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CLIMATE CHANGE

The Sensitivity of Polar Ozone Depletion to Proposed Geoengineering
Schemes

5. Tilmes, R. Miiller, R. Safawitch

Caleulations imply that injection of sulfur into the aimesphere to counteract global
warming would threaten the ozone layer, as occurred after the Mount Pinatubo
eruption.

10.1126/science. 1153966
IMMUNOLOGY
Coordination of Early Protective Immunity to Viral Infection by
Regulatory T Cells

J. M. Lund, L. Hsing, T. T. Pham, A. Y. Rudensky
In mice infected with herpes virus, an usually immunosuppressive T cell is necessary
for rapid arrival of immune cells and elevated cytokine levels at the site of infection.

PLANT SCIENCE
Cell Identity Mediates the Response of Arabidopsis Roots to Abiotic Stress

). R Dinneny et al.

In Arabidopsis root tips exposed to high ity or iron deficiency, clusters of genes
are induced that are unique to one or both of these stress responses.

>> Plant Genames section p. 465

10.1126/science. 1153795

PLANT SCIENCE

Scale F
and Proteome Dynamics
K. Baerenfaller et al.
The Arabidopsis proteome shifts as the plant develogs, and proteins not predicied
from genome analysis, some derived from introns and pseudogenes, are expressed.
>> Plont Genomes section p. 465
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I H. Burbine t

A One-Sided Signal 458
G. D. Faim and S. Grinstein e
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M. Marquis and P Tans
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D. L Johnson and 5. A. S. johnson

Y
Molecular Phylogenetics of Mastodon and 499

Tyrannosaurus rex

C L Organ et al.

Phylogenetic analyses of collagen protein fragments from fossils
and 21 extant organisms group mastadons with elephants and
Tyrannosaurus rex with birds.

RESEARCH ARTICLE

GEOCHEMISTRY

Synchronizing Rock Clacks of Earth History 500
K. F. Kuiper et al.
Tying an argon-argon dating standard to a section dated with
Earth’s orbital variations yields older ages for the standard and
far other events, including the K-T boundary. t
REPORTS

LS SCIENCE
Sign Change of Poisson's Ratio fer Carbon 504
Nanotube Sheets
L. J. Hali et al

When stretched, a sheet made of carbon nanatubes contracts
or expands.in the opposite direction, depending on how many
muitiwalled tuses form zig-zaq networks
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REPORTS CONTINUED...

MATERIALS SCIENC
Stretchable and Foldable Silicon Integrated Circuits 507
D.-H. Kim etal.

High-performance, bendable, and stretchable electronic devices

are fabricated on an elastic plastic substrate by placing the critical
electranic components in the neutral bending plane.

APPLIED PHYSICS

Near-Field Plates: Subdiffraction Focusing with 511
Patterned Surfaces

A Grbic, L Jiang, R. Medin

Agrating near the focal plane can focus microwave radiation

10 a spot size well below the dilfraction limit.

PLANETARY SCIENCE

Ancient Asteroids Enriched in Refractory Inclusions 514
J. M. Sunshine et al.

Spectral data imply that some asteroids contain higher
concentrations of early solar system grains and materials

than are found in any sampled meteorite.

CLIMATE CHANGE

Human-Induced Arctic Moistening 518
5.-K. Min, X. Zhang, F. Zwiers

Comparison of 22 climate models to ahservations show that

human activity has increased precipitation in the Arctic over

the past 50 years, aliering its timing and distribution.

BIOCHEMISTRY

Efficient Inh n of the Alzheimer’s Disease 520
P-Secretase by Membrane Targeting

L Rajendran et al.

Tethering an inhibitor to a membrane anchor renders it effective
against a membrane enzyme that creates the amyloid fragments.
deposited in Alzheimer's disease, even in vivo,

MEDICINE

Plastin 3 Is a Protective Modifier of Autosomal 524
Recessive Spinal Muscular Atrophy

G. E. Oprea et al.

Expression of a protein that promotes axonal growth can compensate
for the gene deletion in spinal muscular atraphy, indicating that
axonal growth deficiencies cause the disease.

CELL BIOLOGY

Role of C. elegans TAT-1 Fmtem in Mamlamlng 528
Plasma Phi ine Asy y

M. Darland-Ransam et al.

A phospholipid translocase enzyme keeps a critical membrane lipid
lacalized to the inner leaflet of the cell membrane so it does not
trigger enguliment by immune cells.

samua

458, 528, & 531

VIROLOGY

Vaccinia Virus Uses Macropinocytosis and Apoptotic 531
Mimicry to Enter Host Cells

J. Mercer and A. Helenius

To inlect host cells, vaceinia virus exposes phosphatidylserine on its
surfaces, which signals host cells to recognize the virus as cellular
debris and fake it up for clearance.

CELL BIOLOGY

Encoding Gender and Individual Information in the 535
Mouse Vomeronasal Organ

I He, L. Ma, 5. Kim, . Nakai, C. R. Yu

can recognize the pheramenes from individual mice through
unique patterns of receptor activation in the vomeronasal organ.

GENETICS

Rare Structural Variants Disrupt Multiple Genes in 539
Neurodevelopmental Pathways in Schizophrenia

T Walsh et al

Patients with schizophrenia carry multiple small deletions and
duplications in their DNA that are assaciated nonrandomily with
neuronal signaling and brain development pathways.

EVOLUTION

Metabolic Diversification—Independent Assembly of 543
Operon-Like Gene Clusters in Different Plants

B. Field and A. E. Oshourn

Through strong selection, similar clusters of genes for triterpene
biosynthesis have arisen independently through gene duplication
and neolunctionalization in several plant lines.

GENETICS

Mechanism of Self-Sterility in a Hermaphraditic 548
Chordate

¥. Harada et al.

The sea squirt prevents sell-fertilization with fwo genetic laci,

each of which encodes a tightly linked sperm-egq receptor-ligand
pair, a system similar to that of llowering plants.
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wesvsciencenow.org DAILY KEW ERAG
Mutation Makes Good Medicine

Gene variant works like hearl-sparing drugs in many
African Americans.

Sleep Deprivation for Germs

Study suggests new way lo target persistent bacteria.
Gene Studies Tell Placenta's Tale

Hother-fetus lifeline evolved from a combination of
ancient and new genes.

T. gondii escaping from host cells.

SCIENCE SIGNALING
vaww.sciencesignaling.org

PERSPECTIVE: Notch Signaling in Osteoblasts

E. Canalis

Notch signaling plays a role in bane remodeling by inhibiting
the differentiation of osteablasts and osteaclasts.

