merely
rounded the output to
three significant figures.

In 1963, Lorenz re-
ported and interpreted
these results in a paper entitled “Deterministic
nonperiodic flow” in the Jownal of the Atma-
spheric Sciences. The article went almost
unnoticed outside the atmospheric sciences
for nearly a decade. This and subsequent work
on the mathematical properties of chaotic
systems has been called the third scientific
revolution of the 20th century.

Chaos is not merely about the practical
problem of prediction. Lorenz and others
showed that there are mathematical (and
almost certainly physical) systems for which
the predictability horizon—the time limit over
‘which a prediction can be made—approaches
a finite limit as the initial error approaches
zero. Such systems are formally unpredictable
beyond this finite horizon, no matter how pre-
cise the computation and the specification of
the initial state. Even the motion of a friction-
less billiard ball becomes completely unpre-
dictable after only 11 collisions, owing to the
uncertainty principle’s limit on describing
its initial state.

In the field of atmospheric science, Lorenz
is as well known for his work on the general
cireulation and dynamics of the atmosphere as
he is for chaos theory. His 1955 paper devel-
oping the concept of available potential
energy in fluids is widely regarded as a classic,
as is his 1969 treatise on the general circula-
tion of the atmosphere. By the early 1960s,
Lorenz had succeeded in explaining the sud-
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A pioneer of chaos theary had a remarkable
ability to distill complex systems to their
physical essence.

den transitions in the flow
of fluid in “rotating dish-
pan” experiments, which
are crude laboratory ana-
logs of the general circu-
lation of the atmosphere.
This represented a major
advance in understanding,
accomplished with a re-
markably simplified set of
equations. The mathemati-
cal distillation of complex
physical systems to their
physical essence, so evident
in this work, was the hall-
mark of Lorenz’ technique.

Lorenz was a member
of the MIT faculty until
his retirement in 1987. He
continued research inmathe-
matics and  meteorology
thereafier, proofing a scien-
tific paper only days before
his death on 16 April 2008,

Ed Lorenz was an exceptionally unassum-
ing and kind man who loved nothing better
than hiking and cross-country skiing with his
friends, colleagues, and family, to whom he
was completely devoted. He was a great
teacher, much beloved by his students, and
won the MIT Meteorology Department’s
graduate teaching award every year it was
offered. His teaching emphasized the value of
rigor, clarity, simplicity, and logic, all very
much in evidence in his scientific writing.

Although a very practical man, he was
not indifferent to the philosophical impli-
cations of his work. [n his masterful final
book, The Essence of Chaos, he writes:
“We must wholeheartedly believe in free
will. If free will is a reality, we shall have
made the correct choice. [f it is not, we
shall still not have made an incorrect
choice, because we shall not have made any
choice atall, not having a free will to do so™
{2). Tts logical construction and careful
choice of wording make it a fitting remark
by which to remember Lorenz.

References and Notes
1. From  biographical sketch date-stamped 4 Octaber
1996, housed at MIT News Office.
£ N Lovens, The Fssence of Chaos (Univ. of Washingtan
Press, WA, 1§93}, p. 160.

~

10.1126/c ence. 1159438

wwwsciencemag.org SCIENCE  VOL 320 23 MAY 2008

1025



CREDIT. SYLVAIN GRANDAD AN /GETTY

INTRODUCTION

Lost in Microbial Space

LONG AGO, WE REALIZED THAT THE NUMBER OF STARS IN THE FIRMAMENT WAS
uncountable, and the light they shed is from the far distant past. Our planet’s micro-
bial universe is equally awesome: Thinking about the number of organisms living
in one human gut is discombobulating, and we are probably inhaling spores that
have been blowing in the wind for years. Advances in genome-sequencing technol-
ogy now allow previously uncultured organisms to be probed in their natural envi-
ronments, whether they live intimately with us in our guts or in the far, deep shidge
of the ocean’s abyss (see Roussel et al., p. 1046). This special issue examines some
of the challenges in understanding the significance of all this diversity to the pat-
terns and dynamics of arguably the most important organisms on Earth.

Although the organisms remain unseen, Falkowski ef al. (p. 1034) point out that
the microbial world drives some of the largest-scale phenomena on the planet, includ-
ing photosynthesis, nitrogen cycling, and pandemics of infectious disease. In the
opening Editorial, Tiedje and Donohue (p. 985) comment on ways in which this cat-
alytic power might be harnessed to supply the needs of human societies.

Rapid-sequencing technology has also revealed unimaginable degrees of diver-
sity. Paradoxically, the more diversity we find among microbes, the less simple it
becomes to assign microorganisms to species. In a News story (p. 1031), Bohannon
examines the phylogenetic 1 caused by dizzying exch among the
genomes of bacteria, archaea, and their viruses and discusses ongoing efforts to clas-
sify microbes with respect to their environments. Certainly, the fascinating micro-
cosms harbored by marine sponges seem to defy biogeography. In a News story,
Vogel (p. 1028) describes the remarkable similarity of microbial communities in
sponges throughout the world. Nevertheless, Green er al. (p. 1039) argue that rather
than investigate the distribution of individuals, we should instead be looking for the
geographic distribution of traits.

Despite its uniformity to the hurnan eye, the open sea offers not just a chance for
microorganisms to swim but also niches generated by changes in light levels and
salinity, marine “snot” and more resistant particles, and homes on the surfaces of ani-
mals. Hunt et af (p. 1081) investigate the effect of niche partitioning inopen water in
areport showing that the habitat preferences of marine vibrios have taxon-specific
patterns. But there are yet more layers of complexity in open-sea communities, and
Strom (p. 1043) reviews the interdependencies of microbes in the plankton. Poten-
tially, interrelationships can reach deep scales of detail; for example, Andersson and
Banfield (p. 1047) have traced the path of genetic debris left by viruses preying on
microbes in biofilms. Other examples of mechanisms used to forge m.tcmbla] rela-
tionships are explored in Science Signaling (www. sciencemag, -
ogy/): Dow discusses how closely related plant pathogens use similar signaling mol-
ecules in distinct ways, Lee describes how microbes in the gut dampen the immune
response, and Wartha and Henriques-Normark discuss how mast cells make extra-
cellular traps to kill microbes.

The shock of finding seemingly endless variation in microbial genomes has thus
q\neﬂy revolutionized thinking about evolution and the species concept, as well as

d realization of the imp f the ecological services supplied by the
microbial universe. — CAROLINE ASH, JOHN FOLEY, ELIZABETH PENNISI

SPECIALSECTION

Microbial
Ecology

CONTENTS

News
1028  The Inner Lives of Sponges
1031  Confusing Kinships

Reviews

1034 The Microbial Engines That Drive
Earth’s Biogeochemical Cycles
P G. Fatkowski et al.

1039 Microbial Biogeography:

From Taxonomy to Traits
J L. Green etal.

1043 Micrabial Ecology of Ocean
Biogeochemistry: A Community
Perspective
S. L Strom

See also retated Editorinl page 985 Hews of the Week

stary page 1002 and News Focus story page 1006;

Science Express Report by R E. Ley et al.; Brevia page 1046;
Research Auticte page 1047; Report page 1051 and Science
Signaling moterial an page 979 ar of wmsciencemog. org/
microbialecologyl

Science

www.sciencemag.org SCIENCE VOL 320 23 MAY 2008

1027



1028

NEWS

The Inner Lives of Sponges

Symbiotic ties, bioactive compounds, and mysterious distributions
of bacteria characterize these ancient invertebrates

A SPONGEFUL OF BACTERIA IS THE LAST
thing a dishwasher wants to think about. But
for Jorn Piel, the more microbes he finds ina
sponge, the better. Not a synthetic one, of
course, but those that adorn tropical reefs and
populate the ocean bottom.

One of evolution’s more ancient animals,
sponges at first glance seem quite simple—
little more than loose consortiums of semi-
autonomous cells, stuck in one place filter-
ing food from the water column. But a closer
look reveals a surprising twist. “With many
species, under the microscope you see
almost exclusively bacteria” among the cells,
says Piel, an organic chemist at the Univer-
sity of Bonn in Germany. Just as microbial

ecologists are demonstrating the extent and
importance of microbes in ecosystems as
diverse as guts and glaciers (see p. 1046),
Piel and others are slowly uncovering a hid-
den microbial world inside sponges.

It’s a difficult job, as almost none of the
sponges’ inhabitants grow in the lab. But
through genetic studies, researchers are
revealing the rich diversity and unusual distri-
bution of these microbes. Some investigators
are pinning down the roles bacteria play in
sponge biology and ecology. The microbes are
teaching scientists about evolution, symbio-
sis, and the mind-boggling variety of life on
our planet. “It never ceases to amaze me that a
sponge, an organism that just sits there and

Hospitable habitat. The brown tube spange
Agetas conifera {foreground) and the giant barrel
spange Xestospengta muto both have complex
micrabial cammunities living among their cells.

pumps bucketfuls of water through its canals,”
has such a rich and varied, yet highly specific,
inner life, says marine microbiologist Michael
Taylor of the University of Auckland in New
Zealand. The research also has a practical
side: Piel and others are betting that sponge-
dwelling bacteria could be the source of
potentially valuable compeunds for treating
cancer, malaria, and other human diseases.

Sharper focus
The first hint of the sponges’ pervasive inhab-
itants came in the 1960s and “70s, as new
equipment allowed longer and deeper dives
that gave researchers their first up-close look
at the diversity of life on the ocean bottom. It
quickly became clear that something else was
living among the sponges” cells. Looking at
the first electron microscope images of
sponge tissue, marine biologist Jean Vacelet
and his colleagues at the University of Mar-
seille spotted what looked like a half-dozen
different types of bacteria. Other researchers
“took sponges and squeezed them out over
culture plates to see what would grow,” recalls
marine ecologist Robert Thacker of the Uni-
wersity of Alabama, Birmingham, but it was
difficult to follow up on the finds. At most,
5% of sponge-dwelling species have thrived
in the lab, says microbial ecologist Ute
Hentschel of the University of Wiirzburg in
Germany. And the sponges themselves “are
ineredibly hard to keep alive,” Thacker says.
Therefore, Hentschel, Thacker, and others
have been using indirect methods to piece
together a picture of this reclusive community.
Most of the evidence comes from studies of
the gene for 168 ribosomal RNA (1RNA), a
piece of the genome that scientists use to iden-
tify unknown microbes in the environment.
Differences in this gene can serve as a useful
measure of the kinship between two species.
These genetic studies uncovered a dis-
tinctive and extensive community, identify-
ing more than 100 species of microbes that
are found in sponges but not in the surround-
ing water. This distribution indicates that
these bugs are long-term residents rather
than passersby. An individual sponge might
host dozens of different species, and overall,
the molecular analyses have found an
impressive variety: 14 bacterial phyla, two
phyla of archaea, and several types of
eukaryotic microbes.
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Such diversity initially d multiple,

independent acquisitions of microbial sym-
bionts. But evidence is building that sponges
of different types and in different oceans host
strikingly similar microbial communities.
Hentschel and her colleagues showed in 2002
that sponges from the coast of Japan, the Red
Sea, the Mediterranean, and the Republic of
Palau in the South Pacific contained microbes
thatare more closely related to each other than
to the microbes inthe seawater from which the
sponges were harvested. “It’s astounding,”
says Susanne Schmitt, a postdoc in
Hentschel’s lab. The different sponges the sci-
entists sampled diverged millions of years
ago, she says, but they are home to very simi-
lar, and very complex, microbial communi-
ties. [n 2007, Taylor and his colleagues found
the same result when they analyzed the entire
database of 165 rRNA sequences available
from sponge-dwelling microbes collected
from all over the world—nearly 2000 seq-
uences in all.

But Taylor, Hentschel, and their colleagues
are still trying to work out what the results
mean. Microbes might have colonized a
sponge early in the group’s evolutionary his-
tory and acquired characteristics that enabled
them to live in sponges full-time, Taylor pro-
poses. Those sponge-loving microbes could
have then spread to other sponges—and other
oceans. And such a scenario could explain
what may be a new phylum called Poribacte-
ria, after Porifera, Latin for “sponge.” Pori-
bacteria have been found throughout the
world, albeit exclusively in sponges.

Fruitful partnership
As with much of microbial ecology, the
sponge specialists have been focused primar-
ily on taking a census. “I go in just trying to
figure out what’s there—what people did
collecting insects in the forest 100 years
ago,” Taylor explains. But he and his col-
leagues are now starting to take the next step,
because census data can’t tell researchers
what each side gets out of the relationship.
Ecologists want to know if the microbes and
their hosts are obligate symbionts, unable to
survive without each other, or whether the
microbes are tolerated but dispensable
guests, says Michael Wagner, a microbial
ecologist at the University of Vienna in Aus-
tria: “[f we want to understand these commu-
nities, we have to know the function each
member plays.”

Yet even after decades of study, scientists
are still not exactly sure what sponges and
their microbes are doing for each other. Living
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in nutrient-pi but sunlit waters in the
lagoons of the Republic of Palau, sponges of
the family Dysideidae are home to blue-green
algae that probably provide their hosts with
energy and carbon. The sheer mass of the
microbes may help support the meter-high
giant barrel sponge Xestospongia muta, in
which bacteria can sometimes make up
40% of a sponge’s volume. Microorganisms
may even help defend their hosts against
disease-causing bacteria.

But those are educated guesses rather than
proven observations. “And there are a whole
lot of other things that are poing on that we
Just don’t know about,” says molecular ecolo-
gist Russell Hill of the University of Maryland
Biotechnology Institute in Baltimore.

To try to get a picture of the daily goings-
on inside a sponge, Wagner and his col-
leagues are catching sponge microbes in the
act of “eating.” The researchers have just
started experiments on several species of
sponges that host Poribacteria. No Poribac-
feria have ever been cultured in the lab, but
the scientists are able to keep the host sponges
alive in aquaria, at least for a short time. They
use a technique that allows them to observe
the metabolic activity of individual microbes
and sponge cells. They expose the sponge to
fluorescently labeled rRNA markers, which
lets them know what species they are dealing
with, and to radioactively labeled “food”—
amino acids, bicarbonate, and other mole-
cules. They then watch which cells take up
the labeled morsels and follow how the
morsels are processed, including
‘whether the sponge consumes com-
pounds excreted by the microbes
“We're asking not only ‘Who are
you?" but alse “What are you
eating?””" he says.

Whatever their function,
the microbes seem important
enough for sponges to pass on to
future generations. In the female
sponge, nurse cells, which provide
the “yolk” for developing eggs, also
ferry blue-green algae from the
sponge’s outer layers to the devel-
oping oocytes located deeper in the
sponge matrix. In 2005, Kayley
Usher and her colleagues at the
University of Western Australia in
Pertheven found blue-green algae
in the sperm of the sponge Chon-
drilla australiensis. A year later,
Julie Enticknap, a postdoctoral fel-
low in Hill's lab, was able to culture a
dwelling alphap L fum

pong:
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from the larvae of a sponge collected off the
coast of Florida, another indication of possible
parent-to-offspring transmission.

But that study highlights what may be the
most baflling mystery in sponge microbiol-
ogy. Usually when symbionts are passed
from parent to offspring, the partners
undergo what is called cospeciation, and the
microbes develop a unique genetic signature
and become confined to that particular host.
“But that doesn’t happen here,” says
Hentschel. The bacteria in the larvae proved
closely related to those cultured from unre-
lated sponges growing in Jamaica, Indone-
sia, and the Chesapeake Bay in the United
States. The best explanation for the broad
distribution of this bacterium—and for
many other species found across the globe—
she says, is that sponges acquire their resi-
dent bacteria both from their parents and
from the environment.

To date, no sponge-specific microbe has
turned up in seawater, but scientists have a
distinct disadvantage when it comes to
sampling. Although a 1-kilogram sponge
can filter thousands of liters of seawater
a day, Hills says that “if we are lucky, we

Medicinal potential. The stovepipe sponge Aplysing
archert is the source of several bivadtive compounds
that may come from its microbial residents,
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filter 200 liters,” so the chances of finding
an uncommon microbe, such as the larvae’s
alphaproteobacterium, are small.

If sponges are taking microbes in from the
surrounding environment, they need to be
able totell friend from foe from food. And the
microbes need a way to protect themselves
against accidental or intentional rebuff by
their hosts. Electron microscope images
reveal that most sponge-dwelling bacteria
have either thickened cell walls or slime cap-
sules that might prevent the sponge cells from
digesting them. Once established, these resi-
dent microbes, or the sponge itself, seem to
produce chemicals that discourage interlop-
ers. Several antibiotic compounds isolated
from sponges efficiently kill bacteria found in
the water column but do not affect sponge-
dwelling organisms.

Sea-based drugs

Those antibiotic compounds are driving at
least some of the interest in sponges. For bio-
prospectors looking for potential new drugs
from the sea, “sponges are one of the best
sources of bioactive compounds.” says Hill.
The chemical from which the antiretroviral
drug AZT was derived was first found ina
Caribbean sponge. In the lab, other com-
pounds from sponges kill cancer cells and
malaria parasites.

AIDS, cancer, and malaria are not the
sponge’s concern, but a powerful chemical
defense arsenal is, points out microbial ecolo-
pist Julie Olson of the University of Alabama,
Tuscaloosa: “Sponges can’t evade predators,
and if something blocks their [water-filtering]

passages, it’s a death sentence.” To protect
against unfriendly microbes, a successful
sponge probably needs a range of chemical
weapons, she says.

Initially, marine biochemists using the
“grind and find” approach assumed that
most of those chemicals came from the
sponge itself. But as the diversity of the
sponges’ residents became clear, many began
to suspect that at least some of the com-
pounds might come from the lodgers rather
than the hosts. The quest to come up with
enough of a bioactive compound for clinical
testing is proving that these suspicions are
well-founded.

To date, few sea-based drugs have made
it to the clinic. “Supply is the primary rea-
son there is no blockbuster so far,” says
Piel. It’s been almost impossible to purify a
compound in quantities large enough for
animal and human testing, and the chemi-
cal structures are often too complex for
large-scale chemical synthesis. Halichon-
drin B, for example, is a powerful antitumor
compound in lab tests. But scientists calcu-
lated that clinical trials would require at
least 10 grams of the substance. The best
producer, a New Zealand sponge group
called Lissodendoryx, yielded 300 mil-
ligrams per metric ton of sponges. Because
the entire population of Lissedendoryx was
estimated at 280 metric tons, it was clear
that harvesting from the wild was not sus-
tainable, Piel says.

Piel is trying to get around that problem.
His lab is fishing for genes involved in
making promising compounds. The goal is

Reclusive residents. These Actinobacteria (above)
are some of the few spange-dwelling microbes that
can grov in culture, To find out more about the
habits of baclaria that don't grow in the Lab,
researchers use tagged genes and labeled nutrients
to trace their fates. Here (gft), sponge cells are
green, nitrite-oxidizing symbionts of the genus
Nitrospira are red, and all other bacterial symbionts
appear blue.

to find the set of genes that codes for the
potential drug’s synthesis, and if the origi-
nal host won’t grow in the lab, to transfer
those genes to a microbe that is happy in an
artificial environment. The designer
microbe would then pump out enough of
the drug for testing.

The technique is pointing to bacteria as
the source of many of the compounds. “So
far, every time we’ve found a gene cluster,
we found typical bacterial genes” nearby,
Piel says. In 2004, the group reported that
they had pinned down the genes responsible
for producing compounds called polyke-
tides in a dark-red sponge called Theonella
swinhoei that lives in coral reefs. (In the lab,
polyketides can kill tumor cells, and several
types are in clinical trials.)

Based on the genes’ similarity to known
genes, Piel and his colleagues concluded
that the genes most likely come from a still-
uncultured microbe. What's odd, however, is
that these genes are quite similar to polyketide
genes belonging to a bacterium that lives in
the guts of beetles. The researchers are cur-
rently working to transfer the sponge
microbe’s genes to a lab-friendly host.

Hill and his group have focused on trying
to harness the original bacteria producers.
“Part of the problem is that people have in
their heads that all symbionts are difficult to
grow.” Hill says. But patience and hard work
can pay off. “Sometimes we get new colonies
after months of incubation.”

In recent work, Hill's lab has homed in on
the source of a particularly promising com-
pound called manzamine A. In lab tests,
manzamines kill malaria parasites more
efficiently than either chloroguine or
artemisinin, two of the leading antimalarial
drugs. The compound was first identified in
a sponge collected off the coast of Okinawa,
but related compounds have since turned up
in dozens of unrelated sponge species all
over the world—a strong hint, Hill says, that
they are produced by a microbe shared by all
these species.

In as-yet-unpublished work, his group
has isolated the bacterium that produces
manzamine A, The microbe should give
scientists their first steady supply of the
compound, allowing them to make and
test new derivatives, Hill says. Such stud-
ies led to the eventual development of
AZT, Hill points out. And he is hoping
sponges—or at least their microbes—will
again lend a hand in the fight against
deadly disease.

~GRETCHEN VOGEL
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whether microl
stake is much more than the esoteric record-

keeping of taxonomists, says R. Thane
Papke, a microbiologist at the University of
Connecticut, Storrs: “This is about our fun-

damental understanding of evolution.”
Without rigorously categorizing diversity,
“we're really stuck.”™
The problem is that prokaryotes, the sin-
gle-celled organisms without a nucleus, are
promiscuous. [nstead of one cell splitting into
two genetically identical daughter cells, over
and over, most take part in a global orgy of
gene swapping, passing genes between dif-
ferent taxa. This spells trouble for traditional
systematics, built as it is on the assumption
that organisms’ genes faithfully reveal their
common ancestry. Whereas most genes in a
particular microbe do come from its direct
ancestor, many may not, making lines of
fnot impossible, to
describe (Science, 1 May 1
This is not the first time that microbial
systematics has been disrupted. The tremors
began 4 d go when DNA sequence
became the gold standard for classifying
organisms, revolutionizing our understand-

] speci s exist at all At

tures (DSMZ) in Braunschweig. And aﬁer
the dust settles, what microbial “species™
will Took like is anyone’s guess.

What's in a name?

Classifying microbes has never been easy.
‘Well into the 20th century, bacteria were
considered members of the fungi, them-
selves erroneously classified as plants. At
the first International Microbiological Con-
aress in Paris in 1930, scientists decided that
microbes needed their own scheme. At that
time, members of the new Commission on
Nomenclature and Taxonomy called
microorganisms “in part plants, in part ani-
mals, and in part primitive.” They therefore
concluded that these single-celled creatures
belonged with neither.

From then on, microbiologists assigned
names to the organisms they found wrig-
gling and dividing under their microscopes
based on the few characteristics that could
be reliably observed. Whether microbes
irreversibly soak up a dye called crystal vio-
let designated them as Gram-negative—
such as our common gut inhabitant, Bac-
teroides fiugilis—or Gram-positive, such as

because there was no way to confirm that
they reflected genetic relatedness. Nonethe-
less, “it was a practical system that could
help microbiologists know what they were
talking about.”

And help it did. Microbiology exploded
during the second half of the 20th century,

¢ field it touched, includ-

Iture, ecology, and even

geology. The enterprise was bui}t on an ever-

growing microbial Family tree and “type

cultures” of each microbial species, repre-

sentative batches kept in laboratories around

the world. Type cultures made it possible for

researchers to replicate and build on previ-
ous experiments, says Klenk.

By the late 1970s, there were some
40,000 type cultures. “And that’s when we
had our first big shocl ys Klenk. Using
the newly available tools of molecular biol-
ogy. scientists compared DNA sequence
from different microbial species and found
that “we were completely wrong about evolu-
tionary relationships.” The prokary tes split,
some staymg mlhe familiar Bacteria and oth-

3 single-celled
organisms that are superficially similar to
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bacteria but whose genetic architecture is
more like our own.

Starting in 1980, the naming of micro-
bial species went in for a complete over-
haul by the International Committee on
Systematics of Prokaryotes. The standards
for type cultures were made far more rigor-
ous, says Klenk, calling for DNA sequence
data and more thoroughly documented iso-
lation. The 40,000 type cultures were
pared down to about 4000—growing since
then to 6800.

But DNA studies have continued to
muddy the microbial waters. “In some ways,
the more genetic data arrives, the less clear
things get,” says Christophe Fraser, an epi-
demiclogist at Imperial College London.

One problem revealed by DNA is the
vastness of microbial diversity, says Fred
Cohan, a microbiologist at Wesleyan Uni-
versity in Middletown, Connecticut. “All
of microbiclogy was based on what we
could culture in the lab,” with heavy
emphasis on pathogens. But
lab-culturable bugs turn out to
be “certainly less than 1%” of
living microbes. As technolo-
gies improved, ever more DNA
sequence has been harvested
from environmental samples,
representing all the microbial

sucked up from the environment as naked
fragments. That means that any given
microbe can have a large number of “par-
ents” from many different species. But “if
the genes are moving freely, then how can
you nonarbitrarily define the relations
between different microbes?” says Papke.
“Do you really have species at all?”

The earthquake begins

Vet Fraser and others haven’t given up on
classifying microbes. They think there are
other ways to define “species.”

Take recombination. for example. In
plants and animals that have no choice but to
reproduce sexually, recombination happens
every generation: Matching strands of DNA
on chromosomes line up and swap seg-
ments, producing offspring with a shuffled
deck of genes from each parent. This can
happen within microbes, too. When foreign
DNA finds its way inside a microbe’s cell
membrane, it has a chance of lining up with

& virus

= recipient DNA

viral DNA

a similar sequence and swapping segments
with the genome. Such recombination
events happen infrequently, but when they
deliver a more useful version of a gene, the
recombined genome can even sweep
through a population to become the norm.
DNA sequencing of many microbes from
the same population has revealed that
recombination is much more common than
was ever thought.

But the “crucial insight” is that the fre-
quency of recombination depends on the
kinship between the donor and recipient
microbes, says Fraser. The more closely
related two microbes are—and hence, the
greater the similarity between their
genomes—the greater the chance that
recombination will happen. When the
microbes are too different, “the recombina-
tion rate drops off steeply,” he says, effec-
tively blocking gene flow. “If we can define
this threshold, then that could be a rigorous
way to define microbial species”

Last year, Fraser and col-

" leagues used computer simula-
(0 bacterium tions to study microbial evolu-
= danor DNA tion (Science, 26 January

2007, p. 476). The results sug-
gested that when the rate of
recombination is high enough,
genetically isolated groups can

genetic material in a pinch of
soil or milliliter of seawater.
The realization that “a soil
community contains tens of
millions of bacteria” is “hum-
bling,” says Cohan.
Sequencing of whole ge-
nomes has presented microbiol-
ogists with an even more daunt-
ing challenge: Microbes have an

emerge that are “analogous” to
traditional species. he says.
Recent evidence for Fraser’s
wview has come from a study of
real-world microbial recombina-
tion (Science, 11 April, p. 237).
In this case, a species is being
lost. A team led by Martin
Maiden, a microbial geneticist at
the University of Oxford, UK.,

active “sex” life. Scientists have
long known that genes can move
between microbes; the spread of
antibiotic-resistance genes since
the 1950s is a case in point. “But
what’s surprising is how frequent
and widespread it turns out to
be,” says Fraser.

For traditional species to be
well-defined, their genes need to
flow vertically, from parents to
offspring and nowhere else. But
among microbes, genes can
move along a bewildering vari-
ety of routes between genomes:
sliding through bridges between
cellular membranes, hitchhiking
inside viruses, or even getting

DNA highway. Genes have many aptions for moving between different
micrabes, including getting slurped up as fragments from the environment (A),
hitchhiking inside retroviruses (B), and getting swapped with similar sequence on
a foreign gename aller a cellular tryst called conjugation (Q).

studied two species of Campy-
lobacter bacteria. The genomes
of C coliand C_ jejuni share only
86.5% of their most conserved
DNA sequence, due to millions
of years of adaptation to different
wild host animals. But in the
10,000 years since the advent of
agriculture, the two species have
been living together cheek-by-
Jjowl in farm animals, and there,
recombination is on the rise,
blurring what in other environ-
ments is a clear species line.
Because recombination is
occurring nearly 20 times faster
in the genome of C. coli, that
genome is becoming ever more
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REDITS (TOP TO BOTTON): [COLONES),

Defined by lifestyle. In this lsraeli canyon, researchers have divided one bacterial “species” into “ecotypes.”
Baciilus simpiex ecospecies Graminilalius (left) prefers the grassy southern slope, whereas 8. simpiex
ecospecies Sylvaticus prefers the dry and sunny northern slope.

like C. jejuni’s, and Maiden predicts that the
two will eventually become indistinguishable.
But other tests of recombination as a gold
standard for microbial species have not
yielded such clear results. Papke was part of a
team that studied microbes in three hyper-
saline pools, two in Spain and a third 250 kilo-
meters away in Algeria. The salt-loving
microbes isolated in each pool, all members of
the penus Halorubrum, should represent sep-
arate species. Yetamong the 153 strains tested,
there was a bewildering degree of recombina-
tion—even between “species” in pools sepa-
rated by the Mediterranean, Papke and his col-
leagues reported last August in the Proceed-
ings af the National Academy of Sciences
{PNAS). Considering their blush-worthy
promiscuity, “we’ll just have to accept that
microbes evolve in ways that don’t allow them
to be pigeonholed into species,” says Papke.

The eco-challenge

But some researchers argue that similarity in
lifestyle, not just genes, is the way to classify
microbes. Even with DNA flowing willy-
nilly, microbes pigeonhole themselves into
coherent groups by adapting to different
niches, says Cohan: “The key to understand-
ing microbial diversity is ecology.” Cohan
and others would like to do away with micro-
bial “species” as the “fundamental unit” of
diversity. Instead, microbes would be
divided into “ecotypes,” based first on
penetic relatedness and more finely on

shared adaptations to a particular habitat.

To demonstrate the existence of ecotypes
among real-world microbes, Cohan and a
team led by David Ward, a microbial ecolo-
gist at Montana State University in Boze-
man, have studied Bacillus bacteria from a
group of arid canyons in [srael. The bacteria
have adapted to the canyons’ various
microenvironments, says Cohan, from the
harsh, dry northern slope to the relatively
mild, lush southern slope, and a periodically
flooded streambed between. The team iso-
lated 218 bacteria from these locations, all
members of the genus Bacillus, and
sequenced the DNA of five genes from
each. On the basis of their highly conserved
168 ribosomal RNA gene sequences, bacte-
ria from one canyon divided neatly into two
species, B. simplex and B. licheniformis. But
stopping there “would not be informative,”
says Cohan, because the sequences of other
genes revealed substantial diversity between
bacteria with identical 165 sequence. That
diversity is driven by adaptation to different
microhabitats, says Cohan.

So Ward and Cohan’s team devised a
method called “ecotype simulation™ to
categorize the canyon microbes based on
lifestyle. First, they generated a phyloge-
netic tree based on variation in the four
marker genes that were different in the
various bacteria. Then, the simulation
comes up with putative ecotypes: It
divides the bacteria into clusters of genet-
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ically similar individuals, all the while
checking to make sure that the similarities
are due to adaptive changes and not to
chance. Finally, the researchers use what
is known about the actual environment of
each microbe—solar exposure, moisture,
soil type, plant resources—to test whether
the predicted ecotypes correspond to var-
ious microhabitats.

The team identified as many as 30 dis-
tinct ecotypes across all canyons studied.
Rather than species, these are the “funda-
mental units™ of microbial diversity, the
team concluded in a paper published in
PNAS 19 February. Cohan says they are now
“preparing to propose” some of these eco-
types, such as Bacillus simplex ecospecies
Graminifolius, to the systematics commu-
nity for formal recognition.

Ward and Cohan aren’t the only
researchers using ecology to make sense of
microbial diversity. A study of marine
microbes led by Martin Polz at the Massa-
chusetts Institute of Technology in Cam-
bridge found that groups of bacteria of the
same species oceupy different parts of the
plankton community, and even during spe-
cific seasons (see p. 1081).

But an ecology-based classification
faces an uphill battle for acceptance. “I just
don’t see how ecotypes can work,” says
Papke. He thinks gene swapping is so fre-
quent among microbes that recombination,
not ecological adaptation, is the main cause
of diversity. Ecotypes “still have a way to
go.” agrees Ford Doolittle, a microbiologist
at Dalhousie University in Halifax, Canada.

Doolittle is pessimistic that anything better
than a “compremise solution” can ever be
achieved for microbial systematics. When
conditions are just right, microbes “may clus-
ter into what we could all agree to call species,”
says Doolittle, on the basis of either “ecotypes™
or rates of recombination. “But there is no rea-
son to suppose that conditions will often or
even ever be right and thus no reason to sup-
pose that there must be *fundamental units” of
bacterial diversity.” Traditional systematics
requires such units, he says, “but needing
something to be true does not make itso.”

And how will all this affect day-to-day
microbiology? “1 expect species names and
type cultures will continue,” says Klenk.
Papke agrees: “We need to be able to have a
conversation.” But as for the “fundamental
unit” of microbial diversity and what, if any-
thing, is represented by microbial species,
“we'll probably need philosophers to sort
that out™ ~]OHN BOHANNON
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REVIEW

The Microbial Engines That Drive
Earth’s Biogeochemical Cycles

Paul G. Falkowski,"* Tom Fenchel,** Edward F. Delong™

Virtually all nonequilibrium electron transfers on Earth are driven by a set of nanobiclogical machines
composed largely of multimeric protein complexes associated with a small number of prosthetic groups. These
machines evolved exclusively in microbes early in our planet’s history yet, despite their antiquity, are highly
conserved. Hence, although there is enormous genetic diversity in nature, there remains a relatively stable
set of core genes coding for the major redox reactions essential for life and biogeochemical cycles. These
genes created and coevolved with biogeochemical cycles and were passed from microbe to microbe primarily
by horizontal gene transfer. A major challenge in the coming decades is to understand how these machines
evolved, how they work, and the processes that control their activity on both molecular and planetary scales.

first half of its evolutionary history, a set of

‘metabolic processes that evolved exclusive-
ly in microbes would come to alter the chemical
spu:mum of virtually all c.cm:nlsundlcp lanctary
suface. Ci Iy, our current

Eanh 15 ~4 .5 hillion years old, and during the

cles (5, 6). These two geophysical processes allow
elements and molecules to interact with each other,
mdnhunimlhmdsmfunnmdlmskhacyc!icaﬁ
manner. Indeed, unless the creation of bonds forms
a:yw:l: p.am:hiry chemistry ultimately will come to
equilibrium, which would lead

refiects the historically integrated outcomes of
microbial experimentation on a tectonically active
planet endowed with a thin film of liquid water (1),
The outcome of these experiments has allowed life
to persist even though the planet has heen
subjected to extraordinary environmental changes,
from bolide impacts and global glaciations 1o
massive volcanic outgassing (2). Although such
perturbations led to major extinctions of plants and
animals (3), 1o the best of our knowledge, the core
biological machines responsible for planetary
biogeochemical eyeles have survived intact

The explosion of microbial genome sequence
data and increasingy detailed analyses of the struc-
tures of key machines (4) has yielded insight into
how microbes became the biogeochemical engi-
neers of life on Farth. Nevertheless, a grand chal-
lenge in science is o decipher how the ensemble of
the core microbially derived machines evolved and
how fhey interact, and the mechanisms regulating
their operation and mamtenance of elemental
cycling on Earth. Here we consider the core set of
genes responsible for fuxes of key clements on
Earth in the context of a plobal metabolic pathway.

Essential Geophysical Processes for Life

On Earth, tectonics and atmospheric photochemical
processes continuously supply substrates and re-
move products, thereby creating geochemical cy-

*nvirenmental Blophysics and Molecular Ecology Program,
Institwte of Marine and Coastal Sciences and Depariment of
Earth and Manetary Sciences, Rutgers University, New Bruns-
wick, ¥) G8901, USA. *Narine Biclogical Laboratery, University
of Crpenhagen, smnupmmenanan 5, DK-3000 Helsingar,
Dermark. Departmert o f Ciil and Envi Engineer-

inevitably 1o a slow depletion of substrates essential
for life: on the planetary surfice. Most of the Hy in
Earth’s mantle escaped 10 space early in Earth's
history (7);, consequently, the overwhelming major-
ity of the ahiofic geochemical reactions are based
on acidhbasc chemistry, ic., tmnsfers of protons
without electrons, The chemistry of life, however, is
based on redox reactions, Le., successive trnsfers
of electrons and protons from a relatively limited
set of chemical elements (6).

The Major Biogeachemical Fluxes

Mediated by Life

Six major dlements—H, C, N, O, S, and P-
constine the major building blocks for all bio-
logical macromolecules (8). The biological fluxes
of r.hn first five of these elements are driven largm)'

a global metabolic map for Earth (Fig,. 2). The genes
encoding the machinery responsible for the redox
chemistry of half-cells form the basis of the major
energy-transducing metabolic pathways. The con-
temporary pathways invariably require multimeric
protein complexes (e, the microbial “machines™)
thatare ofien highly conserved at the leve! of primary
or secondary structure. These complexes did not
evolve insiantaneously, yet the order of their appear-
ancein ismm and analysis of their
arigins are obscured by ateral gene trnsfer and ex-
tensive selection. These processes make reconstc-
tion of how electron trnsfer reactions came 1o be
catalyzed extremely challenging (10).

In many cases, identical or near-identical path-
ways may be used for the forward and reverse
reactions required to maintain cycles For example,
methane is formed by methanogenic Archaca from
the reduction of CO; with Ha, If the hydrogen
tension is sufficiently low, however, then the reverse
process becomes thermodynamically favorable;
methane is oxidized anacrobically by Archaca close-
ly related to known, extant methanogens that ap-
parently use co-opled methanogenic machinery in
reverse. Low hydrogen tension ocours when there is
close spatial association with hydrogen-consuming
sulfate reducers (17-13); thus, this process requires
the synergistic cooperation of multispecies assem-
blages, a phenomenon that is typical for most bio-
geochemical transformations. Similarly, the citric
acid cycle oxidizes acetale stepwise into CO, with
anet energy yield In green sulfur bacteria, and in
some Archacbacteria, the same cycle is used to
assimilate CO; into arganic matier with net energy
expenditure. Indeed, this may have been the orig-
inal function of that cycle (J4). Typically, in one
direction, the pathway is oxidative, dissimilatory,
and produces adenosine 5”-triphosphate, and in
the opposite direction, the pathway is reductive,
assimilatory, and energy consuming.

However, reversible metabolic pathways in bio-

by catalyzed, th

strained redox reactions (Fig. 1). These uwol\-re wo
coupled half cells, leading to a linked system of
clemental cyeles (5). On geological time scales, re-
supply of C, S, and P is dependent on tectonics,
especially volcanism and rock weathering (Fig, 1).
Thus, biogeochemical cycles have evolved on a
planetary scale to form a set of nesied abiotically
driven acid-base and biclogically driven redex re-
actions that set lower Emits on external energy
required 1o sustain the cyeles. These reactions funda-
mentally altered the surface redox state of the planet.
Feedbacks between the evolution of microbial meta-
bolic and geochermical processes create the average
redox condition of fhe oceans and atmosphere,
Hence, Farth's redox satc is an emergent property
of microbial ife on aplam:!ary seale. The biological

ing and Department of Biclogical Engineering, Massachusetts

Insfitte of Techrology, Cambridge, MA 02139, USA.
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idation of Earth is driven by thesi whlch
is the anly k ey ton

ical cycles are not necessarily directly e
lated, and sometimes are catalyzed by diverse,
ultispecies microbial interactions. The various
axidation and reduction reactions that drive Earth’s
nitrogen cyele (which, before humans, was virtually
entirely controlled by microbes) are a good exam-
ple. Ny is a highly inert gas, with an atmospheric
residence time of ~1 billion years. The only bio-
logical process that makes N; accessible for the
synthesis of proteins and nucleic acids is nitogen
fixation, a reductive process that ransfoms N 1©
NH,". This biologically imeversible reaction is
catalyzed by an extremely conserved heterodimeric
enzyme complex, nitrogenase, which is inhibited
by oxygen (£5). In the presence of oxygen, NH"
can be oxidized to nitrte n a two-stage pathway,
initially requiring a specific group of Bacteria or
Archaea that oxidize ammonia o NO,~ (via hy-

nmd:mlydepmdnnanpmfmndbund.mmy(?)
The fluxes of electrons and protons can be
combined with the six major elements to construct

y which is oxidized to
NO3~ by a different suite of nitrifying bacteria (/6).
All of the nitrifiers use the small differences in redox
potential in the oxidation reactions o reduce CO; to
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organic matter (ie., they are chemoautotrophs).
Finally, in the absence of oxygen, a third set of
opporunistic microbes uses NO, and NOy as
electron acceptors in the anaerobic oxidation of or-
ganic matier. This respiratory pathway ultimately
forms No, therehy closing the N cycle. Hence, this
cycle of coupled oxidation/reduction reactions, driven
by different microbes that are ofien spatially or tem-
porally separated, forms an interdependent electron
pool that is influenced by photosynthetic production
of axygen and the availability of erganic matter (17).