PERSPECTIVE: Back from the Dormant Stage—Second
Messenger Cyclic ADP-Ribose Essential for Toxoplasma
gondii Pathogenicity

A H. Guse

The protozean parasite T, gondif uses a plant-like signaling pathway
to exit host cells.

CREDITS: (SCIENCE CAREERS) 5. SEEGER; ISCIENCE SIGNALING] P. HUEY
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Plumbing the Green Genome
S. Wiltiams
Plant genomics addresses several of the world's most pressing problems.
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| Research career on the fast track.
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Young Swedish Scientist Reveals Fast-Track Career Secrets

L. Laursen

By age 35, Thomas Helleday was heading labs inlwo countries

and winning several awards.

Educated Woman, Postdoc Edition, Chapter 15: This Strange,

Funny Feeling

M. P. DeWhyse

Could Niicella's new feeling be joy?

10 Years Ago This Week: Dysfunctional Advisee-Adviser Relationships

P Fiske

Students know the nature of an adviser’s esteem and the risks

of too much candar.

SCIENCEPODCAST

Download the 25 April Saence
Podcast to hear about how mice
process pheromones, future

= e directions for plant genomics,

-, a radical treatment for diabetes,
and more.

wnesciencemag. org/abeutipod cast it

Separate individual or institutional subscriptions to these products may be required for full-text access.
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Dating Fish Canyon Tuff

A major uncertainty in accurate dating using the
common Ar-Ar method is that it requires a stan-
dard, and current uncertainties in the standards
themselves are about 1% (or 1 million years ina
100-millian-year-old age). One way ta imprave
the calibration is calibration against an astro-
namically dated rock section in which many
orbital cycles are preserved in a cyclically lay-
ered sediment sequence, Kuiper et al. (p. 500;
see the news story by Kerr} do this comparison
for the Fish Canyon Tuffin Colorado, one of the
main geachronolagic standards, reducing its age
uncertainty to about 0.1%, which reveals an
older primary age far the standard. This finding
changes the age estimates of several meteorites
and the K-T boundary.

Arctic Rain

Global warming is expected to affect the

amount and pattern of precipitation all over the
2 world, but such changes are difficult to detect,
and to attribute to human influence. One area
in which precipitation is anticipated to change
most dramatically is in the Arctic. The Arctic is
alsa of particular interest because of its contri-
bution to the Meridional Overturning Circula-
tion of the North Atlantic Ocean, which itself
exerts a fundamental contral an climate. Min et al.
(p. 518} compare observations of precipitation
with simulations from 22 coupled-climate mod-
els and conclude that the amount of rainfall in
the northern high latitudes (abave 55°N) has
increased considerably over the last 50 years.
The anthropagenic influence is consistent with
5 earlier reported increases in Arctic river discharge

BECKMAN

EDITED BY STELLA HURTLEY

A at

<< Bend Me, Stretch Me

Flexible electronics have been developed using conduct-
ing organic materials, but their performance is much
poorer than that ol inerganic materials. Kim et al.
(p. 507, published online 27 March) have developed a
way te combine nanoribbens of silicon with thin plastic or
rubbery substrates te create robust, flexible, and bendable
electronics without sacrificing electronic performance. A
key feature of their design is that the electronics layer lies
in the neutral bending plane which experiences almost ne
strain, even when the overall device is very bent.

and sea-surface water freshening, and confirms
one more way that human activity has modified
the environment.

Exploring Space Dust

Grains rich in calcium and aluminum oxides (CAls)
are thought to be some of the first materials to
have candensed in our solar nebula. The oldest
meteorites contain about 109 of these grains.
Sunshine et al. {p. 514, published anline 20
March; see the Perspective by Burbine) compare
labaratary spectra of these grains with spectra
obtained from several asteroids
and show that these asteroids
may contain 30% CAls. The
high abundance of CAls might
indicate that these bodies
formed extremely early in aur
solar system and, if so, may be
worth examining further for
other material reflecting this
time period.

Beyond Carbon Paper

As a cork is stretched or compressed, there are
only minimal changes in shape in the radial
direction, which is due to cork’s near-zera
Poissan’s ratio. Most materials have a positive
Poissan’s ratio, while a few, like some palymer
foams have a negative ratio, so that they actu-
ally expand in the lateral direction as they are
stretched. Hall et al. (p. 504) now describe the
creation of a paper-like material from mixtures
of single and multiwalled carbon nanatubes. By
varying the fraction of multiwalled tubes, they

cauld change the in-plane Paisson’s ratio fram
positive to negative values. This tunability was
due to changes in the bending and stretching of
the papers with compositian, which could be
described by a simple model.

Location, Location
Ratianal drug design often invalves the production
of small molecule inhibitors of specific stepsin a
pathological pathway. Rajendran et al. (p. 520)
describe the design of inhibitars of a key event in
Alzheimer’s disease pathology, an event that
oceurs at a particular intracellular
membrane: the B-secretase—mediated
cleavage of the amyloid precursar
protein (APP} in endosames. Atransi-
tion-state inhibitor that inhibits puri-
fied B-secretase failed to inhibit B-
secretase in the cellular context. How-
ever, anchoring the very same
inhibitor to the membrane, which pro-
moted its delivery to the endosomes,
enabled it to inhibit B-secretase effec-
tively both in cultured cells and in two animal
model systems, mouse and Drosaphila.

Plastin Protection in SMA
Spinal muscular atraphy (SKA) is a neuromuscu-
lar disorder that leads to death early in child-
haad in more than half of the patients. It is
caused by the homozygous deletion of the sur-
vival motor neuron gene 1 (SMN1), but the
severity of the disease is influenced by the copy

Continued on page 423
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REDIT. .. MERCER/ETH, ZURICH

This Week in Science

Continued fram page 421

number of the highly homologous SMN2 gene. However, in rare instances, siblings with identical
SMNT mutatians, identical SN2 copy numbers, and identical haplotypes have completely different
phenotypes: Some are affected while others are fully asymptomatic. This discrepancy suggests the
influence of independent madifying factors capable of protecting against SMA. By differential expres-
sion analysis using RNA from six SMA discordant families, Oprea et al. (p. 524) identified plastin 3 as
a candidate protective modifier against SMA, The influence of plastin 3 upon the SMA phenatype was
mainly due to expression variability, which is often triggered by transacting factors.

Distinctive Individual Smells

Pheromones are critical for social (ummum‘(atinnin many animals. A lot of information about an animal’s
status is d in the complex phy P in urine. In mice, detection of such complex
chemical signals by the vomeronasal argan (VNO) plays an important role in triggering endacrine
changes and eliciting stereatyped innate behaviars. He et al. (p. 535) developed a system ta probe neu-
ronal receptar dynamics using genetically encaded fluorescent sensors. They observed distingt popula-
tions of VNG neurons that responded specifically to male and to female urine signals. Mouse strain and
individual were d ined by bi | activation acrass a population of neurons, Such
combinatorial activation was unique, allowing each individual animal to be discriminated and recognized.

Exploiting Surface Phosphatidylserine

Many animals use the presence of the phosphalipid, phasphatidylserine (PS), on the outer leaflet of the
plasma membrane as a way to recagnize and destroy apoptotic cells by phagacytic engulfment. In this
issue, two papers illustrate the differential roles played by PS in normal cells and during virus infection
(see the Perspective by Fairn and Grinstein). Darland-Ransom ef aL. (p. 528) identified an enzyme in
@ habditis efegans, hospholipid translocase 1 (TAT-1}, which appears normally to restrict PS
to the inner side of the plasma membrane. Animals lacking TAT-1 had increased PS on the cell surface and
random cells were lost from the animals in a process that depended on PSR-1, a PS receptar invalved in

the clearance of apoptatic
cells. Mercer and Helenius
(p. 531) used live cellimag-
ing to follow vaccinia virus
entry into tissue culture cells.
Viruses first bound to actin-
rich cell-surface protrusions,
filopadia, along which the

viruses surfed to the cell body. At the cell body the incoming virus stimulated its own uptake, due to the
presence of PS5 on the viral membrane, mimicking the uptake of apoptotic cell carpses.

Genetics of Schizophrenia

Although camplex disorders such as schizophrenia have a heritable component, identifying the
genetic components associated has been very difficult. Walsh et aL. (p. 539, published anline 27
March) found that multiple, individually rare, structural mutations (genomic microdeletions and
microduplications) occurred more frequently in 150 individuals with schizophrenia than in contrals,
The enrichment was more than threefold among schizophrenia cases generally and more than four-
fold among s(hlmphrema cases with onset by age 18. The genes disrupted bythe gsnomv( break-

points of mutations in the schizophrenia patients were not random, but were disp, mem-
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Animal Self-Sterility Genes
Self-sterility is widely observed among hermaphroditic plants and animals, Although insights have
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nisms. Harada et al. (p. 548, published online 20 March) now show that self-sterility in the P
ditic chordate Ciona intestinaiis is controlled by two genetic loci. The selfy If-discriminating gamete
interactian takes place on the basis of allele-specific molecular interactions between fibrogen-like li-
gands on the egg coat and sperm-borne polycystin 1-like receptors, which are homologs of the
causative gene of a hereditary human disease, Genes far the receptors and ligands are linked and are

polymarphic, similar to self-sterility genes in plants,
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Seeds of a Perfect Storm

DEMAND FOR PLANT PRODUCTS HAS NEVER BEEN GREATER. MORE PEOPLE, RISING AFFLUENCE,
and expanding biofuels programs are rapidly pushing up the prices of grain and edible oil.
Nina Fedoroff is the Boosting supply isn’t easy: All the best farm Jand is already in use. There’s an acute need for
Science and Technology another jump in global agricultural productivity—a second Green Revolution. Can it happen?
Adviser to the 5. Will ithappen?

Secretary of State and My career has spanned astounding leaps in our ability to decipher and use genetic informa-
the administratorof the  tion to understand and improve crop plants. DNA sequencing methedology was just breaking
U.S. Agency for Inter- open when [ was a postdoctoral fellow in the mid-1970s. I was able to sequence a complete
national Development. gene, a goal that had seemed unattainable just a few years earlier, though today it is a routine

part of a biclogist’s toolkit. A chance encounter with the legendary plant geneticist Barbara
McClintock drew me into the wonderful phenomenology of maize transposons. [ decided to
study the molecular behavior of these jumping genes, although there
were doubts that plant DNA could even be cloned

The doubts are gone. We've accumulated vast amounts of plant
sequence data, ranging from the complete genomes of rice and the
model plant Ambidopsis thaliana to extensive collections of gene and |
genome sequence data from many agricultural plants, including maize,
wheat, and soybeans, as well as plants across the plant kingdom, from
mosses to trees. Sequence information has profoundly transformed |
plant genetics and increased its power. Rapid advances in the ability to
add genes to plants have made it possible to improve and protect plants
invery specific ways. Our growing understanding of how plants handle
such stresses as insufficient water and too much heat, salt, or toxic met-
als permits directed genetic modifications that enhance plants’ ability to
remain productive under adverse environmental conditions.

So the techniques and knowledge for a new Green Revolution are in hand. The Green
Revolution of the 20th century was driven by genetics {mutations that changed plant architec-
ture) and chemistry (fertilizers that 1 d plants’ ability to mak out of air and water).
It was accomplished by just a handful of plant breeders working on the world’s few major grain
crops: corn, wheat, and rice. Perhaps the agricultural successes, even excesses, of the past cen-
tury gave us a false sense of food security.

Last December, the New York Thnes quoted a top United Nations food and agriculture offi-
cial as saying that “in an unforeseen and unprecedented shift, the world food supply is dwin-
dling rapidly and food prices are soaring to historic levels.” Josette Sheeran, executive director
ofthe World Food Program, was quoted as saying: “We e concerned that we are facing the per-
feet storm for the worlds hungry.” She said that poor people were being “priced out of the food
market.” In the months since, there have been food riots in Africa, Asia, the Middle East, the
former Soviet Union, and Central and South America.

How did this happen? Genetically modified {(GM) cotton and corn with built-in protection
from boring insects, and herbicide-resistant soybeans, have been adopted very rapidly in some
countries, particularly the United States and Canada, increasing yields and decreasing the use
of pesticides and herbicides. But despite a quarter-century’s experience and a billion acres of
GM crops grown worldwide, there are many nations that remain adamantly opposed to food
from plant: dified by molecul i Others hesitate to adopt them for fear of losing
markets in nations that reject GM technelogy.