Are the niches for all possible redox reactons
occupied by microbial metabolism? Although

some metabolic transformations, and the microbes
that enable them, have heen predicted to exist solely
on the basis of thennodynamics, and only later
were shown to actually oceur (18, 19), not all pre-
dicted pathways have been found. Some, such as
the oxidation of N to NOs~, may be too kinetically
ined for biological systems. Similarly, no
known ph thetic organizm can photochemi
cally oxidize NH,*,

Coevolution of the Metabolic Machines
Due 1o physiological and biochemical conve-
nience, elemental cycles generally have been

Atmosphere

Abiotic CH, oxidation
N + 0,7 2NO,; combustion - CO,

t

Fe®*, 807 78% + [CH,0]

Anoxygenic

He/s
co, o

photosynthesis
A

¥
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studied in isolation; however, the cycles have co-
evolved and influence the outcomes of each other.
Metabolic pathways evolved to utilize available
substrates produced as end products of other types
of microbial metabolism, either by modification of
existing metabolic pathways or by using estab-
lishexl ones in reverse (20). Photosynihesis is anoth-
er example of the evolution of multiple metabolic
pathways that lead to a cycle. Typically, reduction
and oxidation reactions are segregated in different
arganisms. In photosynthesis, the energy of light
oxidizes an electron donor, Le., HyO in oxygenic
photosynthesis and HS, Hs, or Fe" in anoxygenic

©C; + [CH0]

Oxygenic
photosynthesis

|

[CHHiG]
H‘}m? a5,
Farmentation t
ICHIOI Methanogenesis
H,?co,
L I ]
-0.5 0

Earth's mantle and crust

Fig. 1. A generalized biosphere model showing the basic inputs and outputs
of energy and materials. Geochemical (abiotic} transformations are repre-
sented at the top (atmospheric) and bottom (tectonic and geothermal) com-
partments, while microbially driven biochemical processes are represented in
the middle, biospheric compartment (in blue) and the sediments. Biological
element cycling is not completely closed due to losses through sedi i
of organic carbon and nitrogen, carbonate, metal sulfides, sulfate, and phos-
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[CH;0]
FeS;
Cay (POy),

Sediments

reactions are

phate, and losses to the
available forms of these elements is contingent on geological processes:
erosion and geothermal activity. Electron acceptors {oxidants) in the respi-
ratory processes have been arranged from left to right according to in-
creasing capacity to accept electrons. The redox couples {at pH 7) for the

via of

reactions are coupled.

the exact values depend upon how the individual
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Fig. 2. A schematic diagram depicting a global, interconnected network of the biologically mediated cycles for hydrogen, carbon, nitrogen, oxygen,
sulfur, and iron. A large portion of these microbially mediated processes are associated only with anaerobic habitats.

photosynthesis, and the electrons and protans gen-
erated in the process are used 1o reduce inorganic
carbon o organic matter with the formation of higher-
energy bonds. The resulting oxidized metabolites
may in tum serve as electron acceptors in aerobic or
anacrobic respiration for the photosynthetic crg;l
or by other,

nisms that use these \vmnodw:s’ asmdams(zl)

The autcome of the coupled metabolic path-
ways is that on geological time scales, the biosphere
can rapidly approach relatively self-sustaining ele-
ment cyeling on time scales of centuries to millen-
nia On longer time scales, papetustion of kfe
remains contingent on geological processes and the
constant flux of solar energy. Essential elements or
caompounds, such as phosphate, carbon (either as
carbonate or organic matter), and metals, are con-
tinuously buried i sediments and are retumed to
the hiosphere only through mountain building and
subsequent erosion or geothermal activity (Fig. 1).

There is litle understanding of how long it
took for reaction cycles to develop from local
events to global alteration of prevailing geolog-
ically produced redox set points, The last com-
mon ancestor of extant Efe presumably possessed
genes for the adenosine triphosphatase complex
required to maintain ion gradients generated by
photochemical or respiratory processes. Regard-

less, one of the last metabolic pathways to emerge
was oxygenic photosynthesis.

Oxygenic photosynthesis is the most complex
energy transduction process in nature: Mare than
100 genes are involved in making several macro-
molecular complexes (22). Nevertheless, indirect
cvidence shows that this series of reactions had
evolved by ~3 billion years ago (23), although the
atmosphere and the upper ocean maintained a very
low concentration of O for the next ~0.5 billion
years {24, 25). The production and respiration of ni-
‘trate must have evolved afier the advent of oxygenic
photosynthesis, as there can be no nitrate without
oxygen (16). Although the of probable

tainty. These events took place befare any geogical
md.:me of life, and while phylogenetic trees and
structural malyses provide clues regarding key
motifs, so far they have not provided a blueprint for
how life began. Stable-isotope fractionation has
provided evidence for sulfate reduction and meth-
anogenesis in 3.5-billion-year-old deposits (28), but
these metabolic processes are presumably older.

Modes of Evolution

Molecular evidence, based on gene order and the

distribution of metabolic processes, strongly sug-

gests that early cellular evolution was probably
with i h il gene flow

events that led to the global production of O, is
‘becoming increasingly clear (26, 27), the evolu-
tionary details delimiting imponant events for other
redox cycles and elements are more ambiguous.
Attempts to reconstruct the evolution of major
dissimilatory metabolic pathways are mainly
based on geological evidence for the availability
of potential electron donors and oxidants during
the early Precambrian (23). Although we can gain
some idea of the relative quantitative importance
of different types of energy metaboliam, we donot
know the order in which they evolved. Indeed, the
ongin of Efe and the first reactions in energy me-
tabalism probably never will be known with cer-

probahly representing the principal mode of evo-
lution (29). The distribution of genes responsible
for the major extant catabolic and anabolic pro-
cesses may have been distributed across a common
global gene pool, before cellular differentiation and
vertical genetic ransmission evolved as we know it
today. In the microbial world, not only individual
genes but also entire metabolic pathways central to
specific biogeochemical cycles appear to be fre-
quently horizontally transferred; a contemporary
analog is the rapid acquisition of antibictic re-
sistance in pathogenic bacteria (30). The dissimi-
latary sulfite reductases found in contemporary
sulfate reducing &-protecbacteria, Gram-positive
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bacteria, and Archaea are examples of horizontal
gene transfer that reflect the lateral propagation of
sulfate respiration among different microbial groups
and enviromments (37). Indeed, with the exception
of chlorophyll- or hacteri 1L-based pho-

fully sequenced genomes are also mirrored in
large-scale shotgun g

SPECIALSECTION

zymes, and other multienzyme complexes) is
‘highly ined by intra- and leic acid,

efforts (42). Among the ~6 million newly pre-
dicted protein sequences from a recent ocean
ic survey, a total of 1700 new pro-

tosynthesis, which is resiricted to Bacteria, and
methanogenesis, which is restricied to representa-
tives within the Archaca (32), individual bacterial
and Archacal lineages conlain most major meta-
bolic pathways. Even some of the molecular com-
ponents of methanogens scem 1o have been
laterally transfirred o methane-oxidizing members
of the domain Bacteria (33). Nitrogenases appear to
have been transferred 1o oxygenic photosynthetic
cyanobacteria late in their evolutionary history, prob-
ably from an Archaean source (3+), and are wide-
spread among diverse groups of Bacteria and
Archaea (35). Ammonia monooxygenase genes that
encade the key enzyme required for the oxidation of
ammonia o hydroxylamine, a key step of the
nitrogen cycle, ane also widely distributed (36, 37).
Evidence also exists for lateral exchange of large
“superoperons” encoding the entire anoxygenic
photosynthetic apparatus (38). Presumably, severe
nutritional or bicenergetic selective pressures serve
as major drivers for the retention of horizontally
transfered genes, thereby facilitating the radiation
of diverse biogeochemical reactions among differ-
ent organisms and envirommental contexts.

Sequence Space Available

Although the absalute number of genes and pro-
tein families currently in existence is unknown,
several approaches have been used to evaluate
the relative deptl of protein “sequence space”
currently sampled. Microbial community genome
sequencing (Le., metagenomics) provides a
cultivation-& and hence

less biased, view of extant sequence space. The
number of protein families within individual
Bacterial and Archaea! genomes depends linearly
on the number of genes per gename, and hence
genome size (3%). The higher levels of gene
duplication found in nenmicrobial eukaryotic ge
nomes potentially allows them to escape this
constraint and has resulted in different evolu-
tionary strategies and genome organization (39).
Regardless, genome size appears lo be correlated
with evolutionary rate, but not with core meta-
bolic processes {#4). So, what does the apparent
diversity in microbial genomes signify?

Genome Diversity in Nature

To date, the rate of discovery of unique protein
families has been proportional to the sampling
effort, with the number of new protein families
increasing approximately linearly with the num-
ber of new genomes sequenced (41). The size of
protein families (the number of nonredundant
proteins found within a family) among fully se-
quenced genomes follows a power law, with the
greatest mumber of protein families containing
only a few members (39). These trends among

tein families were discovered with no homologs
in established sequence databases. Even though
thiz study mcreased the known number of pro-
tein sequences nearly threefold from just one spe-
cific habitat, the discovery rate for new protein
families was still linear (Fig. 3). These data in-
dicate that we have only just begun the joumey of
cataloguing extant protein sequence space.

The virtual explosion of genomic information
has led to the hypothesis that there is linitless
evolutionary diversity in nature. The vast majority
of unexplored sequence space appears to en-
compass two categories of genes: a large and
dynamic set of nonessential genes and pseudo-
genes, under neutral or slightly negative selective
pressure (which we call “carry-on genes”), and a
set of positively selected environment-specific
gene suites, tuned to very particular habitats and
organisms (which we call “boutique genes™). In
contrast, the evolution of most of the essential
mmultimeric microbial machines (including the basic
energy transduction processes, nitrogen metabolic
processes, ribosomes, nucleic acid replication en-

RNA-protein, protein-protein, protein-lipid, and
protein-prosthetic group interactions (22), to the
extent that even when the machines finction sub-
optimally, they are retained with very few changes.
For example, the D1 protein in the reaciion center
of Photosystem 11, a core profein in the water-
splitting reaction center found in all oxygenic
photosynthetic organisms, is derived from an an-
acrobic purple bacterial homolog. During axy-
genic photosynthesis, this protein is degraded by
photooxidative cleavage approximately every
30 min (43). Rather than reengineer the reaction
center 10 develop a more robust protein in the
machine, a complicated repair cycle has evolved
that removes and replaces the protein. Conse-
quently, photosynthetic efficiency, especially at
high irmadiance levels, is not as high as theoret-
ically possible (44), yet the D1 is one of the most
conserved proteins in oxygenic photosynthesis
{22). Similarly, nitrogenase is irreversibly inhib-
ited by molecular oxygen, vet this core machine
is also very highly conserved even though many
nitrogen-fixing organisms live in an aerobic envi-
ranment. Te i fixing organi

have had to develop mechanisms for protecting
this enzyme from oxygen by spatially or tempo-

Number of protein clusters

-
z2--
e
.

o 1 2 3 4 5 & 7

8 9 10

Number of nonredundant sequences sampled (millions)

Fig. 3. Observed increases in new protein clusters with increasing sequence sampling [medified from
Yooseph et al. (42)]. The number of new protein clusters discovered increases linearly with the number of
nonredundant sequences sampled. We project hypothetical saturation profiles for the protein families.
However, discovery of new protein families is much lower in protein clusters with greater membership.
Seven different data sets of various sizes, including curated public databases and new data described in
Yooseph et dl. (42), were used to generate seven differently sized, nonredundant sequence data samples
depicted. The red line shows protein clusters with =3 core sets of highly related sequences in a given cluster.
The blue line shows protein clusters with =10 core sets of highly related sequences in a given cluster.
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rally segregating nitrogen fixation from aerobic

ete& By extension, it is unlikely that mass-

(45-47). In the Y ocean,
~30% of nitrogenase is nonfunctional at any mo-
ment in time, forcing overproduction of the pro-
tein complex to facilitate nitrogen fixation.

Is Everything Everywhere?
Abundant evidence exists for the rapid and effi-
cient dispersal of viral particles and microbial
cells, and for the genes they camry. Al the same
time, both microbial isolations and environmen-
tal genomic surveys indicate environmentally spe-
cific, quantitative distributional pamrns of fron
oxidation, methane metabolism, and ph

episodes in the (the past
545 million years), which strongly influenced the
evolution of animals and plants, did not funda-
mentally influence the core metabolic machines.
How then has the ancient core planetary metabolic
gene set been maintained over the vast span of
evolutionary time?

Microbes as Guardians of Metabalism
Dispersal of the core planetary gene set, whether
by vemtical or horizontal gene transfer, has al-
lowed a wide varety of organisms to sinmlta-

(11, 48, 49). These distributions generally, butnot
always, reflect the environmental distributions of
specific taxonomic groups. For example, the sim-
plicity and modularity of thodopsin-based photo-
synthesis appear o have led to the dispersal of this

neously, but Ly, become guardians of

bolism. In that role, envi selection
on the microbial phenotype leads to evolution of
the boutique genes that ultimately protect the
metabolic pathway. If the pathway in a specific
operational taxonomic unit does not survive an

pathway into widely disparatc groups.
The environmental distribution of these photo-
proteins therefore appears more reflective of habitat
selective pressure than of any specific organismal
or taxonomic distribution (50). Although the disti-
butions of specific taxa may not vary greatly along
a particular environmental gradient, in the absence
of the relevant selection pressure, environmentally
imelevant genes may be lost rapidly (5J).

The generalization that particular kinds of
microbes always occur whenever their habitat re-
quirements mm]:zndlsﬁsrﬁtmn:w(ﬂ} Al

envi thation, the unit will go extinct,
bmlhemshohcpmhwsyh&sﬂsmgdlmmuf
survival in other units. Hence, the same selective
pressures enabling retention of findamental redox
processes have persisted throughout Earth’s his-
tary, sometimes globally, and at other times only
in refugia, but able 10 emerge and exert ubig-
uitous selection pressure on ancillary genes. In
essence, microbes can be viewed as vessels that
ferry metabolic machines through strong environ-
‘mental perturbations into vast stretches of relative-
ly rmmdane geological landscapes. The individual

though not Ity active, viable
bemmacfapummﬂarﬁmmmlwpcranbcm-
covererd from almost any environment, using appro-
priate types of enrichment cultures anywhere, even
where that enviranment camot support their growih.
Hence, thermophilic bacteria can be grown from
cold seawaler (53), strict anaerobes from acrobic
habitats (54), and microbial cells have been ob-
served to accumulate 0 high numbers in surface
snow at the South Pole (55), These observations can
be explained by the sheer number of microbial cells
oocurming on Earth and consequent high efficiencies
of dispersal and low probabilities of local extinction.
Evidence for this also appears to be reflected in the
vast number of very rare sequences revealed in
rarefaction curves of deep microbial sampling
surveys (56), which perhaps represents a sort of
“hmlogml detritus™ from the very efficient micro-
bial coupled with extremely slow decay
kinetics of individual microbial cells ar spores in
various resting states.

Very early in life’s history the amnosphere and
oceans were anoxic and the distribution of the first
aerobic respiring microbes was confined to the
close vicinity of cyanobacteria. By contrast, in the
extant surface biosphere, acrobic conditions are
very widespread. During the late Proterozoic (be-
tween ~750 and 570 million years ago) glaciations,
large paris of Earh’s suface may have been
covered by ice, but even small remaining habitat
patches will have assured the persistence and
eventually dissemination of all types of prokary-

units evolve and go extinet, yet the
core machines survive surprisingly unperturbed.
Humans may not yet be able to mimic the
individual redox reactions that drive planetary
processes; nevertheless, the interconnections be-
tween biogeochemical processes and the evolution
of biologically catalyzed reactions are becoming
more tractable for measurement and modeling. It
is likely that the individual reactions that make
life possible on Earth will be reasonably well de-
scribed within the next few decades. Delineating
how these machines coevolved and operate to-
gether to create the electron flows that predom-
‘nm.e Indnyun}?arlhxsurfa:nnmams a grand
Us ical co-
evolution is critical to the survival of humans as
‘we continue to influence the fluxes of matter and
energy on a global scale. Micrabial life can easily
ive without us; we, however, cannot survive
without the global catalysis and environmental
transformations it provides.
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REVIEW

Microbial Biogeography:
From Taxonomy to Traits

Jessica L. Green,™ Brendan ]. M. Bohannan,® Rachel J. Whitaker®

The biogeographic variation of life has predominantly been studied using taxonomy, but this focus
is changing. There is a resurging interest in understanding patterns in the distribution not only
of taxa but also of the traits those taxa possess. Patterns of trait variation shed light on
fundamental questions in biology, including why organisms live where they do and how they will
respond to environmental change. Technological advances such as environmental genomics place
micrabial ecology in a unique position to move trait-based biogeography forward. We anticipate
that as trait-based biogeography continues to evolve, micro- and macroorganisms will be studied in
concert, establishing a science that is informed by and relevant to all doemains of life.

And so it was indeed: she was now only ten
inches high, and her face brightened up at the
thought that she was now the right size for going
though the fittle door into that lovely garden.
Lewis Carroll (1865)

‘magine Carl Linnacus in Alice’s shoes, shrink-

ing to only 10 micrometers high. Afforded the

opportunity 1o investigate biological diversity
at this spatial scale, would Linnacus have re-
mained committed to plant exploration, ar would
he have tumned his attention to microbial life? Itis
not surprising that Linnacus and his contempo-
raries founded biogeography—a science that aims
10 document and understand spatial patterns of
biological diversity—by studying organisms vis-
ible to the naked eye Recent advances i our abil
ity to quantify and visualize microbial diversity
in natural environments have prompted a new era
of microbial exploration, one that builds upon
plant and animal biogeography surveys initiated
roughly 250 vears ago (/). These new explora-
tions have already radically changed thinking in
ecology and evolution and upset the hierarchical
taxonomic structure that Linnacus propased (2).
As microbiclogists increasingly focus on biogeo-
graphical questions, textbook placeholders such
as “microbial biogeography is poorly known and
rarely discussed” (3) will become obsolete.

A longheld concept in microbial ecology is
that mictoorganisms are dispersed globally and
able to proliferate in any habitat with suitable envi-

Fenter for Ecolagy and Evolutionary Biology, Department
af Biclogy, University of Oregon, Eugene, Oregon 97403,
USA. Department of Microbiclogy, Unisersity of Ilfnois
Urbana-Champaign, Urbana, Winois 61801, USA
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ronmental conditions. This concepl was prompled
by Martinus Willem Beijerinck and concisely
summarized by Lourens Gerhard Marinus Baas
Becking in the widely referenced quote, “cvery-
thing is cverywhere, but the cviromment sclects”
{4). Seminal notions of ubiquitous dispersal and
environmental determinism are not unique to
microbiology. Linnacus, for example, wrole that
“the great Aréficer of Nature has provided that
every seed shall find its proper soil, and be equally
dispersed over the surface of the globe” (1). The

of molecular has allowed

ing why organisms live where they do, how many
taxa can coexist in a place, and how they will
respond to environmental change. Although plants
have been the focal proup in this emerging
rescarch area, recent advances in environmental
molecular biclogy such as genomics, proleomics,
transcriptornics, and metabolomics place microbi-
al ecology in a unique position 1o move tait-based
biogeography forward.

Trait-Based Biogeography:
A Macroorganism Perspective
Trait-based approaches to biogeography have
been used since the pioncering work of Andreas
F. W. Schﬁnpﬂmm:lhxna:enmago(?}
Although tending to wax and wane in favor over
time, there has been a resurgence of interest in
trait-based methodologies since the mid-1980s
(6, 8). Here, we discuss some examples of plant
rit-based research, focusing on applications like-
ly relevant 1o both plant and microbial ecology.
An emergent theme in trait-based research is
the identification of ecological strategies, suites
of covarying ecological traits. The study of eco-
logical strategies has been fundamental to the
development of plant and animal ecolagy, and
there is growing inferest among microbial ecol-
ogists as well (9). Examining the slope, inter-
cept, and correlation strength of relationships
among traits provides insight into the nature of
ical strategies, including the underlying

2 more comprehensive view of microbial diversity
than can be developed even with the aided eye,
showing that like plant and animal distributions,
microbial distributions can be the result of both
deterministic (environmental) and stochastic (dis-
persal) processes [reviewed in (5)].

As with macroorganism biogeography, mi
crabial biogeography mitially adopted a taxonom-
ic approach, focusing on sequence signatures to
identify groups of micreorganisms. These studies
revealed classic patterns such as the specics-area
relationship and isolation by distance (5). Inter-
preting taxenomic patiems in terms of how they
affect the function of a population or community
is especially difficult in microorganisms, where a
broad range of functional variation may occur
among similar organisms (e.g., organisms with
the same 165 IRNA sequence).

For macro- and microorganisms alike, there is
growing interest in the biogeography of functional
traits, characteristics of an organism that are linked
with its finess or performance (6). The sudy of
biegeography includes the study of patiems in
space, in time, and along environmental gradients.
Such patterns in the distribution of traits can be
used to und d complex ph nclud:

costs and benefits of different trait combinations,
Quantification of trait variation with site proper-
ties such as climate, for example, is central to
understanding how vegetation properties shift
along geographical gradients, and thus for pre-
dicting habitat boundaries under changing land-
use and warming scenarios. A similar approach
has been suggested for microorganisms (9) and
could be useful for predicting how microbial prop-
erties respond to environmental change.

Figure 1A illustrates how the relationship be-
tween two ecologically important plant traits—
leaf life span and leaf mass per area—shifts with
climate (J0). This trait relationship is part of a fun-
damental ecological strategy known as the “leaf
economics spectrum’™ that ranges from organisms
with cheaply constructed, thin, and short lived
leaves to those with costly, thick, and long-lived
teaves, Th i i tated by site f
such that organisms at drier sites typically achieve
shorter leaf life spans ata given leaf mass per area.

Cmmnumly T-m:mb‘y rules” was a concept

d live
where they do and in what combinations. It has
been used to understand how plant and animal

ities change through time and to predict
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the response of communities to environmental
change. This cancept has also grown in popularity
among microbial ecologists (/). Weiher and
Keddy (12) redefined the assembly-nile paradigm
by introducing the idea that traits, not taxon
names, are the fundamental units of biodiversity
and biogeography. They argued that a trait-based
approach would alleviate reliance on “murky
taxonomy” and introduced a conceptual model
for trait-based community assembly. Organisms
with similar traits will share similar niche require-
ments, which will result in them “sorting™ o
similar environments. At the same time, environ-
mental sorting i expected 1o lead 1o competitive
exclusion among organisms with very similar traits,
An informative counter-perspective is the neutral
theory (13), a commumnity-assembly model that
ofien makes realistic biogeography predictions de-
spite explicitly ignoring trait variation,

Empirical patterns of trait variation across en-
vironmental, spatial, and temporal gradients are
central to testing hypotheses arising from commu-
ity assembly models. In a study of spatial varia
tion in traits (Fig. 1B), Swensen and Enquist (£4)
showed that the mean and variance in community
aggregated wood density was negatively comelated
with latitude. Their results comply with Weiher and
Keddy's model and suggest that on a global scale,
there is strong environmental filtering of wood
density values along the latitudinal gradient, where-
as on local scales competition hecomes increas-
ingly important toward the equator. Shipley and
colleagues (15) integrated Weiher and Keddy's
qualitative mode] with tools borrowed from statis-
tical mechanics to develop a quaniitative method
for predicting biodiversity pattems across environ-
ments. They wested their model using trait varation
data collected from abandoned vineyards over suc-
cessional time (Fig. 1C) and predicted the relative

bund: of species at each. ional age with
great accuracy, Similar questions have been asked
using phylogenetic analyses of microbial taxa (/6.
a focus on traits requires fewer assumptions and
more directly addresses microbial properties im-
portant to ecosystem finction. Such an approach
could be valuable for predicting the temporal dy-
namics of microbial communities and the conse-
quences of environmental change.

Trait-Based Biogeography:

A Microbial Perspective

The advancement of environmental molecular
biology, in combination with laboratory studies
of microbial physiology and metabolism, has pro-
vided novel tools for identifying trait pattems in
microorganisms on a scale not yet possible for
studies of plants and animals. However, we cur-
rently know little (relative to our understanding for
plants and animals) regarding the distwribution of
microbial functional traits in nature. Our lack of
understanding iz due in part to the extraordinary
metabolic and physiologic diversity of micrabes,
our inability to culture many microorganisms, and

the common practice of reducing trait variation
(for example, by studying single isolates in cul-
ture). The value of smdying variation in traits is
rapidly hecoming apparent to many micrabiolo-

Microbiologists currently have a detailed under-
standing of only a small praportion of microbial
diversity, primarily those taxa with a long history
of lahoratory cultivation and study, Microbiolo-

gists as new patierns of variation are di

even within groups once thought to be relatively
homogeneaus. New tools have become available
that allow the study of microbial traits in their
natural contexts without necessarily requiring the
culturing of the individual organisms.

One of the biggest challenges facing micro-
biologists interested in functional wait is how Io
identify them. As for plants and animals, a
crobial functional trail is a measurable microbal
characteristic that is linked to fitmess or perfomm-
ance. Among the many possible types of traits that
could fit this definition are those that directly con-
tribute to an organism’s life history (its lifetime
patiemn of prowth, reproduction, and differentia-
tion), traits that mediate the inferactions among or-
ganizms (e g., microbial resistance to viruses), and
traits that contribute 1o the storage, transfer, and
organization of information (c.g, genome size,
content, and mutation nm:) 'Ihr. challeng: ua o
d ine which cl

gists have compreh on trait var-

fation in the field for only a handful of these, most
notably the phototrophs Prochlorocaccus and
Symecococeus (I7).

For organisms that are not as easy to culture,
it is possible from a general understanding of
microbial biochemical pathways, energetics, and
the mechanisms of metabolic regulation 1o choose
traits that are likely to be linked to fitness. For
example, based on decades of research on archaeal
isolates, microbiologists have a highly developed
understanding of the structure and function of
bacteriothadopsin (a light-sensitive membrane
protein capable of generating a proton gradient
that can be harvested for energy). This knowl-
edge was used to identify a type of rhodopsin in
‘bacteria—proteorhodopsin—before the existence
of any culiured bacterial isolates (18).

Functional traits can also be identified by
cI\glnmmg genetic vanation identified from en-

] genomic surveys info non-native cul-

are linked most closely to finess or performance.

tured hosts. Genetic varants of the gene that codes

To date, this has primarily been lished by

for p hod, have been inserted into

studying trait variation among cultured isolates.
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Fig. 1. Examples of trait-based biogeography for macroorganisms. (A) Covariation in leaf traits [leaf
life span (LL) and leaf mass per area (LMA} as a function of dimate [mean annual rainfall (MAR)]. Data
plotted for species sampled worldwide [modified from (20)]. (B) Variation in community-aggregated
plant traits over successional time. Data sampled from vineyards in France after abandonment [modified
from (15)]. (C} Variation in community-aggregated wood density with latitude. Data plotted for mean
wood density of all species in 1° grid cells [modified from (14)].
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tion cycle of archaeal rhod
{18). The presence of proteorhodopsm is now con-
sidered a putative functional trait in bacteria, and
vanants of proteorhodopsin with different spectral
propertics have been shown to exhibit spatial and
temporal patiems in marine environments {19).
Another way to identify putative functional
traits from environmental samples is to study rela-
tionships among traits, For example, Ram ef al.
{20) used environmental proteomics (o identfy the
prevalence of proteins involved in cobalamin and
heme synthesis that are abundamly expressed in
combination with cytochromes;s, a molecule
known to be important in fron oxidation in acid
mine drainage biofilms. The fact that these two pro-
teins covary with a protein likely linked to fimess

ing the bi hy of rib 1 gene copy
number could be important for predicting the re
sponse of ecosystems to environmental change.
It is difficult to measure microbial rDNA copy
number in situ, and to date most measures have
been made on laboratory isolates from environ-
‘menial samples (22) or microcolonies grown on
filters p]aced in environmental samples (24). Ad-
vances in quaniitative polymemve chain reaction
(qPCR), | genamics, and single-cell

SPECIALSECTION

tabolite assays on environmental samples, and to
our knowledge this has not yet been done. How-
ever, protein analysis at the community level has
been successfil for environmental samples (20),
and the field of environmental metabolomics is
rapidly growing.

Environmental Gradients and Genomics
One approach to studying microbial traits with-
out relying on culture is to makz: s‘paﬂd]y rxphmt

genomics may soon allow the of
tibosomal copy number in situ, on both a com-
‘muniry and individual level.
Metabologeography

Metabolomics can be used to characterize micro-

suggests that their p be a fimctional trait

Table 1 illustrates some examples of putative
microbial functional traits that have been studied
ina b hical context. Th xamples un-
derscore the value of culture-dependent approaches
combined with high-throughput technologies that
allow for the sampling of genes, profeins, expres
sion pattemns, and metabolites in sinw. Below we
highlight several studies that have revealed pattems
of microbial functional trail variation across time,
space, and environmental gradients.

Genes and | Succession

across space by analysis of the small
I that are the & diates and product
of metabolism and which leave chemical finger-
prints on specific cellular processes. Variation in
metabolic profiles not only can be used as an

use of from genormics
studies. Gene sequences can be used to assign
putative physiological traits through sequence
stmilarity to genes of known function by using
annotation databases, such as the Kyoto Ency-
clopedia of Genes and Genomes, Clusters of
Orthologous Groups, and SEED subsystems.
DeLong ef al. (26) used this approach to analyze
samples of microbial plankton from seven depths
in the Pacific Ocean. They prepared community
DNA fosmid libraries, end-sequenced ~5000

Table 1. Selected examples of microbial functional traits.

Potential consequence

One putative functional trait that has been iden-
tified for several macro- and microorganisms is
ribosamal gene copy number. Ribosomal copy
number is one of a suite of life history traits asso-
ciated with general ecological strategies in bacteria
(9), and it may play an important role in microbial
community assembly (27). The copy number of
ribosomal DNA (fDNA) genes is related to ho-
some content and has been linked i mmcmurga
nisms 1o i growth rate and resp
affer an increase in resources (27). There also appears
1o be a competitive cost associated with possessing
multiple gene copies under low resource condi-
tions (21), which suggests a life history trade-off.

Shrestha ef al. (22) tracked microbial ribo
somal copy number in a rice paddy soil during
succession afier flooding. They observed that
isolates from early successional soils (after 1 day
of flooding) had significantly higher ribosomal
gene copy numbers than those from later suc-
cessional soils (after 70 days of flooding). Tsolates
from early successional soils also formed colo-
nies on solid media more rapidly than those from
late successional soils (Fig. 2A), which suggests
a faster response time 0 an increase in nutrients.
Succession is one of several temporal pattems
that have been studied extensively in macroorga-
nisms by biogeographers, and pattems in fime-
tional traits and ecological strategies have been
documented (Fig. 1B).

Ribosomal gene copy nuniber has the potential

Trait o Hess o Hertorginee Measure Example
‘Gene sequence identity Protein function PCR amplification {19
Ribosomal copy number Growth rate, response time  Southern hybridization @2
jte content Survival Mass spectrometry 25)
Gene content Metabolic potential, life Genomics {26)
history variation
Genome size Metabolic potential, life Genomics 29
history variation
Environmental resistance Survival PCR amplification, 30)
{antibiotic, viral, radiation, etc.) laboratory screening
of isolates
Transcript abundance Metabolic switching Reverse transcription 31
PCR, qPCR
Mutation rate Adaptability Laboratory assays of 32)
isolates
Cell size Ketabalic rate Flow cytometry {33)

indirect measure of variation in microbial func-
tional traits but also can indicate interactions
among individuals, mcluding cell-cell commu-
nication and competition (for example, through
antibiotic production),

Rossello-Mora e al. (25) sampled isalates of
the bacterium Salinibacter ruber, from three
regions: the Mediterranean, the Peruvian Andes,
and the Canary Islands. Genetic methods did not
reveal biogeographic pattems among isolates.
‘When high-resolution mass spectrometry was
used to identify and quantify metaholites, biogeo-
graphic pattems among the isolates were evident
(Fig. 2B). Molecul iated with the cell

fosmids from each depth, and compared the
distribution of genes with depth. From this
distribution of genes in space, they were able to
identify a number of patterns in putative functional
traits (Fig. 2C). As expected, sequences associ-
ated with photosynthesis were mare common in
samples from the photic zone, as were sequences
associated with motility. This is consistent with
the hypothesis that heterotrophic bacteria in the
photic zone may actively compete for resources
by swimming from particle to particle. In con-
trast, sequences associated with surface growth,
for example pilus synthesis, protein export, and

envelope, such as sulfonolipids, left the strongest
signature. The differences seen between isolates
from different geographic regions were primarily
quanmzmvc rather than qualitative, u'llplymg that

1o have wide-ranging effects on func-

tion through is effects an cellular sioichiomeiry
and food web i (23), and

I and/or p onal regula-
tion was nvolved. To make a similar analysis at

the level without culture requires me-

p and antibiotic synthesis genes,
were more prevalent in deeper samples, suggest-
ing an increased importance of a relatively sessile
lifestyle at these depths. This approach was able
to document, at the commmunity level, pattems in
the distiibution of single putative functional raits
and patierns in suites of covarying traits (e.g.,
those associated with photosynthesis, motility,
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Fig. 2. Examples of microbial trait-based biogeography. (A) Mean numbers
of IDNA operon copies in early successional (black bars) and late succes-
sional (yellow bars) bacterial taxa isolated from rice paddy soil [modified from
(22)]. (B) Variation in the metabolite composition of Salinibacter ruber iso-
lates from different geographic regions. The metabolites having a high cor-

and surface growihi) that may indicate the spatial
patieming of ecological strategies.
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microbial taxa distrbutions have been assumed to
be of little value in predicting the response of
microbial communities 1o environmental change.
A tmitbased approach will recast this debate 1o

Trait-based approaches to microbial biodi
and biogeography offer the promise cfadwmcmg
ecological theory and predicting responses to
environmental change. Recent theoretical ad-
vances in plant sciences using a ait-based frame-
work have provided a mechanistic basis for
quantifying the link between functional trait var-
iation and ecosystem processes (15, 27, 28). A
focus on traits that are commen to macroorga-
nisms and microorganisms provides a common
currency with which to develop and test theory
across life’s domains. The next sicp is to revisit
these theories in the context of microbial systems.
The historical emphasis on taxonomy-based
conservation has been mired in the argument of
functional redundancy, which assumes that taxa
are functionally interchangeable. This idea has
been especially influential in microbial ecology,
resulting in the assumptions that neither a loss in
microbial taxcnomic diversity nor a tumover in
microbial community composition will have con-
for microbial-mediated pros
because many different microbial taxa can me-
diate the same process. In addition, because
microarganisms are assumed lo evolve rapidly,

beter und; d the i of specific suites

of microbial ﬂmmona. traits in the environment.

Schimper’s seminal text on plant geography
(7) is prefaced with the opening statement, “the
time is not far distant when all species of plants
and their geographical distribution will be known
‘The objects of geographical botany will not, how-
ever, be attained, as is ofien assumed, but a foun-
dation merely will have been laid on which science
can construct a larger edifice. The essential aim of
geographical botany will then be an inquiry into
the causes of differences existing among the vari-
ous floras™ Building on Linnaeus’ taxenomic
biogeography, Schimper adopted an ecological
approach, summarizing in elaborate detail the form,
structure, physiology, and life history of plants
around the world. Schimper’s vision gives us a
universally applicable framework for trait biogeog-
raphy to which we can now add microorganisms.
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REVIEW

Microbial Ecology

of Ocean Biogeochemistry:
A Community Perspective

Suzanne L. Strom

The oceans harbor a tremendous diversity of marine microbes. Different functional groups of bacteria,
archaea, and protists arise from this diversity to dominate various habitats and drive globally important
biogeochemical cycles. Explanations for the distribution of microbial taxa and their associated activity
often facus on resource availability and abiotic conditions. However, the continual reshaping of
communities by mortality, allelopathy, symbiosis, and ather processes shows that community interactions
exert strong selective pressure on marine microbes. Deeper exploration of microbial interactions s now
possible via molecular prospecting and taxon-specific experimental approaches. A holistic outiook that
encompasses the full array of selective pressures on individuals will help elucidate the maintenance of
microbial diversity and the regulation of biegeochemical reactions by planktonic communities.

When we try to pick out anything by itself, we
find it hitched o everything else in the universe.
John Muir {1911)

arine microbes are fundamental regula-

tors of biogeochemical cycles [see the ac-

campanying review by Falkowski ef al
(7). While acquiring resources for metabolism
and growth, archaea, bacteria, and protists trans-
form C-, N-, P- and S-containing compounds in
ways that affect their availability for biological
production and their influence on Earth’s climate.
Questions about the relaionships between plankton
ecology and these transformations are at the heart of
much ocean rescarch and have existed since the
investigations of Brandi, Lohmann, and others a
century ago [as described in (2)]. Yet, despite a
burgeoning toolbox of methods, most research into
ocean biogeochemisiry and associated microbial
ecology is stll framed in terms of “botiom-up”
cansiderations (Le., how do resources and abiotic
conditions drive the distributon and function of
microbes?). Ecological considerations and recent
genomic findings demonstrate that a broader view
is necessary. Agents of momality, including grazers
and Iytic viruses, must exert strong selective pres-
sure on papulations of marine microbes. Additional
interactions such as allelopathy and symbiosis also
influence community structure and funcéon. Fur-

Shannen Paint Marine Center, Western Washingtan Uni-
wersity, Anacortes, WA 98221, USA. E-mall: Suzanne Strom@
wwedu

ther, these processes interact with resource availa-
bility in numeraus ways so that separate bottom-up
versus “top-down” approaches to studying these
are of limited 1 or i
tal use. Marine microbes are truly hitched to every-
thing else in the ooean universe. Thus, a comnmunity
perspective is essential for understanding the
distribution and function of microorganisms in
Earth’s oceans. By applying the comucopia of new
ocean research methods to questions of whole-
commmunity structure and function, we will gain in-
sights into the negulation of biogeochemical cycling.
A commmumity perspective will also aid our under-
standing of the sources and functions of the vast
genomic diversity housed in the oceans” microbes.

The Broader View: Ecological Considerations

Owing to physical and chemical constraints,
nearly all primary and most secondary produc-
tion in the oceans is performed by microbes.
Litle energy storage or accumulation of structur-
al material is possible in a unicell; hence, in
striking contrast to terrestrial ecosystems, almost
no marine production accumulates as biomass.
Except during bloom events, nearly all marine
microbial production “mms over” in days to
weeks through various mortality processes (3). In
ocean regions remote from land, microbial mor-
tality is mainly due to grazing by protisis (4, 5); in
other arcas, disease, viral lysis, prazing by larger
zooplankton, and perhaps microbial

continual reshaping of the community at a funda-
mental leve! and a situation in which avoidance of
mortality i lantamount to resource-based growth as
aselective pressure on individual microbes (Fig. 1),
From these considerations, one would predict that
adaptations reducing monality (e.g., escape behav-
for, defenses, resistance to infection, camouflage)
‘must constiute a substantial part of the genotypic
and phenatypic repertoire of marine microbes.

The Broader View:
Genomic Considerations
Sequencing of cultured marine microbes and
metagenomic surveys of natural environmenis
are revealing genes related to community interac-
tions. Using shotgun sequencing of fosmid clone
termini, DeLong and co-workers (&) assessed the
depth distribution of microbial genes in the North
Pacific subtopical gyre. Deep-water sequences
were enriched in genes for antibiotic synthesis,
which are hypothesized to play a role in structur-
ing particle-associated commmitics. The cyano-
bacterium Synechococcus is a major prokaryotic
contributor 1o ocean primary production, and
genomes of several isolates have been sequenced.
Both Sargasso Sea and Califomia Current isolates
contain several different polysaccharide biosyn-
thesis genes; the authars speculate that these allow
changes in cell-surface characteristics, providing
camouflage from or resistance to phage or pred:
ator attack (9). Prochforococens is another impor-
tant genus of photosynthetic prokaryotes, one in
which the links hetween genetics and ecophys-
iology are particularly well characterized A sur-
vey of Prociiorococcus “ecotypes” in the Atlantic
Ocean found that environmental gradients in light,
terperature, and mitrient availability explained con-
siderubly less than half of the variability in spatial
distribution for all but one ecotype (107). Unex-
plained aspects of distribution hinted at important
‘but poorly characterized differences in competitive
ability and susceptibility to grazing and viral lysis
In the following sections, I present examples
of how community processes can drive biogeo-
chemical cycling of 8i, C, and N, as well as the
climatically important gas dimethyl sulfide (DMS).
1 then outline two research areas in which further
investigation promises o elucidate mechanistic links
between community ecology and biogeochernistry:

Paradigms Lost
Current paradigms, largely revolving around re-

canbe (6,7.C
approximate equivalence with growth leads 10 a

source and abiotic conditions, are ofien
morality in & ient to explain major patiemns of functional
‘group domi in the sea [see the i
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review hy Green et al (11)]. For example, in the
absence of chronic iron limitation, the spring pri-
mary production increase in temperate and high-
latitude seas is largely manifested as blooms of
diatoms. There is little evidence from 1 1

because DMS molecules can act as cloud conden-
sation nuclel, increasing cloud cover over the
ocean, DMS flxes have been remarkably difficult
o predict from environmental variables alone, be-
cause ions play a role in nearly

lahoratory-based work that diatoms have c(msﬁl
enily higher growth rates than pl

a].. aspects of DMS production. In addition to an
d: of DMSP- i microbes, larpe

flagellaies under the cold, high-nutrient conditions
of early spring (12), nor are they consistently more
tolerant of twhulence (/3). Superior nutrient up-
take mnd storage capacity have also been invoked
as determinants of diatom success i the spring
bloom niche (/4). However, during the inception
and increase of the spring bloom, mutrient concen-
trations far swpass those limiting to uptake or
growth. Thus, diatom blooms cannot be explained
solely as the outcome of superior environmental
tolerance or “simple” resource competition among
photosynthetic protists (although blooms are ofien
modeled this way). We do know that the diatom
species that dominate hlooms experience less praz-

DMS fluxes can only be generated if there are
high rates of processes promoting DMSP cleavage
combined with low rates of bacterial DMSP
demethylation; the latter converts the molecule to
products other than DMS.

Communities determine DMS fluxes by sev-
eral processes (Fig. 2), including preferential
grazing on prey that contain low levels of DMSP
or lyase. Extensive interstrain variability in these
properties has been found (22, 23), which may be
related to differential allocation of cellular re-
sources to resource acquisition, defense, signal-
‘ng, and nlhn' mr\-wal needs. Although poorly

ing mortality than do co-occuming species (13, 16).
The reasans are poorly undersicod, and the exist-
ing hypotheses are not yet strongly substantiated.
One possibility is that blooming diatoms have
grazing-resistant morphelogies; another is that they
produce defensive chemicals (/7, 18). There may
also be a mismatch between temperarure optima
for growth of diatoms relative to growth of their
potential predators (12). Allelopathic inhibition of
competitors by diatoms has been hypothesized as a
contributing factor {19). The need for a mechanistic
and hence a predictive understanding of diatom
blooms is a prierity because of their substantial

; i logical e
cluding their role in ocean C and Sicycling, as well
as thelr importance in food webs supporting lage
benthic and pelagic animals.

For other major biogeochemical processes,
including global rates of N, fixation and deni-
trification, we have very little knowledge of how
commumnities might regulate the abundance and
biogeochemical transformation rates of the rele-
vant microbes Denifrifiers inhabit low-oxygen
zones i the ocean’s interior. Observations from
the Black Sea and European fords show that
protistan grazers of bacteria, such as ciliales and
heteratraphic flagellates, also inhabit low-oxygen
waters. We also know that microaerobic and an-
acrobic protists can form consortia with bacteria
(20, 21'). However, the role of these predatory and
symbiotic relationships in regulating the abund:
and activity of denitrifiers is largely unknown.

Valatile Communities
Biogeochemical processes mvmvmg ocean-
S exchange on
community c.mn-pasmm and function. The vola-
tile compound DMS i produced by both prokary-
otic and eukaryotic marine microbes through
enzymatic cleavage of dimethyl sulfoniopropio-
nate (DMSP). Fluxes of DMS from the ocean to
the atmosphere direetly influence Earth's climate,

| grazing could also select
for either demethylating or DMS-producing bacte-
ria. Released DMSP is a chemical signal that can
reduce grazing, potentially promoting blooms,
and viral lysis can cause release of DMS from

Relative abundance

Initial

Relative abundance

— .

Fig. 1. Hypothetical microbial community MH\ faur major
taxonomic groups (indicated by the lowercase letters and associated
colors), present initially (top left) at equal abundances. With no
mortality (top right), the fastest-growing taxon {“a") dominates the
community after 5 days of growth. (Bottom left) Equal rates of
mortality on all taxa yield reduced abundances—hence, potentially
reduced biogeochemical activity—due to generalized removal of
microbes while they are growing. (Bottom right) Unequal rates of
mortality lead to shifts in species dominance and fundamental
restructuring of the community. In this case, the two slowest-
growing taxa ("c” and “d") dominate after 5 days. Growth rates
[k (days™): a=030,b=0.20, c =015, d = 0.10; mortality
.35, b= 0.13, c = 0.02, d = 0.01;
mwe”"”s. Data taken from (38).

rates [g (days™)]: a
abundance (4} at 5 days =

No mortality

host cells (24, 25). Although still incompletely
understood, fhis is one of the mast tharoughly
investigated microbial systems of those involved
in a major biogeochemical transformation. Data
collected to date demonstrate that a knowledge
of community processes will be essential for a
mechanistic and prediciive undersianding of
DMS fluxes. There is little doubt that community
ecology will prove equally important for under-
standing other biogeachemical cycles.

Cell Surfaces: A Focus of Selective Pressures
The role of the cell surface in simultanecusly
mediating resource acquisition and defending or
camouflaging the cell against agents of | mmahry is
poorty und d for free-living mi
Features of pathogen cell surfaces are better
known and might offer some insights into uni-
versal mechanisms, Every resource acquired by a
microbe involves some aspect of the cell surface,
including receptors, transporters, and cell surface—
associated enzymes. Given the high ion specificity
of tmmsmembrane pumps and channels (26), the
amount of cell surface area for such stuctures is,
in itself, a potentially limiting resource. How, then,
does the constellation of resource
uptake requirements affect the land-
scape of the individual cell surface?
It is this landscape that many grazers
perceive and respond to during feed-
ing. We know that alteration of prey
cell surfaces by lectin binding or coat-
ing with various organics affects the
feading rates of flagellates (27, 28).
Marine Synechocaceus genomes con-
tain multiple polysaccharide synthesis
genes (9, 29); analogous to the
antigenic variation of pathogens to
avoid hostmediated phagocytosis
(300, these genes may allow cell-
surface changes in response fo grazing
pressure. Host specificity of viral in-
fection may also depend on specific
cell-surface oligosaccharides (37).
These and other observations indicate
that mortality operates in part through
m:ogmuun (or lack thereof) of cell-
surface properties, which in fum may
| be influenced by resource acquisition.
A research focus on microbial cell sur-
faces i lkely to elucidate how these
i successfully adapt 1o the
suite of selective pressures they face.

Allelopathy

Allelopathic interactions, i which
microbes actively mhibit their com-
petitors, are poorly understood for
marine microbial communities. Alle-
lopathy has long been invoked as a
mechanism pramoting blooms, al-
though distinguishing inhibition from
resource competition can be experi-
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mentally challenging (/9). Production of lytic
agents has been demonstrated for both prokaryatic
and eukaryotic marine microbes and interpreted as
a mechanism for simultaneously reducing compe-
tition or predation and obtamning dissalved organic
nutrients [ie., “kill and eat your predator” (32)].
Allelopathy may be more widespread than antici-
pated and may encompass tactics including the
release of reactive oxygen species
and antibiotics (33, 34). Sublethal
allelopathy could be particularly
effective in shaping community
structure and function by altering
growth and loss rates. For exam-
ple. microbes are known to release
nontoxic signaling compounds
that alter the behavior of conspe-
cifics, competitors, and/or predators
(35, 36). The release of sidero-
phores that bind up ron and other
trace nutrients in a form unavailable
1o competitors could also be seen as
a form of allelopathic inhibition (37).

Research Prospects
Marine microbes drive globally
important biogeochemical cycles,
and we are in the midst of an
explosion of data conceming the
genomic diversity that underlies
this microbial activity. At the same
time, there is growing evidence
that cormmunity interactions—
including various sources of mor-
tality, allelopathy, symbiosis, and
others—exert strong selective pres-
sure on marine microbes. Marine
microbial distribution and diversi-
ty camnot be understood without
considering the entire suite of se-
lective pressures on individual
microbes. By the same token,
study of community processes is
essential for an understanding of
ecosystemn function, including fmportant biogeo-
chemical transformations. Progress will require
&mtgmunucandoﬁu’m:ysbcm}lﬂnmdand
with an eye for that underlie
not only environmental tolerance and resource ac-
quisition but also cell-cell and population inter-
actions of various types. New molecular techniques
are beginning to be coupled with compmumity-leve!
experimentation and hypothesis testing: there is
ample scope for more research of this type, es-
pecially that which targets key functonal groups of
marine microbes, Implementing these suggestions
will require collaborations between scientists with
historically divergent views of marine microbes, in-
cluding ity eooloists, geneticists, and
ographers. The resulting holistic approach to how we
lize, observe, and i with micro-
bial communities will be required to achieve a syn-
thesis of microbial ecology and biogeochemistry.

@ High DMS? lyase
LmDMSPwa

pmpensltyforme bacterial
shaped in part by differential mortality (EJ;N due to nanoflagellate grazing selectivity) and competition for resources.
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Extending the Sub-Sea-Floor Biosphere

Erwan G. Roussel,®

Marie-Anne Cambon Bonavita,? Joél Quereliou, Barry A. Cragg,”

Gordon Webster,? Daniel Prieur,” R. John Parkes™

n extensive, global, sub-sea-floor bio-
Asphe:e has recently been documented (1),

with the deepest sedimentary prokaryotes
0 far confirmed at 842 m depth, ~55°C, and 3.5
million years (My) old (2). It has been suggested
that the sub-sea-floor biosphere may contain two-
thirds of Farth’s total prokaryotic biomass (3), but
this extrapolation requires analysis of prokaryotic
populations at greater depths. Here, we provide
evidence for living prokaryotic cells in 1626 mbsf
(meters below the sea floor) sediments that are
111 My old and at 60° to 100°C.

Nine deep sediment samples (4) (860 w0
1626 mbsf) from the Newfoundland Margin
[Ocean Drilling Program (ODP) leg 210, site
1276] were analyzed (5). These ase from 46 1o
111 My and are mamly i

supported by the presence of high methane con-
centrations and higher molecular weight hydro-
carbons (4).

Intact prokaryotic cells were detected by mi-
croscopy in all samples, and many were dividing
cells. Depth profiles of c:ll numbers fluctuate
around 1.5 % 10° cells ml ! (l‘lg 1 cmsmm

preservation of extracellular DNA in 46 to 111
My old, hot (60° to 100°C) sediments is unlikely.
In addition, some detected sequences are related
toth hiles and/or which
‘matches in situ temperatures. The resulting clone
libraries show a low diversity of Archaea (Fig. 1),
with thermophilic Pyrococcus dominating the
958-m depth, and then, as soon as methane
increases above background concentrations, po-
tential anaerobic methane-oxidizing (ANME) se-
quences became dominant (fig. S1). Surprisingly,
there were no ANME sequences in the deepest
sample (1626 mbsf) despite the highest methane
concentrations; however, at 60° to 100°C this
may be above the upper temperature limit for

with the general depth distr of p
cells froom, ofbex subseafloos: sediments. (7).
Overall, cell numbers were significantly corre-
lated (P < 0.01) with the i hydrogen

ANME prokary (7). In addition, the Pyro-
coccus and Thermococcus sequences (fig. S1)
in the deepest sample may belong 1o high-
Archaca that are able o use the

index (HI), which reflects organic matter reactivity
for microorganisms (6) and implies that some of
the cells were metabolically active. This is con-
sistent with the presence of dividing cells (Fig. 1)
and the detection of live cells using Live/Dead
(Molecular Probes i d, Eugene, R}

with interbedded gravity-flow  deposits, formed
during the opening of the northern Atlantic Ocean
(4). An igneous sill at ~1613 mbsf (~10-m thick) is
a trap for gases (methane, Fig. 1) and fluids. On
the basis of the local thermal gradient and the
measured thermal conductivity (#), the temper-
ature of the deepest sample s calculated to be
between 607 and 100°C. The upper lemperature is
close to the highest temperature for prokaryotic
growth (~113°C) and where thermogenic altera-
tion of organic matter can occur. The occurrence

staining (~60% viable cells). Percentages of di-
viding cells of the total count are in the range of
previous resuls (0 o 4.8%) (1), except for higher
values in the deepest sample (1626 mbsf, 11.8%).
This increase in the proportion of dividing cells is
probably related to the dramatic increase in con-
centrations of methane and higher hydrocarbans
together with the generally elevated organic car-
bon concentrations, both providing potential en-
ergy sources (Fig, 1) (4)

Successful archaeal 168 ribosomal RNA

of thermogenic reactions and high temp
(~80° to >100°C) in the deeper part of the core is

(TRNA) gene ampli also strongly suggests
that the cells are from living prokaryates hecause
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Dividing calls (%)

Fig. 1. Depth profiles of methane (black dots with orange line), prokaryotic cells (red circles), and %
dividing cells {blue squares) determined by acridine orange staining. Regression equation (1) for

prokaryotic cells in marine sediments (solid triangles), prediction limits (..).

Orange arrows show local

increases in methane. HI (open triangles) measured as mg of hydrocarben (HC) per g of total organic

carbon (TOC). ND, not determined. Dominant archaeal 165 rRNA g

and in situ

thermagenic higher hydrocarbens that accummu-
late below the sill

These data provide direct evidence that sig-
nificant prokaryotic populations are present in
marine sediments at depths greater than a kilome-
ter and as old as 111 My. This study also suggest
that Archaca capable of anacrobic oxidation
of methane and novel members of the high-
temperature Thermococcales (Pyrococcus and
Thermococeus) can dominate deep and hot sedi-
‘ments where there are thenmogenic energy sources.
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Virus Population Dynamics and
Acquired Virus Resistance in
Natural Microbial Communities

Anders F. Andersson*® and Jillian F. Banfieldt

Viruses shape microbial community structure and function by altering the fitness of their hosts and by
promoting genetic exchange. The complexity of most natural ecosystems has precluded detailed
studies of virus-host interactions. We reconstructed virus and host bacterial and archaeal genome
sequences from community genomic data from two natural acidophilic biofilms. Viruses were
matched to their hosts by analyzing spacer sequences that occur among clustered regularly
interspaced short palindromic repeats (CRISPRs) that are a hallmark of virus resistance. Virus
population genomic analyses provided evidence that extensive recombination shuffles sequence
motifs sufficiently to evade CRISPR spacers. Only the most recently acquired spacers match coexisting

viruses, which suggests that community stability is achieved by rapid but

resistance levels and virus population structure.

iruses are arguably the most abundant
and diverse components of natural envi-
ronments. They can potentially alter the

shifts in host

A Y AR

nated by bacterial Leptospirillum groups 11 (13)
and 111, was growing in 39°C pH 1.1 acid mine
drainage (AMD) and was collected in June 2005,
The floating UBA BS biofilm, growing in 39°C,
pH 1.5 AMD, and collected in November 2005,
contained abundant E-, G-, and A-plasma (/4)
and the more distantly related I-plasma, all
uncultivated members of the Thermoplasmatales
lineage of Euryarchaea. The sample also con-
tained Leptospivilhion groups I1 and I1T and other
novel archaca (/4). Approximately 100 Mb of
genomic sequence was obtained from each of the
small insert libraries constructed from the UBA
and UBA BS samples (/5). Essentially complete
genomes of Leptospirilfum groups 11 {1 3) and 111
were reconstrucied from the UBA sample. In
addition, near-complele genomes of I-plasma
(~20-fold coverage) and E-plasma (~10-fold cov-
emage) and lower covemage but near-complete
genomes of G-plasma and A-plasma were re-

bial communities could be used to fish out viral
sequences from among the numerous, small,
and otherwise unassigned community genomic

makeup, and thus the of microbial
communities (/—3) and excise and transfer host
DNA, facilitating genetic exchange and driving
hast evolution [e.g., (4, 5)]. An important recent
advance has been the recognition of a virus re-
sistance system in bacteria and archaca that is
based on genetically encoded spacers within the
clustered regularly interspaced short palindromic
repeats (CRISPR) loci (6-8). Experiments using
Streptococews thermophilns strains and their
viruses established that CRISPR spacers with se-
quence identity to viral genomes confer specific
resistance to viruses. Resistance is lost if there
is even a single nucleotide mismatch between
spacer and virus genome (9).

Although a suite of CRISPR-associated (Cas)
proteins is implicated in microbial resistance
(10, 11}, the details of the CRISPR-based mech-
anism and the dynamics of interactions involv-
ing viruses and the host CRISPR loci are not yet
known. Community genomic analyses can cap-
ture roles for population heterogeneity in virus-
microbe interactions in natural systems that are
not apparent in pure culture experiments. Pre-
viously, we analyzed two closely related bac
terial Leptaspiriflum populations and found
patiems of variation consisient with very rapid
evalution of the CRISPR locus (12). Given their
likely viral origin (6-9), we hypothesized that
spacers of CRISPR loci recovered from micra-
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Callfornia, Berkeley, A 94720, USA.

*Present address: Department of Ecology and Evolufion,
Uppsala University, and Swedish Institute for Infectious
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and to link viruses to their coexisting
host bacteria and archaca (fig. S1A). Sufficient
viral sequence was recovered to enable exten-
sive reconstruction of multiple virus genomes
from natural microbial communities.

DNA was extracted from two biofilms col
lected within the Richmond Mine, Redding, CA
(fig. S1B). The subaerial UBA biofilm, domi-

Tetranucleotides
aom g 1

C from ing reads derived from
both samples (/5).

In the comhined community genomics data
set, we identified 476 reads encoding 37 different
CRISPR repeat sequences (fig S1A and table
S1). A subset of the sequences were mapped to
CRISPR loci of Leptospirillum group 11 (16),
Leptaspirillum group 111, I-plasma, E-plasma,
A-plasma, and G-plasma genomes and bacterial
plasmids (/5). From the CRISPR reads, 6044
spacer sequences, representing 2348 unique se-
quences (28 to 54 nucleotides in lengih) were
extracted (table $2). As initial confirmation that
reads exactly matching CRISPR spacers {and

CRISPRs

Contigs

Fig. 1. Virus-host associations in AMD biofilms. Putative viral (SNC} contigs were clustered based on
tetranucleotide frequencies (left panel), and CRISPRs were clustered based on patterns of SNC contig
matching (right panel) (15). Columns in the left panel represent tetranucleotides (reverse complementary
pairs are combined); colors indicate frequencies (gray indicates absence). Columns in the right panel
represent CRISPRs; colors indicate number of distinct spacer sequences matching SNC contigs. The
majority of Cluster 1 (C1) contigs belong to the AMDV1 population, Cluster 2 (C2) to AMDVZ, and Cluster
3 (C3) to AMDV3, AMDV4, and AMDVS (see table 53 for details).
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lacking repeats) derive from wvir:

: Tax into the genomes of

all spacer-containing non-CRISPR (SNC) reads
were compared with sequences in public data-
bases. The 911 SNC reads were sipnificantly
enriched in genes with matches to viral proteins,
compared with random reads (Fisher’s exact test,
P < 107'% (fig. 82), and were also enriched in
genes encoding proteins with typical viral func-
tions (fig. 8§3). Thus, the majority of SNC reads
derived from viruses, although some corre-
sponded to other mobile genetic elements, such
as plasmids and transposons.

Exact matches 1o spacer sequences were alsa
found cn assembled DNA fragments {contigs) up
to 15 kb in length. SNC contigs were typically
linked by clone mate pairs to other SNC contigs,
but only rarely o archacal or bacterial genome
fragments (supporting online text). On the basis of
mae-pair linkage and blocks of similar sequence,
SNC contigs were condensed by manual assembly
(15) 1o fomn larger fragments that we inferred repre-
sented partial and possibly complete viral genomes.

On the basis of tetranucleotide frequencies
(17), SNC contigs were clustered into three major
groups (Fig. 1). The first cluster was formed from
contigs that match CRISPR spacers of the
bacterial Leptospirillum groups 11 and 1L The
second and third clusters were targeted by
CRISPR spacers of archaca and of plasmids
(supporting online text).

Many of the SNC contigs of the first tetra-
nucleotide cluster (Fig. 1) were linked by mate
pairs into subclusters (table S3). One such sub-
cluster (AMDV 1) was targeted by Leptospirilinm
group II and 111 spacers. AMDV1 is similar 10

Gluconobacter oxydans 621H (18) and Acid-
iphilum cryptom JF-5 (fig. S4 and supporting
online text).

The second tetranuclectide cluster (Fig. 1)
includes a deeply sampled SNC contig (AMDV2)
(fig. S6 and supporting online text) and smaller
contigs linked 1o it by mate pairs and overlapping
sequence (fig. S5 and table 83). AMDV2 is
targeted by 33 spacers derived only from the two
E-plasma CRISPR loci. The composite sequence
of the discrete, linear 10-khb viral genome has
a GC content of 23.7% and inveried 160 hase
pair (bp) repeats on each end, and encodes 17
(putative) genes, including a type B DNA paly-
merase, all on the same strand (Fig 2A).

The third tetranucleotide cluster (Fig. 1)
comprises several subclusters of mate-pair-linked
and partially overlapping contigs (fig. 85 and
table 83). One subcluster, AMDV3, includes ~18
kb of composite genome sequence plus many
small strain variant contigs (fig. 87). Given tar-
geting of AMDV3 by the CRISPR loci of E-, G-,
and A-plasma [88 to 92% 168 ribosomal RNA
(fRNA) gene sequence identity], we infer that this
‘virus population has a relatively broad host range.

AMDV4 (~56 kb composite genome) shares
some sequence similarity with AMDV3 (fig. 85)
and groups with it in temranucleotide cluster 3, E-
plasma is the likely host for this virus {lable S3
and supporting online text). Although the E
plasma type #1 CRISPR locus targets AMDV4,
more of its spacers target AMDV2. The inter-
spersing of spacers matching 10 AMDV2 and
AMDV4 on single CRISPR reads suggests that

E-plasma is exposed to both of these narrow host
range viruses simultaneously.

Only cne vims, AMDVS, targets I-plasma,
and it is only detected in the UBA BS sample that
contains this archacon. I-plasma shares only 80%
165 rRNA gene sequence identity with the
closest of the other Thermoplasmatales archaca
and has no spacers that would confer immunity
to other Thermoplasmatales viruses (table S3).
All 10 I-plasma spacers that match SNC reads
colocalize to the two AMDVS fragments (~4 kb).
Interestingly, three AMDVS proteins have clos-
est matches in eukaryal viruses (supporting
online text).

CRISPR loci 11, 13, 17, and 19 are asso-
ciated with plasmid-like populations (table S3
and supporting online text). These complex pop-
ulations may be responsible for CRISPR lateral
transfer (19).

Up to 40% of spacers in a single CRISPR
locus matched virus sequences, the highest de-
gree of comespondence being for the AMDV2
population. Given that each CRISPR read rep-
resents an individual cell, it is evident that most
microbial cells target several different virus pop-
ulations (e.g, some E-plasma cells target spe-
cific AMDV2, 3, and 4 variants). By mapping
spacers onto reads coassembled into AMDV2 and
AMDV3, we found that some spacers maich the
dominant sequence types, yet many maich se-
quences characteristic of only one or a small
number of genotypes within each population
(c.g., fig. S8).

Comparative analyses of isolated bacterio-
phages reveal genome mosaicism (20-24). Less

10kb
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2 Fig. 2. Diagram illustrating genome organization and recombination within virus population

.. AMDV2 (A Putative genes on the linear archaeal virus AMDV2. (B) Pattern of nucleotide

2 polymorphisms (SNPs, colored bars) in a subset of sequencing reads within a region of the DNA

= polymerase gene (largest gene). The region was divided into equally spaced blocks (A to L), and the
alleles were numbered based on SNP patterns to the left of the label. In the summary table below,

colors are assigned to alleles based on the read in which the allele first appears. (C) Linkage
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disequilibrium, i, (36), plotted on the vertical axis as a function of interlocus distance. Allele and

haplotype frequencies were calculated from aligned sequence reads for all pairs of single-
nucleotide loci, 1 to 100 bp apart, on contig 14338 (AMDV2) (15). M, was significantly negatively
correlated with interlocus distance (Spearman'’s rank correlation p = —0.32, P < 10~%). The box
plots illustrate M, distributions within 5 bp intervals of interlocus distances (50% of data points
are within boxes and 80% within whiskers).
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is known about natural population heterogeneity
or recombination in archaeal viruses [but see e.g.,
(25-29)]. The AMDV2 population displays a
high level of nucleotide variation (~94% average
similarity of aligned reads to each other). Com-
binatorial mixtures of small sequence motifs
(Fig. 2B and fig. 59) suggest that the population
has been shaped by extensive homologous re-
combination. We measured linkage disequi-
librium as a function of interlocus distance and
found a significant decline in linkage with dis-
tance (Spearman’s correlation, P < 107°%) (Fig.
2C). Linkage becomes independent of distance at
loci separations of >25 nucleotides (values re-
main close to 0.1). Thus, recombination has
scrambled virus sequences so much that blocks
shared by different individuals are often no mare
than 25 nucleotides in length, in agreement with
the size of sequence motifs apparent in Fig. 2B.
The persistence of some lnkage over longer
distances (Fig. 2C) is due to a low abundance of
highly similar sequences. Recombination creates
new virus sequences that are able to confound the
function of 28 to 54 nucleotide CRISPR spacers,
allowing the virus to evade the CRISPR-based
host defense system (fig. S8). Compared with
mutation, recombination generates new DNA
signatures with less risk of altering protein func-
tion and limits purging to sequence motifs rec-
ognized by spacers rather than entire viral
genotypes, preserving viral population diversity.

Within the AMDV3 and AMDV4 popula-
tions, genotypes share larger sequence motifs
than AMDV?2 (Fig. 3). In AMDV3, substitution
of highly divergent sequence blocks within some
variants of a large membrane or capsid-like
protein gene (Fig. 3 and fig: S7) may alter the
host range, allowing infection of the A-, E-, and
G-plasma lineages, analogous to specificity
conferred by recombination in bacteriophage tail
fiber proteins (30).

The setof CRISPR spacers in each cell within
the hest populations differs, and only a few
CRISPR spacers are shared widely (table S4).
The exceplion is I-plasma, where the first ~800
bp of the CRISPR locus is clonal (Le., each cell
has the same spacer in the same position as every

other cell for the first 12 of, on average, ~15
spacers). The CRISPR locus diversifies quickly
toward the cas penes; the terminal region pro-
wvided 36 single-copy spacers, The colocation of
the switch to nonclonal spacers and o spacers
that match AMDV (supporting online text) sug-
gests that the recent appearance of AMDVS
caused a selective sweep. The fact that mostly rare
and recently incorporated (close to the cas genes)
spacers (7, 9, 12, 31) match the I-plasma virus
{11 0f 13 are in single copy) also applies to other
archaca (table S4).

The complexity of most previously studied
systems has limited resolution of patterns of viral
and host distribution over space and time. In the
current study, most virus populations (AMDV2-4)
and their hosts were present in the two samples
collected about 5 months apart. However, the
relative abundances of AMDV2 and AMDV4
populations, inferred to primarily target the same
‘host (E-plasma), differed between samples (sup-
porting onling text). Interestingly, in the June
sample, all of the matching spacers were found
on the type | CRISPR locus, whereas the major-
ity in the November sample were carried on the
type 2 locus, which had expanded considerably
(197 versus 37 distinct spacer sequences). More-
over, there was only one maltching spacer com-
mon to the E-plasma populations sampled at the
two time points. This suggests rapid evolution of
the CRISPR loci and potential modulation of
resistance levels on the time scale of months.

CRISPR loci cannot grow unchecked (12).
Consequently, a host may be exposed 1o a virus
for which it has no spacer-based immuniry as the
result of spacer loss. Altematively, this may occur
as a result of migration of a new virus type into
the community (32) or evolution of a virus to
predate a new host. For infections that lower the
fitness of the host, the first cells either to acquire
an effective CRISPR locus by lateral transfer
(e.g., fromthe plasmid pool) or a spacer matching
the new virus, would thrive relative to other indi-
viduals in its population. Proliferation of these
cells will spread effective spacers in the popula-
tion, generating a pattem compamble to that
observed in the I-plasima CRISPR locus. Increase

s
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in population-level immunity by spacer acquisi-
tion (33) will be countered by virus mutation (33)
and recombination, and possibly other mecha-
nisms of genome evolution (34). Resistance may
increase over time to the point that the vimus
population declines, or a virus may occasionally
became so virulent that it causes a crash in the
host population, as predicted by the “kill the
winner” model (35). Alematively, if CRISPR
and viral diversification remain in balance, a
relatively stable virus and host community may
Tesult.
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Regulated Protein

Denitrosylation by Cytosolic
and Mitochondrial Thioredoxins

Moran Benhar,‘ Michael T. Fcn'rester,a Douglas T. Hess,1 Jonathan 5. Stamler

12,

Nitric oxide acts substantially in cellular signal transduction through stimulus-coupled S-nitrosylation
of cysteine residues. The mechanisms that might subserve protein denitrosylation in cellular
signaling remain uncharacterized. Qur search for denitrosylase activities focused on caspase-3,
an exemplar of stimulus-dependent denitrosylation, and identified thioredoxin and thioredoxin
reductase in a biochemical screen. In resting human lymphocytes, thioredoxin-1 actively
denitrosylated cytosalic caspas&i and thereby maln!amed a low steady-state amount of S-nitrosylation.

2 mediated d

lation of mitochondria-associated

Upon of Fas,

caspase-3, a process required for caspase-3 activation, and promoted apoptosis. Inhibition of
thioredoxin-thioredoxin reductases enabled identification of additional substrates subject to
endogenous S-nitrosylation. Thus, specific enzymatic mechanisms may requlate basal and
stimulus-induced denitrosylation in mammalian cells.

ellular functions of nitric oxide (NO) are
carried out in part through S-nitrosylation
of Cys residues within a broad functional
spectnun of proteins (). Like protein phospho-

NO or S-nitrosothials (SNOs) (1), little is known
about the nature of or even necessity for enzy-

‘matic mechanisms that may directly remove NO
g'n)up; from Cys thiols. Indeed, stimulus-coupled

rylation, S-nitrosylation thus mediates or
transduction of myriad cellular sxguaa Ald\mlgh
the NO synthases (NOSs) and 5

lation has been shown to precisely mod-
ulate the functon of proteins that are constitu-
tively S-nitrosylated (2, 3), but the cellular effectors

reductase (GSNOR) govemn S-nitrosylation by

of denitrosylation remain undetermined.

1050

Fig. 1. Characterization of an enzymatic activity that de-
nitrosylates SNO-caspase-3. Data in (A} to {C) are presented as
mean + SEM; n > 3. (A} Reactivation of SNO—caspase-3 protease
activity by cell cytosol. Immobilized SNO—caspase-3 (~100 ni}
was incubated for 30 min with a cytosolic extract prepared from
Jurkat cells. (Left) Caspase activity was determined by using
Z-DEVD-7-amino-4-methylcoumarin (DEVD-AMO. (Right)
tent was assayed by using Hg-coupled phatolysis-chemiluminescence.
a.u., arbitrary unit. (B) Caspase activity after 30-min incubation of
SNO—caspase-3 with cytosolic fractions {100 g of protein) pre-
pared from human cells or rat tissues. HAEC, primary human aortic
endothelial cells. (C) SNO—caspase-3 was incubated with the
aytosolic fraction from Jurkat cells or with cytosolic fractions after
size-exclusion chromatography through Sephadex G-25 [high mo-
lecular weight (MW) fraction] and supplemented with GSH
(0.5 mM), ATP (10 M), MADH (10 M), or NADPH (10 uM).
(D) The procedure used to partially purify a SNO-caspase-3
denitrosylase (fig. 51, A and E, and table 51).
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Some caspases, members of a family of pro-
teases that mediate apoptosis, are subject 10 in-
hibitory §-nitrosylation, and stimulation of death
receptors of the tumor necrosis factor superfam
ily results in caspase denitrosylation (2, 4, 5). In
particular, a subpopulation of caspase-3 (a ma-
jor exccutioner caspase) that is associated with
mitochondria is constitutively S-nitrosylated at
the active site Cys, and engagement of the Fas
receptor promotes denitrosylation (2, 6). How-
ever, the role of denitrosylation in transduc-
tion of the apoptotic signal has not been fully
clucidated, and the molecular mechanism of
denitrosylation is unknown.

Identification of thioredoxin as a caspase-3
denitrosylase. To assess protein denitrosylation,
we developed an assay based on the reactivation
of caspase that resulis from denitrosylation of
the active site Cys (7) (fig. SIA). Recombinant
caspase-3 was S-nitrosylated (SNO-caspase-3),
and the inhibited enzyme was immobilized on
nickel-coated plates. Bound SNO-caspase-3 was
incubated with cellular extracts, and caspase-3
activity was then measured with a fluorogenic
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substrate. Addition of Jurkat cell cytosolic ex-
tract rapidly restored the activity of caspase-3
(Fig. 1A). Loss of the SNO moiety was verified
by Hg-coupled photolysis-chemiluminescence,
which measures the amount of NO displaced
from Cys thiol by ultraviolet (UV) light (2} (Fig.
1A). This cytosolic denitrosylating activity was
detected in nwmerous human cell types and in rat
tissues (Fig. 1B). A subcellular fraction mnclmd

Cytosolic denitrosylating activity was present
in a fraction enriched for large molecular size
(10 kD) and was diminished afier exposure to
heat or trypsin (fig. S1C). Anm!y wm also re-

RESEARCH ARTICLES I

1C). Thus, the cytosolic denitrosylating activity
exhibiis properties of an NADPH-dependent
oxidoreductase

“e danved by a four-step chromatographic

duced after fr by chro-
matography (Sephadex G 25;m¢m1g a possible
requiremnent for a small cofactor, and activity was
restored and potentiated by reduced nicotinamide
adenie dinuclectide phosphate (NADPH) but

from Jurkat cells, a highly active
fraction (designated fraction Ty (Fig. 1D and
table S1), whose activity was dependent an a sec-
ond fraction added in limiting amounts (1:10)
(designated fraction 1T} (Fig. 1D and fig. S1D).

in mitochondria also displayed deni 1 not ide (NADH), ghutathi-  Fraction 1 contained eight proteins (fig. S1E),
activity (fig. S1B). one (GSH), or adenosine triphosphate (ATP) (Fig.  which were identified by matrix-assisted laser
A o B_= C w D Fig. 2. TheTrxsmemlsa
_ 3 = 100 major SN -3 deni
EC fw Fw = trosylating activity. Da’taare
=z 2 z a» presented as mean + SEM;
g% e R E n = 3. (A Caspase-3 ac-
F i - . £8 tivity was determined (with
i im A Z-DEVD-AMQ) after a 30-
2 a ; [ T min incubation of SNO—
s & * & 2 a* g caspase-3 (~100 M) with
¢ cf o R an a cytursuLic fraction pre-
@ 10 20 S0 100 > o pared from untreated Hela
Trxt siRMA (nM) Tra | c‘l@ = R‘F\.‘.‘(& - J' & cells o from cells that were
TRPI |——r < & transfected for 3 days with
Tt I3 SIRNA for Tndl. (B} Caspase-3
SRNA(M): © 10 20 50 180 Deplating Ab: ﬁ:;‘x& activity was determined after a 30-min incubation of SNO—caspase-3 with Hela cytosolic
v“}sf extract or cytosol that had been depleted of Trx1 or TRP14 by using specific antibodies

against Trxl or TRP14. () Caspase-3 activity was determined after a 30-min incubation of
SNO—caspase-3 (~100 ni) with NADPH (100 uM) and recombinant human Trel (10 nt) and/or recombinant rat Tr®1 (10 ni. (D} Caspase-3 activity after a 30-min
incubation with recombinant Escherichia colf T,

D 51 = (G Ascorbate: + + - - Fig. 3. Trxl-ToR1 mediates
SHO-Caip-. T ) SNO-Casp-d | — ] :m: denitrosylation i mwvgf

Tolal Casp:3 | e sy = Totol Ca8p-9 esults are
: L:;M_—‘—‘— e three experiments. (A) 10C9
5 " '°° - SNO-PTPIB [ e cells were transfected for 3
== | days with SiRNA specific for
suocuw ’“‘AL':;:“,' e | T ar T or wikh cortrol
Totat Coap-3 [ e em]| E : RNA. SNO—caspase-3 was as-
= sayed by biotin switch. The
el — ——t histogram results

(mean & SEM) of three ex-

Total Ca8p-3 | e e e

L] [pe———

2 ] periments. (B) HEK cells were
fa’sg\\ ﬁ'&\ 43\ asT-Tedt {18 - b . transfected for 24 hours with
sRNA: G A Auranofin: - - + +  TnR1 before treatment with
A& a CysNO (200 pM). Whole-cell
Trxl [=—===——=—— | extracts were prepared 10 or 20 min after CysNO exposure, and
B SNO-Casp-3 [=mm = — & ¢ & SNO-—caspase-3 was assayed by biotin switch. (C) 10(9 cells were
—— g ‘(Péé’ea treated with auranofin (2 uM) for the times indicated, and SNO—
ans

Total Casp-3 ["——"'—— e caspase-3 was assayed by biotin switch. To verify biotin labeling

TrxR1 | _— E o specificity for SNO, the effect of omitting ascorbate in the assay is
PastCysNO(min): 10 10 20 20 shown. (D} RAW264.7 cells were treated with auranofin (1 pM,
i N, Fc..p.] Pull-down |~ wm | 1 hour) or with LP5 (1 pg/mi-IFNy (10 ngiml) for 16 hours, or
PCMV-TRAL: = 4+ = LPS-IFNy plus auranofin (added for the last hour), and SNO-
Tolal Casp-3 == s === caspase-3 was assayed by biotin switch. (E) SNO-dependent
GST-T1(C35S) |=—— = ——  interaction of Trx1 and caspase-3. HEK cells were co-transfected
C Ascoate: + ¢ ¢ ¢ - Post cpn‘u Em,,).)! Jo 20 30 Wit caspase-3 and either GST-tagged wild-type Trxl, GST-tagged
SNO-Casp-2 ! P— J Trx1(C355), or empty GST vector before treatment with CyshO (500
— — O 3 [Z pk; 10 min). Affinity purification (pull-down) from lysates was with
Total Casp-3 | g e s s - GSH-agarose. (F) HEK cells were treated as in (E) and lysed at
B - Total Casp:3 | s s we | different times after CysNO exposure. Pull-down of proteins was as in

Auranofinfhey 0 05 1 2 2

(E) (top). SNO—caspase-3 was assessed by biotin switch (bottom). (G
and H) 10C9 cells were treated with auranofin (2 uM) or vehicle
[dimethyl sulfoxide {DMSQ)] for 2 hours, and S-nitrosylation of endogenous caspase-9, PTP1B, and GAPDH was assessed by biotin switch. For GAPDH (H),
CysNO (500 uM; 20 min) was added after auranofin treatment.

Post CysNO (min): 10 20 30
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desorption fonization time-of-flight mass spec-
trometry fiable §2). Of these, only thioredoxin-1
{Trx1) could be aseribed a redox-related func-
tion. Recombinant Trx reductase (TrxR) could
substitute for fraction 11, fully reconstituting the
denitrosylating activity of fraction I (fig. SID).

Depletion of Tixl from HeLa cells with
small interfering RNA. (sIRNA) comelated with
aloss of SNO-caspase-3 denitrosylating acu\uty
in vitro (Fig. 2A and fig. S2A), and denit

kidney (HEK) cells stably expressing a second
NOS isoform, nNOS (HEK-nNOS) (fig. S3D),
also resulted i increased SNO-caspase-3, even
more efficiently than did depletion of Trx1. Thus,
ToxR1 activity may be rate-limiting for denitro-
sylation of cylosolic SNO-caspase 3 in viva. In-
hibition of Trx or TrxR might alter the cellular
redox balance (e.g., decrease intracellular GSH
levels) and thus affect the abundance of SNO-
proteins ind dently of specific denitrosylat-

activity was restored by adding back recombi-
nant Trxl but not an active site mutant Trx
[Cys™ — Ser?, Trx1(C328)] (fig. S2A). In con-
trast, sSIRNA-mediated depletion of an additional
member of the Trx family, Trx-related protein
14 (TRP14}) (&), had no effect on denitrosylating
activity (fig. S2B). Similarly, immunodepletion
of Trx] but not TRP14 abolished denitrosylating
activity (Fig. 2B). A reconstituted Trx system
[10 nM Trx and TexR (Trx-TrxR) and including
NADPH] efficiently denitrosylated an excess of
SNO-caspase-3 (Fig. 2C). Denitrosylation by
Trx1 in the absence of TrxR1 was ineffective but
was restored when concentrations of Trxl, but
not Tre1(C328), approached or exceeded that of
SNO-caspase-3 (Fig. 2D and fig. S2C), sugges-
tive of single-turnover denitrosylation coupled
to Trxl oxidation.

Dynamic regulation of cellular protein 5-
nitrosylation by Trx-TrxR. Vicinal dithiols, as
present in Trx (CXXC, where C represents Cys
and X is another amino acid), exhibit a denitrosylat-
ing activity in vitro (9), and various redox en-
zymes, including dithiol proteins, can catalyze
denitrosylation reactions ex vive (10-13). Trx
may also break down SNOs within cells ex-
posed to high concentrations of a nitrosylating
agent (14, 15), as might occur during a nitrosative
stress. However, in the context of signaling by
endopenously derived NO, Trx has been pro-
posed to promote S-nitrosylation of proteins (in-
cluding caspase-3) (16, 1 7). Thus, in sum, it is not
known whether Trx might have a physiclogical
role in mediating either basal or stimulus-induced
denitrosylation in vivo.

The extent of S-nitrosylation reflects the
equilibrium between addition and removal of
NO groups. We used RNA interference to assess
whether Trx governs basal S-nitrosylation of
caspase-3 in human B lymphocytes (10C9 cells),
where most caspase-3 is cytosolic and in the
reduced form (ie, only the minor population of
caspase-3 associaled with the mitochondria is
constitutively S-nitrosylated) (6). Two nonover-
lapping siRNAs efficiently decreased the amount
of cellular Trx1, and amounts of endogenous
SNO-caspase-3 [assessed by the biotin swiich

in which S-nitrosylated cysteines are
selectively biotinylated (18, 19)] were increased
in proportion to Trx] depletion (Fig. 3A) sIRNA-
mediated depletion of INOS or NOS imhibition
with N monomethyl-1-arginine (L-NMMA) pre-
vented the increase in SNO-caspase-3 (fig. 83,
A and B). Depletion of TR 1 in 10C9 cells (Fig,
3A and fig. S3C) and in human embryonic

ing activity (19). However, knockdown of Trx1
or TrxR1 did not alter levels of acid soluble thiols
(which consist primarily of GSH) (fig. S3E)
Equivalent amounts of SNO-caspase-3 ac-
cumulated in HEK cells overexpressing either
TrxR1 or empty vector shorly afier treatment

CysNO, caspase-3 co-precipitated with Trx1(C355)
‘but not with wild-type Trxl (Fig. 3E). The amount
of caspase-3 trapped by TrxI{C35S) ncreased
from 10 to 30 min after treatment with CysNO,
during which time denitrosylation occurred
(Fig. 3F). Additionally, in HEK cells transiently
expressing INOS, Trx(C358) but not wild-type
Trx formed mixed disulfides with multiple pro-
teins i an NO-dependent manner (fig. S4D).
Thus, Tex1 appears to interact with SNO-caspase-3
in vivo and to denitrosylate via a mixed disulfide
intermediate (fig. S4B); however, a mechanism
mvolving transnitrosylation (/4) i3 not excluded
(fig. S4C).

Trx might serve as a denitrosylase for a broad
spmmm of prmems To identify endogenously

with §-ni (CysNO), a cell ibl
Snitrosylating compound (Fig. 3B; "10 rnin)
However, after 20 min, the amount of SNO-
caspase-3 was lower in TrxR1-transfected cells
(Fig. 3B). Therefore, augmenting TrxR1 enhan-
ces SNO-caspase-3 denitrosylation.