Big grains are only part of the story. There are many food, beverage, and fiber crops, each
with its characteristic pests and diseases. Moreover, there are more than 400 million small
farms, primarily in the developing world, growing a large variety of crop plants on a small
scale, often without the benefit of either genetically improved seeds or fertilizer. A new Green
Revolution demands a global commitment to creating a modern agricultural infrastructure
everywhere, adequate investment in training and modern laboratory facilities, and progress
toward simplified regulatory approaches that are responsive to accumulating evidence of
safety. Do we have the will and the wisdom to make it happen? ~ Nina Fedoroff

10.1126/5clence. 115889
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GEOLOGY

Taper or Channel?

Near the base of the Himalayas, a major fault system (the Main Central Thrust and related

exposed that
Asia around 50 mi
temperature conditi

on and subduction of India into and beneath

ion years ago. The metamorphic minerals there record the pressure and
s before and during the disp!

ment along the thrust; dating of min-

nition of zoning or overgrowths provide a time sequence that in turn can be

¢ the collision and thrusting

along the fault. Kohn has synth
Thrust to test these mods
of about 25 hereas above it the

sively deepened a

BIOMEDICINE
Depressing Ceramide

Cystic fibrosis, a genetic disease associated with
frequent lung infections and a shartened kife
span, is caused by a defect in the CFTR gene,
which encodes a membrane transparter.
Although it is not clear exactly how defective
CFIR links to the symptoms, the mutant protein
is known to increase the pH in intracellular
organelles, Cn the basis of results obtained from
patients’ cells and from mice carrying mutated
Cftr (which produces a cystic fibrasis—like dis-
ease}, Teichgraber ef al. suggest that this rise in
pH increases susceptibility to lung infection by
altering levels of ceramide, a membrane con-
stituent that can also trigger cell death. The
higher pH inhibits the enzyme that breaks down
ceramide, and the resulting excess of ceramide
increases vulnerability ta lung infection. Block-
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ust below the fault, rocks were heated to about 550
vere heated to about 725°C

The data support the first model over the second, suggesting that the a
ssion stripped material from

ed the metamorphic data in rocks near the Main Central

at depths
depths of ~35 km

fault progres-
e top of the H

ing the biosynthesis of ceramide via acid
sphingomyelinase narmalizes ceramide
levels and, most tellingly, renders the
Cftr-deficient mice resistant to lung
infections. This block can be achieved
with amitriptyline (Elavil), a drug
approved for treatment of depression
Normalization of ceramide levels in the
lungs of patients with cystic
fibrosis may be a promising
therapeutic approach. — KK
Nat. Med. 14, 382 (2008).

CHEMISTRY

Gazing Down a Funnel

Because electrons generally move abaut much
more rapidly than nuclei, most chemical reac-
tians are modeled using a framework of paten-
tial energy surfaces in which effectively instanta-

SCIENCE

neous electranic transitions between surfaces
precede vibrational rearrangements confined to
a single surface. However, this framework can
break down in certain polyatomic reactions that
couple vibrational and electronic motion
through a feature linking two surfaces in a cone-
shaped, or conical, intersection. Farrow ef at.
use ultrafast spectroscopy to extract the precise
timing and details of vibrational coupling as
electrons rush down through such a funnel in the
energetic landscape after excitation of a square
planar naphthalocyanine molecule coordinated
to a central silican moiety. Specifically, they
monitor the polarization anisotropy decay of
the electronic absorption signal, upon which
periadic intensity fluctuations are superimposed
that correspond to coherent vibratianal motion.
Modeling of the data supports a transition time
of <200 fs for the relatively madest relaxation
energy pertaining in this malecule; the electrons
still outpace the nuclear vibrations, though only
by a small margin. The data suggest that in
chemical reactions with much higher driving
forces, transitions through conical intersections
«could occur within several femtoseconds. — J5Y
J. Chent. Phys. 128, 144510 {2008).

EVOLUTION

Pine Cones, Squirrels,
and Crossbills

Selection for coevolutionary adaptations is buf-
feted by geographical variation in community
composition and species interactions. To explore
how geagraphic selection mosaics are influ-
enced by resource variability, feeding spe-
cialization, and vagility of interact-
ing taxa, Parchman and Benkman
examine interactions in the west-
ern United States amang pon-
derosa pine (Pinus pon-
derosa), two allopatric
species of tree squir-
rel (Sciurus), and
one type of red
crossbill (Loxia
= 2 curvirostra). Feed-
ﬁ; ing by western
gray squirrels (5, griseus)
selects for cone traits (such as size}
that greatly reduce crossbill use of pine seeds,
and crossbill specialization on ponderosa is lim-
ited to areas outside the gray squirrel’s range.
Preferentially foraging on inner bark, Abert's
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CREDITS (TGP TO BOTTOM): PETER BARKITT/ALAMY, ELIZABETH RAHEL



CREDITS: BOYDEM £T AL, NAT GENET. 46, 10.503%/NG 108 (2008)

squirrels (5. aberti) cut twigs with developing
cones, thereby depressing seed supply and low-
ering the selective impact of crossbills an the
pine. Thus, crossbill-panderosa coevolution is
strongest in the absence of both squirrels. But
high interannual variation in cane crop encour-
ages the birds to be nomadic and mave regularly
amang areas with and without Abert's squirrels,
Such movements prevent strang selection
masaics and the local differentiation of crossbill
populations found where they feed on more con=
sistent seed supplies. — Sh]S

Evolution 62, 348 (2008).

IMMUNOLOGY
Skin-Deep Selection

T cells come in two flavors—gamma delta (5}
and alpha beta (cffl—that are distinct in func-
tion and dispersed differently through the body,
with v cells defined by a regional distri-
bution of subsets at sites such as
mucosa and skin. Bayden et al. have
identified a gene cluster in mice
l that influences the development,
and likely the functian, of 8 T cells
inthe skin. They linked deficiency of
a specific subset of epidermal y8 T
cells in a mouse strain to a mutation
in a gene named Skint? (selection
and upkeep of intraepithelial Tcells)
an chramosome 4. Skint1
was characterized as a
cell surface member of
the immunaglabulin
supergene family, with
two extracellular
domains, three trans-
membrane domains,
and a short cytoplas-
mic tail. The presence of ather members of the
Skint family and the variation in expression
between haplotypes point to the rapid evolution
of the Skint family in mice, although functional
orthologs appear to have been lost, possibly
more than once, during mammalian evolution.
Further wark will be needed ta establish the con-
tribution of Skint? and other members of this
family to the immune function of 48 T cells. — 55
Mai. Genet. 40, 10.1038/n0.108 (2008).