We examined in intact cells the effects on
denitrosy of 1-chloro-2,4-dinitrobenzene

{DNCB) or Sm:lhy]phcsp]:mﬂ-g:!d(l}ZJ 46tcm-
),

iby of Trx under basal
conditions, we inhibited Trx in 10C9 cells with
aurmmofin and identified caspase-9 and protein
tyrosine phosphatase |B (PTPIB) as substrates
for Trx-medited denitrosylation {'Fxg 3G) The
S-nitrosylated form of gl
dehydrogenase (GAPDH), whose proapop(ouc
function is induced by NO (24), was not de-
tected i untreated cells and did not appreciably

O-acetyl-1-thio-f-D-glucopy
two rapidly acting and potent but structurally
dissimilar inhibitors of TR (20, 21). Treatment
of 10C9 cells with either DNCB or auranofin
increased the amount of SNO-caspase-3 in cells
exposed to CysNO (fig. S3F). Remarkably, in
the absence of an exogenous NO donor, cells
treated with auranofin also accumulated SNO-
caspase-3 (Fig. 3C and fig. S3G). We validated
the identification of endogenous SNO in assays
with auranofin by showing the dependence of
signals on ascorbate (18, /9) as well as by the
elimination of signals after UV irradiation, which
liberates NO from SNO-proteins (/9) (Fig. 3C
and fig. S3H), and we observed that auranofin
did not alter the abundance of acid-soluble thiols
(fig. S3E). Thus, constitutive Trx1 activity appar-
ently controls the steady-siaic amount of caspase-3
S-nitrosylation, a role similar to that of phos-
phatases in controlling basal phosphorylation.
To explore the role of Tix in reversing stimulus-
coupled caspase-3 S-nitrosylation, we treated
RAW264.7 macrophages with lipopolysaccha-
ride (LPS) plus interferon-y (IFNy), which in-
duces INOS. Whereas LPS-IFNy or auranofin
alone weakly elicited §-nitrosylation of caspase-3,
robust S-nitrosylation was seen when the two
treatments were combined (Fig. 3D). Thus, 5-
nitrosylation of caspase-3 appears 1o reflect dy-
namic tumover of the NO group, mediated by
the opposing activities of NOS and Trx-TrxR.
The reduction of subsirate disulfides by Trx
involves a CXXC motif (Cys™ and Cys™ in hu-
man Trx1) (22) (fig. S4A). A €358 mutant Trx
can be used to trap substrates in a mixed disul-
fide (23). We developed an analogous SNO-based
trapping strategy 1o examine the interaction of
Trx with SNO-caspase-3. We transfected HEK
cells with caspase-3 and Trx1{C35S) fused to ghu-
tathione S-transferase (GST). Afier treatment with

2 hours after exposure to auranofin.
However, treatment with CysNO, representing a
nitrosative  stress, resulied in accumulation of
SNO-GAPDH, and the amounts of SNO-GAPDH
were further increased markedly by auranofin
(Fig. 3H). Similarly, inhibition of TexR or Trx
increased the abundance of additional SNO-
proteins after exposure to CysNO (fig. 85, A
and B) as well as slowed their denitrosylation
(fig. 85, C and D). Further, in HEK-nNOS cells,
depletion of TrxR1 with sIRNA increased the
amounts of whole-cell SNO (Fig. S5E). Collec-
tively, these studies suggest that Trx-TrxR acts
as a multisubstrate denitrosylase.

Regulation of caspase-3 denitrosylation and
apoptosis by mitochondrial Tr-TrxR. We then
asked whether the Trx system also mediates stim-
ulus (Fas)-induced denitrosylation, first described
for honds d SNO-procaspase-3
in 10C9 celis (2, 6). Both siRNA. rmdialm:l de-
pletion of ToxR2, the isofonn of ToR that is
localized selectively 1o mitochondda (25), and
auranofin [which effectively inhibits TrxR2 (26)]
abrogated Fas-dependent denitrosylation of mito-
chondrial caspase3 (Fig. 4, A and B, and fig.
86A). Thus, Fas-induced denitrosylation of mito-
chondrial SNO-caspase-3 appears to he me-
diated by Trx2-TR2, a conclusion supported
further by the finding that Fas stimulation re-
sulted in an increase in mitochondrial Trx2
[152% = 12% (mean = SEM) relative to control,
n = 4] (fig. S6B). These results suggest the
possibility that Trx2-mediated denitrosylation
[acting in comcert with cleavage by initiator
caspase(s)] may promote full activation of
caspase-3 and thereby facilitate apoptosis.

We further examined this possibility by as-
sessing the effects of mitochondrial TrxR2 knock-
«down or inhibition on two molecular events that
characterize the exccution phase of Fas- and
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Fig. 4. The mitochondrial g Milo. fraction B Wito. fraction c

T system mediates Fas- = — L —

induced denitrosylation ares: - - *e Whole cell

of mitochondria-associated ~ SNO-Casp-3 E : =i extract

SNO-caspase-3 and pro-  Total Casp-3 [Sees e SNO-Casp-3 [— = =]

motes apoptotic signal- TrxA2 [&= = e Total Casp-3 [= == == =— oFas: - - + + kDa

ing. (A) 10C9 cells were SIRNA: oD O Cleaved Casp-3 -

tandeced for 3 days S n (iysate) -1s

with SRNA for ThR2 or 45 150 ag '™ Cleaved Casp-3 - 20

with control RNA before &2 100 G 25 100 (bVAD pull-dawn) -=-s

exposure o CH11 mono- 2 s0 8 s04 4 o b

clonal antibody against §g s ;g . SIRNA: G

Fas (aFas SO gm0 forz  ©  uFas: - + - « PTaFas: - &+ - 4

hours. The amount of L e arr—erer Sm—

SNO—caspase-3 in a sub- siANA:  Crrl TrxR2 Auranofin

cellular fraction enriched

for mitochondria vas eval- - ) oFas: = = = = ++ 4 + E F

uated by biotin switch. Auranofin: - - - + - - - + kDa

Results are mean + SEM  Cleaved Casp-3 e 20

of four experiments. *P < (lysate) 15

005 by anaysis of var-  gigayed casp-3 [ L. T2

ance HNWL:;. ] 10;: (bVAD pull-down) === 15 . uFas: g

cells were left untrea aFas: S5 8BS SHSSE (100 ng/mi) = = -
SIANA: o gl oo o allad (ngimiy ¥ S SwRdS ey

or ] rwim auramg-; LT & S Ry SIANA: O “3 <:“ £

Fas receptor stimulation I oF: oF

and ealuation of mic- " e {160 nairy £ =

chondrial SNO-caspase 3 &5 T L .

as in (A). Results are the 8= Fo 4 :E

mean + SEM of three ex- gas & p ég EE 5o

periments, *P < 0.05 by o b g 50 £

ANOVA. (0 1009 celis 83 o fa, 2 .

treated asin (&) were lysed e v 2 ~ a =z ~

b o Auranofin: E g 2 b L 8 cf‘&d?«ﬁ

FMK {10 uh), an affinity siANA: ¢ «(19 éﬂ G’ Auranofin SIANA

ligand for active caspase.

Cleaved caspase-3 (<20 kD) was assessed by immunoblotting with antibodies
against caspase-3 in lysates and afer purification of active, BYAD-FMK—bound
caspases with streptavidin-agarose (pull-down). Results are representative of three
experiments. (D) 10C9 cells were transfected with siRNA specific for TR1 o TnR2
or with control RNA. Cells were left untreated or treated with aurancfin (1 uM;
1 hour) followed by treatment with anti-Fas (100 ng/iml; 2 hours). Caspase-3

cleavage and activation were assessed as in {C). Results (Fas-activated samples}
are mean - SEM of three experiments. *P < 0.05, **P < 0.01 by ANOVA. (E and
F} 10C9 cells were treated with auranofin or transfected with siRNA spedific for
TreR1 or TRZ as in (A) to (D). DNA fragmentation was assessed 6 hours after
treatment with anti-Fas. Results (Fas-activated samples) are mean + SEM of four
experiments. *P < 0.05 by ANOVA.

caspase-3-mediated apoplosis: caspase-3 activation

discussed i fg. $7C), our findings suggest. hat
of

fated SNO-

and DNA (27). In Fe lated
10C9 cells, both depletion of TrxR2 with sSRNA
and acute inhibition with auranofin reduced both
the amount of cleaved, active caspase-3 [captured
with biotin-Val-Ala-Asp(OMe) fluoromethyl
ketone (bVAD-FMK)] (Fig. 4, C and D, and
figs. S6C and STA) and caspase-3-like activity
[cleavage of the tetrapeptide Asp-Glu-Val-Asp
(DEVD)] (fig. S6D). In support of these data, ac

tivation of caspase-8 (which lies upstream of cyto-
solic caspase-3) was also diminished by TrxR2
inhibition (fig. S7A). In contrast, depletion of
TrxR1 had no appreciable effect on caspase ac-
tivity (Fig, 4D and fig. S6C). Furthermore, treat-
mentof 10C9 cells with auranofin and knockdown
of TrxR2 (but not TexR1) with SRNA decreased
DNA fragmentation by 45% + 14 (1 = 4) (Fig. 4E)
and 34% = 6 (Fig. 4F and fig. STB), respectively.
Although the precise sequence of events subserv-
ing transmission of the NO-regulated apoptotic
signal from mitochondrial to cytosolic compart-
ments remains to be clucidated fully (farther

caspase-3 by To-ToiR2 promotes Fas-induced
apoplosis. Moare generally, inhibition of Trx2-
TixR2 provides a means to selectively manipulate
mitochondria-associated caspase.

Concluding remarks, Many SNO-proteins
are present constitutively in low amounts, and
both §nifrosylation and denitrosylation have been
observed after stimulation of multiple classes
of receptors (). The present findings provide
evidence for a specific enzymatic mechanism of
protein. denitrosylation, acting in diséinct cellular
compartments 10 regulate basal and stimulus-
coupled protein denitrosylation, and thus com-
plement the recent description of §-nitrosylation
and -denitrosylation governed by GSNOR (11},
Identificaion of mitochondria- and cytosol-
specific denitrosylases not only elucidates the
mechanism by which Fas induces denitrosylaton
of mitochondria-associated caspases selectively
but also indicates a function for Tr2 in amplify-
ing apaptotic signals.

Previous studies have raised the idea that Trxl
may promote Snitrosylation of proteins through
mechanisms invelving nonactive site thiols Cys™
ar Cys™ (i6, I7), but these residues are not present
in Tex2. Our finding that protein S-nitrosylation is
augmented by genetic or pharmacologic inhibition
of either Trx1-TrxR1 or Trx2-TrxR2 suggests that
a major function of the Trx system (involving
active-site Cys™) is protein denitrosylation. Most
commonly, the Trx system is characterized as play
ing a highly conserved role in protection from cel-
Iular oxidative stress. The present findings indicate
that SNO-protein denitrosylation (and thus regu-
lation of NO-based signaling) represents an ad-
ditional function of the Trx system in metazoan
arganisms, in which several classes of SNO
regulating enzymes—NO synthases, GSNO reduc-
tases, and Tx-TrxRs—are expressed ubiquitously
across cell types.
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Structural Diversity of Sodium
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Richard ]. Melrnes,‘ Mohamed Mezouar®

Sodium exhibits a pronounced minimum of the melting temperature at ~118 gigapascals and
300 kelvin. Using single-crystal high-pressure diffraction techniques, we found that the minimum
of the sodium melting curve is associated with a concentration of seven different crystalline phases.
Slight changes in pressure and/or temperature induce transitions between numerous structural
modifications, several of which are highly complex. The complexity of the phase behavior above
100 gigapascals suggests extraordinary liquid and solid states of sodium at extreme conditions and
has implications for other seemingly simple metals.

ome 35 years ago it was argued that as a
result of the energy of zero-point oscil-
lations, the ground state of H; would be a
liquid under sufficient compression (). This idea
implies that the melting curve passes through a
maximum before decreasing to absolute zero at
extreme pressures; such behavior is at odds with
our current experience and understanding of melt-
ing curves, Although melting curves with neg-
ative slopes are known for some metals and
molecular compounds, water being the most cel-
ebrated example, the negative-slope regians typ-
ically exist only at small compressions and over
quite limited pressure ranges. The only system in
which there are experimental measurements of a
decrease in the melting temperature over large
P g 100 GPa isel 1 sodiur,
which has recently been shown to melt near room
temperature around 118 GPa (2). Sodium is thus
the only known element with an experimentally
accessible liquid state at high densitics and low
femperatures.
Because of their simplicity, light alkali metals
have long been used as a paradigm in areas of

*school of Physics and Centre for Science at Exireme Can-
ditians, Universty of Edinburgh, Edinburgh £H9 2J2, UK.
“Eurcpean Synchrotron Radiation Facility, B2 220, 38043
Greneble Cedes, France.
*To whom correspandence should be addressed. E-mail:
e.gregoryanz@ed.acuk

fundamental physics as diverse as the develop-
ment of the electron theory of solids (3) and the
creation of Bose-Einstein condensates (4). But in
the past decade it has been shown that if the
density of lithium or sodium is increased, they
start to exhibit phenomena that are counter-
intuitive (5-9). Sodium, in particular, has been
found to be a very peculiar system above 100 GPa
at 300 K. Relative to the rest of the alkali metals,
it has a remarkably wide range of stability of the
low-pressure body-centered cubic (bee) and face-
centered cubic (fec) phases, which extend from
ambient pressure up to =100 GPa at 300 K, with
a transition between them at 65(1) GPa (here and
below, values in parentheses ndicate uncertainty
in the last significant digit) (/). The experimen-
tal equation of state gives a bulk modulus above
250 GPa in the 100 GPa pressure range (10}
(more than half that of diamond at ambient
pressure), whereas the shear modulus of the
solid near melting must be very small (Le., close
to zero). Calculations of the elastic consianis
(11, 12), the phonon density of states, and the
Debye temperature of Na to 100 GPa (/2) in-
dicate that the high-frequency region of the spec-
trum, consisting of longitudinal modes, hardens
with pressure while the low-frequency van Hove

ingularity, coresponding to 1 modes,
softens monotonically. As a result, theory pre-
dicts that the shear modulus of Na collapses in
the fee phase (14, 12) ahove 100 GPa. The un-

usual combination of hard longitudinal phonans
and transverse modes softened 1o zero, at rela-
tively low temperatures (300 K), is likely to give
rise to unusual physical behavior of the solid and/or
liquid states in the vicinity of the melting mini-
mum at 118 GPa.

Previous synchrotron x-ray powder diffrac-
tion studies to >100 GPa did indeed find that Na
adopts low-symmetry structures (2, /0, /3) sim-
flar to those seen in Li (6). But detailed structural
studies of the light alkali metals above 100 GPa
(14) have become possible only recently with the
arrival of new single-crystal experimental tech-
niques (15). To investigate the solid phases lying
Jjust below the melting minimum, we have ex-
ploited sodium’s proclivity to form high-quality
single crystals under these conditions to perform
x-ray single-crystal synchrotron diffraction smdies
as a function of pressure and temperature to
130 GPa at 500 K, and to 150 GPa at room tem-
perature (/6).

‘Within a+2 GPa range about the minimum at
118 GPa, we have observed six different crys-
talline phases, five of which have not been ob-
served previcusly in any other element. Of these
five, one is a simple structure (labeled oP8 below)
but the other four are very complex, with about
50, 90, 120, and 512 atoms in the unit cell, respec-
tively. Because we obtained high-quality single-
crystal data from all the observed phases (Fig. 1), we
were able to determine their lattice types and the
lattice parameters with confidence, although full
solution of these four structures will require fur-
ther experiments. In two phases we observed twin-
ning, which was casily detectable in the data (16).
Atpresent, the numbers of atoms per unit cell given
below for these structures are estimates to about
+2%, based on the atomic volumes 0f9.771(1) A
for the ¢116 phase at 115(2) GPa, and 9.445(2) A*
for the oP8 phase at 119(2) GPa. To distinguish
the numerous phases observed, we label each with
is Pearson notation (/7) 1o designate the latice
symmetry and number of atoms in the unit cell;
for example, the oP8 phase has an orthorhombic
primitive lattice and eight atoms in the unit cell.
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AL105 GPa, fec-Na inio the cubic

reminiscent of Ga(ll) (28) and Cs(IIT) (19), which

cll6 struciure (Fig. 2B), as also observed in Li
(). Refinements of the new single-crystal data for
this structure (Fig. 1A) are in complete agreement
with our recently reported structure refinement
(14). The cI16 phase was stable from 105(1) 0
117(2) GPa at 300 K, at which point, in three of
the four samples smudied, it ransformed via a sin-
gle crystal — single crystal transition into a sim-
ple primitive orthothombic structure with eight
atoms per unit cell, oP8 (Fig. 1B and Fig, 2B),
and lattice parameters a = 4.7650(5) A, b =
3.0203) A, and ¢ = 5.251(2) A at 1192) GPa
The structure has space group Prma. Atoms are
on two different de sites (x, Y, z), with atomic
coordinates x = 0.015(1) and z = 0.180(1) for
one, and.x = 0.164(1) and z = 0.586(1) for the other
(Fig. 2B), ablained from least-squares structure
refinement. The values given above for atomic
volumes show that there is a ~2% density increase
at the ¢116 — 0P8 transition.

In the fourth sample, slow compression of the
cl16 phase resulted in a single crystal — single
crystal transition at 117(2) GPa to an extremely
complex primitive monoclinic structure having
512 £ 9 atoms per cell, mPS12 (Fig. 1H), with
lattice parameters a = 13.06(3) A, b =28 8(I) A,
e=13.53(3) A, p=104.9(2)", and a volume V'=
4918(20) A’ at 117(2) GPa (Fig. 2A), just above
the transition. To our knowledge, this is the most
complex phase ever observed in an clement. We
note that the intensity distribution in reciprocal
space was strongly modulated in a way that is

C ti19

Fig. 1. Eight quadrants of composite diffraction images showing representative
data from seven different sodium phases. Squares mark sodium reflections with
the given Akl indices. Reflections from the diamond anvils are marked by the
letter d. (A to €) Diffraction data from (A) cl16-Na at 115(2) GPa collected over a
16° scan range, (B} oP8-Na at 119(2) GPa collected over an 11° scan range, and
{€) H119-Na at 130 GPa collected over an 11° scan range. (D) Stationary long-
exposure diffraction image of t119-Na at ~130 GPa, showing, just above the line
of reflections, one line of the diffuse scattering from the guest component of the
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oceur close to sharp dips in the Ga and Cs
melting curves

At 300 K, the 0P8 phase exisied over only a
relatively narrow pressure range between 117(2)
and 125(2) GPa, above which sodium adopted an
incommensurate composite host-guest stucture
with the same 16-atom tetragonal body-centered
host structure observed previously in K(III) and
RB(IVY) (20, 21). However, in contrast 1o K{II),
‘but similar to the disordered phase of Rb(IV) ob-
served between 16.2 and 16.7 GPa (27), the one-
dimensional guest chains were partially disordered,
producing sheets of diffuse scatlering that can be
seen in Fig. 1D At 130 GPa, the host and guest
lattice parameters are ay = ac = 7.088(3) A, =
3.483(2) A, and e = 2.11(1) A (Fig. 2B). There
are thus 16+ (2 % ey/eg) = 19.3 atoms in the unit
cell, but for simplicity, we refer to this phase as
{119 (Fig. 1, C and D). In contrast to the disor.
dered phase of R(IV), which exists over a pres
sure range of only 0.5 GPa(2.), the disordered 1119
phase was stable up to at least 150 GPa at 300 K
and up to 500 K at 130 GPa, the highest pressure-
temperature conditions reached in this study.

Although we have abserved the mP512 phase
only once upon compression of the 116 phase at
300 K (above), we have scen the same phase
repeatedly and reproducibly upon recrystalliza-
tion of liquid Na near the melting minimum at
118 GPa, imrespective of the crystal structure be
fore melting. Two further structures were oblained
near 118 GPa via a single crystal — single crystal

G aP30

trangition from the mP512 phase as a function of
time at 300 K. In one case, mP512 transformed
over aperiod of a few hours into a body-centered
tetragonal phase having 50 atoms per unit cell
(Fig. 1E) (density considerations give 50+ | atoms
per unit cell, but as this structure is body-centered,
the number of atoms per cell must be even), with
lattice parameters of @ = 7.234(1) A and ¢ =
9.193(3) A at 117(2) GPa (Fig. 2A). In two other
cases, mP512 mansformed into a C-centered or-
thorhombic structure with 120 + 2 atoms per unit
cell, oC120 (Fig. 1F), with lattice parameters a =
G651 A b= 1317 A, and e = 13.12(2) A at
117(2) GPa (Fig. 2A). On heating near 118 GPa,
the cI16, 150, and oC120 structures were all stable
up to the meliing curve. The balance of evidence
suggests that mP512 may be stable only above
300 K.

At pressures slightly above the melting mini-
mum at 118 GPa, we observed the mP512 phase
formed from the melt to transform with time, nat
to 150 or oC120, but to another phase, which is
triclinic with 90 + 2 atoms per unit cell, aP90
(Fig. 1G). Whenmelted at a pressure a little abave
118 GPa, the liquid crystallized back into this
aP90 phase. In this same pressure range, around
119 to 120 GPa, the oP8 phase was found
stable up to the melting curve, but the
again crystallized upon cooling into aP90, with
lattice parameters a = 7.283(5) A, b= 7.366(5) A,
o= 161389 A, a = 89.28(3)°, B = 89.2803)°,
and ¥ = 77.96(2)° at 119 GPa (Fig. 2A). aP%0 is
anly the third known example of a high-pressure

mP512 H

structure. (E to H) Diffraction data from (E) t150-Na at 117(2) GPa collected over
a9 scan range, (F) 0C120-Na at 117(2) GPa collected over a 3° scan range, (G}
aP90-Na at 119(2) GPa collected over a 4° scan range, and (H} mP512-Na at
117(2) GPa collected over a 9° scan range. The five pairs of reflections enclosed
in ovals in (H} illustrate the close reflection spacing that results from the 29 A b
axis of the mP512 structure. The faint powder rings visible in quadrants (D) and
(H) are from the rhenium gasket. Other small diffraction spots are of a different
appearance from those indexed and de not emanate from the sodium sample.
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triclinic structure in the elements (22). The aP90
structure was observed repeatedly and reprodu-

cibly upon recrystallization of liquid Na above 118
GPunmr'hem:hmgmmunum Inall Imumease

well-crysiallized phases (as shown by excep-
tionally sharp Bragg peaks) in this very small
pressure-emperature rnge, all obtained from single
crystal — single crystal transitions, with evidence

the aP90 p btained from the melt
back to oP8 before cooling to 300 K. In the one
exception, aP90 was retained o 300 K but, upon
gentle warming, it transformed to oP8, which
suggests that aP90—like mP512—is stable only
above 300 K.

Figure 3 provides a representation of the
pressure-temperature regions in which the six
phases found close to the melting curve mini-
mum appear to be stable, as sugpested by all the
observations set out above. The occurrence of six

A

cl16 oP8 119

150

also of multi-hour kinetics in some cases, suggesisa
frec-energy landscape that has many distinct but
shallow minima accessible by anly slight changes
of pressure and/or temperature.

The existence of such a free-energy landscape
at extreme compression raises several questions
about the unusual behavior of the melting curve
and the liquid and solid states. It was recently
suggested that an s-to-p electron transfer mech-
anism and electronic transitions in the liquid state
are responsible for the negative melting slope of

mP512

Fig. 2

. Structural information for sodium phases stable above 100 GPa. (A} Lattices {red points) and unit

cells {solid lines) for the seven known phases, with crystallographic axes labeled, all drawn on the same
relative scale. (B) The atomic arrangement for cI16, oP8, and the host framework of t119. In 1119, “G"
marks channels occupied by disordered chains of guest atoms. The ¢116 structure is a distorted 2x 2x 2

superstructure of bec. Inthe oP8 structure, the atoms lie in planes aty =

/4 and 3/4 along the b axis. The

atoms with x ~ 0.0, z ~ 0.2 (see text) are shown forming six-sided channels along b, enclosing those with

x~02,2~06.

(Links between atoms are used to help show spatial relationships rather than mark nearest-

neighbor contacts) The actual orientational relationships amang the various structures are not known.

Fig. 3. Observed phases of ¥
sodium in the vicinity of the
minimum of the melting curve.
The melting curve minimum
(nominally at 118 GPa) is
shown aligned with the cl16-
P8 transition, but this is sub-
jectto the ~2 GPa uncertainty
on the measured pressures.

cl1g

Temperature (K)
#
T

Liquid

oCi20

w " " 20 s
Pressuts (GPa)

Na and the accompanying changes in the solid,
leading to the transition of fce to the cl16 phase
and the recovery of a pasitive melting slope at
1006?3(23} Our results show that this picture is
and that a full expl of the
unusual melting behaviar would need to take into
account the actual, extremely complex structures
above 100 GPa. Among other things, it is almost
certainly the first-order density increase of 2% at
the ¢I16 — 0P8 transition that is responsible
for the change to a positive melting slope above
118 GPa. Also, the observation of the complex
mP512 and aP90 phases next to the melting
curve, and the large number of atoms in the unit
cells involved, might indicate that the liquid state
reflects the structural complexity of the solid below.
One of the hydrogen-related early papers (24)
proposed the possibility of families of related an-
isotropic structures in metallic hydrogen, all very
close in energy, arising from sofiening of the
transverse phonens. Our results show something
wvery similar being realized in sodium. It appears
from calculations that the density-driven changes
in the Na phonon density of states soften the
shear moduli (72) until the solid canmot suppart
the shear stresses, whereupon the liquid state be-
comes favorable at low temperature and has in its
wvicinity numerous solid anisotropic structures. It
has been shown in other calculations that the
Fermi surface of Na remains spherical up to
100 GPa (25) and that the whole transverse
acoustic phonon branch becomes unsiable, As
the transverse mode in the TK direction
‘becames flat and shifis roward lower energies, a
sinultaneous freezing of many sets of & vectors
might take place and give rise to a large number
of complex structures (25). Interestingly, lithi-
um has striking!y different predicted electronic
behavior under pressure. Calculations show
that its Fermi surface becomes ncreasingly
anisotropic until it contacts the Brillouin zone
boundary and causes strong Fermi surface
nesting, which induces a transverse-mode insta-
bility that is very well defined in k space (26).
‘This instability is thought to be responsible (26)
for the formation of the low-symmetry complex
structures seen in Li at elevated densities (6). If
the mechanism of the s-to-p transfer at the Fermi
surface (23) is correct, one might expect a much
more pronounced mininmum in the melting curve
of the lighter Li, with quantum effects playing an
important role in the liquid state. However, if the
negative melting curve of Na is due to a trans-
wverse phonon instability driven by an effect dif-
ferent from s-to-p transter (12), a similar mechanism
in lithium would be expected to flatten the Li
melting curve but not so far as to make it negative
(25). Itis also interesting to note that Neaton and
Asheroft (5) predicted that symmetry breaking
in Li under pressure would broaden the core
‘bands and would result in band overlap contribut-
ing to pairing states in the valence band. For
Na, estimations of the electron density for Z = 1 at
118 GPa give r, ~ 1.7 to 1.9 (rao = [3/(dmm)]"”
where n is the valence electron density and ag is

23 MAY 2008 VOL 320 SCIENCE www.sciencemag.org



the Bohr radius; r, of Na at 118 GPa i3 2.47 for
Z = 1), and this value approaches the densities at
which Hj is expected to enter the liquid state [see
(27-29) and references therein]. Our preliminary
optical show that the ivity
and the first-order Raman activity of solid Na at
300 K do change above 118 GPa, which suggests
a deviation from a metallic state and perhaps in-
dicates a change of valency. However, we have
not observed the predicted change of reflectivity
versus temperature (23) in the liquid state at lower
pressures.

Recent experimental measurements on the
hydrogen melting curve have suggested a maxi-
mum at 130 GPa (30) and a possible negative
melting curve over a broad pressure range above
that, supporting the original idea of a iquid ground
state (/). Numerous thearetical calculations have
studied the properties of hydrogen extensively at
extreme compressions, r; < 1.6, to explore this
possibility further (27-29). These studics suggested
not only superconductivity in the liquid but also
novel states of a metallic superfluid (29, 37). The
ultimate test of these predictions for H; is vet to
come, but a similar liquid-solid configuration at
high compressions is now established in sodium.
Even though the Na atom is heavier and the
temperatures invalved are higher, one might ex-
pect unusual behavior of the Na liquid. Further
studies of the liquid state(s) at the minimum of
the melting curve are needed to discover whether

quanturn effects are responsible for the formation
of numerous complex solid phases, whether the
highly compressed liquid possesses non—simple
uid properties, and what mechanism is respon-
le for creating such complex behavior in one
of the simplest possible systems.
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Inverse Temperature Dependence
of Toughness in an Ultrafine
Grain-Structure Steel

Yuuji Kimura,* Tadanobu Inoue, Fuxing Yin, Kaneaki Tsuzaki

Materials are typically ductile at higher temperatures and become brittle at lower temperatures.

In contrast to the typical ductile-to-brittle transition behavior of body-centered cubic (bec) steels, we
ohserved an inverse temperature dependence of toughness in an ultrahigh-strength bee steel with an
ultrafine elongated ferrite grain structure that was processed by a thermomechanical treatment without
the addition of a large amount of an alloying element. The enhanced toughness is attributed to a
delamination that was a result of crack branching on the aligned {100} dleavage planes in the bundles of
the ultrafine elongated ferrite grains strengthened by nanometer-sized carbides. In the temperature
range from 60° to —60°C, the yield strength was greater, leading to the enhancement of the toughness.

tructural metals, including body-centered
cubic (hee) sieels and Ti alloys, usually lose
most of their ductility and toughness when
the temperature falls below a particular level (1)
Below the ductile-to-brittle transition temperature
(DBTT), a material can fracture in a sharp and
sudden way, often leading 10 serious accidents.
The britile fracure of the Liberty ships in the

Natinal Institute for Materials Science, 12-1 Sengen,
Tsukuba, tharaki 305-0047, Japan

*Te whom correspondence should be addressed. E-mail:
Kimura.yutji@nims.go.jp

19405 is a well-known example of the ductile-to-
brittle transition of certain bec steels ().

The refinement of crystalline grain size is
considered to be a key technique for lowering the
DBTT for high-strength metals (2-6). However,
strengthening by refining the grain size to 1 pm
or less tends to result in low toughness and low
tensile ductility at room temperature, although
the metals behave in a ductile manner (3-7).

Delamination, or splining resulting from
anisotropic microstructures such as crystalline
grains and second phases that are oriented along
the rolling direction (RD), improves the tough-

ness of the metals at low temperatures (5, 8-11),
Face-centered cubic (fce) austenitic stainless sieel
{1 and certain Al-Li alloys (1), which did not
undergo any apparent changes in fracture mode,
exhibited marked increases in toughness with
decreasing temperature. However, the delami-
nation toughening typically sacrificed toughness
in the ductile fracture region for a decrease in
DBTT {4, 5,8, 9, il).

A martensitic structure consists of thin plate-
shaped grains that are highly dislocated, resulting
from the diffusionless shear transformation of the
fce austenite phase upon quenching (2, 12).
Depending on chemical compositions and heat
treatments followed by tempering or aging, the
martensitic structure can offer a varety of fine
ferrite grain structures interspersed with second-
phase particles. Low-alloy steels (<8 weight %
alloying elements) are workhorse materials in
most industries because of their low cost and
good combinations of strength, ductility, and
toughness (13). However, low-alloy steels with
ulirahigh yield strength (ay) exceeding 1.4 GPa
typically exhibit low Charpy V-noich impact
energy (vE) of 10 10 40 J at room temperature
(14-16). High-alloy (7, 1) and maraging steels
(19-21) comaining large amounts of alloy ele-
ments such as Ni and Co are excellent structural
materials strengthened by nanometer-sized pre-
cipitates; however, they are much more expen-
sive than low-alloy steels, Enhanced toughness
can be achicved in the ultrahigh strength level by
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reducing inclusions and impurities (18, 20). How-
ever, even in maraging steels, a vE of 40 J was
obtained at a ay of 1.83 GPa (24). Such low
toughness often restricts their use in certain struc-
tural applications.

We describe enhanced toughness at lower
temperatures for an ultrahigh-strength low-alloy
bee steel having an ultrafine elongated ferrite grain
structure interspersed with nanometer-sized car-
bides. A hint regarding the microstructural design
recently emerged from the deformation of a tem-
pered martensitic stmicnre (22). We call this type

of ther hanical treatment * f

A low-alloy steel containing 0.4% C, 2% Si,
1% Cr, and 1% Mo was studied as a model alloy
(23). The mariensitic structure of the steel was a

olid solution of C. Te ing the
martensitic structure at 500" Lo 600°C leads to a
ipitates in the
form of cementite and alloy carbides (24) in the
martensitic matrix. The steel that was conven-
tionally quenched and tempered at 500°C (the
QT sample) exhibited an ultrahigh ay of 1.47
GPa, a tensile strength (6B} of 1.77 GPa, and an
adequate elongation (EL) of 10% at room
temperature, although its vE was as low as 14 J.
However, when the martensitic steel was tem
pered at 500°C and then deformed to a bar with
an equivalent strain of 1.7, namely tempformed
at 500°C (the TF sample), the oy, oB, and EL of
the steel improved to 1.84 GPa, 1.85 GPa, and

dispersion of

A 350 T 3 T
o} ;%
Sasef
5 !
a.== 200} i
u ]
B 1sof '
2 H
E ol H
- H
i 6 _o 4
-200 -150 100 50 0 50 100 150
Temperature (*C)

Fig. 2. Ultrafine elongated ferrite grain structure developed in the low-
alloy steel that was tempformed at 500°C. (A) Image-quality map that
was taken by electron backscattering diffraction pattern analysis. Grain
boundaries with misorientations above 5° are shown. TD, transverse

15%, respectively. The vE of the steel improved
remarkably to 226 1 and was about 16 times
higher than that of the QT sample.

The QT sample exhibited a ductile-to-britile
transition in Charpy Venotch impact tests at
tempezatures from 60° to —100°C, resultng in a
reduction of the vE (Fig. 1A). Cracks propag

Contrary to the QT sample, with a random
crystallographic arientation (fig. 81) (23), the TF
sample had an ultrafine elongated ferrite prain
structure with a strong <1105 deformation tex-
ure that was parallel to the RD (<110=/RD
deformation texture) (Fig. 2). The average of

linear i pions for the elongated

directly across the central portions of the impact
test bars (Fig. 1B), where the fracture mode was
observed to be a primary quasi-cleavage (2, 16).
Such a ductile-to-brittle transition is well known
in ultrahigh-strength bee steels (14-16, 19, 20)
However, the TF samples exhibited delamina-
tions, where cracks branched parallel to the
longitudinal direction of the impact test hars,
and therefore the crack ions in the strik-

grains was 260 nim, and spheroidal nanometer-
sized carbide particles (<50 nm) were dispersed
in the elongated grain matrix.

The delamination is thought to relax triaxial
stress conditions ahead of the advancing crack
front and blunt the crack tip when the crack and
crack branching planes intersect, thus leading to
high impact energy (25). The occurrence of

ing direction were substantially blunted (Fig.
IB). Depending on the degree of the delami-
nation, the vE of the TF sample substantially
increased from 60°C as the temperature de-
creased and passed through a maximum in the
temperature range of -207 10 —60°C, followed by
a sharp drop (Fig. 1A). Hence, the TF sample
showed an inverse temperature dependence of
toughness at lower temperatures, where ultrahigh-
strength bec steels undergo the ductile-to-brittle
fransition ({416, 19, 27). At of -20°

del: requires relatively weak interfaces
(5,8, 10, 11, 25-27) or planes {22) normal to the
noich orientation of the impact test bar. In stecls,
the crack branching has often been observed to
oceur along the interfaces between the matrix and
inclusions such as elongated MnS (27) and
carbides (5, & ff) that were in alignment with
the RD. For the ultrafine elongated ferrite grain
structure with a strong <110>/RD deformation
texture, we ohserved that the fracture mode for
the crack branching planes occurred primarily by

1o ~60°C, some of the specimens did not separate
into two pieces. The appearance of these fractures
resemble that of bamboo, being much stronger
and tougher along the fiber than across it.

formation texture.

-cleavage (fig. S2) (23).
The ductile-to-britile transition occurs when
the peak tensile stress in the process zone of a
crack tip (ot) exceeds the cleavage fracture stress
(of). The ot scales with the oy and is on the order

aq

Fig. 1. The results of Charpy V-notch impact tests
for the low-alloy steel, conventionally quenched and
tempered at 500°C {QT) and tempformed at 500°C
(TF). (A} Changes in the Charpy V-notch impact
energy as a function of testing temperature. RT.,
room temperature. (B) Appearances of Charpy
V-notch impact test specimens after fracture. Data
points with upward-pointing arrows indicate that
the specimens did not separate into two pieces
during the impact test.

rd P
001 101

direction. (B} Transmission electron micrograph showing the distribution
of nanometer-sized carbides within the elongated grain matrix. (C) Inverse
pole figure for the RD, showing the evolution of a strong <110>/RD de-
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of three to five times higher than the oy (2). The
therrmal increment in the oy with decreasing tem-
perature eventually causes the cleavage fracture of
bee steel. The QT sample lost most of the tensile
ductility when the oy increased to 1.78 GPa at

196°C (Fig. 3). The oy of the TF sample also
markedly increased as the temperature decreased.
Hence, this indicates that the delamination may
be mare pmnuunculin the response to the cleav-
age fracture at lower temperatures, lead_ng 1o the
onset of the inverse of

Decreasing the transverse grain size (o submi-
crometer sizes leads to a substantial strenpthening
in the elongated prain structure (28). According
to the Yoffee diagram, refining the prain size
increases both the ot and the of;, however, the
effect on the of is ordinarily larger with a de
crease in DBTT (2). Hence, the refinement of the
transverse grain size can provide more ductile
and tougher planes normal to the longitudinal
direction of the elongated grain structure at lower

This is d by the fact that a

toughness (Fig. 1). A similar inverse temperature
dependence of toughness has already been ob-
served in the vicinity of 200°C fora 0.2% C, 3%
Ni, 3% Mo bec steel processed by a thermome-
chanical treatment that involved the d i

goad tensile ductility was retained by the TF
sample even at ~196°C, where the oy increased
10229 GPa (Fig. 3), The EL and the reduction of
arca were 14 and 39%, npﬂ:l\vc'y

The di fon of zed precipi-

of metastable austenite, followed by g hi
s Vespering (36), Hovidves, thie factne pro-
ceeded easily without much plastic deformation
below 200°C, although the tendency for crack
branching alang the boundarics of elongated prior-
austenite grains in the tempered mantensitic struc-
fure was strong. As a result, the vE was reduced 1o
33 1 at room temperature.

Bee iron cleaves on {100} planes, and the
coherence length on {100} comesponds to the
cleavage crack length in steel (7). In the elongated
grain structre with a strong <110>/RD defor-
mation texture, lots of {100} cleavage planes
exist along the RD, whereas the planes that are
normal to the RD consist of {110} ductile
orieniations. The coherence length on {100} is
lang because of the elongated grain. This structure
produces the condition where the aack can run
along the longitudinal direction rather than the
transverse direction

"
in

Yield Strength (GPa)

“Elongation, Reduction of Area

-200 -150 -100 -50 0 50 100 150
°c)

Temperature

Fig. 3. Changes in the yield strength (squares), the
elongation (triangles), and the reduction of area
{circles) of the low-alloy steel that was subjected to
conventional quenching and tempering at 500°C
(QT, open symbols} and tempforming at 500°C (TF,
solid symbols) as a function of testing temperature.

tates may thute to the thy of the
steel without lessening ductility and toughness
(17, 18). Because the ductile fracture occurred by
the growih and coalescence of voids typically
nucleated at second phase particles, the volume
fraction () of second particles should be
minimized. Meanwhile, the strain-hardening rate
for the ultrafine-grained stee! has been observed
to be proportional to the dispersion parameter
{#1d)°", where d is the average diameter of the
particles (29). Hence, the distribution of a small
volume fraction of nanometer-sized particles is
effective for improving the tensile ductility,
especially uniform elongation in the ultrafine
femite grain structure (36)

To verify our hypothesis, the TF sample was
annealed at 700°C for 60 min (the TFA sample).
The coarsening of the microstructure (fig. 83)
(23) resulted in the reduction of the vE as well as

300 T T

250

g

Impact Energy (J)
g

100F
sof
K 05 T 15
Yield Strength (GPa)

Fig. 4. Charpy V-notch impact enerqy absorption
of the low-alloy steel as a function of yield strength
at room temperature. Data for Japanese Industrial
Standards (x's) (13) and American Iron and Steel
Institute/Society of Automotive Engineers {plus
signs) (14) low-alloy bec steels are shown for ref-
erence. The steel that was tempformed at 500°C
(TF) shows very large energy absorption as com-
pared to that of the steel that was conventionally
quenched and tempered at 500°C (QT) and is
clearly different from the general trend of the com-
mercial low-alloy steels. Degradation of the impact
energy aswell as the yield strength occurs as a result
of the annealing at 700°C for the TF steel (TFA).

REPORTS I

the oy and the properties were similar to those of
the band of low-alloy tempered martensitic sicels
(‘F1g 4). Therefore, it may be concluded that

bination of the ulira grain the
d\mr:rsmn of nanometer-sized particles, and the
texture control can lead to ultrahigh strength with
enhanced toughness as well as ductility in bec
steels at lower temperatures, Our microstructural
approach without adding a large amount of alloy
elements surpasses the toughness of maraging
steel, which is the strongest structural material
presently used (/9-21) The strategy described
above is expected to be widely applicable in the
production of ultrahigh-strength material bar and
parts such as bolts and shafis, where ductile-to-
brittle transitions occur.
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Dislocation-Driven Nanowire
Growth and Eshelby Twist

Matthew ). Bierman,™ Y. K. Albert Lau,** Alexander V. Kvit,® Andrew L. Schmitt, Song Jint

Hierarchical nanostructures of lead sulfide nanowires resembling pine trees were synthesized by chemical
vapor deposition. Structural characterization revealed a screwlike dislocation in the nanowire trunks with
hehcatly rotating epitaxial branch nanowires. It is suggested that the screw component of an axial

location provides the self- ing steps to enable one-dimensional crystal growth, in contrast to
mechanisms that require mml catalysts. The rotating trunks and branches are the consequence of the
Eshelby twist of screw dislocations with a dislocation Burgers vector along the {110} directions having an
estimated of612a for the screw ¢ The results confirm the Eshelby theary
of dislocations, and the propesed nanowire growth mechanism could be general to many materials.

n the burgecning field of nanoscience, a major Th of PhS ized via
Iambmm is 1o synthesize nanoscale building chemical vapor deposition with PhCL, and ele-
blacks of arbitrary d ions, mor mental sulfur under argon flow with

and materials of increasing complexity. One-
dimensional (1D} nanowire materials, in partic-
ular, have already found many applications in
nanoelectronics, nanophotonics, and biotech-
nology (1, 2). To break the symmetry of bulk
crystals and enable the anisotropic 1D crystal
growth of inorganic nanowires, the well-known
vapor-liquid-solid (VLS) growth method uses
metal nancparticles that form low-melting point
eutectic alloys with the targeted materials to serve
as the catalytic seeds for 1D anisotropic growth
(3, #). Except for direct vapor-solid growth (),
most nanowire-formation mechanisms, including
solution-liquid-solid growth (SLS) (6) and var-
iants of VLS such as vapor-solid-solid growth
(7), require the use of catalytic nancparticles,
cither added intentionally or generated in situ,
to enable the 1D anisotropic crystal growth.
“Treelike” or hyperbranched nanostructures
have also been reparted, but they all rely on mul-
tiple applications of metal catalysts with subse-
quent VLS (&, 9 or SLS (/) growth steps,

We suggest a nanowine growth mechanism
that does not depend on catalysts but instead is
driven by an axial screwlike dislocation along the
length of the nanowire. It results in hierarchical
lead sulfide (PhS) nanostructures of pine tree
morphology when combined with a slower in
situ VLS branching nanowire growth. The geo-
metrical features of the resulting structures can be
quantitatively understood with the simple elas-
ticity theary of dislocations

Departent ef Chemisiry, University of Wisconsin-Madison,
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a co-flow of H; at atmospheric pressure and with
temperatures between 600° and 650°C {I1).
Typical synthesis conditions involve reactions at
G00°C for 15 min under 150 standard cubic cen-

fimeters per minute {scem) of argon flow and
900 torr pressure with the hydrogen flow at
1.8 sccm for the first 1 min and 1.0 scem for the
remaining 14 min. Even though the synthetic
procedure is similar to that for the hyperbranched
PbS nanowires (see examples in figs. $2 and $3)
(12), the nanowire growth appears to be driven
by different mechanisms. The key dif be-

rwcmlhegmlanhnfpme!ramsndmegnwlhnf
hyperbranched nanowires (/2) and other previ-
ously reported PhQ (Q is 8, Se, or Te) nanowire
growth (13, 1) is the hydrogen flow profile. The
optimized reactions (1) reproducibly vield many
intricate treelike PhS nanowire structures over
large areas (1 02 cmz) oii the growth substrate,
as revealed scanning electron microscopy
(SEM) (Fig. 1 and fig. S1; also see fig. S4 for
phase identification). These trees have trunks that
are up to hundreds of micrometers in length and
branches that are commonly tens of micrometers
long. Individual wires grow consistently along
the {100} crystallographic directions and their di-
ameters range from 40 to 350 nm. Closer exam-

Fig. 1. SEM micrographs of PbS pine tree nanowires. (A) Overview of dense forest of many
nanowire trees. (B) Tree clusters showing epitaxial growth along (100} directions. (C} Side view of
growith substrate showing forest growth. (D to F) High-magnification views of trees highlighting the
twisting (Eshelby twist) of the central trunk and helical rotating branches, with (€} further
illustrating branch epitaxy on the tree trunk and (F) showing a tree with fewer branches. (G) An
example of "tree-on-tree” morphology that can be occasionally observed. (Inset) A magnified view
of the tips of nanowires after synthesis highlighting the cubes that sometimes decorate the tips.
The inset scale bar is 200 nm. The images are false colored.
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ination of these nanostructures, particularly those
with less dense branching (Fig. 1, D10 F), reveals
that each tree has four sets of epitaxial branches
that are perpendicular to the tunk and the neigh-
boring branches and rotate around the trunk in a
helical staircase fashion. The pitch of the rota.
tions ranges from 16 to 220 pm and can vary
down the length of a single wee. Right- or left-

Fig. 2. Distinctive difference inthe A

handed rotating trees have roughly equal proba-
bility of occurrence (measured ratio: 107:126)
{11). Therotating branches become progressively
shorter from the base to the tip of the trees,
resulting in conelike envelopes that enforce the
tree morphology. The combination of the helical
rotation and the regular length progression of the
evenly spaced branches leads to beautiful curves

growth rates of trunk and branch nano- 2
wires and the proposed dislocation-
driven nanowire growth in the trunk
of tree structures. (A} Approximate
relative ratios of growth rates be-
tween trunk and branch nanowires
that are calculated as cotangents of
the cone angles (6 as illustrated in
the inset) of the outer envelopes of
80 individual trees. (B} Dramatized 24
scheme of the magnified tip of a tree

Number of frees

structure highlighting the combined
faster dislocation-driven trunk nano-
wire growth and slower VLS-driven

Retstive growith rate (irunk vs. branch)

8 121

branched nanovire grovith. (C) A simplified scheme illustrating that the self-perpetuating steps of a screw
dislocation spiral at the tip of a trunk can enable 1D crystal growth of nanowires.

1221 2P

[1711zap

Fig. 3. Diffraction contrast TEM imaging of the dislocation in the tree trunk. (A to €} TEM images
along the [221] zone axis under the strong two-beam conditions. (R} represents strong diffraction

contrast, and (C)

as i in the zone axis pattern (ZAP) (B).

(D} Schematic superposition of real and reciprocal space of a dislocation-containing nanowire
along the [001] zone axis illustrating the Burgers vector relationship. Because the line dislocation
vector u is [100], directions of screw and edge character Burgers vectors, bygew and bagge, are
known. As the Burgers vector is determined to be byjg, the high-contrast results at gy are due to
the g4llb relationship and the perpendicular go-beam results in the invisibility criterion. (E) Low-
magnification TEM image showing the tree and area analyzed. (F} to (H) display [111] zone axis TEM

under the strong two-beam conditions. (F) represents gllb conditions, (H}

REPORTS I

formed by the branch tips, which are further
accented when the tips are decorated with PbS
cubes in some syntheses (see an example in the
inset of Fig. 1G), These trees can prow both
upward from the growth substrate and horizon-
tally to the substrate from some nucleation clus-
ters, creating a dense copse of freestanding
nanowire trees, which ofien resembles a forest
when viewed from the side of the growth sub-
strates (Fig. 1C). Within a common cluster, the
trees occasionally grow epitaxially as evidenced
by the perpendicular or paralle! orientations
between the trees (Fig. 1B). Tree structures some-
times coexist with or grow off from hyper-
branched nanowire clusters (Fig. 1E and fig. S2).
Occasionally, multiple levels of “trec-on-tree™
‘morphology can be observed (Fig. 1G).

Further scrutiny of the distinct morphology
and large length difference between the trunks
and branches of these pine tree nanowires sug-
gests that the trunks grow faster than the branches.
It was previously suggested that hyperbranched
PbS nanowires are grown via a self-catalyzed
VLS mechanism: Lead itself serves as the eu-
tectic catalyst and is consumed or evaporated
during growth (/ 5), thereby limiting the length of
wire growth (12, 13). Although no lead catalyst
caps were observed at the tips of either the trunk
ar branch nanowires after growth, a similar length
limit was sometimes also observed for the tree
branches (fig. S5), suggesting that the branch
growih is likely VLS driven. Successive gen-
crations of hyperbranched nanowires (12, 13)
grow at a similar rate and lead 1o more isotropic
“cubic” morphology (figs. 82 and 53). In con-
trast, the pine trees have steep cone angles that do
not change over the duration of growih for a
given tree, suggesting that the trunk nanowires
grow much faster than the branches in the tree
structures. The cone angles of the outer enve-
lopes of the trees are dictated by the relative ratios
‘between the fastest growth rates of the trunks and
‘branches and do not depend on the actua! length
and possible delays in nucleation events. To quan-
titatively represent the growth rate difference
between the tnmks and branches, the cotangent
of the cone angle (0) of 80 tee envelopes is mea-
sured and ranges from 4 to about 10 (Fig. 2A).
This distinct morphology and growth rate differ-
ence contrasts with the hyperbranched nanowires
under similar reaction conditions, suggesting a
different growth process for the tnmks of pine
free nanowires.

We propase that the growth of the trunk nano-
wires is driven by the screw dislocation com-
ponent of an axial dislocation along the length of
the nanowire, providing a continuous growth
front for 1D crystal growth. The self perpetuating
steps of a screw dislocation provide facile spiral
growth fronts when the supersaturation is lower
than what is required for crystal growth on per-
fect crystal facets, and this is known as Frank's
‘mechanism for crystal growth ({6, 1 7). When the

invisibility

conditions as highlighted in the zone axis diagram (G).

is low, only fast crystal growth at
the self-perpetuating steps of a serew dislocation
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spiral is possible, whereas growth on the crys-
talline side walls is suppressed (Fig. 2C). This
breaks down the symmetry and drives the 1D
anisotrapic crystal growth without catalysts, This
dislocation-driven growth was proposed in the
1950s by Sears to explain the formation of
micrometer-diameter metal “whiskers” (18, 19),
which predates the VLS whisker growth. How-
ever, starting from the original Wagner and Ellis
VLS work (4, 20), much effort has been under-
taken to rule out crystal dislocations as the
driving force for the 1D anisotropic growth
Since then, little has been mentioned about the
role of dislocation defects in whiskers (1, 2f)
(and now nanowires).

We confirm the presence of screw disloca-
tions in the trunks of these tree structures using
diffraction contrast transmission electron micros-
copy (TEM) under the strong two-beam condi-
tions (22). Diffraction contrast TEM is a powerful
technique to image dislocations in crystals that
relies on additional electron diffraction due to
the bending of atomic planes near the disloca-
tion core, If an image is reconstructed from spe-
cific reciprocal space diffraction spots (g) that
are selected by a physical aperture, these addi-
tional diffracted electrons create a visible con
trast around the dislocation. However, certain
diffraction spots (g) with specific orientations
to the Burgers vector of the dislocation (b)
praduce no dislocation contrast—the “invisi
bility criterion” (1]). TEM sample preparation
proved to be difficult due to the need to pre-
serve the tree marphology during transfer, while
also avoiding trees with toe many branches that
would obstruct the view and prevent the obser-
vation of a dislocation. After experimenting with
many different transfer methods, we found micro-
manipulation to be the only technique that al-

Fig. 4. Analysis of the
Eshelby twists in tree
nanostructures. (A) Sche-
matic representation of
the forces and resulting
crystal displacement due
to a screw dislocation. (B)
SEM images of a tree il-
lustrating the measure-
ment of twist (a quarter
of the pitch measured)

lows the effective transfer of individual trees onto
TEM grids while preserving their complex and
fragile morphology (fig. S6 and movie S1) (1),
Great care was taken to avoid excessive me-
chanical force, which can result in the dislocaton
being worked out along the slip planes. In trees
that clearly preserve the twisting structures under
microscope observation (such as in Fig. 3E),
dark lines nunning the entire length of ree trunks
representing high dislocation contrast were ob-
served under TEM. This is shown for g = (220)
in Fig. 3A along the [221] zone axis, in Fig. 37
along the [111] zone axis, and in fig. S7 with a
more complete mapping. However, no disloca-
tions were observed in the branches of any tree
investigated. No dislocations were observed in
hyperbranched nanowires (fig. 89), with more
than 20 samples having been examined. These
observations are consistent with the suggeston
that the nanowire trunks in the trees are driven
by dislocation, whereas the branches of the trees
(and the hyperbranched nanowires) grow via a
slower VLS process (Fig. 2B).

We have determined the dislocation Burgers
vector (b) to be along the [110] direction. This
detailed diffraction contrast TEM analysis re-
quires finding two noncallinear diffraction spots
(g beams) in reciprocal space that satisfy the
invisibility criterion. The dislocation Burgers vec-
tor is along the direction of the cross product of
these two g vectars. The tree structure shown in
Fig. 3E has been analyzed under the strong two-
beam conditions, as illustrated schematically in
Fig. 3D. The same segment of this ree was
tilted o the [221) zone axis (Fig. 3, A to C) and
the [111] zone axis (Fig. 3, F to H), respectively.
The image with the (220) diffraction spot
(Fig. 3A) shows high dislocation contrast (cor-
responding to the g|b contrast maximmum), while

the dislocation meets the invisibility eriterion
under the perpendicular (228} spot (Fig. 1C).
Similarly, along the [111] zone axis, the (220)
diffiaction spot shows high contrast (Fig. 3F)
while the perpendicular {224} spot (Fig. 3H)
meets the invisibility criterion. Therefore, taking
the cross product of the (228} and (224) vectors
shows that the Burgers vector is along the [110]
direction. Electron diffraction patterns of the area
analyzed are shown in fig. 88. It is known that
the Burgers vector of the most stable dis-
locations in rock salt (face-centered cubic) crys-
tals is along (110}, and this has been previously
observed in bulk PbS crystals (23, 24). Because
the dislocation line direction (u) is along the
[100] nanowire growth direction, the [110]
Burgers vecior represents a mixed dislocation:
a screw dislocation component along the [100]
{or [100]) direction mostly responsible for driv-
ing ihe nanowire growih, and an edge dis-
location component along the [010] (ar [0T0])
direction, whose role In promoting crystal growth
{25) is not clear but cannot be ruled out com-
pletely at present.

‘What, then, is the reason for the helical rota-
tion of branches on the screw dislocation-driven
nanowire trunks? All dislocations create strain
(and hence stress) within the otherwise perfect
crystalline lattice, Using elasticity theory, Eshelby
has shown that in a finite cylindrical rod con-
taining an axial screw dislocation at the center,
the stress field created by the dislocation exerts a
torque at the free ends of the rod, resulting in a
twist of the rod along the axial direction (Fig. 44)
(23, 26). This “Eshelby twist™ is mathematically
expressed as:

b

= (1)

o=

where @ is the twist of the lattice in radians per
unit length, R is the radius of the cylinder, and b is
the mognitude of the screw component of the
Burgers vector (27). Attempis to observe the
Eshelby twist in micrometer-scale whiskers were
made in the late 1950s, but the results were often
inconclusive (28, 29). The Eshelby rwist is read-
ily observed in the tree nanowires because the
1R dependence makes the twist much more
pronounced at the nanoscale compared to the

it -sized whiskers, and because the over-

and the measurement of
diameter (inset), which
was converted to radius
for calculation. (C} Scat-
terplot of twists measured
from 247 spots on 90
individual trees against
their inversed cross-
sectional areas [(xR%)).
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The red line is a least-
squares fit through the
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data whose slope {6 A) is the magnitude of the screw component of the Burgers vector. (D) Histogram of the
calculated Burgers vectors for each data point shown in (C) with a Gaussian fit to the data. The Gaussian peak is

centered at 6 A with a standard deviation of 2 A.

growth of epitaxial branching nanowires allows
easy visualization of the twist. This allows a di-
rect measurement of Eshelby twists and a simple
estimate of the magnitude of the Burgers vector
screw component.

As illustrated in Fig. 4B, SEM images can he
examined 1o determine both the radius of a trunk
nanowire and also its twist by tracking the
periodic repeat of the branches (a quarter of the
pitch is actually measured because of the four
orthogona! epitaxial branches). The Eshelby
twists (@) as a function of the inverse cross
sectional areas [(xR”) '] of the nanowires were

23 MAY 2008 VOL 320 SCIENCE www.sciencemag.org



measured at 247 points on 90 individual trees
from 16 synthetic batches (Fig, 4C). To extract the
magnitude of the Burgers vector, a line can be fit
1o the data as plotted, with the slope represent-
ing b from Eq. 1 above. This can be more
directly seen in a histogram of the calculated
Burgers vectors (Fig. 4D). A Gaussian fit 1o these
data yields the average magnitude of the screw
component of the Burgers vector b = 6+ 2 A,
Because the Burgers vector direction is con-
firmed to be [110] by TEM, a 6 A screw
component of the Burgers vector (the projection
of b onto the dislocation line u [100]) is ap-
proximately equal to the latice constant of
PbS, a= 594 A It is known that smallest b
allowable is the shortest lattice translation vector
in a material (23), which in the case of rock salt
crystals is ¥(110}, whose screw component is
14100 (half the latice constant a). Given various
sources of emrors in this estimate (27), it is sat-
isfying to see that no data were observed sub-
stantially below the theoretical minimal vector,
and the average estimated b value of twice the
minimal theoretical length is reasonable. Addi-
tionally, theory predicis that left-handed disloca-
tion spirals lead to right-handed Eshelby twists
and vice versa (23, 26); therefore, the equal prab
ability of twist handedness implies equal prob-
ability of Burgers vector sense (sign),

The chservation of Eshelby twist in these pine
tree nanowires is a clear demonstration and val
idation of Eshelby’s theory on dislocations. The
results also provide evidence for a catalyst-free
nanowire growth mechanian driven by axial sarew
dislocations and imply that VLS and screw
dislocation-driven nanowire growth can coexist.
Because of the distinct morphology difference
from the hyperbranched nanowires, it is unlikely
that the dislocation is a result of cool-down or other
postgrowth perturbation. Although some general
discussions on the origins of dislocations exist

(23, 30), an experimentally observed mechanistic
understanding is currently lacking. We suggest
that this dislocation-driven nanowire growth mech-
anism proposed for PhS trees is likely general to
and is underappreciated in the synthesis of 1D
nanostructures, particularly in cases where the
growth mechanism is inconclusively explained
and especially when free of catalysts. Besides the
analogous PbSe for which we have found pre-
liminary evidence of similar growth phenomena,
the dislocation-driven nanowire growth mecha-
nism is likely to occur in materials that are prone
to have screw dislocations, such as SiC, GaN,
Zn0, and CdS, both in vapor-phase growth and
in solution-phase synthesis. However, we caution
that postgrowth mechanical perturbation could
work the dislocation out of the nanowires, and
one might not be able to observe dislocations in
the final nanowire products if samples are not
handled properly.
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Detection of Silica-

Deposits on Mars
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Mineral deposits on the martian surface can elucidate ancient environmental conditions on the

planet. Opaline silica deposits (as much as 91 weight percent Si0,) have been found in associal

with volcanic materials by the Mars rover Spirit. The deposits are present both as light-toned soils
and as bedrock. We interpret these materials to have formed under hydrothermal conditions

and therefore to be strong indicators of a former aqueous

This discovery is il

for understanding the past habitability of Mars because hydrothermal environments on Earth

support thriving microbial ecosystems.

paline silica deposits are an indicator of
Opas\ aqueous activity. Some regions of
Mars exhibit a thermal infrared spectral
signature that has been interpreted to result from

www.sciencemag.org  SCIENCE  VOL 320 23 MAY 2008

coatings of amorphous silica on rocks {J, 2),
although this interpretation is not unique (3).
Results from the Mars rover Opportunity have
suggested that opaline silica could be present in

sulfate-rich sedimentary rocks at Meridian Planum
(). The rover Spirit recently investigaied the
Eastem Valley between Home Plate and the
Mitcheltree/Low Ridge complex (Fig. 1) in Gusev
crater. Here we describe the discovery of silica-
tich deposits in the Eastem Valley and farther east
near sulfate-rich soil deposits.

Home Plate consists of laminated-to-cross-

bedded tephra that shows evidence for a voleanic
explosive origin, including a bomb sag produced
when an ejected ~4-cm clast fell into deformable
ash deposits (5). Mitcheltree Ridge and Low
Ridge, located east of Home Plate, are partially
eroded synclinal structures that expose tephra
deposits (including lapillistones) capped by a
deposit of vesicular basalt boulders. Soils in the
Inner Basin ~250 m to the north {Samra) and
~50 m to the east (Tyrone) (Figs. 1 and 2) of
Home Plate contain hydrated ferric sulfate de-
posits (6, 7). The mobility of ferric iron under
apparently oxidizing conditions, leading to ferric
sulfates and oxides, is suggestive of low pH con-
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ditions (§-10), and both deposits are interpreted
toh igh under id-sulfate
conditions {6). Although hydrated ferric sulfates
dominate these deposits, Alpha Particle X-ray
Spectrometer (APXS) (41) data also indicate that
the nonsulfate compenent is enriched in Si0; rela-
tive to nearby rocks and soils (6), and Miniatire
Thenmal Emission Spectrometer (Mini-TES) ({2)
spectra show an absorption feature at ~475 cm
that may be associated with amorphous silica.
The floor of the Eastern Valley exposes buff-
colored, platy outcraps that we interpret on the
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Fig. 1. Perspective view
of the Inner Basin of the
Columbia Hills. The East-
ern Valley is the location
of the silica-rich depos-
its, with the exception of
an outcrop near Tyrone
[{A), Tyrone nodules out-
cropl. (B} Location of the
Kobal outcrop (Fig. 2A),
(C} location of the Eliz-
abeth Mahon outcrap,
and (D) location of
Nancy Warren, Innocent
Bystander, and Gertrude
Weise (Fig. 2B). The dis-
tance between the south-
ern end of Home Plate
and von Braun Hill is
~120 m. Image was gen-
erated using the Mars
Reconnaissance Orbiter
High Resolution Imag-
ing Science Experi-
ment (HRISE) image
PSP_001777_1655_red
and a digital elevation
model produced from
HiRISE data.
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basis of their compasition, mineralogy, and fine-
scale texture 1o be volcanic ash depesits altered
under oxidizing acid-sulfate-dominated condi-
tions. These cutcrops are covered in places by
light-toned clasis and are found in close associ-
ation with outcrops that show a distinctive nod-
ular appearance (Fig. 2).

Mini-TES thermal emission spectra acquired
for an outcrop (Tyrone nodules in Fig. 1) near the
Tyrone light-toned soil deposit and for light-
toned nodular outcrops within the Eastern Valley
(Fig. 2) exhibit the spectral signature associated
with high silica contents (Fig. 3A). Although the
outerops are partially covered by windblown soil,
the spectra contain a distinctive vibrational ab-
sorption feature at ~475 cm™', which is inter-
preted to result from the 8i-O bending mode, and
another at ~1110 em ™, which is interpreted to be
the Si-O stretching mode of opaline silica (13).
The spectra are distinct from those of quariz or
cristobalite (13). Correcting for soil and dust con-
tamnination enhances the depths of these features
(Fig 3B).

emission measurements for both synthetic amor-
phous silica and natura] opaline silica samples
(fig. S1). With increasing emission angle (where
0% isnormal to the surface}), the feature iransitions
from a shoulder to a prominent emissivity mini-
mum. Because Mini-TES observations are ob-
tained at emission angles ranging from 40° 1o
nearly 90°, the spectra of opaline silica should
display this distinctive fiature.

During a drive on martian solar day (or “sol™)
1148 (15), the rover’s inoperative right front
wheel (16) excavated light-toned soil deposits
(fig. S2). Mini-TES spectra for these deposits
(Fig. 3A) show the spectral features associated
with opaline silica, including a weak emissivity
maximum near 1625 con”" that results from the
‘bending mode of bound water (/7). In addition, a
relatively broad and deep emissivity minimum
centered at ~950 cm™ is present and s inter-
preted as a transparency feature that arises in
fine-grained particulate material where multiple
scattering accentuates an otherwise weak absorp-
tion (&), Panoramic Camera (Pancam) ({ ¥) near-

The spectra include a i
near ~1260 cm . This feature is atypical of
laboratory spectra of opaline silica, which usually
display only a shoulder in this location. Previous
work has demonstrated that the depth of this fea-
ture is a function of the incidence angle, because
the longitudinal optic mode dominates the trans-
verse optic mode as the incidence angle increases
{14). We confinmed this behavior with laboratory

Low Ridge

pC¥

infrared spectra of the light-toned,
high-Si soil depasits and nodules also reveal a
distinct absorption feature that is consistent with
the presence of HsO in hydrated minerals (26)
We used the Microscopic Imager (MI) (21),
APXS, and Mosshauer Spectrometer (MB) (22)
to investigate several rocks and soils in the Eastern
Valley. One rock outcrop [Elizabeth Mahon
(23), which coincides approximately with the

Home Plate

Eastern Valley

www.sciencemag.org



Clara_Zaphd Mini-TES target] had 72.4 weight
percent (wi %) $i0, (table 51). Light-toned soils
exposed by the rover’s fight front whee! (Kenosha
Comets and Lefty Ganote) (Fig. 2B and fig. S2)
had Si0; concentrations of 90.1 and 74.6 w1 %,
respectively. Two rock samples (Innecent.
and Norma Luker) (Fig. 2B and fig. §3) with,
respectively, 63.1 and 69.2 wt % Si0, were rock
fragments several centimeters i size that were
created by breaking an outcrop with the rover’s
right front wheel. The high-silica measurements
were made on the freshly broken surfaces, dem-
onstrating that the silica is present within the rock to
a depth of at least several centimeters, Microscopic
Imager mages of all outcrop targets show varying
degrees of soil contamination, so these Si0; con-
centrations should be regarded as lower limits.
The APXS sampling depth is ~5 to 10 ym in
rock for low-atomic number elements such as Si

8105, ~1.5 wt % TiOs, ~04 Wi % Cr,04, 200
parts per million (ppm) Ni, and ~330 ppm Zn,

APXS data also show that this soil target is rich
in Si to a depth of at least 300 pm by comparing
the ratios of the Compion and Rayleigh scatter
peaks of the primary excitation radiation for X-ray
fluorescence. The cross sections responsible for
these two peaks have different atomic-number
dependencies (including a large dependency on
oxygen), and they originate from depths of as
‘much as 300 pm. The scatter peaks ratio is nearly
a factor of 2 different than it is for typical soils but
is consistent with the scatter peak of a pure SiO,
sample measured by the flight instrument during
APXS instrument calibration (fig. S4).

Further evidence that the material is rich in
8i0; io at least a few hundred micrometers is
provided by nearly featureless Missbauer spec-
rmTthE! instrument samples 1o a few hundred

and 50 to 100 pm for higher-at number
elements (11). This depth dependence can be used
1o investigate whether high-8i targets have a thin
cover of soil. Compared with typical soils at the
Spirit site, the light-toned soils are enriched in 81,
Ti, Cr, and Zn (Fig. 4). Most other major ele-
ments, however, follow an exponential downward
trend in relative abundance with rising clement
atomic number. This trend is a clear indicator that
soil graing are mixed into the surface of the silica-
rich material. On the basis of MB

¢22) and only detects minerals that
contain Fe. The material is therefore Fe-poor over
at least this depth range.

The light-toned soils were mixed by the ac-
tion of the rover wheels to a depth of a few cen-
timeters, so the APXS and MB results imply that
the soil is silica-rich to at least this depth. Ad-
ditionally, because MI images show that they are
dominated by grains much smaller than a few
hundred micrometers in size, the APXS and MB
data also d that these are not grains of

and the Mg/Al ratio in APXS data, we estimate
that soil contaminates ~30% of the Kenosha Comets
target. (A small quantity of an alteration product
could also be present) Removing the contami-
nants leads to an inferred composition of ~98 wt %

Tyrone

Fig. 2. (A} Navcam image acquired within the Eastern Valley, looking to
the southeast and showing the nodular cutcrop target Kobal that was
examined with Mini-TES. The Tyrone area is shown before Spirit traversed there
and exposed light-toned soils with its wheels. Navcam frame 2N195257205

wwwsciencemag.org  SCIENCE

typical martian soil coated with silica.
We interpret the silica-rich materials identi-

REPORTS I

(5] and, in some cases, are intimately mixed with
ferric sulfates that are also probably of hydro-
thermal origin (). Origin in a lacustrine evapo-
ritic seiting is unlikely given the complete lack of
evidence for standing or flowing surface water at
the Spirit site (24).

‘On Earth, a range of processes can produce
high concentrations of opaline silica in hydro-
thenmnal settings. These processes result from the
high solubility of silica in aqueous systems under
‘warm and alkaline conditions (2.5) but much lower
solubility at low pH. At one extreme, abundant
hot neutral-to-alkaline groundwaters dissolve
silica from subsurface rocks and then precipitate
it when they reach the surface and cool and
evaporate, forming sinter deposits. At the other
extreme, very low pH waters are formed by
condensation of water vapor and acid gases,
typically in volcanic settings and at low water/
rock ratios. These acid condensates interact with
‘precursor rock like basalt, leaching away most min-
erals but leaving the most insoluble constituents—
notably silica—behind (26). As an intermediate
case, hydrothermal sinter deposits can also form
at pH 2 10 4 and high water/rack ratios (27).

The enrichment of Ti {and Cr) in the silica-
rich materials discovered by Spirit may provide a
constraint on their origin. Like silica, titanium
dioxide is relatively insoluble at low pH. A straight-
forward explanation for our observations there-
fore is that acid: sulfate low pH waters dissolved
‘basaltic materials, the high-

fied by Spirit to have formed under
conditions, because they are found in close asso-
clation with volcanic materials [e.g., Home Plate

on sol 1204.

lyi lica {probably as opal-A) and titanium
dioxide (probably as anatase). Based on the com-
position of relatively unaltered basalts at Gusev,

Miteheltree

acquired on sol 776. (B) Navcam image acquired in the Eastern Valley,
looking west, showing the trench that was excavated by the front wheel and
outcrops examined by the rover. Navcam frame 2N233253342 acquired
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titanomagmetite is the most likely precursor phase
for the Ti.

Favoring a low pH origin is the similarity of
silica-rich soils to other light-toned s0il deposits
within the Columbia Hills that are rich in hy-
drated sulfate salts, particularly ferric sulfates
(6. 7). Not only is their geologic setting similar—
highly concentrated light-toned deposits exca-
vated by the rover’s wheels from just below the
surface—but some of these sulfate rich soils also
contain a significant quantity (4 to 33%) of free
silica(6). These observations may point toward a
common origin, and as noted above, we interpret
the hydrated ferric sulfate deposits to have formed
under acid-sulfate conditions. Also, the compo-
sitional diversity of Si-rich materials observed by
Spirit is consistent with formation by acid leach-
ing of a variely of basallic precursor materials, in-
cluding these found in the Home Plate arca (Fig. 5).

To remove nonvolatile components {e.g., Al,
Fe, and Na) from the precursor rock, fluids—mnot
vapors—are probably required. An unresolved
issue is how far any fluids traveled before the
most insoluble materials (SiO; and TiO;) pre-
cipitated. If precipitation was local, at low water/
rock ratios, the materials discovered by Spirit
would most resemble the highly leached rocks
and residual silica sometimes found in the vi-
cinity of fumaroles (26, 28). If there was con-
siderable transport away from the source rocks
before precipi implying higher
ratios, the deposits would be more akin to the
hydrothermal sinter deposits found at hot springs.

The composition of the Sirich deposits does
not uniquely constrain the pH of the fluids in-
volved in their formation. For example, at high
pH it is passible to precipitate sinter deposits
from alkali chloride brines. Such precipitates are
high in silica, and the presence of chloride can
allow for elevated Tt levels as TiCl; or TIOC,
and the coprecipitation of anatase (29, 30). Given
the ample evidence for acid-sulfate processes
elsewhere at Gusev, however, formation at low
pH seems likely.

Hydrothenmal conditions that produced high-
purity opaline silica depasits on Mars could have
led 10 locally habitable envirommnents. Fumarolic
environments and hot springs on Earth create
habitable conditions for microbial life by con-
veying thenmal waters, solutes, and volcanic gases
to surface and near-surface environments (37, 37)
under both alkaline (33) and acidic (31, 34) con-
ditions. Any process that involves reprecipitation
of silica from fluids can also provide a mecha-
nism for preserving evidence of microbes (35).
Whereas the silica-rich materials examined by
Spirit are too small o be seen from orbit by cur-
rent sensors, recent Compact Reconnaissance
Imaging Spectrometer for Mars (36) observations
of other regions on Mars may suggest the pres-
ence of more widespread and accessible hydrated
and hydroxylated silica deposits elsewhere (37).
Silica-rich deposits on Mars may be strong can-
didates for examination by future landed missions
and as returned samples.

Fiig. 3. (A) Mini-TES emis-
sivity spectra for the out- .

Wavelength (um)
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T

crops Tyrone nodules, Kobal,
Clara_Zaphd (same location
as the Elizabeth Mahon in
situ target), and the soil
Kenosha Comets. Also shown
is a terrestrial opaline sin-
ter acquired at an emission
angle of 60° (similar to the
Mini-TES observations). The
notation pXXXX denotes
the Mini-TES sequence
identifier. (B} Comparison
of a Mini-TES spectrum of
Kenosha Comets with
crushed hydrothermalsin-

$3842 sl 1101 Tyrons nodues
p38S7 sol 1118 Kebal
]

ter and comparison of a

Mini-TES spectrum of the
outcrop target Clara_Zaphd
(after correction for soil
contamination) with solid
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Fig. 4. Elemental compo- LEn

sition of the bright soil
depasit Kenosha Comets,
ratived on an element-by-
element basis to typical
Gusev soil. Si is strongly
enriched relative to typical
soil, and there are weaker
enrichments in Ti, Cr, and
Zn. Other major elements
are strongly depleted relative
to typical soil and exhibit
an exponential decrease of
relative abundance with in-
creasing atomic number
(diagonal line). Error bars
indicate the 2o statistical er-

Peak area ralio to typical Gusev soil
e

ror in the Kenosha Comets
sample.
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silica-rich rocks; red circles, silica-
rich soils; blue squares, basaltic rocks L
in the vicinity of Home Plate; and
green triangle, typical local soil. The
light blue region represents the
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Formation of Box Canyon, Idaho, by
Megaflood: Implications for Seepage
Erosion on Earth and Mars

Michael P. Lamb,* William E. Dietrich, Sarah M. Aciego, Donald ). DePaolo, Michael Manga

Amphitheater-headed canyons have been used as diagnostic indicators of erosion by groundwater

seepage, which has important i

for landscap

on Earth and astrobiology on Mars. Of

perhaps any canyon studied, Box Canyon, Idaho, most strongly meets the proposed morphologic criteria
for groundwater sapping because it is incised into a basaltic plain with no drainage network upstream,
and approximately 10 cubic meters per second of seepage emanates from its vertical headwall. However,
sediment transport constraints, “He and 'C dates, plunge pools, and scoured rock indicate that a
megaflood (greater than 220 cubic meters per second) carved the canyon about 45,000 years ago. These
results add to a growing recognition of Quaternary catastrophic flooding in the American northwest, and
may imply that similar features on Mars also formed by floods rather than seepage erosion.

central thrust in geomorphology and

zs planetary science is to link diagnostic
landscape morphologies to formation
processes. A prominent example is the formation
of amphitheater-headed canyons, in which the
stubby appearance of valley heads, steep head-
walls, and little landscape dissection upstream
have lang been interpreted to result from seepage
erosion or groundwater sapping on Earth (1),
Mars (5, 6), and now Titan (7). Theary (8, ex-

Depariment of Earth and Manetary Science, Universiy of
Californla, Berkeley, CA 94720-4768, USA.

*To whom camrespondence should be addressed. E-mail:
mpl@berkeley.ccu

periments (9), and field studies (/0) have vali-
dated this hypothesis in unconsolidated sand,
showing that valley heads are undermined and
propagate upstream from seepage-induced ero-
sion. This means that valleys can grow without
precipitation-fed overland flow, which has pro-
found implications for landscape evolution on
Farth and the hydrologic cycle and habitability of
Mars.

Despite wi 1 of the seepagy
erosion hypothesis and its validation in sand, we
lack an unambiguous example of an amphitheater-
headed canyon formed by seepage erosion in
bedrack because of overlapping features gener-
ated by raifall runoff at most sites on Earth (1)

Even the amphitheater-headed valleys of the
Colorado Plateau and Hawaii, which are most
often cited as classic examples of groundwater
sapping in bedrock (2, 3), have been in question
because of evidence for flash floods and plunge-
pool erosion (/1-13). To better evaluate the
seepage-erosion hypothesis, we set out 10 study
the erosion and transport processes within a
bedrock canyon, Box Canyon, Idaho, USA,
which has a steep amphitheater-shaped headwall,
contains the 11th-largest spring in the United
Staies, and lacks the landscape dissection and
rainfall runofl upstream of its headwall that has
made other sites controversial (Fig. 1A). More-
over, Box Canyon exhibits remarkable similarity
in morphology and possibly lithology (basalt)
with many Martian canyons (Fig. 1B) that have
been attributed to seepage erosion (F, 6).

Box Canyon is located within the Snake
River Plain, a broad and relatively flat basin in
southern Idaho filled by sediments and volcanic
flows that crupted over the course of ~15 million
to 2 thousand years ago (ka) (/4). Several
tributaries of the Snake River Canyon appear as
stubby valleys that end abruptly in amphitheater
heads, including Malad Gorge, Blind Canyon,
and Box Canyon (Fig. 2), all of which have been
attributed to seepage erosion (7, 4). Box Canyon
is cut into the Sand Springs Basalt [also named
the Basalt of Rocky Butte (15); see supporting
online material (SOM) text] with an ArAr
eruption age of 95 + 10 ka (/6) and U-Th/He
eruption ages that range from 86 +12 ka to 130+
12 ka (17), and this basalt filled an ancestral
canyon of the Snake River (18).
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The permeable lava beds of the Snake River
Plain form an extensive aquifer, with recharge
entering in the east [for example, Big Lost River
sinks (Fig. 2)] and groundwater flowing west-
ward. Large springs emanate from the east wall
of the Snake River Canyon between Box Canyon
and Malad Gorge, where the river jogs north,
perpcndlcuiar o the regional topographic slapa

d flow direction. Th
have a cumu]nnve discharge of ~170 m’t‘s, and
one of the largest [~10 m”s (fig. $6)] emanates
from the head of Box Canyon, creating Box
Canyon Creek (/9).

Box Canyon is sinuous (Fig. 3A), and the
longitudinal profile is approximately 2.68 km
in length and has an average channel-bed
slope of 2.18% (Fig. 3B and fig. 83). The
canyan is ~35 m deep and 120 m wide at its
head and about twice as deep and wide at its
mouth, The columnar basalt walls of the canyon
have collapsed, creating steep (~20° w0 35%)
talus slopes, many of which abut Box Canyon
Creek. Talus accumulation lessens upstream and
is absent at the canyon head (Fig. 4A). Several
terracelike platforms are elevated 2 to 7 m
above the cument stream leve! and separate the
steep talus slopes from the creek (Fig. 3 and fig,
83). These contain large boulders (1 m), and
some appear to be imbricated in the downsiream
direction, indicating past fluvial transport.

Although the lack of talus at the canyon head
has been taken as evidence of continued dis-
salution (4), the bedrock composing the headwall
and surrounding talus are blocky and hard and
show no visual evidence for enhanced weather-
ing. Water samples from Box Canyon Creek and
neighboring wells have silica concentrations of
321035 mg/l, which bracket the saruration value
(see SOM text and fig. $6), supgesting that the
groundwater is m equilibrium with the basaltic
aquifer and that substantial dissolution is not
occurring at Box Canyon spring,

Despite no modem overland flow contribu-
tion 1o Box Canyon Creek, three features at the
canyon head indicate that surface water once
flowed into the canyen. First, three concentric
semicircles of boulders within the canyon head
appear to be waterfall plunge pools with ~2 m of
relief (Fig. 4A). Second, a small notch (300 m’)
in the center of the headwall rim (Fig. 4A) has
linear flutelike abrasion marks, millimeters in
width and several centimeters long, that follow
the local curvature of the notch, indicating past
overspill. The scours appear as divots on the in-
ferred upstream end that gradually fan outward
and diminish in relief downstream (Fig. 4B). Third,
this scoured rock exiends at least | km upsiream
of the canyon head and delineates flow toward
the canyon (Fig. 3). The scoured path cannot be
followed further because it is covered
by loess, deposited from ~40 1o 10 ka (20)

The basalt in Box Canyon breaks down into
large boulders (~1 m} that, without dissolution,
‘must be transported downstream to allow canyon
growth. Despite the great discharge of the spring,

no measurable amount of sediment is currently
transported. A minimum estimate of flow needed
1o carve the canyon can be found by calculating
the discharge necessary to initiate sediment

transport on the creek bed. We measured channel
cross sections (fig. 84), longitudinal channel-bed
profiles (Fig. 3 and fig. $3), and grain-diameter
distributions (fig. $2) [diameter (Dy;) = 0.6 m,

Fig. 1. (A) Shaded relief map of Box Canyon, Idaho. Airborne laser-swath mapping data were
collected by the National Center for Airborne Laser Mapping. The data have been filtered to remove
vegetation that exists along the creek banks. This is a Universal Transverse Mercator (UTM) zone 11
projection, North American Datum of 1983 (NAD@3) datum, at 1 m resolution. (B) Thermal
Emission Imaging System (32) infrared daytime image of Mamers Vallis, Mars, image V19470014,
at 19 m resolution.

N5°00"W
|:[ basali < 0a 50

114°0'0"W 113°0'0°W

43°0°0"N

115°00"'W 114°0'0"W 113°0'0"W

Fig. 2. Topographic map of the eastern Snake River Plain, the location of which is shown on the
inset map of Idaho. The drainage areas feeding Box Canyon (228 km?) and Blind Canyon (4713
km?) are outlined, following the path of steepest descent. The yellow-shaded regions mark the
locations of volcanism younger than ~50 ka (15). The thin black lines are 100-m topographic
contours. Topographic data are from the U.5. Geological Survey. This is a UTM zone 11 projection,
NADE3 datum, at 25 m resolutian.
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Dsg =029 m, and Dy = 0.13 m; the subscripts
denote the percentage of grains that are finer] at
relatively straight 125-m reach within the canyon
(Fig. 3A). A critical Shields stress formula for
incipient motien (27) combined with our mea-
sured channel cross section (XS2 in Fig. 3A and
fig. 84), local average bed slope (§ = 1.85%;
Fig. 3B and fig. 83), and a flow-resistance
equation (22) detenmined that a flow discharge
0=220 m's (corresponding to an average flow
depth /i > 1.7 m)would be necessary to move the
sediment bed and continue canyon erasion (23).
This is a factor of 22 greater than the modem
spring discharge (€ ~ 10 mYs).

114°49°0"W

The scoured-rock upslope of the canyon head
oceurs within a broad chamnel-like depression
~250 m wide and 3 m deep (XS1 in Fig. 3A and
fig. S4). The scours extend over the southern
bank of XS1, indicating that flow was deeper
than and only partially bounded by this channel.
A discharge estimate can be made for the flood
event that spilled over the canyon rim by as-
suming that the flow was contained within this
channel. Using the measured cross-sectional area
atthe threshold of overspill at XS1 (475 m”), the
regional bedrock slope parallel to scour marks
(§=10.74%), a flow-resistance formula (22}, and
a wide range in of bed-rough length scales

REPORTS I

0.1 < kg < 1 m (because this is the least-constrained
pamameter), we calculated a minimum fow dis-
charge rnging from 800 to 2800 m’/s (25). This
would have filled the canyon to a depth of 3.7 to
5.8 m within our measurement reach (fig. $4), and,
unlike seepage, would have exceeded the campe-
tency threshold 1o transport the bouldery bed. These
estimated discharges are large, but smaller than the
peak discharge of other catastrophic floods in the
region [for exarnple, the Bonneville fiood, 10° m¥s
(24),and the Big Lost River Flood, 6 10" s (25)).