Predicted structure
of Skint1.

MEDICINE
The ABC's of Herceptin

The breast cancer drug trastuzumab (Herceptin)
has been heralded as a breakthrough in transla-
tional oncology because its development was
based an the detailed characterization of a sig-
naling pathway that promotes tumor cell growth.
Trastuzumab is a humanized monoclonal anti-

EDITORS'CHOICE

body whose antigen-binding domain Fab recog-
nizes a tyrosine kinase receptor (HER2/erbB2}
that is overexpressed in same breast cancers,
and its anticancer activity is thought to involve
disruption of cell proliferation signaling thraugh
this receptor. Although some patients with
HER2ferbB2-positive breast tumors improve
when treated with trastuzumab, about 70% do
not respond, and the reasans far this have
been unclear.

Musolino et al. provide clinical evidence that
trastuzumab’s anticancer activity may be due, at
least in part, to a completely distinct mode of
action—antibody-dependent cell-mediated cyto-
taxicity (ADCC), a process by which immune
effector cells such as natural killer cells lyse a
target cell bound to an antibody, Studying 54
patients with HER2/erbB2-pasitive metastatic
breast cancer, the authors discovered a correla-
tion between the patients’ respanse to
trastuzumab and certain germline sequence vari-
ants in genes encoding Fey receptors, a class of
proteins critically involved in ADCC. These results
nat anly suggest haw to predict which breast
cancer patients would be mast likely to respond
to trastuzumab, but also raise the possibility that
manipulations aimed at enhancing the drug’s
capacity to induce ADCC might improve or
broaden its clinical efficacy. — PAK

J. Clin. Oncol. 26, 1789 {2008).

OCEAN SCIENCE
North Versus South

The Atlantic meridional overturning circulation
(AMOQ) transparts shallow, warm water to the
north and deeper, cold water to the south. The
strength of this circulation, and in particular the
amount of heat it transports northward, is
thought to have a majar influence on climate.
Presently, much of the northward surface flow of
the AMOC originates as nutrient-rich water from
intermediate depths in the South Atlantic, and it
has been suggested that those southern waters
penetrated less into the north during past cald
intervals when the AMOC was weaker, Came ef al.
present a record of the nutrient cantent of the
northward flow of the AMOC over the past 23,000
years, preserved by benthic foraminifera in a sed-
iment core recavered from near Florida, in order
ta determine how the contribution of sauthern
water varied since the beginning of the last
deglaciation. Their data allow them to document
in more detail the changes in ocean circulation
during the transition from glacial to interglacial
conditions, and to illustrate how North Atlantic
deep water formation, Antarctic intermediate
water production, and North Atlantic climate were
linked aver that time period. — HJS
Paleoceanography 23, PA1217 (2008).

Fashion
Breakthrough
of the Year

L. Scien

¥ — MEA“T}‘MW?FNE’!E#. .
" Human Genetic Variat

Qur Science Gene
Sequence T-shirt—
get yours today!

By popular demand! Created to
celebrate our Breakthrough of
the Year for 2007, this T-shirt is
designed from an annotated
gene sequence map of human
chromosome 1.

Since the shirt appeared on the
cover of Science, we've been
flooded with requests. Now it's
yours for just $22.50 plus tax
(where applicable), and shipping
& handling. Photos of the
actual shirt are available at the
website below.

To arder:
www.aaas.org/go/geneshirt
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Delving Into Darwin

With everything from his field notebooks to his
college admission notice already on the Web, you
might think there aren’t many Darwin-related
documents left to post. But last week, anather
20,000 items—previously available only to
schalars—were poured onto the Internet by The
Complete Wark of Charles Danwin Cnline, hosted
by the University of Cambridge in the UK,

Included in the new stash are background
information for his writings, book drafts, and a
collection of contemporary caricatures (abave).
There's also a manuscript of the 1842 essay
that first lays out Damwin’s evolutionary theory,
allowing readers to compare the never-published
original with the posthumously released version
transcribed and edited by his son Francis.
Anather item undercuts the standard image of
a fearful Darwin concealing his heretical think=
ing. He originally floated the passibility that
species change not in some secret notebook but
in a synopsis of his bird collections, “a docu-
ment intended for somebody else” to read, says
the site’s curator, Cambridge science historian
John van Wyhe.

The additions aren’t all hard-core science.
Visitors can check out the cream-heavy dishes in
his wife’s recipe boak and browse her diary.
>> weav.darwin-online.org.uk

Pets as Toxin-Catchers

Spot and Puff not only lighten our lives, they may
alsa act as canaries in the domestic coal mine,
giving early wamings of toxicity from hausehold
chemicals, an environmental group reports.

The Washington, D.C.~based Environmental
Wiarking Group (EWG) took bload and urine sam-
ples from 20 dogs and 37 cats in nearby Virginia
and analyzed them for 70 industrial chemicals
and pollutants—including heavy metals, fire
retardants, stain removers, and plastic soften-
ers—implicated in cancers, thyroid problems, and
neurolagical and other disorders. Amang their

| RANDONMSAMPLES

findings: 35 chemicals in cats, including mercury
levels five times as high as in humans, and fire-
retardant levels 23 times as high. Mare thana
dozen endocrine taxing may help explain the thy-
roid disease frequently seen in cats, said EWG sci-
entist Clga Naidenka.

“Pets may well be serving as sentinels for the
health of our own children,” EWG's vice president
for research, Jane Houlihan, said at a press con-
ference. She argued that rising rates of diagnosis
of prablems such as attention deficit disorder are
mirroring “increasing rates of behavioral prob-
lems in pets, so much so that
there’s now Prozac for dogs.”
The group is pushing for
legislation to tighten safety
testing for new praducts.

More Work for
The Tooth Fairy

Nonwegian scientists are taking

environmental toxicology to a new level. They
aim to collect milk teeth from 100,000 children
in the hopes of detecting links between prenatal
and childhood chemical exposure and diseases
later in life.

EDITED BY CONSTANCE HOLDEN

Helene Meyer Tvinnereim, a dental biomate-
rials researcher at the University of Bergen in
Norway, is getting infant choppers from the
long-term Norwegian Mother and Child Cohort
Study, which collects blaod, urine, and detailed
medical data from its subjects. “Nabody ever
had so much information to connect to teeth,”
Tvinnereim says. Parents have so far donated
dozens of teeth for the study, which she says
could become the world's largest tooth bank.