The vertical profile of the headwall suggests
that it migrated upstream as a knickpoint, and the

| joints inherent to flood basalt prob-
ably promoted toppling of basalt columms. The
lack of gravel upstream of the canyon head also
limited abrasion of the canyon rim. If sediment
transport was the rate-limiting step for canyon
erosion, a duration of flow needed 1o carve the
canyon can be estimated by dividing the total
volume of the canyon (~1.53 % 10" m%) by a

i ic transport rate of sediment (26) for our

(1) Dating sample location
= 104m contour
= Path of stwepest decent

Terace

‘ Badrock scour

—
Measurement Reach

o 500

1000 1500

2000 2500 3000 3600 4000

Distance {m)

Fig. 3. (A) High-resolution topographic map of Box and Blind Canyons. The yellow-shaded regions
mark potential fluvial terraces, which range from 2 to 7 m above the current stream level (fig. 53).
Detailed measurements of flow depth, water surface slope, bed slope, channel width, and bed
particle size were made within the region marked "measurement reach” (23). Discharge
calculations were made using cross-sectional areas measured at XS1 and XS2 (fig. S4). Mapped
scours on bedrack (Fig. 4B) are shown as green arrows. The white circles are sample locations used
for dating. The thin black lines are 10-m topographic contours. The blue line is the calculated path
of steepest descent, but does not indicate modern-day flow paths because no flow on record has
spilled over the canyen headwall. See Fig. 1 for data source and projection. (B) Longitudinal profile
of Box Canyon extracted from light detection and ranging data (Fig. 3A), following the path of
steepest descent. Major breaks in slope correspond to the canyon headwall, waterfall, and a
disturbed region near the canyon mouth caused by an aqueduct.

A Scoured notch
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estimates of flood discharge (800 1o 2800 m’/s).
This suggests that flow was sustained for 35 to
160 days to transport the required load out of the
canyon (23), which is similar to the estimated
duration of the Bormeville flood [~100 days (24)].
Excavation of Box Canyon could have taken less
time, however, because the flood was only par-
tially contained within the channel at XS1.

We collected four samples, distributed in the
streamwise direction within the canyon (Fig. 3),
for *He cosmogenic-exposure-age dating 1o
further constrain the history of the canyon. We
sampled scoured bedrock that was exposed at the
canyon-head rim [location 4 (Fig 4B)], and three
large boulders that, from their size and separation
from the active talus slopes, appeared to be
relatively stable (fig. S1B). Active talus produc-
tion from canyon walls, as well as weathering,
means that the ages for these boulder surfaces
provide minimum ages of the canyon.

OFf the boulders sampled, only location 2 was
on a terrace among other large imbricated boul-
ders, potentially indicating past fluvial transpart
(Fig. 3 md fig. SI1B). This sample yielded an
exposure age of 48 + 3 ka (1 ¢ emor) and the
other two boulders were nearly half as old

Fig. 4. (A) Photograph
of the head of Box
Canyon. The three con-
centric circles that lack
boulders are interpreted
to be plunge pools. The
‘headwall relief is ~35 m.
(B) Photograph of scours
within the notch of the
Box Canyon headwall.
The pendil included for
scale is ~14 cm long and
points in the inferred
flow direction.
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(location 1, 21 = 1 ka; location 3, 19 = 3 ka)
{17, 23). The scoured noich (location 4) yielded
the same age as the boulder at location 2,45+ 5 ka.
Another constraint on the age of the canyon
comes from an ~20-cm-thick, finely laminated
bed, containing clay, silt, and sand, that is ex
posed in a small road cut within the talus slope
[location 5 (Fig. 3 and fig. S1C)]. Two shelis found
within the laer yielded ages of 224 + 1 = 10°
radiocarbon years before the present (23), which
is equivalent to a calibrated age of ~26 ka (27).
Together, these abservations, ydraulic calcu

For example, the paleomegaflood of the Big Lost
River, which occurred sometime between ~19 ka
and 95 ka (29), was probably an outburst from
the Pleistocene Glacial-Lake East Fork and had a
peak flow of 6 % 10" m”s (25). Such an event
would have casily surpassed the drainage divide
between Box Canyon and the Wood and Lost
River drainages (Fig. 1). The divides themselves
also have shified since the fonmation of Box
Canyon because of volcanism that postdates the
Box Canyon flood (Fig. 2).

Our findings suggest that Box Canyon and

lations, and dates eliminate the seep:
hypothesis for the fcnnxlmu of Box Canyon.

other ampk headed canyons carved into
basali by large floods [for example, Dry Falls,

Here, secpage is not sut ing the
weathering of the headwall, md contemporary
seepage flow is deficient by a factor of ~22 10
evacuate sediment from the canyon. Morcover,
crosion of the canyon headwall ceased ~45 ka
according to the age of the scoured-bedrack
notch. The observations of scoured bedrock and
plunge pools point toward a flood or floods able
1o transport boulders and carve the canyon in
weeks or months, illustrating the power of rare
catastrophic events in shaping landscape. This
hypothesis is supported by the similarity in
surface-expasure ages of the terrace-bound houl
der at location 2 and the scoured notch. We
interpret the younger boulders o have rolled to
the canyen floor after the canyon was formed,
which is consistent with the shell deposit sand
wiched between several meters of talus (fig. SIC),
indicating that canyen formation occurred well
before 22 ka and wall collapse has been active
since. Whereas a single flood event is the simplest
interpretation, we cannot rule out multiple events
occurring after 86 = 12 ka [the emuption age of the
basalt (17)], with the last event resetting the
exposure ages 1o ~45 ka.

The dates indicate that the canyon is much
older than the Bomneville flood that occurred
within the Snake River Canyon ~14.5 ka, Given
the drainage area of Box Canyon (228 km?) and
Blind Canyon (4713 km®) (Fig. 2), and our flood-
duration and discharge estimates, a sufficient
metearological flood would require more than
1.7 m of runoff lasting for several weeks or
longer, which is highly unlikely because modem
annual precipitation averages only 0.22 m over
the eastern Snake River Plain, infiltration is
extremely high, and conditions were probably
drier ~45 ka (28). Potential diversions of the
Snake River by lava flows also seem unlikely
because the Snake River Canyon and the Box
and Blind drainages are separated topographi-
cally, except for one location (marked with an
asterisk on Fig. 2), and no volcanic dams with an
age of ~45 ka have been discovered there.

The most likely source for the Box Canyon
flood is the Little and Big Wood River drainage
ins to the north or the Big Lost River drainage
basin to the nontheast (Fig. 2). Both drainages
produced large-magnitude paleofloods that cut
canyons in Quatemary basalt, scoured hedrock,
and transported large (~1 m) boulders (15, 25).

Washi USA (30), and Asbyrgi Canyon,

Ieeland (31)] might be better terestrial analogs of
Martian canyons in volcanic terrains than seep-
age channels in sand.
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Anticorrelated Seismic Velocity
Anomalies from Post-Perovskite
in the Lowermost Mantle

Alexander R. Hutko," Thorne lay,’t Justin Re\.rerlaugh,z Edward ). Garnera®

Earth's lowermost mantle has thermal, chemical, and mineralogical complexities that require
precise seismological characterization. Stacking, migration, and modeling of over 10,000 P

and § waves that traverse the deep mantle under the Cocos plate resolve structures above the
core-mantle boundary. A small —0.07 + 0.15% decrease of P wave velocity (V) is accompanied by
a 1.5 + 0.5% increase in S wave velocity (1.} near a depth of 2570 km. Bulk-sound velocity

[V = (v, - #3V,%)"] decreases by 1.0 + 0.5% at this depth. Transition of the primary
lower-mantle mineral, (Mgy ..., Fe,AL}Si,AU0; perovskite, to denser post-perovskite is expected
to have a negligible effect on the bulk modulus while increasing the shear modulus by ~6%,

resulting in local antic of Wy, and Vy
nereasing pressure (P) and temperature (7))
with depth in Farth causes minerals to un-
dergo phase transitions to new crystalline

structures accompanicd by abrupt changes in

this behavior explains the data well.

density (p), isentropic bulk modulus (Kg), and
shear modulus (7) that result in seismic P wave
velocity {¥, = [(Ks + 43G)p]"} and § wave
velocity [V = (G/p)™] discontinuities. The pri-

23 MAY 2008 VOL320 SCIENCE www.sciencemag.org



mary mineral in the lower mantle, magnesium-
perovskite (Mg, . ,FeALXSLADO,] (Pv), has
recently been discovered to undergo a phase
transition to a 1 to 1,5% denser polymorph called
post-perovskite (pPv) in the lowermost mantle
(1), This phase change is unusual in that it
involves a substantial increase in G with litle
change in Kg Theoretical estimates of high-
temperature elasticity for the two phases of pure
MgSi0s suggest that ¥, increases by ~2% but
¥, changes much less (~+0.5%) across the
transition (5-7). The bulk-sound velocity [¥, =
(¥ — V2™ = (Kglpy"] for pPv is thus
anomalously low, by about 1%, as compared
with that for Pv. The reliable seismic calculation
of ¥, structure requires precise ¥, and ¥, struc-
tures in the same location, which is viable in
only a few places. Here we provide a direct test
for the presence of pPv in the deep mantle by
determining the Vy and ¥, inaregion

We imposed a demanding signal-quality
criterion on the P waves to ensure stable down-
going radiation for the Pel portion of the
wavefield. At distances beyond 60°, PeP typi-
cally have amplitudes <20% of P wave (fig. S1).
Combining data from many events requires the
equalization of the signal shapes, which we
achieved by deconvolving source wavelets ob-
tained by alignment and lincar stacking of the
direct P wave arrivals for each event separately.
‘We then filtered the deconvolved signals for each
event in various frequency passbands and
stacked the signals on the expected travel time
for PeP; if a stable, high sipnal-to-noise-rati
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of ¥, structure was obtained, as is critical for
computing V.

Double-array stacking ({1, 17, i9) (fig. S2)
was applied to the P and § wave data sets to
develop localized one-dimensional (1D) veloc-
ity structures for the two subregions indicated in
Fig. 1 (5° 10 10°N and 10° 1o 15°N). Stacks for
the 7300 P waves sampling the two subregions
are shown in Fig. 2 for the passband with the
highest signal quality (0.25 w 05 Hz); cor-
responding subregion stacks for the 200 § waves
from (20 are shown in fig. S3 for the passband
ranging from 0.01 to 0.3 Hz. Alignment of the P

PeP image was not formed for a given passhand,
the event was discarded. This process eliminated
many data, including numerous events used in
carlier ¥, studics, having either poar down-going
radiation pattems or excessive differences in the

hapes of the direct P wave and PeP. The

having a strong ¥, discontinuity and a positive
V, volumetric anomaly. Confirmation of the
regional presence of pPv in the deep mantle
allows mineral-physics estimates of its proper-
ties to beapplied o the interpretation of the deep
seismological observations.

We studied the lowermost mantle beneath the
Cocos Plate, which is well sampled by P and §
waves from South American carthquakes re-
corded by seismic stations in western North
America (Fig. 1). This region is known to have
higher-than-average ¥, (§-11) and slightly higher-
th: age ¥, (8, 12). igations of deep

resulting data set has relatively uniform detec-
tions of PeP and is sufficiently large and high-
quality that we can identify features that have
amplitudes only 10% as large as the weak PoP
reflections. Our screened data set includes more
than 10,000 waveforms from 75 events (Fig. 1).

The § wave data were equalized by decon-
wvolving source wavelets obtained from aligning
and stacking the clear Se§ arrivals; only records
having impulsive deconvelved SeS signals were
retained. The total mumber of traces, 255, is much
smaller than that for the P waves, but the § wave

mantle structure below the Cocos region have
consistently ylelded models with 1 1o 2% ¥, dis-
continuities situated 200 to 300 km above the
coremantle houndary (CMB) (/3-16), but a
large range of ¥}, discontinuity models involve no
detectable discontinuity (/6), a small (~0.5%)
increase (17), or a large (-1 1o —3%) decrease
(18).

To resolve the ¥y, structure under the Cocos
region, we collected 17,550 high-quality Pwaves
from 243 earthquakes in South American sub-
duction zones recorded by =800 broadband and
short-period seismic stations in and near Califor-
nia. These data provide dense sampling of struc-
ture near the CMB, with ray paths spanning
epicentral distances from 60° to 80°, P wave re-
flections from the CMB (PeP) sample the same
region (57 to 15°N) as § wave reflections from
the CMB (SeS) (Fig. 1) for a high-quality §
wave data set that has previously been analyzed
(11, 13, 14). This allows us to determine precise
Vo and ¥, structures in the same localized region.
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from the lower mantle are far stronger
than their P wave counterparts. Good resolution

d: PePrefl d for a sys-
tematic increase in 1l
¥, across the region (fig. S4), but the stacks are
similar to those found when the data are aligned
on direct P wave amrivals (fig. S5B). Subdivision
of the data bins into smaller latitude intervals of
2.5° confirms the stability of the basic features in
the bins (fig. 85, C and D). The low amplitude
(<2% of the direct P wave) of any P wave
reflectivity at depths above the PeP arrival
directly indicates that, at most, only tiny PeP
precursars come from the lowermost mantle in
this region. In contrast, SeS precursors from the
lowermost mantle that are 25% as large as dircct
§ waves are observed in this region (fig. $3), as
has long been known (14).

Modeling of the P wave data stacks (19)
demenstrates that only small velocity variations
are present and bounds the depths of abrupt
changes to within =10 km. We therefore con-
strained the depth of any associated ¥, features o

T T o=
A v =
40°N
broadband + short
period stations
20°N
PcP bounce =
points
7, 0°N
2
¢
75 deep ' -
earthquakes |§3 120N
; pal ML )
250°E 270°E 290°E

230°E

Fig. 1. (A) Earth cross section with representative ray paths for direct (P/S) and CMB reflected {PcP/ScS)
phases and any reflections from deep mantle discontinuities (dashed line). The D" region structure in
the lowermost mantle is the focus of this study. (B) Map indicating the study configuration, involving 75
earthquake epicenters (green stars), seismic stations (red triangles), and surface projections of PcP CMB
reflection points (blue dots). The dotted line shows the surface trace of a cross section made through the
migration image volume in the lower mantie (Fig. 3). (C) The inset map shows both PP and S¢S CMB
reflection points and two data bins where these overlap, used in waveform stacking analysis.
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match the ¥, structures in modeling the § wave
stacks, slightly modifying previous ¥, models
(20). We assumed that the largest amplitude
features in the P and § wave data stacks near 300
km above the CMB represent reflectivity from
colocated ¥ and ¥}, discontinuities. This max-
imizes the reflection coefficient and provides
upper bounds on any possible ¥, discontinuity
compatible with the weak P wave reflectivity
near this depth.

For the 10° to 15° bin, our preferred model
has a seismic velocity discontinuity 324 (+10)
km above the CMB (2567 km deep) with
changes of ¥, (8%,) and ¥, (8)}) of 2.1% and
~0.1%, respectively, from which we calculated
a Wy, change (814) of ~1.4%. A density contrast
of 1.1% is assumed on the basis of associating
the ¥, discontinuity with the canversion from Py
1o pPv; the data are insensitive 10 this choice,
and there is no constraint on the density struc-
ture. The estimated uncertainties are +=0.2% for
8F, and +0.15% for 81, on the basis of the suites
of models found to give adequarte fits to the data
(fig. S6B). Any sharp I, discontimuity near 324 ki
above the CMB must have a 81, <£0.15%,
given the low noise levels of the stacks, which is
a marked constraint on the structure. The F; struc-
ture has some additional complexity at greater
depths, especially near 191 km above the CMB.

Fig. 2. (A) P wave A

10° - 15° North

At thig depth, the ¥}, structure does not have
a discontinuity in our average models, but a
§¥, of ~0.4% al variable depths can fit arivals
seen in smaller latinudinal bins (fig. 85, C and D).
¥, decreases within the lowenncst 40 kan of the
mantle, whereas ¥}, increases here.

For the 5° 10 10° bin, the primary discontinuity
is slightly deeper [299 km above the CMB
(2592 kan deep)], with 8%, = 1.1%, ¥, =-0.05%,
and &, = —0.74%. The estimated 3V, depends
on the choice of the direct § wave or ScS as a
reference phase (we selected SeS) and could be
50% larger than the value given above (fig 83),
which leads to corresponding increases of the
estimated &, and 874, A much stronger 81, at
thiz depth was proposed by Kito er al. (18).

The sirongest feature in the P wave stacks for
the 5° to 10° subregion is near 189 kim above the
CMB, where a change in velocity gradient with
depth (¥ i) and a 0.2 10 04% 5V, discontinuity
are well wsolved. The data sampling this sub-
region are at large distances where the sensitivity
to this structure is high. The main effect comes
from the change in d¥/dz, as even smoothly
varying models like Preliminary Reference
Farth Model and Intemational Association for
Seismology and Physics of Earth’s Interior
model 1991 (IASP91) produce a general feamre
like that in the stacks (Fig. 3), but to match the

double-array stacking re-
sults for the two 5° lati-

tudinal bins indicated in %2

stack amplitude, an additional small velocity
jump is needed. This jump is sharp and must
oceur across <20 km in depth to fit data stacks
at higher frequencies (fig. S6A). This feature
was previously detected in (/7). As noted
above, I, increased near this depth in the 10°
10 15° subregion, but there is no clear structure
in the 5° to 10° region. This structure is within
the interval where pPv is likely to be present
(Fig. 2). A pronounced V, reduction occurs 51
km above the CMB with a small increase in V7,

The wvelocity discontinuities near 300 kmn
above the CMB in these models are sharp for
simplicity: the ¥, discontinuities have been
shown 1o oceur across no more than 30 km in
depth (20). For hoth subregions, spreading the
comresponding ¥, discontinuity across 30 km in
depth decreases the apparent reflectivity by no
more than a factor of 2, and our uncertainty
estimates allow for this. Whereas tight bounds
are placed on the structure at this depth, the near-
CMB structure is less well resolved.

To ensure that the waveform stacks are not
contaminated by out-of plane scattering, we
apply a Kirchhoff diffraction migration methad
(13), which seeks coherent scattering from a large
3D grid of possible isotropic point scatterers.
This provides a more general parameterization
of the medium than our localized 1D data stack-

Preferred model for 10° - 15° North

— — {2563

o

Fig. 1. The solid black
line shows the data-stack

01},
amplitude relative to the

— daia

95% conf. est.
—— preferred model
- == ¥ of seismograms

A

direct P wave amplitude.

M |

1282

-

The gray shaded region
represents the 95% con-
fidence interval of the
stack from bootstrap re-
sampling, and the dashed
line indicates the number
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Preferred model for 5° - 10° North
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the stack for 5° to 10°N
is contaminated by Pwave
coda. The solid red line
denates stacks of syn-
‘thetic seismograms gen-
erated from our preferred
models. The synthetics
were sampled to match
the source-receiver ge-
ometry and had the same
processing as the data.
(B) Elasticity models ob-
tained by modeling the

Stack amplitude relative

4716

FOEIS Ul S3081 JO Joquiny

2358

Height above CMB (km)
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. grams per cubic centi-
meter; I, kilometers per
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second; W, kilometers per second; and V), kilometers per second. Percent changes in these parameters are shown at first-order discontinuities at the indicated
depths. The depth range likely to contain pPv is indicated at right.
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ing (/¥). One profile through the data image
volume (movie 1) is shown in Fig. 3, along with
profiles through synthetic images. The migration
images (Fig. 3) show regions of positive (red)
and negative P wave arrival amplitudes (blue),
with PP forming a strong red image along the
CMB with adjacent blue sidelobes. Suppressing
the PeP energy in the data by zeroing amplitudes
within 3 s of the PP arrival before the migration
allows weak shallower features 1o show up better.
With the ray paths being limited to a sin
comidor, there are artifacts due to limited source.
receiver geometry and narrow frequency band-
width; however, these are well accounied for in
the migration images of synthetic seismograms,
with a comparison of the data and IASP91 syn-
theiics highlighting features not explained by a
smooth velocity model. Synthetics for our pre-
ferred 1D velocity medels from the double array
stacking analysis clearly match the data well,
particularly the structure ~300 km above the
CMB (shown in blue in Fig. 3). The migrations
do not show any evidence of contamination from
out-of-plane scatterers, ensuring that the 1D
models are reasonable for the ~300-km lateral
Fresnel zones averaged by the data in the 0.25 to
0.5 Hz passhand

bally, the lowermost 800 km of the mantle
is observed to have large-scale heterogeneities in
seismic velocities, and ¥; and ¥, are anticore-
lated overall (21-23), but this is at lcast parily
the result of large low-shear velocity provinces

(LLSVPs) under the Pacific and Africa having
negative V; anomaly with weaker negative or no
¥, anomaly, which is not the behavior expected
for pPv, The LLSVP observations are commonly
attributed to a chemical anomaly (24-26); if pPv
is present in these regions (27), thermal and
chemical effects must overwhelm the velocity
effects of the phase change. Some regions in the
lowennost 300 kin of the mantle—notably be-
neath the circum-Pacific band of subduction
zones—have positive F, anomalies but limited
resalution of ¥, anomalies (8, 28). The Cocos
region is unique in that it permits ¥, and ¥, to be
well enough resolved to directly compute Vy
‘behavior reliably.

Our determination of anticorrelation of ¥/, and
¥, under the Cocos, arising from the presence of
astrong V, increase with a small ¥, decrease, is
consistent with the expectations for the Pv-1o-
PPV transition, supporting this interpretation of
the structure. The overall velocities in our models
are faster than those in global models, which
indicates lower-than-average temperatures favor-
able to the presence of pPv, but the phase change
itself appears to cause most of the ¥, anomaly.
For this region, then, a laboratory calibration of
temperatures at the phase transition pressure
indicated by the discontinuity provides a reason-
able estimate of absolute mantle Tof ~2500 K at
the discontinuity, and properties of pPv can be
considered to explain the overall seismic struc
ture above the CMB (15, 20). This includes the

Data Preferred Modsls 1D IASPS1 Model
s001-L5E] - [5E] NES) " -
S
400 g
3
— 300 2
PcP sidelobes 3
2
3
= 2
H
CE
Ee [ 3
2 a00f --:‘_-—Pvl Py e L B;
- -
2000 —— TP — %
o e
100/ ~— ﬂ — [ — £
] 500 1000 1500 o 500 1000 1500 500 1000 1500

CMB cross-section length (km)
-_—

negative

0 positive

Data stack value

Fig. 3. Vertical cross sections through the volume imaged by scattering migration for the P wave data set
with PcP as the reference phase. Horizontal axes denote lateral distance along the line in Fig. 1 going from
southeast (SE} to northwest (NW). The CMB is shown by the black line. The top row is for the full
waveforms, and the bottom is for waveforms with PcP masked out with a 6-s-wide symmetric taper applied
around the predicted arrival time for PcP for each seismogram. The left column shows the migration stack
of observed data, and the other columns show migration images of synthetic seismograms generated from
a merge of synthetics for our preferred models (Fig. 2) for the two subregions (middle} and the 10 model
(1ASP91) (right). The synthetic merging was based on whether the PcP reflection point at the CMB was
north or south of 10°N (indicated with a black tick mark in the upper middle panel). All data stacks have
been weighted proportional to the number of seismograms contributing to each grid point, so lateral
transitions to zero values (green) represent very small data sampling, not the absence of structure.
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reductions of ¥, right above the CMB in our
models and the accompanying increases in Vp,
which can be explained if a steep thermal gra-
dient reveris pPv to Pv right above the CMB
(15, 27,29).

Some experiments and theories suggest that
increasing the Fe content in Pv lowers the pres-
sure at which Pv wransforms to pPv (6, 30, 31);
however, ather high P-T experiments with
pyrolitic-type compositions (~10% Fe content)
show very limited differences in transition pres-
sure relative to end member MgSiO; when
different pressure standards are used (32). The
presence of Al is predicted to increase the Pv-to-
pPv transition pressure and to broaden the pres-
sure range of the two-phase zone up to 13 GPa
{~150 km) (33, 34), which would dramatically
weaken any seismic energy reflected from the
phase change. Including either Fe or Al in pPv
tends to reduce the changes in seismic properties
across the Pv-to-pPv transition, with the effect of
Fe being about three times stronger than that of
Al (34, 35). Although estimates of the precise
properties of pPv differ between methods, for
pyrolitic-type silicates it is consistently found that
the jump in ¥} is strong and positive, any change
in ¥}, is small, and the predicted change in 74, is
strong and negative, consistent with our obser-
vations under the Cocos plate, Whereas complex
compositional variations (such as former oceanic
crust, if it has sunk to the base of the mantle)
might still be needed to explain some of the
secondary features in the Cocos region, the
structure near 2600 km of depth in this region is
well explained by the Pv-1o-pPv phase change.
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Differential Rescue of Light- and
Food-Entrainable Circadian Rhythms

Patrick M. Fuller, Jun Lu, Clifford B. Saper*

When food is plentiful, circadian rhythms of animals are powerfully entrained by the light-dark cycle.
However, if animals have access to food only during their normal sleep cycle, they will shift most of their
circadian rhythms to match the food availability. We studied the basis for entrainment of circadian
rhythms by food and light in mice with targeted disruption of the clock gene Bmal1, which lack circadian
rhythmicity. Injection of a viral vector containing the Bmail gene into the suprachiasmatic nuclei of the

hypothalamus restored ligh inable, but not

d- drcadian rhythms. In contrast,

restoration of the B8mall gene only in the dorsomedial hypothalamic nucleus resmred the alnlllya{

animals to entrain to food but not to light. These results d

that the h

contains a Bmali-based oscillator that can drive food entrainment of circadian rhythms.

endogenous temporal control over a wide

range of physiological and neurobehavioral
variables, conferring the adaptive advantage of
predictive homeostatic regulation (/). When food
is freely available, light signals from the retina
entrain circadian thythms to the day-night cycle
(2). However, when food is available only during
the normal sleep period [restricted feeding (RF)),
many of these rhythms are reset so that the active
phase corresponds 1o the period of food availa-
bility (3, 4). In light entrainment, retinal ganglion
cells that contain the photopigment melanopsin
provide signals to neurons in the suprachiasmatic
nuglei (SCN) of the hypothalamus that generate
circadian rhythms through a series of molecular
transeriptional, translational, and postiranslational
feedback loops (5). The SCN in wrn synchro-
nizes circadian rhythms in peripheral issue clocks
through synaptic and humoral outputs (5, 6).
During RF, the SCN remains on the light cycle
and SCN lesions do not prevent food entrain
ment, which suggests that another clock may

Thr. circadian timing system (CTS) exerts

Department af Neurology, Division of Sleep Medicine, and
Program in Neuroscience, Beth Israel Deaconess Medical
Center, Harvard Medical Schoal, Boston, MA 02215, USA.
*Te whom correspondence should be addressed. E-mail:
csaperg@bidme harvard. edy

supersede the SCN (3, 4, 7). Two recent studies
have suggested that at least one food-entramable
clock may be located in the dorsomedial nucleus
of the hypothalamus (DMH), but the importance
of this clock for food entrainment has been dis-
puted {3, 8-10).

The core components of the molecular clock
include the activating ranscription factors BMALI
and CLOCK and the negative regulatory feed-
back clements encoded by the Per and Cry genes
(11, 12). Bmal{ is the only circadian clock gene
without a known functiona! paralog and hence
the only one for which a single gene deletion
causes a complete loss of hehavioral and melecu-
lar thythmicity (/3). Because its gene product
BMALI is a trmscription factor that likely in
fluences many downstream genes, Bimall™~
also exhibit other physiological defects unrelated
10 the circadian defect (14), including progressive

ad libitum (AL) access 1o food (Fig. 1B). We also
attempted to entrain Bmald ™ mice to a 4-hour
window of RF during the normal sleep period for
mice, under both LD [ZT4-8 (from 4 to 8 hours
after light onset)] and DD [CT4-8 (from 4 to 8
Tours after presumptive light onset)] conditions.
In LD and DD conditions, wild-type (WT} and
heterozygous littermates showed an elevation of
T, and LMA ~2 to 3 howrs befare food became
available (Fig. 2, A and D, and fig 52). By con-
trast, Bmall”" mice did not show a comparable
elevation in Ty, or increase in LMA before the
window of RF in DD; T, and LMA were, however,
markedly elevated in the Bmall”™ mice afier
food presentation (Fig. 2, B and D, Fig. 3C, and
fig. 82). In addition to the preprandial elevation
in T, under RF, WT and heterozygous littermates
demonstrated a clear circadian T, thythm (Fig 2A),
whereas Bmal{™ mice demonstrated a persisting
ultradian T, pattemn throughout the remainder of
the day (Fig. 2B). In DD conditions, Bmail " mice
occasionally showed periods of torpor (7, below
31°C), which were distributed randomly across
the circadian day. Consequently, the Bmall ™~ mice
not only failed to show elevation of Ty, or LMA in
anticipation of the RF but often slept or were in
torpor through the window of RF, requiring us to
arouse them by gentle handling afler presentation
of the food to avoid their starvation and death
during RF.

After 14 days in this RF regimen, mice were
killed to examine clock gene expression in the
brain and were compared to mice that had been
fed AL. As previously reported (), WT animals
with AL food showed peak expression of Perl
and Per2 mRNA at ZT5-6, and Bmali at ZT18-
19in the SCN (Fig. 3, D and E), but little or no

arthropathy, decreased 1 activity levels
and body mass, and a shoriened life span (15-18).

In this study, we used Bmall " mice, which
harbor a null allele at the Bmail locus (19). The
circadian panterns of locomotor activity (LMA)
and body temperature (7},) were monitored by
telemetry (Fig. 1, A to C, and fig. S2). As pre-
viously reported, these animals showed no circa-
dian rhythms in a 12-hour-light/12-hour-dark
(LD} eycle or constant darkness (DD) when given

at other hyp sites. By
conirast, WT animals under RF also showed no
change in this expression pattern in the SCN (Fig.
3, D and E) but did show induction of Per! and
Per 2at ~ZT3-9 (preceding, during, and after the
RF window) in the DMH with peak expression
levels at ZT7-8 (Fig. 3F). We also saw induction
of Bmall mRNA in the DMH, with peak expres-
sionat ZT18-21 (Fig. 3G), consistent with neurons
in the DMH showing induction of rhythmic
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expression of the entire suite of clock genes during
RF. As previously reported for Perl and Per2,
Bmall gene expression was restricted to the com-

Bmali™" mice, no Bmal! mRNA and very low
expression levels of Perl and Per2 were detected
in the SCN and DMH under any feeding or |
ing condition (Fig, 1E, Fig. 2, Eto G, and fig. $4).

pact region of the DMH. Finally, as expected in
Fig. 1. Bmall expression in

SCN rescues dircadian rhythms A LD
and light entrainment in Bmal1™~ e
mice. Representative body tem- DD
perature (7)) records (double-

plotted actigrams) andjenod Bmalt +/-
analyses for (A) Bmall

Bmal1™", and (€) snmﬂ** B

mice with AAV-BMAL1 injections LD
into the SCN under both light- DD
dark (LD} and constant darkness

(DD} conditions with AL access to

food. The power spectrum for  Bmalt -/~
period (right panel} shows a

dominant frequency at 23.7 ©

hours for both Bmall hetero- Q
zygous littermates and mice DD
with AAV-BMALL rescue in the

SCN, and the lack of a ~24- L
hour harmoicin the gmaiz~  Soo P

mice. (D to F) Bmall mRNA
expression (by in situ hybridiza-
tion) in the SCN in (D) Bmalz™~
mice, (E} Bmal2 ™~ mice, and (F}
after AAV-BMALY rescue by in-
jection into the SCN (all ZT18).
Scale bar, 100 pm.

Fig. 2. Food entrainment of the 7, rhythm is
rescued by AAV-BMALL ln]ecmn into the DMH
Under DD conditions, Bmal2 ™~ and Bmal1~'~
were placed under RF (food available CT4-8, gray
vertical bar). (A) BmalZ™" but not (B) Bmal1™~
mice demonstrated a clear rise in T, ~2 to 3 hours
before food availability under RF [(A} to (C) are
waveforms showing mean = SEM T, on days 10 to
14 of RF for an indiidual mousel.
bilateral injection of AAV-BMAL1 into the DMH of
Bmai1™" mice, there was a preprandial elevation
in T, but not a circadian rise in T, during the
presumptive dark cycle (CT12-24) [compare (O
with (R)]. As seen in the summary data plot, during
the 3-hour window preceding food availability in
RF (D), Bmall™ mice with DMH AAV-BMAL1
injections (2 = 4, black trace) showed a comparable
preprandial elevation in Ty, (mean  SEM} to that of
Bmai1™ mice (red trace), whereas noninjected
Bmai1™'~ mice {blue trace) showed no preprandi

elevation in 7,; an increase in 7, occurred only after
food presentation in the noninjected Bmall™~
mice (gray bar in D is first hour of food availability).
Under RF, Bmall~~ mice demonstrated very low
expression levels of Per] mRNA (E) (CT4 shown)
and no expresmn of Bmall mRNA at CT18 (G)
ion time in the h
lm.elmates) in the DMH. By contrast, after AAV-
BMALL injection into the DMH (F and H), Bmal1™~
mice demonstrated robust Perl expression in the
DMH at CT4 (F) and Bmal1 expression at CT18 (H).

REPORTS I

These results suggest that a BMALI-based
circadian clock may be induced in the DMH after
starvation and refeeding to drive entrainment of
circadian rhythms to the time of food availability.
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This hypothesis is consistent with previous
studies showing that the DMH is a major recip-
ient of direct and relayed input from the SCN and

for sleep-wake cycles, LMA, feeding, and
corticosteroid rhythms to other brain sysiems
{(20). ¢-Fos expression in the DMH, but not in the

SCN, is shified to coincide with the aciivation of

that it is important in relaying circadian signals

1LMA and 7, during RF, and lesions of the DMH
prevented entrainment of LMA, T, and sleep-
wake cycles to RF [(3); also see (9, 10)].

To test the role of the DMH-inducible clock
in entrainment of circadian thythms, we attempted
to rescue both light and food entrainment of cir-
cadian rhythins by injecting adeno-associated viral
vectors (AAV, serotype 8) comaining the Bmall
gene (including both 5 and 3 oler elements)
(19) into the brains of Bmall ™ mice. To test this
construct, we first injected AAV-BMALI into the
SCN. All mice with SCN injections (n = 6) (Fig.
1C), but none in which the injections missed the
SCN (n = 16) or in which we injected a different

AAV the gene for green fluorescent
protein (GFP) into the SCN (n = 3), demonstrated
entrainment of both LMA and T, rhythms 0 a
12:12 1D cyele (Fig. 1C). When the mice were in
DD conditions, this thythm continued as a high-
amplitude, free-running thythm of 23.7 houss (Fig.
1C and fig. S1). Thus, focal bilateral injection of
AAV-BMALL into the SCN of Bmali”~ mice
rescued the fundamental properties of the circa-
dian osciliator, including light entrainment, free-
numning period, and thythm amplitude. A previous
study had shown that rescue of Baali '~ mice
could be achieved by a transgene in which BMALI
was placed under a constitutively active cyto-
megalovirus promoter (/3). However, this gene
construct, which was expressed continuously
throughout the brain, produced a circadian period
of ~22.7 hours, about 1 hour shorter than that of
WT mice (/3). By contrast, in our study, when
we placed BMALI under its own promoter and
restored this gene only to the SCN, the period of
the circadian cycle was precisely the same as in
WT animals (Fig. 1, A and C, night pane!). Thus
of BMALI under its own promoter

inthe SCN alone is sufficient for recovery of light-
entrained circadian rhythms. Our results also es-
tablish the SCN as sufficient for the generation of
the circadian T}, rhythm, a point that has been in

On the other hand, similar to the mice with
transgenic replacement of BMAL! throughout
the brain (/4), locomotor activity levels in the

b F
= SCN Per1 DMH Pert
B
5 | —— AL
o \
= \ —e— RF y,
8 ! f
£ \
o \ /
<) &

1 3‘% 7 9 121416182022 7 9 121416182022

E G the
> SCN Bmal1 DMH 8mal1
@ Y | N
o \ .
2 A \ ke
8 = A5 /

7357 9 121416182022 T35 7 9 121416182022
ZT (hours) ZT (hours)

3. AAV-Bmall injection into the DMH rescues food entrainment but not light entrainment in Bmal ™~
mice. (A) A double-plotted actigram of T, from a Bmai1™~ mouse after bilateral injections of AAV-Bmall
inte the DMH. These mice demonstrate the lack of entrainment to the light-dark (LD} cycle and persisting
ultradian rhythmicity in constant darkness (DD} under AL feeding conditions (Fig. 1B). These same mice,
however, demonstrated anticipation and entrainment (B) to a RF cycle (red line, food presentation) in DD
conditions f(arrow, last day, no food given). By contrast, noninjected Bmall™ mice (C) did not
demonstrate anticipation or entrainment to the RF cycle. (D to G) PerZ and Bmall gene expression
(optical density, mean  SEM; n = 3 mice per time point) in WT mice across the circadian day under both
AL and RF (all data 12:12 LD) at 2-hour intervals, except for a 3-hour interval between ZT9-12. (D) Perl
expression in the SCN showed a peak at ~ ZTé under both AL and RF (gray bar, ZT4-8) conditions,
demonstrating that the SCN remained phase-locked to the LD cycle during RF. (E) Bmal1 expression in the
SCN showed a peak at ~ZT18 under both AL and RF, further indicating that the SCN remained
synchronized to the LD cycle during RF. (F) Perl expression in the DMH was undetectable at all ZT under
AL; by contrast, Per expression was sharply up-regulated by RF, with a peak at ~ZT7-8. (G} Bmall
expression in the DMH was also undetectable at all ZT (except very modest expression ~ZT 3-5) under AL,
however, and similar to Per1, during RF Bmai1 demonstrated up-requlation with a peak at ~ ZT18.

animals with AAV-BMALI injections into the
SCN remained significantly lower (P < 0.001)
than those of WT and heterozygous littermate
mice. Moreover, mice with AAV-BMALL injec-
tions into the SCN did not show improvement in
any of the other physiologic deficits. Hence,
these deficits are unlikely 1o be due to loss of
circadian rhythmicity per se (/4).

We next tested the animals with BMALL
replacement in the SCN for their ability to entrain
to a restricted temporal window of food availa-
bility. Previous studies had demonstrated that
animals with lesions of the SCN could iill en-
train to food, suggesting that there was a food-
entrainable oscillator elsewhere in the animals
but not excluding participation of the SCN in
intact animals (4, 7, 22). When animals with
SCN injections of AAV-BMALI who had com-
plete rescue of the light-entrained thythms of

23 MAY 2008 VOL320 SCIENCE www.sciencemag.org



LMA and Ty, were placed into a food-restriction
paradigm under DD conditions, we found that
they maintained the rhythm that had been en-
trained by light (high-amplitude, free-running pe-
riod of ~23.7 howrs) and never showed an increase
in IMA or T, in anticipation of the food presen
tation (fig. $3). Hence, although a BMALI-based
clock is necessary to suppont food entrainment,
restoration of clock fimction in the SCN alone is
not able 1o rescue this behavior.

To test the hypothesis that the BMAL]-based
clock induced in the DMH during restricted
feeding might drive circadian entrainment, we
performed stereotaxic bilateral delivery of AAV-
BMALI (the same construct and vector as used
in the SCN) into the DMH of Bmali™ mice.
Mice who sustained bilateral DMH injections of
the AAV-BMALI did not demonstrate entrainment
toa 12:12 LD eyele or free-running thythms of T,
or IMA in DD (Fig. 3A). By contrast, under
conditions of food restriction in DD, they ex-
hibited a clear anticipatory increase in T, and
LMA before food presentation (Fig. 2C and Fig.
3B). Each individua! mouse showed very little
day-to-day variation in the timing of the increase
in Ty, and LMA under DD (i.e., the phase angle of
entrainment was stahle). Finally, the increase in
Ty and LMA before the predicted period of food
presentation persisted during a 24-hour fast at the
end of restricted feeding (arrow in Fig, 3B), dem-
onstrating the circadian nature of the respanse.

In both our study and the study by Mieda ef al.
(8), clock gene expression in the DMH was largely
restricted 1o cells in the compact part of the nu-
cleus, which consists of small, closely packed
neurons that are highly reminiscent of the SCN
itself These neurons appear mainly to have local
connections with the adjacent output zones of the
DMH (23), suggesting that the timing signal
from the compact part of the DMH may impinge
upon the same output neurons in the remainder of
the DMH as are used to conirol light-entrained
thythms directed by the SCN. This relationship
may explain how the DMH clock is able to
override the SCN clock input during conditions
of food entrainment in an intact animal. It is un-
likely that feedback from the DMH alters activity
in the SCN in any major way, because the SCN
remains phase-locked 1o the LD eyele for many
weeks during food entrainment (as long as the
animals are not also hypocaloric). These obser-
vations also raise the interesting possibility that
the DMH may form the neuroanatomic basis of
the so-called methamphetamine-sensitive circa-
dian oscillator (MASCO), which also aperates
independent of the SCN and does not entrain to
light [for a review, see {(24)].

Our data indicate that there is an inducible
clock in the DMH that can override the SCN and
drive circadian thythms when the animal is faced
with limited food availability. Thus, under re-
stricted feeding conditions, the DMH clock can
assume an executive role in the temporal regula-
tion of behavioral state. For a small mammal,
finding food on a daily basis is a critical mission.

Even a few days of starvation, a common threat in
natural environments, may result in death, Hence,
it is adaptive for animals to have a secondary
“master clock” that can allow the animal to swiich
its behavioral pattems rapidly afier a period of
starvation to maximize the opportunity of finding
food sources at the same time on following days.

In an intact animal, peripheral oscillators in
many tissues in the body, including the stomach
and liver, as well as elsewhere in the brain, may
contribute to food entrainment of circadian
rhythms (25, 26). Consequently, it has been dif-
ficult 1o dissect this system by using lesions of
individual components of the pathway (3, 9, 1),
However, by starting with a genetically arrhyth-
mic mouse and using focal genetic rescue in
the brain, we have identified the SCN molecular
clock as sufficient for light but not food entrain-
ment of 7y, and LMA rhythms in mice, and the
DMH as sufficient for food but not light entrain-
ment uf':\n:ndsm thythms of Ty, and LMA. These
resul the power of viral-based gene
replacement in the central nervous system to
dissect complex neural functions.
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Endogenous siRNAs Derived
from Transposons and mRNAs in
Drosophila Somatic Cells

Megha Ghildi aL," Hervé Seitz,™ Michael D. Hom‘ch,‘ Chengjian li,‘ Tingting Du,1
Soohyun Lee,” Jia Xu,? Ellen LW. Kittler,* Maria L. Zapp,‘ Zhiping Weng,s Phillip D. Zamare‘t

Small interfering RNAs {siRNAs) direct RNA interference (RNAI) in eukaryotes. In flies, somatic cells
produce siRNAs from exogenous double-stranded RNA (dsRNA) as a defense against viral infection.

We identified endogenous siRNAs (endo-siRNAs), 21 nuclectides in length, that correspond to
transposons and heterochromatic sequences in the somatic cells of Drosophila melanogaster. We
also detected endo-siRNAs complementary to messenger RNAs (mRNAs); these siRMAs

dispraportionately mapped to the ¢

rlapping mRNAs predicted to

y regions of

farm daouble-stranded RNA in vive. Normal accumulation of somatic endo-siRNAs requires

the siRNA-generating ribonuclease Dicer-2 and the RMAi effector protein Argonaute? (Ago2). We
propose that endo-siRNAs generated by the fly RNAI pathway silence selfish genetic elements in
the soma, much as Piwi-interacting RNAs do in the germ line.

identified in flies and mammals: RNA

interference (RNAD), guided by small in-
terfering RNAs (sIRNAs) derived from exogenous
double-stranded RNA (dsRNA); the microRNA
(miRNA) pafhway, in which endogenous small

Thn:c RNA-silencing pathways have been

and the Piwi-interacting RNA (piRNA) pathway,
‘whose small RNAs repress transposons in the genm
line (1-3) and can activate transcription in hetero-
chromatin (4).

Endogenous siRNAs (endo-siRNAs) silence
retrotransposons in plants (5, 6), and siRNAs

RNAs repress partially cormpl y mRNAs;

g 1o the L1 retrotransposon have
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been detecied in cultured mammalian cells (7).
Genetic and molecular evidence suggests that
in addition to suppressing viral infection, the
RNAI pathway silences selfish genetic elements
in the fly soma: Mutations in the RNAiL gene
rméi2 (8) suppress mutations caused by retrocle-
ment insertion (9); depletion of the Argonaute
proteins Agol or Ago2 increases u'ansposou
expression in cultured Divsophila Sch 2

{11) and are produced during trmsgene silencing
in flies (12); and siRNAs have been proposed to
repress permline expression of suffiv, a short
interspersed nuclear element (SINE) (/3).

The defining properties of Drosophila SRNAs
are their production from long d<RNA by Dicer-2
(Dar-2), which generates 5-monophosphate ter-
mini; their loading into Argonawte2 (Ago2); and
their Ago2 dependent, 3" teminal, 2 metliylati

(52) cells (10, small RNAs have been detected
in Drosophila Ke cells for the {360 transposon

by the methyitransferase Henl (J4-16), unlike
most miRNAs (/7). In vivo (Fig. 1A, rightmost

Fig. 1'::?5%?;2:@ A 18-29 nt small ANAs 18-29 nt small ANAs with modified 3" termini
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We characterized the somatic small RNA
content of 82 cells (/9) and of heads expressing
an RNA hairpin silencing the white gene by

panel) and in vitro (/8), nearly all siRNAs
produced by Der-2 from exogenous dsRNA are
21 nucleotides (nt) in length.

Table 1. Endo-siRNAs pre map to 'y mRNAs.
Enrichment after
Sample Enrichment randomization Z score P
Mean sD
Fly heads 10.9 1.0 0.38 261 7.9 x 10752
S2 cells 123 11 0.42 2.0 5.2 %107
A B
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Fig. 2. Endo-siRNAs correspond to transpasons. (A) Distribution of annatations for the genomic matches of
endo-siRNA sequences. Bars total more than 100% because some siRNAs match both LTR and non-LTR
retrotransposons or match both mRNA and transposons. (B) Transpason-derived siRNAs with more than 50 21-nt
reads mapped about equally to sense and antisense orientations. (O Alignment of endo-SiRNA sequences to
Drosophila transposons. The abundance of each sequence is shown as a percentage of all transposon-matching
SiRMA sequences. LTR, long terminal repeat; TIR, terminal inverted repeat. Here and in subsequent figures, data
from high-throughput pyrosequencing and sequencing-by-synthesis were pooled for wild-type heads.
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RNAI (20). To identify endo-siRNA candidates,
we analyzed two types of RNA libraries. For total
18- 0 29-nt RNA libraries, 89% (S2 cells) and
96% (heads) mapped to annotated miRNA loci.
In contrast, libraries enriched for small RNAs
bearing a 3"terminal, 2"-0-methyl modification
{21) were depleted of miRNAs: Only 19% (52
cells) and 49% (heads) of reads and 24% (S2
cells; 58,681 reads; 12,036 sequences) and 12%
(heads; 22,685 reads; 2929 sequences) of unique
sequences mapped to miRNA loci.

Figure | shows the length distribution and
sequence composition of the four libraries. The
total RNA samples were predominanily miRNAs,
a hias reflected in their modal length (22 nt)
and pronounced tendency to begin with uracil.
Exclusion of miRNAsz revealed a class of small
RNAs with a narrow length distribution and no
tendency to begin with uracil. Except for an
unusual cluster of X-chromosome small RNAs
(fig. S1) and a miRNA like sequence with an
unusual putative precursor on chromosome 2
(fig. 82), few of these small RNAs are likely to
correspond to novel miRNAs: None lie in the
amms of hairpins predicted to be as thermo-
dyneuruca"y stable as most pre-miRNAs (ie.,

~15 keal/mol)

Afier excluding known miRNAs, 64% (heads)
(Fig. 1A) and 78% (82 cells) (Fig. 1B) of se-
quences in the libraries enriched for 3*terminally
modified small RNAs—that is, those likely to
be AgoZ-assaciated—were 21 nt long. For fly
heads, 37% (8404 reads) derived from the white
dsRNA hairpin. The abundance of these exo-
siRNAs can be estimated by comparing them
o the number of reads for individual miRNAs in
the total small RNA library, where 1.6% (660
antisense and 491 sense reads) were 21-nt oligo-
‘mers (21-mers) and matched the white sequences
in the dsRNA-expressing transgene. The collec-
tive abundance of all white exo-siRNAs was less
than the individual abundance of the 10 most
abundant miRNAs in this sample; the median
abundance of any one exo-siRNA species was
two reads. The white-inverted repeat (IR) trans-
gene phenocopies a nearly null mutation in white,
et the sequence of the most abundant exo-siIRNA
was read just 37 times,

In heads, the sequence composition of the
21-nt, 3“teminally modified small RNAs close-
ly resembled that of exo-siRNAs, which tended
1o begin and end with cytosine. In heads and $2
cells, the 21-mers lacked the sequence features of
piRNAs, which either begin with uracil (Aub-
and Piwi-bound) or contain an adenine at po-
sition 10 {(Ago3-bound) and are 23 10 29 nt long
(1, 2). These data suggest that the 21-nt small
RNAs are somatic endo-siRNAs.

In 52 cells, endo-siRNAs mapped largely 1o
transposons (86%); in fly heads, they mapped
about equally 1o transposons, intergenic and
unannotated sequences, and mRNAs. The
finding that 41% of endo-siRNAs mapped to
mRNAs without mapping to transposans sug-
pests that endo-siRNAs may regulate mRNA
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expression. Fndo-siIRNAs mapping to mRNAs
were likelier by a factor of 10 than expected by
chance (5.22 % 1075 < P < 8 % 107%Y) 10 derive
from genomic regions annotated to produce over-
lapping, complementary transcripts (Table | and
table S1). These data suggest that such over-
lapping, complementary transcripts anneal in
vivo to form dsRNA that is diced into endo-
SiRNAs. We note that among the mRNAs for
which we detected complementary 21-mers was
ago? itself,

Endo-siRNAs mapped to all three large chiro
mosomes (figs. 83 to 85). stRNAs corresponding
to the three transposon types in Drosophila were
detected, but long terminal repeat (LTR) retro-
transpasons, the dominant class of selfish genetic
elements in flies, were overrepresented even afier
accounting for their abundance in the genome
(Fig. ZA and table $2), Unlike piRNAs, which
are dispropertionately antisense to transpos-
ons, but like siRNAs derived from exogenous
dsRNA, about equal numbers of sense and anti-
sense transposon-matching endo-siRNAs were
detected (Fig. 2B and fig. S6) (/-3, 22). Like
PIRNAs, endo-siRNAs map 1o large genomic
clusters (table 83), Of 172 endo-siRNA clusters
in 82 cells, four coincided with previously iden-
tified pIRNA clusters (cluster 1, at 42A of chro-
mosome 2R; clusters 7 and 10 in unassembled
genomic sequence; and cluster 15 in the chro-
mosome 3L heterochromatin). In heads, we de-
tected 17 clusters; five corresponded to clusters
found in S2 cells, but only one was shared with
the germline piRNAs: the flamenco locus, con-
sistent with recent genetic evidence that a Piwi-
independent but _famenco-dependent pathway
represses the Idefix and ZAM transposons in the
soma (23). That both endo-siRNAs and piRNAs
can arise from the same region suggests either
that a single transeript can be a substrate for
both piRNA and sIRNA production or that dis-
tinct classes of transcripts arise from a single
locus. The abundance and distribution of endo-
siRNAs across the sequences of individual
transposon species reflected the natural history
of when the elements entered the fly genome, but
not thelr mechanism of transposition (Fig. 2C)
24

Statistically significant reductions in sSIRNA
abundance were observed in der-2" il
mutant heads relative to heads from heterozygous
siblings for 38 transposans (fig. $7 and table S4).
Normalized for sequencing depth, sequencing
results from homozygous der-2 mutant heads
vielded fewer 21-mers overall (by a factor of 3.1y
and fewer 21-mers comesponding to transposons
{(by a factor of 6.3) than did their heterozygous
siblings (P < 2.2 < 107, % test). In contrast,
ovenall miRNA abundance—normalized 10 se-
quencing depth—was essentially unchanged be-
tween der-2 heterozygoles and homozygotes
(fig. 87 and twble S5). These data suggest that
endo-siRNAs are produced by Der-2, but we do
not yet know why some endo-siRNAs persist in
der- 21 pugants
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Transposon expression in the soma r:ﬂnms

Rzlenem.es and Nms
., Science 315, 1587 (2067

o

bath the silencing of
cither or both postiranscriptional and u'ansm
tional mechanisms—and the tissue specificity of
transpason promoters. Drosophila somatic cells
may contain siIRNAs largeting transposans that
would not be highly expressed even i the
absence of those siIRNAs, because the promoters
of those transposans are not active in same or all
samatic tissues or because they are repressed by
additional mechanisms, We analyzed the expres-
sion of apanel of transpasons in heads from ago?
and der-2 mutants and in S2 cells depleted of
Der-1, Der-2, or Ago2 by RNAI (Fig, 3 and fig.
S8). We found that the steady-state abundance of
RNA from the LTR retrotransposons 297 and
4i2 increased in heads from der-2“"* null mu-
tants (Fig. 3A). Similarly, the steady-state abun-
dance of RNA from the LTR retrotransposans 297,
412, mdgl, and roo, the nonTTR refrotransposon
F-element, and the SINElike clement INE-]
increased in ago2* mutant heads (Fig. 3B).

In 52 cells, RNA expression from the LTR
retrotranspasons 297, 1731, mdal, biood, and
@psy and from the DNA transposon S-element
all increased significantly (0.00001 < P < 0.002)
when Der-2 was depleted or when both Der-2
and Der-1 were depleted, but not when Der-1 alone
was depleted (Fig, 3C). Similarly, aga2(®NAi) in
82 cells desilenced transposens, including nine
LTR and non-ITR retrotransposons and the DNA
transposon S-element (fig. S8).

Is Ago2 required for the production or
accumulation of endo-siIRNAs? We sequenced
18- 10 29-nt small RNAs from ago2** homozy-
gous fly heads and from the same small RNA
sample treated to enrich for 3" terminally modified
RNAs. After computationally removing miRNAs,
the sequences from the unfreated library con-
tained a prominent 21-nt peak (Fig, 4A) that pre-
dominantly began with wracil (Fig. 4B), much
like miRNAs and unlike siRNAs in wild-type
heads, which often began with cytosine (Fig. 1A).
Perhaps in the absence of Ago2, only a sub-
population of endo-siRNAs that can bind Agol
accurnulates. The small RNAs from the ago2**
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Resource Partitioning and Sympatric
Differentiation Among Closely
Related Bacterioplankton

Dana E. Hunt,™* Lawrence A. David,?* Dirk Gevers,*** Sarah P. Preheim,*

Eric ). Alm,**} Martin F. Polz'f

ecologically dit

within complex microbial communities remains

challenging, yet is critical for interpreting the evolution and ecolagy of microbes in the wild. Here we
describe spatial and temporal resource partitioning among Vibrionacede strains coexisting in coastal
ba:tenoplanlmn A quantitative model (AdaptML) establishes the evolutionary history of ecological

library enriched for 3" inally modified se-
quences were predominantly 24 to 27 nt long
and often began with uracil—a length distribution
and sequence bias characteristic of piRNAs,
which, like sIRNAs, are 2'-€)}-methylated at their
3" ends. Both the 21-nt small RNAs and the
piRNA-like RNAs in the ago? mutant heads
mupp:d. o Iranspnsons, unannoIal:d hetero-

and but the
PiRNA-like sequences mapped to mRNAs far
less frequently than did either the 21-mers or wild-
type endo-siRNAs (Fig. 4C). How these piRNA
like small RNAs are generated and whether they
contribute to wansposon silencing in the fly soma
remain unknown.

Note added in proof. The loci described
here in figs, S1 and S2 correspond to endo-
sIRNA-generating hairpins recently identified
in (25-27).
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thus revealing populations specific for seasons and life-styles (combinations of free-living,

particle, or zooplankton assodations). These ecological population boundaries frequently occur at deep
phylogenetic levels (consistent with named species); however, recent and perhaps ongoing adaptive
radiation is evident in Vibrio splendidus, which comprises numerous ecologically distinct populations at

different levels of phi

Thus,

may be an important

correlate or even tngger of speciation among sympatric microbes.

icrobes dominate biomass and control
M geochemical cycling in the ocean,
but we know little about the mecha-

ria that establish robust associations of individual
strains with spaliulm-nporal conditions (4, 5); see-
und, it rtmams controversial what level of genetic

nisms and dynamics of their ional differen-

reflects ecological diffe

tiation in the Culty
analysis typically reveals vast microbial diversity,
and although some taxa and gene families are
differentially distributed among environments
(2, 2), it is not clear 10 what extent coexisting
genotypic diversity can be divided into function-
ally cohesive populations (Z, %), First, we lack
broad surveys of nonpathogenic frec-living bacte-

ic clusters have been pmpus::dm cor-
rcspund to ecological populations that arise by
neutral diversification after niche-specific selec-
tive sweeps (6). Clusters are indeed observed
among closely related isolates (eg., when ex-
amined by multilocus sequence analysis) (7) and
in culture-independent analyses of coastal bacterio-
plankton (&). Yet recent theoretical studies supgest
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that clusters can result from neutral E\rahlu(ma](m:
(9), and evidence for clusiers as !

netic md emlngu:al differentiation i isa critical step
toward

distinct pupu]ahm remains sparse, hav.ng bﬂen
most cancl ly d for

along ocean-scale gradients (/7) and in a depth
profile of a microbial mat (17). Further, horizontal
gene transfer (HGT) may erode the ecological
cohesion of clusters if adaptive genes are

the il y mecha-
nisms of bacterial speciation (%),

In this study, we investigated ecological dif-
ferentiation by spatial and temporal resource
partitioning in coastal waters among coexisting
‘nmma of the family Fibrionaceae, which are

bolically versatile

range of individuals, due to turbulent mixing and
active motility (15), Of potential microhabitats,
particles represent abundant but relatively short-
lived resources, as labile components are rapidly
utilized (on time scales of hours to days) (16, 17),
implying that particle colonization is a dynamic
process, Mm:over particulate mam‘ may change

with conditions

(12), and recombination can homogenize genes
betwezn ecologically distinct populations (13).
Thus, exploring the relationship between phyloge-
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A

(14) The coastal ocean is well suited to tcst
population-leve] effects of microhabitat prefer-
ences, because tidal mixing and oceanic circula-
tion ensure a high probability of migration,
reducing biogeographic effects on population
structure, In the plankton, heterotrophs may
adopt altenate ecological strategies: exploiting
either the generally lower concentration but more
evenly distributed dissolved nutrienis or attach-
ing 10 and degrding small suspended organic
particles, originating from algal exopolysaccha-

(such as seasonal algal blooms). Zooplankton
provide additional, more stable microhabitats;
vibrios attach to and metabolize chitinous zoo-
plankton exoskeletons (/8, 19) but may also live
in the gut or occupy niches specific to pathogens,
The extent to which microenvironmental prefer-
ences contribute to resource partitioning in this
complex ecological landscape remains an impor-
tant question in microbial ecology (20).

We aimed to conservatively identify ecolog-
ically coherent groups by examining distribution

rides and detritus (). Bacterial habil
preferences may develop because resources are
distributed on the same scale as the dispersal

LA

patterns of among free-
living and associated (with suspended particles
and zooplankton) compartments of the plankton-
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Fig. 1. Season and size fraction distributions and habitat predictions
mapped onto Vibrionacege isolate phylogeny inferred by maximum
likelihood analysis of partial hspS0 gene sequences. Projected hahrrats

size fractions. The habitat legend matches the colored circles in (A} and
(B) with the habitat distribution over seasons and size fractions inferred
by the model. Distributions are normalized by the total number of counts

are identified by colored circles at the parent nodes. (A) F
tree of all strains, with outer and inner rings indicating seasons and size
fractions of strain origin, respectively. Ecological populations predicted
by the model are indicated by alternating blue and gray shading of
clusters if they pass an empirical confidence threshold of 99.99% (see
SOM for detalls] Bootstrap confidence levels are shown in fig. 510. (B)

ing habitat- iated pop! identified
by the model and the distribution of each population among seasons and

in each category to reduce the effects of uneven sampling.
The insets at the lower right of (A) show two nested clusters (LA and 1.B
and IL.A and IL.B) for which recent ecological differentiation is inferred,
including habitat predictions at each node. The closest named species to
numbered groups are as follows: G1, V. calviensis; G2, Enterovibrio
norvegicus, G3, V. ordolif; G4, V. rumoiensis; G5, V. olginolyticus; Gé, V.
oestuarionus; G7, V. fischeriflogei; G8, V. fischeri; G9, V. superstes; G10,
V. pengeicida; G11 to G25, V. splendidus.
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ic environment under different macroecological
conditions (spring and fall) (fig. S1 and table S1).
Because the level of genetic differentiation at
which ecological preferences develop is not
known, we focused on a range of relationships
[0 1o 10% small subunit ribosomal RNA (FRNA)
divergence] among co-occuwring vibdos (27).
Particle-associated and free-living cells were
separated into four consecutive size fractions by
sequential filtration (four replicate water samples,
each subsampled with at least four replicate
filters per size fraction); each fraction contained
organisms and dead organic material of different
origins [detailed in the supporting online material
(SOM)]. For simplicity, we refer to these frac-

REPORTS I

(mclh, adk, and pgi) were d for over half
of the isolates (SOM), including V¥ splendidis
strains, the most abundant group (2/},

Our rationale for testing environmental asso-
clations grows out of the following consider-
ations, First, as in most ecological sampling, the
true habitats or niches are unknown and can only
be observed as projections onto the sampling di-
mensions (“projected habitats™). Thus, associations
can be detected as distinct distributions of groups
of strains if habitats/niches are differentially ap-
portioned among samples. Second, the lack of an
accepted microbial species concept implies that it
iz imprudent to use any measure of genetic relation-
s}nps to d:ﬁn: a priori the populations whose

tions as enriched in lank (63 um), in
large (5 0 63 pum) and small (1 to 5 pm) particles,
and in free-living cells (0.22 to | um) (fig. SIB).
The 1- 1o 5-jim size fraction was somewhat am-
biguous, probably containing small particles as
well as large or dividing cells; however, it pro-
vided a fimn buffer between obviously particle-
associated (=5 pm) and free-living (<1 pm)
cells, Vibwianaceae strains were isolated by plat-
ing filters on selective media, previously shown
by quantitative polymerase chain reaction to yield
good comrespondence between genotypes recov
ered in culture and those present in environmental
samples (21). Roughly 1000 isolates were char-
acterized by partial sequencing of a protein-
coding gene (Asps0). To obtain added resolution,
between one and three additional gene fragmenis

| LS Hg
B B sister clade (He)

Fig. 2. Multilocus sequence analysis of nested
clusters (1A and 1B and I1A and 11B) with differential
habitat association by comparison of partial hsps0
(left) and concatenated partial mdh, adk, and pgi
(right} gene phylogenies. Habitat predictions
(indicated by colored boxes) and the numbering
of clusters correspond to Fig. 1. Scale bar i in units
of nucleotide substitutions per site.

should be assessed.
Therefore, we first tested Iile null hypothesis that

p that clusters may arise neutrally
or that the relevant parameters differentiating
them ecologically have not been measured.

Briefly, AdaptML builds a hidden Markov
model for the evolution of habitat associations:
Adjacent nodes on the phylogeny transition be-
tween habitats according 10 a probability function
that is dependent on branch length and a tran-
sition rate, which is leamed from the data (SOM)
(fig. 83). Subsequently, we optimize the model
parameters (the transition rate and the compo-
sition of each projected habitat) to maximize the
likelihood of the observed data. Finally, we usea
simple ad hoe rule for reducing noninformative
parameters: We merpe habitats that converge to
similar distributions (simple comrelation of distri-
bution vectors >90%) during lh: model-fitting

for

there is no across the
phylogeny of the strains. We then refined such es-
timates by developing a new mode! to simulta-
neously identifyy populations and their projected
habitats, Finally, these model-based results were
tested with nonparametric empirical statistics.
The initial null hypothesis of no iati

(SOM). This identified
six nonredundant habitats for the observed data
set (H to Hy in Fig. 1B and fig. S5). Morcover,
the algorithm acts conservatively, as suggested
by two tests. First, the mode! did not overfit the
data when there was no ecological signal present:
When the were shuffled, only a

between phylogeny and ecalogy is strongly rejected
(seasons: P < 1077%; size fractions: P'< 10~ by
comparing the parsimony scare of observed envi-
ronments on the tree to that expected by chance
(22) (SOM), confirming the visual impression of
differential pattems of clustering among seasons
and size fractions (Fig. 1A). This result is rabust
toward uncertainty in the phylogeny, which
should diminish but not strengthen associations,
and is confirmed by introducing additional uncer-
tainty in the phylogeny (fig. 52). The observed
overall association with season and size fraction
therefore suggests that water-column vibrios par-
tition resources, but neither provides insights into
the phylogenetic bounds of populations or the
composition of Ih:lx halnmrs
We theref: fonary

(AdapML) to identify pup\llanous as groups of
related strains sharing a commen projected hab-

itat, which reflects their relative abundance in the
measured envirommental categories (size frac-
tions and seasons) (SOM). In practice, the medel
imputs are the phylogeny, season, and size frac-
tion of the strains. It then maps changes in envx—

single generalist habitat (evenly distributed over
all size fractions and seasons) was recovered.
Second, when simulated habitats were used to
generate environmental assignments, the model
usually identified a number of habitats equal to or
less than the true number present (fig. S6).

The analysis suggests that a single bacterial
family coexisting in the water column resolves
into a striking number of ecologically distinct
populations with clearly identifiable preferences
(habitats). The algorithm idemtified 25 popula-
tions, associated with one of the six habitats
defined by distinct distributions of isolates over
seasons and size fractions (Fig. 1 and fig. 87)
Most clusters have a strong seasonal signal; in-
terestingly. two pairs of highly similar habitats
are observed in both seasons (Fig. 1B). The first
of the habitat pairs comesponds to populations
occurring bath free-living and on particles but
lacking zooplankton-associated isolates (Hg and
H); the second indicates a p for zoo-
plankton and large particles (Hg and Hy) (Fig.
1B). The remaining two habitats were season-
specific. Habitat I, combines all primarily free-

ronmental onto the tree by predi

living in the fall, whereas habitat Hp,

projected habitats for each extant and ancestral
strain in the phylogeny. Although similar in spirit
1o existing parsimony, likelihood, and Bayesian
methods, which map ancestral states onto trees
(23), the model accounts for the complexities and
unceriainties of environmental sampling, First,
projected habitais can span multiple sampling
dimensions to account for complex life cycles
(such as time spent in multiple true habitats) and
problems inherent in envirommental sampling:
Discrete samples rarely equate to true habitats,
and true habitats are frequently misplaced among
their typical sample categories (for example,
zooplankton fragments may also be found in
smaller size fractions). Second, projected habitats
can span multiple phylogenctic clusters to allow

identifies a second particle- and zooplankton-
associated group in spring, but unlike H and Hy
it has a higher proportion of large particles and
maps onto a single small group (G25) (Fig. 1),
However, we cannot place high confidence in the
absence of the free-living habitat in the spring,
because relatively few strains were recovered
from that fraction. Moreaver, the distribution of
individual populations among seasons and size
fractions varies considerably, with remarkably
narrow preferences for some populations whereas
others are more broadly distributed. For ex-
ample, ¥ ordadii (G3) is almost exclusively free-
living in both seasons, whereas ¥ alginolvticns
(G5) has a significant representation in both
zooplankton and free-living size fractions but
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occurs exclusively in the fall (Fig. 1, A and B).
The sequences of three additional genes for ¥
alginolyticus ‘so!am were 1dmucaL argmng
against misid

free-living (H,) and free-living/particl dated
life-styles (H), respectively (Fig. 1A). On the
other hand, some very closely related clusters are

or additional population sul)stmctunng. Simi-
larly, there was good agreement when two dif-
ferent gene phylogenies (hsp60 and mdh) were
used to identify habitats for ¥ splendidns (fig.
S8), although fewer habitats were identified
using the mdh tree, most likely because it is less
well-resolved, Overall, across all vibrios sampled,
association with the zooplankton-enriched and
free-living fractions dominated, and mdmuy:
several lations conlain particl it
isolates, only a few appear to be specifically
particle-adapted. Because vibrios are generally
regarded as particle and zooplankton specialists
{14), this observed partitioning offers new insight
into their ecology.

Thus, in spite of the highly variable condi-
tions of the water column, populations appear to
finely partition resources, especially because our
hahitat estimates are conservative, as clusters
occupying the same habitat may be differentiated
along additional (nobserved) resource axes Far
example, different zooplankton-associated groups
may be host- or body region-specific, and the
strong seasonal signal of most clusters may be due
to a variety of factors; however, temperature is a
likely candidate because it has so far arisen as
the strongest correlate of microbial population
changes both over a seasonal cycle (24) and
along ocean-scale gradients (0). Finally, pop-
ulations, which appear unassociated in our study,
may be true generalists with respect to the re-
source space sampled or may be adapted 1o envi-
ronments not sampled in this study, such as
anima! intestines or sediments (/4). Despite these
uncertainties, the ohserved strong partitioning
among associated and free-living clusters may
have important implications for population biol-
ogy in the bacterioplankion. As recently sug-
gested (9), for attached bacteria, the effective
population size (N,) may be considerably smaller
than the census size because colonization serves
as a population bottleneck, whereas in free-
living clusters, N, may be closer 1o the census
size. Although puting the true itude of

d with different habitats; ¥ splendidus,
which is composed of strains that are ~99% iden-
fical in rONA gene sequence (21), differentiates
into 15 microdiverse habitat-associated clusters, of
which one is distributed roughly evenly among
both seasons, and @ and 5 predominantly oceur in
spring and fall, respectively. Thus, ¥ splenidid:

that di ial distrit among habitats (possi-
bly caused by few adaptive loci) is sufficient to
depress gene flow between associated genotypes
(9, 26). Consequently, mutations will no lenger be
homogenized but instead accurnulate within spe-
cialized papulations, even far ecologically neutral
genes. Over time, genetic isolation may increase
because homologous recombination rates de-
crease log-linearl; A wn.h sequence distance (27).
We detected with different habitats

appears 1o have ecologically diversified, possibly
by invading new niches or parfitioning resources
at mereasingly fine scales.

Recent or perhaps ongoing radiation by sym-
pafric resource partitioning is most strongly sug-
gested for two nested clusters within V. splendids,
where groups of strains differing by as litle as a
single mucleatide in hsp6@ display distinet eco-
logical preferences (Fig. 1A, insets, and table
$2). These strins were isolated from muliiple
independent samples and thus do not represent
clonal expansion, suggesting that this may reflect
a true habitat switch; nonetheless, homologous
recombination could also move alleles between
distantly related, ccologically distinct clusters,
creating spurious phylogenetic relationships,
which can be detected by comparison with other
genes, Multilocus sequence analysis shows that
for nesied cluster I, a close relationship was ar-
tificially created because hsp60 gene phylogeny is
discordant with three other genes (Fig. 2).
Haowever, this stil] represents a habitat switch, just
at a slighlly larger sequence distance, as LA is
nested within the much larger G16 cluster in both
the hsp6 and the mdh-pgi-adk phylogenies. For
the second nested cluster, the three additional

firm partial of the

among sister clades over a wide range of phylo-
genetic distances, possibly representing popula-
tions at various stages of differentiation (Fig. 1A).
Although we cannot determine whether clusters
represent transiently adapted populations or nas-
cent species, our observations of differential dis-
tributions of genatypes suggest that there exists
a small-scale adaptive landscape in the water
colunn allowing the initiation of (sympatric)
speciation within this community.

Although it has recently been suggested that
microbial lineages remain specific to macro-
environments over long evolutionary times (28),
this study demonstrates switches in ecological
associations within a bacterial family coexisting
in the coastal ocean, In the V. splendidus clade,
speciation could be angoing, but the divergence
between most other ecologically defined groups
appears large. Thiz iz consistent with our pre-
vious suggestion that rRNA. gene clusters, which
are roughly congruent with the deeply divergent
profein-coding gene clusters detected here, rep-
resent ecological populations (8). However, the
example of ¥ splendidus highlights the fact that
using marker genes 10 assess community-wide
diversity may not capture some ecological spe-

i Morcover, different groups of orga-

IIA and ILB by a single base pair difference in
one of the genes, whereas the other genes consist
of identical alleles. This reinforces the idea that
subcluster [LA is not incorrectly grouped because
of recombination, despite its distinct ecological
affliation (Fig. 2). In combination, these data sup-

nisms could evolve under different constraints,
and the mechanisms suggested here apply to the
nvasion of new habitats and are thus different
from (but compatible with) the widely discussed
niche-specific selective sweeps (29). Why ¥

lendidius appears to have radiated recently into

port the idea that there is ecological differentiation
among recently diverged g d show that

new habitats whereas other groups appear 1o be

such changes might be recognized in protein-
coding genes as soon as they accumulate (neutral)

N, in microbial populations remains controver-
sial (25), it is an important parameter that de-
termines the relative strength of selection and
drift. Thus, attached and free living populations
may evolve under different constraints (9)
The phylogenetic stucture of p

also provides insights into the h:.smq- of habitat
switches. Deeply branching populations may
have remained associated with habitats over long
evolutionary time, and shallow branches may have
diversified more recently (Fig. 1, A and B). These
stable habitat-associated clusters roughly corre-
late to named ies in the Fbricnaceae.
For example, ¥ ondalii (G3) and Enterovibrio
norvegicns (G2) both represent clusters without
close relatives containing > 50 isolates, which are
overwhelmingly predicted to follow primarily

5\ es.
How might adaptation to a new habitat relate
o speciation, the generation of distinet clusters of
closely related bacteria? Mathematical modeling
has recently shown that the dynamics of spe
ciation depend on the ratio of homologous recom-
bination to mutation raies (r/m) (¥). When this
ratio per allele exceeds ~1, populations transition
from essentially clonal to sexual, with the major
consequence that selection is probably required
for the farmation of clusters (9). Our preliminary
multilocus sequence analysis on a set of strains
with similar taxonomic composition suggests
that their 7/m is well above that threshold. Thus,
our observations of habitat separation for highly
similar but clearly distinct genotypes suggest that
ecological selection may have triggered phylo-
geneic differentiation. A plausible i

mnm]cnuwnbmmsyhmclmod o
igh | genome

(21) This could ndmal: a large (flexible) gene
pool that, if shared by horizonta! gene transfer,
gives rise o large munbers of ecologically adaptive
phenotypes. It will therefore be important 1o com-
pare whole genomes within recently ecologically
diverged clusters to identify specific changes lead-
ing to adaptive evolution
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A Polymorphism Within the G6PC2
Gene Is Associated with Fasting
Plasma Glucose Levels

Nabila Eaualiavﬂaji," Ghislain Rocheleau,™ Leentje Van Lommel,’ Katleen Lemaire,’

Frans Schuit,? Christine Cavil:anﬁfl’mﬁnga,‘ Marion Marchand, Anna-

sa Hartikainen,”

Ulla Sovio,® Franck De Graeve," Johan Rung,” Martine Vaxillaire,* Jean Tichet,® Michel Marre,”

Beverley Balkau,® Jacques Weill,”
Constantin Polychronakos,?**

Paul Elliott,” Marjo-Riitta Jarvelin,**°
Christian Dina,* Robert Sladek,? Philippe Froguel™**t

David Meyre,”

Several studies have shown that healthy individuals with fasting plasma glucose (FPG} levels at the high
end of the normal range have an increased risk of mortality. To identify genetic determinants that
contribute to interindividual variation in FPG, we tested 392,935 single-nucleotide polymorphisms (SNPs)

in 654 participants for

with FPG, and we replicated the most strongly

associated SNP (5560887, P = 4 x 1077) in 9353 participants. SNP rs560837 maps to intron 3 of the
GEPC2 gene, which encodes glucose-6-phosphatase catalytic subunit—related protein (also known as
IGRP), a protein selectively expressed in pancreatic islets. This SNP was associated with FPG (linear
regression coefficient 5 = —0.06 millimales per liter per A allele, combined P = 4 x 107%%) and vith

pancreatic p cell function (Homa-B model, combined P=3 x 10

%) in three populations; however, it was

not associated with type 2 diabetes rick. We speculate that GEPC2 requlates FPG by modulating the set
point for glucose-stimulated insulin secretion in pancreatic f cells.

ecent innovations in genotyping technol-
R:f‘y have led to the identification of ge-
ic varants associated with increased
risk of type 2 diabetes (T2D) (/). However, the
genetic factors contributing to interindividual
variation in blood glucose levels in the general
population are largely unknown. In addition to
affecting metabolic health, these variants may
also affect coronary heart disease (CHD) risk, for
which a linear correlation between FPG and CHD
mortality has been described for both diabetic and
nondiabetic individuals (5, 6). Here, we describe
the results of a genome-wide association (GWA)
study in which we aimed to identify genetic
variants involved in glucose homeostasis in the
general population
We analyzed FPG as a quantitative trait in 654
nomoglycemic (NG} nenobese individuals by
using Mumina Infinium Human] (Mumina Incor-
porated, San Diego, CA) and Hap300 BeadAmay
(Ilhumina Incorporated, San Diego, CA) (table
S1) (1, 7). The strongest association signal was

observed with SNP rs560887 [P =4 = 1077 ad-
justed for age, gender, and body mass index
(BMI) under the additive model]. This SNP is
part ofa 17-kb linkage disequilibrium (LD) block
on chromosome 2 that encompasses the gene and
the 3' flanking region of the islet-specific
glucose-6-phosphatase-related protein [IGRP,
also known by the gene name G4PC? (glucose-
6-phosphatase. catalytic unit 2)], a glycoprotein
embedded in the endoplasmic reticulum (ER)
‘membrane (§). Six SNPs within this LD block
were genotyped in our GWA analysis. These
included a nonsynonymous SNP (rs492594-
L1219V}, which showed modest association with
FPG [P = 0.04 for rs492594-1.219V, which is in
low LD with rs560887 at /* = 0.24 in the Centre
&Etude du Polymorphisme Humain (CEPH)
families with Northern and Western European
ancestry (CEU), according 1o HapMap data], and
a SNP located in the 3' flanking region of GEPC2
(rs563694), which showed stronger association
(P =2 % 107%, /= 0.76 with 560887) (lable

$2). We used linear regression analysis to adjust
for the effect of 560887 on all SNPs located
within 100 kbp upstream and 100 kbp down-
stream that showed various levels of association
with FPG (P < 0.05) and found no SNP that
remained associated at significance level of 5%
{tahle $2). Imputation of genotypes using the LD
structure from HapMap data (CEU population)
did not identify any SNP showing potentially
stronger association with FPG (Fig. 1). On the
basis of these findings, we tested the association
of rsS60887 with FPG by using a complemen-
tary subset (table S1) of the French DESIR
(data from the Epidemiological Study on the
Insulin Resistance Syndrome) population (DESIR
NG stage 2, N = 3419) and replicated our orig-
inal association with FPG (linear regression
coefficient = —0.06 mmol] per A allele, P=3 =
107 (Table 1.

IGRP has been proposed to modulae the gly-
colytic pathway and eventually glucose-stimulated
insulin secretion by dephosphorylating phucose 6-
phosphate generated by glucokinase, the B cell
glucose sensor (9). Gape2 knockout mice display
decreased FPG and nommal insulin sensitivity
{10, In the DESIR NG cohort, the rsS60887 A
allele [minor allele frequency (MAF) = 0.30]
associated with decreased FPG s also associated
with a decreased fraction of erythrocyte glyco-
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sylated hemoplobin (HhALS) (B = —0.04, P =8
107%). This reflects a hetier long-tem glucose
control, with increased basal insulin secretion as
assessed by the homeostasis mode!l index of
pancreatic [} cell function Homa B (i = 5.46, P~
2 % 107%), a measure derived from physiological
data of FPG and fasting insulin levels (7).

To validate these findings in different Euro-
pean populations, we genotyped young NG indi-
viduals from the Northem Finland Birth Cohart
86 (7) (NFBC86, N = 5073) and confirmed the
association hetween rs560887 and decreased FPG
(B =-0.07 mmol/l per A allele, =6 % 107'%)
and increased Homa-B index (B=3.79; P= 6 =
107%). In contrast, no ion was found

French children {mean age 11 = 3 years) (7). In
this cohort, we siill observed association between
13560887 and decreased FPG (= —0.07 mmoll
per A allele, P = 0.004) and increased Homa-B
index (B = 9.13, P = 0.01). As in the French
DESIR and Finish cohorts, rs360887 did not
associate with fasting msulin (P = 0.30) or BMI
(P = 0.60) in obese children.

1$560887 is located in the third intron of
G6PC2, 26 base pairs from its boundary with the
fourth exon. Splice site modeling shows that the
5560887 A allele may have a lower splicing
acceptor score than the G allele (www.cbeb.umd
ﬂlﬂsoﬁwam(:meSphcm’) {11); however, further

between ra560887 and fasting insulin in either
French (P = 0.5) or Finnish (7 = 0.1) cohoris.
Similarly, neither cohort showed strong associa-
tion between 1s560887 and BMI (DESIR P=0.1,
NFBCR6 P= 0.04). Adjustment for BMI did not
affect the association with FPG, suggesting that
the observed effect on FPG is independent of
obesity-induced insulin resistance. To test this
hypothesis, we studied 861 severely obese NG

is required o define the functional
of the observed i ]
which may be caused by rsS60887 or an un-
identified SNP in high LD with rs560887, and
G6PC2 splicing or gene expression.
Longitudinal analysis of the DESIR cohort
showed that carriers of the rsS60887 A allele had
a decreased risk of developing mild hyper-
glycemia (defined as a FPG = 6.1 mmol/l) over
a 9-year follow-up period [hazard ratio = 0.83,

Lasss
e
LASSH tlongewity assurance homalog 6"

MOSTRIN

et

THOSTRIN:nitric oxide synthase trafficking”
SPECZS

95% confidence interval (CI) 0.72 to 0.96, P =
0.009]. Surprisingly, rs560887, or any SNP with-
in its 17-kb LD block, did not associate with T2D
rigk in our GWA study (1) or other published T2D
il ik Greteond ot edifliab
ar www.wicee.orgak/). To confimn this, we ana-
lyzed 2972 additional T2D cases (table S1). With
the 4073 DESIR NG individuals as controls, we
observed no significant association with T2D risk
(P = 0.6, odds ratio (OR) = 0.98 95% C1 0.91 10
1.05). We note that our case-control analysis
achieved statistical power of at least 99.95% to
detect a significant effect (MAF = 030, OR =
1.20, N = 7045). Previous reports have shown
that the SNP most strongly associated with T2D
identified so far (7903146, located in TCF7L2)
does not associate with FPG in European gen-
enal populations (12, 13), suggesting that the
genetic determinants that regulate FPG in phys-
iological states may be different from those that
increase T2D risk. IGRP is homologous to two
other ER proteins of the glucose-6-phosphatase
family that catalyze the conversion of glucose-
6-phosphate into glucose, a key enzymatic step
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Fiig. 1. Genomic context and association with FPG of the G6PCZ gene variant
1s560887 on chromosome 2q. (Top) The genomic context of rs560887 that maps
to intron 3 of G6PC2. (Middle) The association magnitude [-log, (P value)]
with fasting plasma glucose of the SNPs from the Illumina 317 mapping array

(Tag-SNPs} (dots) and the Haphap CEU data imputed SNPs (plus signs}, not
directly genotyped around (100 kb} rs560887. (Bottom) The LD structure
(defined by pairwise ) between SNPs in the CEU population from HapMap
phase Il using the Haploview software.
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for both gluconeogenesis and glycogenolysis (8).
In contrast to the hepatocyte-specific member
(Gépelythat is highly expressed in glueoneogenic
tissues but not in pancreas (fig. S1, top), the ex-
pression of Gépe? is restricted to islets and
pancreatic P cell line MING (fig. SI, middle), as
shown in humans (/4). Because expression of
Gpe2 mRNA is restricted to f cells in the mouse,
as indicated in previous studies (14) and as con-
firmed in our own experiments (fig. S1), rs560887
may play an important role in the early patho-
genesis of this disease without contributing to
overall T2D risk. For example, the rsS60887 com-
mon allele (G) might alter the glucostat set point
and up-regulate FPG, but the development of
overt T2D may require additional compromise of
the pancreatic { cell function.