To analyze the teeth, researchers embed them
in epaxy and slice them inta thin sections. With a
laser they remove and vaporize sam-

ples from specific layers for chemi-
cal analysis. The elements in the
enamel form a record of chemical
exposure in early life that the study
willlink to the children’s health as
adults. The teeth could reveal envi-
ronmental precursars to diverse
disorders including asthma and
schizophrenia, says Tvinnereim.

Ellen Silbergeld, an environ-
mental health scientist at Jahns Hopkins Uni-
versity in Baltimore, Maryland, says the study—
which is facilitated by a streamlined national
health-care and record-keeping system—makes
American researchers "green vith envy.”

This spray-on dress—which comes completely out of a can labeled
Fabrican—is ane of the outfits featured at TechnoThreads, “a
glimpse into the future of fashion,” apening this week at

Trinity College’s Science Gallery in Dublin. Other fash-

fons on display include “victimless leather” {cells

cultured to form a layer of leatherlike tissue on

a polymer matrix); a garment fermented
from the “skin” generated by adding
sugar to Guinness stout; and “Hug
Shirts" embedded with sensors

that pick up warmth and pres-

sure from the body and

transmit them to other
hug shirt wearers.

.
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<< In Print

MISSING SEX? Carbon atoms can’t have five bonds, chemist Alan Rosan thought
as he pondered an illustration accompanying a New York Times review of a book
about sex research. So Rosan, a professor at Drew University in Madison,
New Jersey, e-mailed a dart to the paper wondering if the error represented the mol-

ecule’s wanton desire “to form new, revealing bonding relationships™
& Q unheard of “in our more staid and prudish chemistry.”

‘o,

But the joke was on him. The illustration actually spelled the word
% . pointed out an editor’s note accompanying Rosan’s letter and a

= similar complaint from a chemistry graduate student.

A

the difference between looking and seeing, .. In this case, [ was guilty

& O &) of not seeing,” says Rosan. However, he still thinks that the illustrator
could have made the point without breaking the rules of chemistry.

an
rE’-“- o Rosan confesses to his mistake. “I tell my students all the time about

AWARDS drugs and vacdnes for eligibility in BioShield, the
LET'S TRY IT. Alexander Varshavsky has thought | federal biodefense procurement program (Science,
of a new way to kill cancer cells, winning S1 mil- | 7 July 2008, p. 28). Rebinson joined HHS in 2004
lion from a new prize that encourages people to | and has heen “very successful” at leading the

share untested ideas in cancer research. development and stackpiling of the first human
Tumor cells often lose sections of DNA and vaccine against HN1 influenza, says Brad Smith
pass the deletion to their daughter cells. of the University of Pittsburgh Center for Biosecu-
Healthy tissues, however, still have the DNA. ity in Baltimore, Maryland. But BARDA's so far
Varshavsky, a molecular biologist at the 5100-million-a-year budget is a tiny fraction of the

California Institute of Technology in Pasadena, 53.4 billion a year that Smith estimates is needed.
wants to introduce a vector—a small piece of
engineered DNA—throughout a patient'sbedy. | DEATHS

The vector would code for a texin to kill cancer EYE FOR DETAIL. The father of modern chaos
cells and for proteins that detect whethera cell | theory, metecrologist Edward Lorenz, died 16

contains the deletions. The vector would self- Aprilin his home in Cambridge, Massachusetts, UNABASHED. Theoretical physicist John
destruct in healthy cells without the deletions. atage 90. Lorenz had “plain old intelligence Wheeler, who died on 13 April at age 96,
"I would be very surprised if this strategy ever | [and] was also an extremely persistent scientist. was insatiably curious and not afraid to

works all the way to the bedside ... intheshape | Hewould not settle for anything less than per- look foolish, says William Unruh, a theo-
that | suggested,” Varshavsky says, noting that fection in his work, " says meteorologist Kerry rist at the University of British Columbia

£ the technical details are likely to evolve during Emanuel of the Massachusetts Institute of Tech- in Vancouver, Canada. Unruh recalls how

4 actual implementation. Although the award— nology, where Lorenz spent his 60-year career. Wheeler spent a year in unsuccessful

£ created by Joel Greenblatt and Robert Goldstein That trait served Lorenz well in the early pursuit of the idea that the uncertainties

E of Gotham Capital—is for personal use, 1960s, when he got quite different results from of quantum mechanics might be related

E Varshavsky says it will bolster his research, too. two computer simulations of the weather to Gédel's incompleteness theorem, which

E Varshavsky's idea was chosen from more because of an inadver- says that, given a set of mathematically

g than 500 submitted. Asix-member scientific tent, tiny difference in consistent axioms, there are true state-

3 panel also awarded neurosurgeon and entrepre- the simu lated atmos- ments that can never he proved so.

2 neur Mark Carol the $250,000 Ira Sehn phere's starting condi- “He was like a little boy. He would jump

£ Conference Foundation Prize in Pediatric tion. A decade later, into the stream and turn over the rocks,

§ Qncolegy for insights into radiatien therapy. at the annual meeting even if he got his pants wet,” says Unruh.

P of the American That unselfconsciousness extended to

3 MOVERS Association for the Wheeler's personal life, Unruh adds.

3 BIOWARRIOR. A microbiologist with vaccine Advancement of Wheeler loved the water but never

& industry experience will head a new Department Science (the publisher learned to swim. So he would simply array

E of Health and Human Services (HHS) agency of Science), he gave a himself in floats and go for a daily dip.

5 aimed at helping companies combat bioterror- talk with a title that In a career spanning 7 decades,

S ism. Robin Robinson, 52, will be the first direc- | quickly entered popular culture: “Predictability: Wheeler helped explain nuclear fission,

§ tor of the 1-year-old Biomedical Advanced Does the Flap of a Butterfly's Wings in Brazil established general relativity as an essen-

2 Research and Development Authority (BARDA). Set Off a Tornado in Texas?"” Chaos and the tial part of astrophysics and cosmology,

£ BARDAwas created by Congress after compa- atmosphere’s exquisite sensitivity to initial and pioneered the study of quantum

£ niescomplained about the hurdles to preparing conditions permeate metecrology today, from gravity. A list of students reads like a

E setting the limits of prediction to making the who's who in gravitational theory.

& Gota tip for this page? E-mail people@aaas.org most of the computer’s predictive powers.
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CONDENSED MATTER PHYSICS

New Superconductors Propel
Chinese Physicists to Forefront

Hai-Hu Wen went to work as soon as he heard
the news. In late February, the 44-year-old
physicist at the Institute of Physics (IOP) at the
Chinese Academy of Sciences in Bei-

Jjing learned froma colleague that
researchers in Japan had dis-
covered a new superconduc-
tor that carried electri
without resistance at a rela-
tively balmy temperature of
26 kelvin. He immediately
looked up the paper—via
Google—and set his group to
work. “We ordered the materi-
als the same day,” Wen says.
“Within 3 or 4 days, we had
the first samples.”

Wen's group is one of sev-
eral in China that, building on the discovery
by materials scientist Hideo Hosono of the
Tokyo Institute of Technology, has cranked
out a new family of high-temperature super-
conductors, materials that conduct electricity
without any resistance at inexplicably high
temperatures. Physicists around the world are
hailing the discovery of the new iron-and-
arsenic compounds as a major advance; the
only other known high-temperature super-
conductors are the copper-and-oxygen com-
pounds, or cuprates, discovered in 1986.
Those older materials netted a Nobel Prize
and ignited a firestorm of research, but
physicists still don’t agree about how they
work. High-temperature superconductivity
remains the biggest mystery in condensed
matter physics, and some researchers hope
the new materials will help solve it.

“It’s possible that these materials will pro-
vide a cleaner system to work with, and sud-
denly [the physics of] the cuprates will become
clearer,” Wen says. But Philip Anderson. a the-
orist at Princeton University, says the new
superconductors would be more important if
they don t work like the old one: “If itsreallya
new mechanism, God knows where it will go

The torrent of results from China also
signals the country’s emergence as a power
in condensed matter physics, many say.
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“What surprises me—probably it shouldn’t
—is the number of good papers coming out
of Beijing,” says Peter Hirschfeld, a theorist
at the University of Florida,
Gainesville. “They ve really
Jjumped on this”

Structure. Planes of iron (red)
and arsenic (gold) interleave with
those of oxygen {white) and lan-
thanum or other elements (blue).

Superconductivity is
nature’s best parlor trick.
Electrons flowing in an ordi-
nary metal lose energy as
they ricochet off defects in

crystalline material. In super-
conductors, the electrons experience no such
drag. Below a certain temperature, they form
pairs, and deflecting an electron then requires
breaking a pair. At low temperatures, there
isn't enough energy around to do that, so the
duos waltz along unimpeded

‘What holds the negatively charged elec-
trons together? [n an ordinary superconduc-
tor, such as niobium chilled below 9.3 kelvin,
the “glue” is supplied by vibrations rippling
through the material. When one electron
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moves, it sets off a vibration that drags the
second electron in its wake. Most physicists,
however, think this cannot explain the
cuprates, which work at temperatures as high
as 138 kelvin. Each cuprate compound con-
tains planes of oxygen and copper ions. Elec-
trons hop from copper ion to copper ion and
somehow pair, although physicists do not
agree on how that happens.

Like the cuprates, the new materials are
layered, containing planes of iron and
arsenic along which the electrons presum-
ably glide (see figure, below). Between the
planes lie elements such as lanthanum,
cerium, or samarium mixed with oxygen and
fluorine. On 23 February, Hosono and col-
leagues reported in the Jowmnal of the Amer-
ican Chemical Society that lanthanum oxy-
gen fluorine iron arsenide (LaO  F FeAs)
becomes a superconductor at 26 kelvin, That
was a surprise, Hosono says, because iron is
magnetic, and magnetism and superconduc-
tivity generally don’t mix.

Then Chinese researchers jumped in. On
25 March, Xianhui Chen of the University of’
Science and Technology of China in Hefei
reported on the arXiv preprint server
{www.arxivorg) that samarium oxygen fluo-
rine iron arsenide (SmO, F FeAs) super-
conducts at 43 kelvin. Four days later, Zhong-
Xian Zhao of IOP reported on the server that
praseodymium oxygen fluorine iron arsenide
(PrO,_F FeAs) has a “critical temperature”
of 32 kelvin. On 13 April, Zhao's team
showed that the samarium compound
becomes a superconductor at 55 kelvin if it

is grown under pressure. Cal-
culations suggest that vibra-
tions provide too little pull to
produce such high critical
temperatures.

At least four different
Chinese groups, including
three working independently
at [OP, have synthesized
new compounds and posted
results on the arXiv. [OP’s
Nan Lin Wang says his team

,  was already working on lan-

23
February

Warming trend. Physicists have quickly bumped up the compounds”
highest critical temperature, Some say things may get hotter still if
researchers can find crystal structures that pack more iron-and-arsenic

planes into-a given volume.

25 29 13
March March  April

thanum oxygen iron arsenide
when word came that adding
fluorine was key. “We had the
materials, the glove boxes,
everything was ready,” he &
says. China also has a bumper
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crop of young researchers and is investing
heavily in basic research, he says. [OF has
288 stafl members in 50 research groups and
a $25 million budget, says Director Yupeng
Wang: “We get about 10 new members each
year and will keep that pace in the near
future” However, he adds, “funding for fun-
damental research is still quite low compared
to Western countries.”

PALEOANTHROPOLOGY

Radical
cure?

The tsunami of results from China has
heightened American researchers’ worries
about the health of condensed matter physics
in their country. “What is striking is not only
that it’s coming out of China but that it’s not
coming out of the United States,” says Steven
Kivelson, a theorist at Stanford University in
Palo Alto, California. He notes that a
U.S. National Research Council report

released in June wamned that the country is in
danger of losing its edge in condensed matter
physics as funding stagnates.

All agree it's too early to tell exactly how
the new materials work. “The community has
to accumulate more data on high-quality
samples.” Nan Lin Wang says. Don’t be sur-
prised if the samples and data come from
China first. ~ADRIAN CHO

When Hobbits (Slowly) Walked the Earth

COLUMBUS, OHIO—TFans of IR.R. Tolkien
know that hobbits walked shoeless on large,
hairy feet. Now anthropologists have gotten
an eagerly awaited glimpse of the feet of their
own hobbit, a meter-tall skeleton from the
island of Flores on Indonesia, and the results
are almost Middle-earthly. When the discov-
ery was announced in 2004, the world was riv-
eted by the hobbit’s astonishingly small brain:
400 cubic centimeters, about the size of a
chimp’s. At the American Association of
Physical Anthropology meetings here (9—
12 April), anatomist William Jungers of Stony
Brook University in New York revealed that
the most controversial member of the human
family was strange right down to its soles.