Whether IGRP has the same catalytic activity
as the hepatic glucose-6-phosphatase encoded by
the gene GAPCI is a matter of debate (14). When
IGRP dephosphorylates glucose-6-phosphate, it
opposes the action of the p cell glucose sensor
glucokinase and hence moderates the glycolytic
pathway and eventually ghucose-stimmiated insu-
lin secretion (9). We hypothesize that GEPC? is
part of the same glucose phosphorylation path-
way that includes the glucokinase pene (GCK),
responsible for the monogenic form of early onset
diabetes, MODY?2 (15), and familial hypoglycemia-
hyperinsulinemia phenctypes (/6). This pathway
also includes the glicokinase wgulatory protein
gene (GCKR). Thus, IGRP may antagonize the
elucokinase activity in [ cells, in a similar manner o
the GCKR action as a potent inhibitor of ghico-
kinase activity in hepatocytes (17). Recemly, SNPs
in both GCK (rs1799884—-30G/A) (18) and GCKR
(rs1260326-P446L) (2, 19, 20) were found to
modulate FPG in Ewropean population-based
cohorts. To study the interaction of rs560887 with

Tahble 1. Association of rs560887 with FPG levels in normoglycemic individuals
from a GWA study and replication analyses. Association was tested in the additive
model, adjusted for age, sex, and BMI. All individuals were normoglycemic

rs1260326-P4461 and rs1 T99884--30G/A, we
analyzed their combined effect in the French
DESIR cohort and observed an additive effect
(interaction P = 0.56) of the three SNPs on FPG
P=5% 107"} (Fig. 2). Individuals camrying more
than four alleles associated with low FPG (10.7%
of the DESIR population) showed a mean 0.24
mmol/l (4.5%) decrease of FPG compared with
subjects carrying only one allele (Fig. 2)

REPORTS I

G6PC2 2560887 is associated with signifi-
cant reductions in both FPG and glycated hemo-
globin A1C (HbAlc). There is strong evidence
suggesting that even small changes in blood
glucose can have an impact on cardiovascular
‘morbidity and mortality (21). Meta-analyses have
shown that there is a linear relationship, with no
threshold, between FPG and CHD risk (6), with
individuals whose FPG is lower than 5.5 mimol/l

5.40
P-value = 58-21
55 i Coeff = -0.06 {-0.07 - -0.04)
I [5.29. 5.39]
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g sm
B &
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e 5.25
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&
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505 . . 1
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Fig. 2. Combined effects of GEPCZ rs560887, GCKR rs1260326-P446L, and GCK rs1799884-30G
variants on FPG levels. Data are presented as mean [C1 95%], and the P value is for the p
coefficient in the linear regression model (including age, sex, and BMI as covariates) of FPG levels
an the number of alleles associated with low FPG (G6PC2 rs560887A allele frequency = 0.30; GCKR
rs1260326-Pa46 allele frequency = 0.44; GCK rs1799884-30G allele frequency = 0.82).

Mean fasting glucose (mmol) by
rs560887 genotype

(FPG < 6.1 mmol/D. Per A allele effect size was estimated from the regression
coeffidient p. Overall meta-analysis includes replication populations (DESIR NG,
NFBC86, and obese children). DESIR controls are nonobese NG individuals.

Per-A allele
Variance effect size
FPG N MAF GG GA AA (%) (mmoll) P
[95% C1)

DESIR -0.10 e
cantrols ktage 1) 654 033 515+ 033 5.06 x 0.37 4.93 £ 0.34 3.90 1-0.14; ~0.06] 4 %10
DESIR NG ~0.06 3
(stage 2) 319 0.30 5.26 % 0.45 5.19 x 0.46 5.14 £ 0.47 0.74 1=0.08: —0.04] Ix10

DESIR
cohart —0.07 .
(stage 1 and 4073 0.30 5.24 +0.44 517 + 0.45 5.10 + 0.46 105 1-0.09: —0.05] 1x10
stage 2)
NFBC86 5073 0.30 5.18 + 0.40 510 = 0.42 5.05 + 0.40 110 A 6x107*
l : ’ ’ : : : ’ |-0.08; —0.05]

Obese -0.07 3
chiildren 861 0.28 4.94 £ 043 4.88 £ 043 4.80 £ 0.47 109 1-0.11; ~0.02] 4 %10
Overall meta- -0.06 23
analyss 9353 0.30 5.18 £ 0.43 511+ 0.44 5.06 £ 0.44 0.91 1-0.08; ~0.05] 4 %10
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having the lowest mortality rate (5, 22). In con-
trast, individuals whose FPG lies between 5.6 and
6 mmol/], although still idered NG, showed

decrease (overall meta-analysis P =4 x 1072,
Our findings underscore the role of the glucose

a 30% increased risk of heart failure and a 60%
increased risk of nephropathy (23). In Asians,
a slight reduction in FPG from 5.5 mmol/l to
5 mumol/] is associated with a 25% reduction in
CHD risk (24). Even tight blood glucose con-
trol, reflected by HbAlLc between 5.1 and 5.6%
(normal value < 6.1%), is associated with a 30%
higher mortality compared with a lower HbAlc
(25). In this context, Marz ef al. previously re-
ported that the plucokinase rs1 799884/-30 A allele
was associated with T2D and increased risk for
coronary artery disease in both diabetics and
nondiabetics (26). We therefore conclude that the
three SNPs identified in our study, which addi-
tively modulate FPG by 0.24 mM in the general
population, are likely to have a nonnegligible
impact on human health

We found a strong association between SNP
13560887, located in the G6PC2 gene, and FPG,
and this association was replicated in three in-
dependent populations (¥ = 9353). The magni-
tude of the 560887 cffect on FPG is similar in
each cohort [explaining ~1% of FPG variance in
each population (heterogeneity test P = 0.95)]
Each copy of the A allele results in a 0.06 mmol/l

phaspharylation pathway in glucose homeostasis

in the peneral population.
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The Serine Protease TMPRSS6 Is
Required to Sense Iron Deficiency

Xin Du,Y Ellen She," Terri Gelbart,? Jaroslav Truksa,? Pauline Lee,” Yu Xia,?
1

Kevin Khovananth,?

Suzanne Mudd,” Navjiwan Mann,® Eva Marie Y. Moresco,® Ernest Beutler,” Bruce Beutler'

Hepcidin, a liver-derived protein that restricts enteric iron absorpuon, is the key regulator of

body iron content. Several p

f the hepcidis ding gene Hanp in respol

infection or high levels of iron. However, mechanism(s) of Homp suppression during iron depletion are
poorly understood. We describe mask: a recessive, chemically induced mutant mouse phenotype,
characterized by progressive loss of body {but not facial) hair and micracytic anemia. The mask phenotype
results from reduced absorption of dietary iron caused by high levels of hepcidin and is due to a splicing
defect in the transmembrane serine protease & gene Tmprss6. Overexpression of normal TMPRSS6 protein
suppresses activation of the Hamp promoter, and the TMPRSS6 cytoplasmic domain mediates Hamp
suppression via proximal promoter element(s). TMPRSS6 is an essential component of a pathway that
detects iron deficiency and blocks Hamp transcription, permitting enhanced dietary iron absorption.

ron Is an essential cofactor for a host of
metabolic reactions, necessary for the proper
functioning of the oxygen-camying protein
hemoglobin and proteins of the electron transport
chain. Though required for life, iron is also a
toxic element when present in excess, and body
iron content is normally maintained within nar-
row limits, controlled by the efficiency of intes-
tinal iron absorption. Hepcidin, a key regulator of
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“Department af Malecular and Experimental Medicine, The
Scripps Researdh Instifute, 10550 Narth Torrey Pines Road,
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iron absorption (f), binds to ferroportin, the chan-
nel for cellular iron effiux, and causes internal-
ization and proteolysis of the channel, preventing
release of iron from t or intestinal

We now repart the discovery of a protein with
nonredundant function in Hamp suppression, re-
quired to permit nonnal uptake of enteric iron in
response 10 iron depletion and capable of count-
ering all known Hamp-activating stimuli. A phe-
notype observed among third generation (G3)
mice (C57TBL/6J background) homozygous for
rutations induced by N-ethyl-N-nitrosourea (%),
termed mask, was characterized by gradual loss of
body but not facial hair, leading to almost com-
plete nudity of the trunk within about 4 weeks
(Fig. 1A). The mask homozygotes are slightly
smaller than their helerozygous littermates, and
adult female homozygotes are infertile, Male
Thomozygoies retain ferillity, as do heterozygotes
of both sexes. Mutant mice maintained on a stan-
dard laboratory diet manifested i anemia,
low plasina iron levels (Fig. 1B), and depleted iron
stores (fig. S1). There was no evidence of occult
blood loss. We therefore suspected that intestinal
iron absorption might be abnommal and measured
the retention of ferrous *Fe after intragastric ad-

ion to mask b ygotes and wild-type

cells (2) into the plasma. In this manner, hepcidin
lowers plasma iron levels, and chronic elevation
of hepeidin levels causes systemic iron deficien-
cy (3). Conversely, hepcidin deficiency causes
systemic iron overload (J). Several prot

controls receiving a standard laboratory diet The
mask mice retained slightly more iron than wild-
t}qx animals (Fig 1C). However, because mask
‘mice were anemic and iron-deficient (conditions
that favar iron ab d the experi-

including HFE (hemochromatasis pml:m) @,

ment using mask homaozygotes ﬁnd. controls that
had been d on an iron-deficient diet for 4

transferrin receptor 2 (5), hemoj (6), and
the transeription factor Smadd (7)—regulate body
iran levels by promoting expression of fHamp, the
gene encoding hepcidin. However, the

weeks. The relationship hetween mask homozy-
gotes and controls was now reversed (Fig. 1D): Iron-
deprived but control animals showed

of a pathway to down-regulate Hamp in response
to iron deficiency (§) remain poorly understood

about a sixfold increase in efficiency of iron
ahsorption, whereas anemic mask homozygotes

23 MAY 2008 VOL320 SCIENCE www.sciencemag.org



maumdmlys}) -fold increase in comparison with

n.ludmgrhehv:rmdm: olfactory and vomeronasal

animals on a siandard diet.

In addition, whereas iron deprivation led ta
suppression afHamp transeript levels in the livers
of wild-type mice, high Hamp transcript levels
were observed in the livers of anemic mask
hamozygotes (Fig. 1E). This outcome was con-
sistent with insensitivity to low iron stores and
consequent failure to suppress Hump expression.
The aberrant up-regulation of Hump wanscription
occurred despite anemia, which (as distinct from
iron deficiency alone) normally lowers Hamp
transcript levels (8). Both fertility and hair growth
(Fig. 1, F and G) were consistently restored when
mask homozygotes were maintained on an fron-
enriched diet (2% carbonyl iron). Hence, the
visible phenotype that led to the \dcnnﬂcauon of
mask was a of iron

ithelum in the mouse [(12) and fig. 52}, In bath
humans and mice, the major site of TMPRSS6
expression is the liver. TMPRSS6 includes a C-
‘tenmina! trypsin-like serine protease domain (shown
10 be extracelular), three class A low-density lipo-
protein receptor domains, two CUB domains
[similar to a domain represented in bone morpho-
genetic protein 1 (BMP1) as well as CIR and C18
proteins], and a membrane-proximal SEA domain
(Fig. 2B). The mask mutation, an A—G transition,
climinates a splice acceptor site upstream from
exon 15 (Fig. 2A and fig. $3). Complementary
DNA sequencing showed that two abnommal splice
products result from this mutation (GenBank
accession numbers EUL90436 and EU190437),
both encoding products that would lack the

The rmutation responsible for the mask phe-
notype was mapped to distal chromosome 15 and
then further confined 10 a region 1.3 megabase
pairs i size (/7). A mutation was identified in
Thiprss6, encoding a transmembrane serine pro-
tease of unknown function. TMPRSS6, also known
asmatriptase-2 (17}, is a type 11 plasma membrane
protein that is 811 residues in length. B i

dornain (Fig. 2B). No nonnal mRNA
prudt.lcl was detectable in homozygous mutants
(fig. S4). We confinned that the Taprss6 mutation
is responsible for the mask phenotype by bacterial
artificial ch (BAC) (figs.

REPO

Hamp is up-regulated in response to the in-
flammatory cytokines interleukin-6 (IL-6) (13)
and IL-1 (14}, which may collectively mediate
the anemia of chronic disease (15). It is also up-
regulated by the bone morphogenetic proteins
[e.2., BMP2, BMP4, and BMPO (7, 16)] and by
hemojuvelin (7). Our observation of low iron
levels coupled with high Hamp transcript levels
n mask mutants suggested that TMPRSS6 might
negatively regulate Hamp activation to promote
iron uptake. We hypothesized that the intact
TMPRSS6 protein, if overexpressed, might pre-
vent induced up-regulation of the Hamp pro-
moter. We tested this hypothesis by cotransfecting
HepG2 cells with a normalized Hamp reporter
construct (18, 19) and cDNAs encoding either
wild-type or mask mutant versions of TMPRSS6,
Either a cotransfected hemojuvelin- or Smadl-

encoding sequence—or stimulation with IL-la,
IL-6, BMP2, BMP4, or BMP9—was used to
induce the Hamp promoter (Fig. 4A and fig. §7).
TMPRSS6 ongly inhibited Hamp

85 and S6). Inroduction of a 197-kb piece of
genomic DNA containing the intact Tmprssé gene
and its 5'and 3' flanking clements rescued the hair-

anatomy databases indicate that the Thiprss6 gene
is expressed in a limited number of tissues, in-

wwwsciencemag.org  SCIENCE

reporter gene activation by each stitmulus, whereas
the mask mutant version of TMPRSS6 showed (at
most) a modest inhibitory effect. However, the

loss ph in four of four mutant  mutant TMPRSS6 appeared to retain some sup-
mice and rescued anemia and iron deficiency in  pressing activity, particularly with respect to its
three of four transgenic mice (Fig. 3) (/0). ability to block Hamp promoter responses to
B 14 L3 0
P :m
2 oy
Fl 2» L
By E g
2 » Colil
4 ® H .
o o - - —
ek Conirs! sk Cantrol
1 o Conkol-1
g s conkar2 E on
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i
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£\ «- Conkol2 k] 5 i
S m-\ * Conkol 3 ‘ ¥
F ; e ke mask  CSTBLISJ
= . : Fr—y = mesk2  Fig. 1. The mask phenotype. (A) Appearance of mask
3w . LI . mice at 4 weeks of age. (B} Anemia and iron deficiency in
E . imask h 1o 8 weeks of age. (Hb), mean red
ia " ' blood cell volume (M(V), and plasma iron levels in mask
& homozygote and control mice are shown. n = 4 mice for each
® 3 4 & s w 12 column. Eror bars represent 1 SD. (C and D} Retention of
Days post gastric ®Fe feeding radioactive iron administered intragastrically. In (C), mice were

maintained on a normal diet before instillation of iron. In (D), mice
were iron-depleted for 1 month before instillation of iron. (E} After measuring retention of *’Fe in iron-depleted mice, hepcidin mRNA levels were measured in
the liver of the same five animals as in (D), normalized to mRMA levels of ribosomal protein 518. Horizontal lines indicate mean values. Color coding is preserved for
individual mice. Regrowth of hair in the mouse shown in {A), 1 week (F} and 2 weeks (G) after initiation of a high-iron diet.
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Fig. 2. The mask mutation. (A} Schematic illustration of the transcripts resulting from the mutated
Tmprss6™ allele. The mutation site, at the acceptor splice junction upstream from exon 15, is indicated by the
black arrowhead; a premature stop codon is predicted as indicated by the asterisk. WT, wild type. (B) Illustration
of the coding change that results from the mutation (Simple Modular Architecture Research Tool (SMART)
diagram]. Tryp_SPc, trypsin-like serine protease: LDLa, low-density lipoprotein receptor domain class A.

IL- 1o and IL-6. Smadl-induced Hamp promoter
respanses were also blocked by normal (but not
truncated) TMPRSS6 (fig. S7).

We hypothesized that TMPRSS6 participates
in a transmembrane signaling pathway triggered
by iron deficiency and independent of the known
Hamp activation pathways. This putative pathway
would ultimately inferact with suppressive element(s)
in the Hamp promoter, inhibiting expression in re-
sponse to activating stimuli. To determine whether
the proteolytic activity of TMPRSS6 was essen-
tial to suppression of Hamp promoter activity, we
mutated the serine residue of the catalytic tiad o
alanine, and the protease-dead mutant was ex-
pressed in HepG2 cells together with activating
stimuli. The point mutation produced an effect
similar to that of the mask truncation, indicating
that proteolysis by TMPRSSG is integral to the
Hamp suppression mechanism (Fig. 4B). To ad-
dress whether TMPRSS6 might signal via its own
cytoplasmic domain, we designed two additional
constructs, termed delN and delC. delN retained
the entire TMPRSS6 ectodomain and membrane-
spanning domain, but the cytoplasmic domain
was replaced with a green fluorescent protein
{GFP)-encoding sequence. delC consisted of a
TMPRSS6 cytoplasmic domain and membrane
spanning domain, but the ectodomain was re-
placed with a GFP-encoding sequence. Both delN
and delC were membrane-expressed proteins, as
assessed by confocal fluorescence microscopy
(Fig. 4C). When overexpressed, both delN and
delC suppressed Hamp promoter activity more
strongly than the wild-type construct (Fig. 4D).

Interpreting these results in light of the fact that
an endagenous human TMPRSSS transcript is ex-
pressed by HepG2 cells, we infer that (i) TMPRSS6
is ina signaling pathway that suppresses Hamp ex-
pression; (if) the TMPRSS6 ectodomain represses
this signal, just as many receptor ectodomains en-
foree receptor silence i the absence of a specific

ligand (20, 21; and (i) the cytoplasmic domain
of TMPRSSG is integral to signal

g
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Fig. 3. Resaue of the mask phenotype by BAC trans-
‘genesk. Four founders (designated 49 0Q to 52 0Q)
were produced by microinjecting a BAC clone bear-
ing the WT Tmprssé sequence into single-cell embryos
homozygous for the mask mutation. Hemoglobin and
serum iron levels in each of the founders, in blood
sampled at 4 weeks of age, are shown. Bé controls,
age-matched C57BL/6] mice, n = 4 mice; non-
transgenic controls, Tmprssﬁ""”""’ littermates that
lacked the transgene, n = 4 mice. Error bars in-
dicate 1 SEM.

matrix proteins (/7). However, as demonstrated
by the mask ph:notype, a major function of this
profein is in iron ¥ TMPRSS6. diated

because when overexpressed in the absence of the
repressive etmd.muam, it amonomnusly drives a
Hamp of the

Hamp suppression permits adequate uptake
of fron fmm dietary smm:s Without Hamp

signal. O severe iron d supervenes
wild-type protein or the delN construct Suppresses despite “normal” dietary iron intake. Hepeidin-
Hamp expression, and the TMPRSS6 ectod mediated iction of iron ab ion operates

is only capable of signaling if it is capable of

protealysis. A model that would account for these
observations is presented in fig. S8.

To analyze Hamp promoter responses to ac-
tivating and inhibitory stimuli, we tested a series
of deletion constructs for activation by IL-6 ad-
ministered to HepG2 cells in the presence or
absence of TMPRSS6 overexpression. As litlle
as 140 base pairs (bp) of promoter sequence
(upstream from the cap site) d the

effectively over a range of iron concentrations,
encompassing that found in the diet of laboratory
mice. However, hepcidin cannot restrict the ab-
sorption of supraphysiologic concentrations of
iron, which occurs through pathway(s) that per-
mit uptake despite systemic iron overload (22).
Thus, mask mutants exhibit dramatic iron defi-
ciency when fed a standard diet but show
phe‘nulwu: normalization in response to oral ad-

of 2% carbony! iron (Fig. |, Fand G,

TMPRSS6-mediated blockade of reporter gene
activation. The full activating effect of IL-6 re-
quired roughly 260 bp of promoter sequence (Fig.
4E). A proximal repressor element in the Hamp
promoter thus mediates inhibition by a TMPRSS6-
dependent signal, although it has yet to be deter-
‘mined whether other repressor elements are active
within more distal portions of the promoter.

The Tmprss6 locus has not been targeted in
mice. TMPRSS6 is known to cleave extracellular

and g, 9, The meckianierm of Rair Joge in mask
homozygotes remains 1o be established. It is of
note that severe iron deficiency is associated with
‘hair loss in humans (23) as it is in mice (24).

It has been suggested that the proteins hypoxia-
inducible factor la (Hif-1a) and growth and dif-
ferentiation factor 15 (GDF15) participate in the
physiologic response to body iron attenuation.
Hif la is a transcription factor regulated by the
iron-dependent proly!-4-hydroxylase (PHD2) (25)

23 MAY 2008 VOL 320 SCIENCE www.sciencemag.org
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Fig. 4. Effect of WT or mask mutant TMPRSS6 expression on Hamp promoter
responses. HepG2 cells were transfected with a full-length Hamp promoter
reporter construct in all experiments shown in (A), (B), and (D) and with a
normalizing renilla luciferase construct. Tmprssé, full-length construct encoding
the native protein; ngrssﬁ"‘, the truncated mutant sequence expressed by
‘miask mice; Tmprssé™*2", protease-dead Tmprssé mutant (57624, Ser’*2-»Ala™?).
delN: GFP cytoplasmic domain, and TMPRSS6 transmembrane and ectodomain;
delC: GFP ectodomain, and TMPRSS6 transmembrane and cytoplasmic domains.
(R) The effect of Tmprssé and Tmprss6™ on Hamp promoter activity in cells
cotransfected with a hemojuvelin (HjW—encoding vector or stimulated with
BMPZ, BMP4, BMP9, IL-6, or IL-1c.. (B) Comparison of the Hamp promoter-
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suppressing effects of Tmprssé, Tmprss6™, and Tmprssé™** in cells sub-
jected to the stimuli indicated. (C} Localization of delN and delC constructs in
HepG2 cells by confocal fluorescence microscopy. (D) Comparison of the
Hamp promoter-suppressing effects of Tmprssé, Tmprsss"", delN, and delC
constructs in cells subjected to the stimuli indicated. (E) Response of Hamp
promoter deletion constructs to induction by IL-6 (length indicated with re-
spect to the cap site) and the relative suppression of responses by cotrans-
fection with Tmprss6 or Tmprss6™* constructs. In all experiments [(A) to (E)],
duplicate transfections were performed. Incubations with cytokines were per-
formed for 16 hours before luminescence was read to estimate hepddin pro-
moter activity. Error bars indicate 1 SEM.

and responds both to low cellular iron concen-
tration and to hypoxia (26-28). GDFI5 is a cir-
culating transforming growth factor—f superfamily
member that suppresses Heamp expression, albeit
under conditions of iron overload, in the context
of thalassemia (29). Either of these proteins might
be elements of the TMPRSS6-dependent pathway
as we have described it However, the genetic
evidence presented here demonstrates that neither
Hif-la nor GDF15 supplants the function of
TMPRSS6 under standard feeding conditions.
We also note that the TMPRSS6-dependent pathway
predominates over all known Hamp-activating
pathways, because overexpression of TMPRSS6
can nullify—in part or in full—the hepeidin-
inducing effects of hemojuvelin, BMP2, BMP4,
BMP9, Smadl, IL-1, and IL-6.

Because overexpression of TMPRSS6 blocks
activation of diverse pathways for up-regulation
of hepeidin, we anticipate that overexpression or
dysregulation of TMPRSS6 might cause iron

averload, whereas mutational inactivation of
TMPRSS6 (as in mask mice) would lower body
iron content. From a therapeutic standpoint,
TMPRSS6 activation might block cytokine-
mediated anemia during chronic disease, and se-
lective antagonism of TMPRSS6 might be used
in the treatment of systemic iron overload (hemo-
chromatosis). With regard to its olfactory and vom-
eronasal expression, we suggest that in addition
to signaling hepatocytes of iron deficiency,
TMPRSS6 may alert olfactory neurons and
thereby engender iron-secking behavior under
conditions of iron starvation. Further work will
be required to determine whether this is the case.
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The Right and the Good: Distributive
Justice and Neural Encoding of
Equity and Efficiency

Ming Hsu,** Cédric Anen,z‘ Steven R. Quanz’f

Distributive justice concerns how individuals and societies distribute benefits and burdens in a just or
moral manner. We combined distribution choices with functional magnetic resonance imaging to
investigate the central problem of distributive justice: the trade-off between equity and efficiency. We

found that the putamen responds to efficiency, whereas the insula encodes i
caudateiseptal subgenual region encodes a unified measure of efficiency and inequity (utili
Notably, individual differences in inequity aversion correlate with activity in

uity, and the

inequity and uﬁh?‘.‘j

regions. Against utilitarianism, our results support the deontological intuition that a sense of fairness
is fundamental to distributive justice but, as suggested by moral sentimentalists, is rooted in emotional
processing. More generally, emotional responses related to norm violations may underlie individual
differences in equity considerations and adherence to ethical rules.

magine driving a truck with 100 kg of food to

a famine-siricken region. The time it would

take you to deliver food to everyone would
cause 20 kg of food to spoil. If you delivered
food to enly half the population, you would lose
only 5 kg. Do vou deliver the food to only half
the population to maximize the total amount of
food, or do you sacrifice 15 kg 1o help everyone
and achieve a more equitable distribution?

This dilerma illustrates the core issues of dis-
tributive justice, which involves trade-offs between
considerations that are at once compelling but that
cannot be simultaneously satisfied. More generally,
distributive justice concems how individuals and
societies allocate benefits and burdens in a just or
moral manner, and it is central to social choice
theary, moral psychology, and welfare econamics
(1-3). Despite the long history of work on dis-
tributive justice, however, its psychological and
neural underpinnings remain poorly understood,
nmuch of it centering on o long-standing debates.

The first debate concems the role of equity and
faimess: Is it more just to maximize some overall
gmyd (such as well- bcmg) independently of its

exemplified by Mill and Harsanyi, maximize the
good, or efficiency. In its simplest form, this in
volves maximizing the sum of individual utilities,
imespective of equity (4). In contrast, deontolog-
ical theories of distobutive justice maintain that the
right {e.g., equity) is prior to the good and that an
action can maximize the good and vet be morally
wrong if it violates a deontological principle, such

‘tion of equity and efficiency. First, we hypothestzed
that reward regions, such as the stiatn, would be
involved in encoding utility and efficiency. A wide
variety of decision-making studies indicate the in-
volvemnent of dopaminergic regions, such as the
striatumn, in reward computation and reward leam-
ing (43, 14), including indircct rewards such as
charitable giving and punishment of free-riders in
public-goods games (15, 16). More recent evi-
dence has implicated nearby paralimbic regions,
especially the septal-subgenual area, in altruism
and secial attachment (17, 18).

Second, we hypothesized that emotional sys-
tems, particularly the insular cortex, would be
involved in the encoding of inequity, as recent
waork has demonstrated the important role of the
insular cortex in faimess and empathy (9, 19, 20).
‘We also note the deep connection that exists in
economic theory between decision-making under
uncertainty and the measurement of inequity
(2J-23). This connection is of particular rele-
wance in light of growing evidence that the in-
sular cortex is involved in risky decisions and risk
perception (24, 25), as well as a possible sepa-
ration in the encoding of reward and risk (25)
Finally, we speculated that differential activation
of reward and emotional regions may reflect their
trade-off between efficiency and equity and that
such differential activation may correlate with in-

dividual di in these decisions.

as a rule, right, or duty. (X v
of deontological theories, most notably Rawls,
observe the near universality of faimess norms
and argue that this sense of faimess underlies
institutions and society as a whaole, thereby gen-
erating the notion of “justice as faimess” (5).

A second debate concerns the involvement of
emotion in distributive justice. A prominent cog-
nitivist tradition, including such philosophers as
Plato and Kant, emphasizes the role of reason in
resolving the trade-off between the right and the
good, as do many contemporary thinkers includ-
ing Rawls and Harsanyi (4, 5). In psychology, a
prominent cognitivist view suggests that a sense
of justice emerged as a developmental canse
quence of formal and abstract cognition (2). An

or must its distribution satisfy certain
criteria (such as equity), even if it results in less
overall well-being? Utilitarian theories of justice,
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tradition, including moral sentimen-
talists such as David Hume and Adam Smith,
argues that disirbutive justice is rooted in emo-
tions, such as sympathy and empathy (6, 7).
Although these debates remain unresolved,
recent warks in related fields—including moral
Jjudgment and economics—provide converging
evidence of the interplay between emotion and cog-
nition (&, 9), as well as the impontance of faimess
{10-12), in individual and social decision-making.
Based on these findings, we hypothesized that dis-
tinct neural substrates may underlic the representa-

To investigate the neural foundations of dis
tributive justice, we employed a novel dis-
tribution task in conjunction with functional
‘magnetic resonance imaging (PMRI). During func-
tional brain imaging, 26 adult participants (nine
males, mean age of 39.2 years, age range of 29 to
55 years) made decisions about how to allocate
money 1o a group of children living in an arphan-
age in northem Uganda (23). Each group of thee
children was endowed by the experimenters with
85, the monetary equivalent of 24 meals per
child We denominated allocations in meals to
give participants an approximation of the purchas-
ing power of the monies being donated (23). In
cach trial, participants decided whether varying
allocations of money, denominated in meals,
would be taken away from either of two groups
of children; the participant’s choice was to decide
from whom to take. Participanis donated $87 on
average (for a total of $2279) to the charity (23).

This design allowed us 1o parametrically vary
the relative efficiency and equity of the alloca-
tions, providing a quantitative framework to eval-
uate participants® choices (fig. 53). Specifically,
‘we used an inequity-aversion model in which in-
dividuals trade off between equity and efficiency
{26). The additive nature of the model, together

23 MAY 2008 VOL320 SCIENCE www.sciencemag.org



wnhthcdmpnf&cﬂpmmmlmwhnhaﬂuw
and efficiency were vared i ly, al-

fn:tnah (Fig 1 and movies S1 and $2), allowing
t-related MRI analysis and a search

lowed us to create nﬂhugmalmgrmsmanda(—
plore the possibility of separate neural encoding
of these two variables {23). The dynamic nature
of our task partitioned the temporal ordering of

Fig. 1. Timeline and ani-
‘mation stills of experimen-
tal design. (A) Display: A
projectile begins moving
across the screen toward
two groups of children.
‘The number of meals each
child can potentially lose
{from an initial endow-
ment of 24) is given next
1o the picture of the child.
The position of the lever in
the middle of the screen
denotes the default group
of children that will lose

7.5 sec ?

may switch the lever
(Switch) to direct the pro-
jectile toward the other
group of children. The
participant may only
saitch the lever once and
has 35 s to do so. (€
Lever: Once the proj

hits the lever, the partici-
pant can no longer switch
it. The projectile continues
‘o move toward the group
of children from whom the
participant has chosen/
allowed the meals to be
taken away. (D) Hit The
projectile touches the box
surrounding the pictures;
the box changes color and
remains _highlighted for
35 5. (E} Feedback: After
a blank screen of random
duration (uniformly  dis-
tributed from 110 3 5), a
feedback screen (2 5) in-
forms the participant how
many meals each child re-
ceived. Subsequent trials
are separated by a blank
screen of random duration
{uniformly distributed from
5t079.

3.5sec ?

6.6sec |

3.5sec

~2sec |

REPORTS I

Behaviorally, the group inequity-aversion pa-
mmmamwsu-ﬁ%tlﬁs(z.ﬁ[n

fm' pn.m'h]e i neural at  addition, 1 1l estimates
various decisi stages, as ime i ial ﬂuwedmmualvmnm (ﬁg $4 and table $3)
variable in brain involved in reward and (23),wh|d|ﬁmhﬂllluwudushuseﬂ|==m-

sysiems
leaming (/3) and models of decision-making (27).

If Switch

equity-aversion attitude as a

- B
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between-participant measure in the neuroimaging
data analysis.

standard regression techniques (23). An event-related
design was used where regressors were included for
the various events of the trials (Fig. 1). Interaction
temns corresponding 0 efficiency and equity, o
utility, were added as parametric repressors (23).

We first searched for regions that respond ©
both efficiency and inequity in the form of the hy-
pothesized utility function (23). Figure 2A shows
activation of a region overlapping with the caudate
head and the septal-subgenual area, with respect o
the marginal wiility of participants’ choices (AU)
during the “Hit” event only (23). The activation
was driven by both marginal :I?ﬁ:imr:y (AM) and
marginal inequity (AG) and is the only region that
survives al the uncorrected threshold of P < 0.001
(Fig. 2A). Furthermore, because AL was caleu-
lated with the group-level inequity-aversion param-
eter @, the inequity-aversion mode! predicts that
the coefficents would be negatively comelated
with the individual inequity-aversion estimates.
That is, individuals with higher neural responses
to inequity would reject the inequitable allocation
in favor of one that is more equitable. Figure 2B
shows that this is indeed the case (Spearman p =
—0.419, P < 0,02, two-tailed) (28)

Next, we looked for the hypothesized sepa-
ration in neural regions encoding efficiency and
equity. Figure 3A shows hilateral putamen acti-
vation with respect to M, the efficiency of cho-
sen allocations, during the “Display” event only
and again is the only region that survives at the
uncorrected threshoid of P < 0.001 (23). Unlike
the AU region, however, the putamen is cor-
related only with efficiency rather than inequity
(Fig. 3B) and is also not comelated with indi-
vidual inequity-aversion parameters (table $3)

In contrast, we found that activity in the
bilateral insular cortex is significantly correlated
with AG during the Display (and also the
“Switch”) event (Fig. 4A and fig. 54). The amount
of inequity reduced by the participant’s choice is
therefore a menotonic function of insular activa-
tion. Furthermore, activity in the insula is not
significantly comelated with measures of effi-
ciency (Fig. 4B). Strikingly, we found that the
individual p values of AG are significantly
negatively correlated with individual nequiry-
aversion parameters (Fig. 4C). Therefore, as in
the ultimarum game (UG) {¥), high insula activity
is associated with passing over the inequitable
allocation and choosing the equitable allocation
[the allocation of (0, 0) in the UG] (fg. S7 and
table S4). This also supports the more general
proposed role of insula in nomm viclation (29)
and the idea that individual di ces arise from
dsﬂ‘mng sensitivity to inequity norms. That is,

who receive strong ive affective
signals may be more sensitive to violating fair-
ness norms and hence adhere more 1o deonto-
logical norm following, whereas those who do
not are influenced primarily by efficiency. As per-
sistent violation of social norms is symptomatic of

!/

S/

Fig. 2. (A} Glass brain and coronal sec-
tion of caudate head where activity is
significantly correlated with AU (P < 0.001,
cluster size k > 10} and utilities are cal-
culated with group-level inequity aversion
@ = 6.9. (B) Correlation of mean beta value
of Al/in caudate head and participant-wise a
(Spearman p = —0.42, P < 0.05, two-tailed).

Bela Valus (AL} @
. ow e o@ o~

1
- &

Fig. 3. (A) Glass brain and
axial section of bilateral pu- = =
tamen where adtivity is pos- T
itively correlated with i

(P < 0.001, cluster size k >

10). (B) Dissociation betwveen 5y
Mc and Gc in left and right |
putamen. G, chosen gini.

Error bars indicate SEM.

z=6

conduct disorder, our finding of an affective basis
to nonn following may also have important im-
plications for understanding the disruption in nomn
following in clinical populations (36).
Investigations of distributive justice reach back
o the beginning of philosophy and have important
social, political, and economic implications (23).
Our results show how the brain encodes two con-

o 5 0 15 20
Inequity Aversion Parameter ()

B M,

Beta Values

i

L Putamen R Putamen

central to th
and shed light on the cognitivist/sentimentalist de-
bate reganding the psychological underpinnings of
distributive justice. Specifically, the dissociation
between the inequity regions on the one hand and
the efficiency regions on the other supports the
inequity-aversion model we employ, in that indi-
wvidual differences in choice behavior arise from

23 MAY 2008 VOL 320 SCIENCE www.sciencemag.org



Fig. 4. (A) Activation in the bilateral A
insula during the Display event & neg-
atively correlated with inequity mea-
sure AG (P < 0.002, cluster size k >
10). (B) Dissociation between AG and
AM in the insula. Error bars indicate
SENL (C) Correlation of mean beta value
in the insula and participant-wise o
(right insula: Spearman p = -0.41, P <
0.05, two-tailed; left insula: p = —0.36,
P < 0.1, two-tailed).

participants placing different weights upon inequi-
ty, as opposed 1o efficiency. In addition, we note
the substantial degree to which activations reported
abave ae i and It
uted across the relevant evenis of inferest {tables
S5 10.S14). That is, M. is activated in the putamen
only during Display, AG is activated in the nsula
during Display and Switch, and AU is activated in
the caudate/septal region during Hit. The anatom-
ical separation implies that computation of the
hypothesized inequity-aversion utility is distributed
in the brain in much the same way that expected
reward and risk are proposed to be distributed
(25). In addition, the separation suggests a role
for the region around the caudate head/septal-
subgenual system in infegrating multple values
into an social evaluatory signal, which is consist-
ent with previous studies implicating this region
in social attachment, trust, and charitable givings
(16-18). The temporal separation supports the
long-standing distinction between decision utility
and experienced wility specifically, and multiple
representations of utility in general (27). More
broadly, our results support the Kantian and
Rawlsian intuition that justice is rooted in a sense
of faimess; yet contrary to Kant and Rawls, such
a sense is not the product of applying a rational
deontological principle but rather results from

ional processing, providing suggesiive evi-
dence for moral sentimentalism,
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New Products

Syngene

Multimode Microplate Reader

The Infinite M1000 offers flexibility, sensitivily, and speed for a
wide range of detection modes, and has been optimized for time-
resolved fluorescence energy transfer assays as well as glow
luminescence, fast luminescence, and dual-color luminescence
assays. The Infinite M1000 provides the sensitivity and speed
typically associated with filter-based systems. The platform can
be upgraded with new detection modes. The system provides
high-quality performance for a broad spectrum of applications,
including the latest biomalecular assays for primary and secondary
screening, receptor-ligand binding studies, cell-based assays, and
ultraviolet fluorometry-based applications. The Infinite M1000 has
an optional state-of-the-art injector module for up to two injectors,
and can be combined with a stacker module or fully integrated with
the Freedom Evo series of automated liquid-handling workstations.
Tecan

Forinformation +41 44 922 81 11

www lecan.com

Silica-Like Beads

Two new kits, Dynabeads Silane viral NA and Dynabeads Silane
genomic DNA kits support isolation of low titers of viral RNA
and DNA and pure genomic DNA of high integrity, respectively.
Dynabeads provide highly predictable and reproducible isolation
of total nucleic acids from biological samples. These validated
magnelic beads can be used for both high-sensitivity in vitro
diagnostic assays and high-capacity applications. They are uniform
in size range distribution, surface area, and binding capacity to
provide consistent assay reproducibility and results.

Invitrogen

For information 800-955-6288

www.invitrogen.com

Fast Raman Imaging

SWIFTand DuoScan are twonew fast Raman scanning technologies.
SWIFT {scanning with incredibly fast times) enables measurement
times so fast that a 50,000 spectrum image can be obtained in six
minutes. It can be used with a choice of detectors and makes use
of either standard motorized mapping stages or piezo stages for
use when very small step sizes are required. DuoScan introduces
a method in which scanning hardware enables the image pixel
size lo be chosen to malch features of interest, enabling opti-
mized mapping speeds. Unlike many Raman imaging methads,
the DuoScan retains the full confocal advantage of the Raman
technique without restrictions on laser wavelength. Combining

Fluorescent Dye Imaging

The RGB Lighting Module for the G:BOX chemiluminesence imaging and documentation
systems is designed to provide the flexibility to quickly image gels or blots stained with
commercially available fluorescent and visible dyes. The madule has 84 high-intensity
LEDs providing red, blue, green, and white light. Additional slots in the module also
allow the fitting of ultraviolet tubes emitting light of 365 nm or 254 nm. The module,
which can be fitted to the complete range of G:BOX chemiluminescence systems, is
fully computer-controlled, as is the filter wheel.

For information 800-686-4407
Www.syngene.com

SWIFT and DuoScan can result in unprecedentedly fast mapping
of large samples.

Horiba Jobin Yvon

Forinformation 800-446-7422

www horiba.com

Sequence Analysis Software

Anew suite of “Next Generation” software for sequencing systems
features single nucleotide polymorphism mutation analysis and
expression, target sequence, and de novo assembly modules for
data generated by the Illumina Genome Analyzer (Solexa), 454
Genome Sequence FLX, and Applied Biosystems SOLID sequencing
systems. The programs are designed to deliver rapid assembly and
accurate analysis of the vast amounts of information generated by
these instruments.

SoftGenetics

Forinformation 814-237-9340

www.soflgenetics.com

Endothelial Cell Invasion Kit

The Cultrex Endothelial Cell Invasion Kit for measuring early
angiogenesisinvitroisdesigned to accelerate the screening process
for compounds that influence vascular endothelial cell invasion
and migration across the basement membrane. The kit offers a
flexible, standardized, high-throughput format for quantitating the
degree to which endothelial cells penetrate a barrier of basement
membrane extract, in vitro, in response to chemoattractants or
inhibiting. The assay features a simplified Boyden chamber-like
design with a basement membrane-coated 8-micron polyethylene
terephthalate membrane.

Trevigen

Forinformation 800-873-8443

www.trevigen.com

DNA from Blood

The versatile UltraClean Blood DNA Isolation Kit can isolate DNA
fram whale blood in samples ranging from 300 microliters to 1 liter.
The kit is based on a unique way of separating lymphocytes and
lysing them to recover pure genomic DNA. The DNA is ready for
applications such as polymerase chain reaction, restriction digest,
and microarrays. This kit can also be used on other body fluids
such as semen, saliva, buccal cells, and bone marrow.

Mo Bio Laboratories

For information 800-606-6246

www.mobio.com

Electronically submit your new product description or product literature

1 Go to /mewp At for more informaticn.

Newly offered instrumentation, apparatus, and laboratary materials of interest to researchers in all disciplines inacademic, industrial, and governmental organiza-
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