The partial skeleton of the hobbit, a spe:
men known as LB1 from Liang Bua Cave on
Flores, had large, flat feet and a high-stepping
gaitunlike that of living people; it would have
been a poor nunner, Jungers said. He argued
that the anatomy links the 18,000-year-old
hobbit with 2-million- to 3-million-year-old
human ancestors from Africa and may offer “a
window into a primitive bipedal foot”

The data-rich presentation is part of “a
continued drip of [hobbit] analyses done
responsibly and carefully” that are illuminat-
ing the mystery of what the discovery team
considers to be a new species, Homo flore-
siensis, said paleoanthropologist Bernard
‘Wood of George Washington University
{(GWU) in Washington, D.C. But several
hypotheses about the origin of the hobbit are
still in play. Some researchers argue that the
creature emerged by evolutionary dwarfing
from a more recent ancestor. Others note that
although discoverers say they have remains
of about 12 individuals, so far most of the
distinctive anatomy has been described only

in LB1, leaving open the
possibility that the speci-
men is a diseased H. sapi-
ens. Whatever LBI is, the
new analyses are bringing
its anatomy into sharper
focus. “We've moved
beyond the brain,” says
Leslie Aiello, director of
the Wenner-Gren Founda-
tion for Anthropological
Research in New York City.

In Columbus, Tungers
showed photos and meas-
urements of the nearly
complete left and partial
right foot bones of LBl toa
ballroom overflowing with
what Ajello calls “hobbit
groupies,” who flocked to
every talk on the subject
Jungers reported that LB1s
footwas a whopping 70%as
long as its very short ferur;
living people’s feet are only
about 55% of femoral
length. The “big” toe was
“incredibly short.” whereas
the other toes were quite
long, and the shape of the
bones suggests that the foot
was not arched.

LBI1 would have beena
poor runner with a high-stepping gait,
according to Jungers, rather like a living per-
son wearing oversized shoes. “Don’t bet on
Homo floresiensis to win a marathon,” he
said. But the big toe was also stiff, as it is in
humans, and was aligned so that the hobbit
could “toe-off™ as we do when taking a step.

Not built for speed. Foot
benes of the hobbit skeleton
suggest that it walked differ
ently from the way we do and
WaS 2 pOor runner.

Jungers and his
co-authors also compared
the shape of the hobbit foot
bones with a large database
on the foot of people and
apes. LBI sorted not with
our species but with African
hominins—ancient mem-
bers of the human line-
ape—such as i habilis
and even the primitive Aus-
tralopithecus afarensis,
which is known from about
2 million to 3 million years
ago. LB1's femur also
resembles the femurs of
early hominids when
analyzed according to
eight standard measure-
ments, Brian Richmond of
GWU reported in a sepa-
rate talk. It shows just
how very primitive the
morphology of H. flore-
siensis is.” he said.

All this fits with previ-
ous data on other parts of
the skeleton, Aiello says. Analyses of the jaw,
shoulder, wrist (Science, 21 Septernber 2007,
p. 1743}, and most recently, the cranium
(ScienceNOW, 17 March: sciencenow.
sciencemag.org/cgi/ content/full/2008/
317/3) put LB1 with H. erectus or even ear-
lier African hominins. “It's 18,000 years »
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old, but it seems to correspond to a grade of
hominin that ceased to walk on the Eartha
few million years ago.” says Wood. “How it
got there and managed to persist—that’s
clearly a challenge to explain™

One explanation is that the hobbit stems
from a very ancient migration of a primitive
hominin out of Africa. H. habilis, for example,
had a short stature and a smaller brain than
later hominins did, so it’s easier to derive
something hobbitlike from such an ancestor,
Jungers said.

But there’s no other evidence anywhere in
the world of such an early exodus out of Africa
Such a hypothesis requires “special pleading”
says paleoanthropologist Russell Ciochon of
the University of lowa, [owa City. Australop-
ithecine expert William Kimbel of the Institute
of Humzan Origins at Arizena State University
in Tucson agrees, “I'm not ready to go back to
the Early Pleistocene of Africa for an ances-
tor.” he says. “That spans a lot of time and

GEOCHEMISTRY

Brainteaser. Researchers continue lo puzele over
vihy the hobbit's cranium is so tiny.

space, and ['m not comfortable with those
gaps.” Ciochon thinks the evidence suggests
thata more recent ancestor, perhaps H. erectus
itself, shrank to hobbit size in an evolutionary
dwarfing process.

For other researchers, the whole debate is
moot because they view LB1 as simply an
aberrant H. sapiens. The foot “is such a mix-
ture of characters, requiring very convoluted
evolutionary and biomechanical explanations,
that a developmental anomaly in a pathologi-
cal human seems much more parsimonious,”
says paleopathologist Maciej Henneberg of
the University of Adelaide in Australia, a
longtime hobbit critic.

A few recent papers have expressed
such skepticism. The authors of a contro-
versial report on small-bodied H. sapiens
skeletons on the island of Palau argue that
LB1 could have been a small-bodied
H. sapiens, too (ScienceNOW, 11 March:
sciencenow.sciencemag.org/cgi/content/
full/2008/311/1). And several papers have
attributed LB1’s peculiarities to micro-
cephaly, Laron syndrome, and most recently,
nism, in a procession Dean Falk of
Florida State University in Tallahassee calls

Two Geologic Clocks Finally Keeping the Same Time

First the bedroom clock reassures you that
you're right on schedule. Moments later, the
kitchen clock tells you that you're running
minutes behind. If you find that annoying,
pity the geochronologists. For decades, two
of their workhorse timepieces—isotopic
clocks ticking to the steady decay of two dif-
ferent radioactive elements—have been dis-
agreeing by millions of years.

Now geochronologists have recalibrated
one of the clocks, bringing it into agreement
with the other. They've tried it before, but
this time it looks like the fix will stick. “This
is a huge step forward,” says geochronologist
Mike Villeneuve of the Geological Survey of
Canada in Ottawa. “You'd like to see it repro-
duced, but it looks very solid to me.” The
synchronization of clocks lends more sup-
port to a link between huge volcanic erup-
tions and mass extinctions.

The clocks in question are argon-argon
radiometric dating, based on the decay of
potassium-44 to argon-40, and uranium-lead
dating, based on the decay of uranium-238 to
lead-206. Both techniques have been yield-
ing increasingly precise ages, but argon-
argon dating was giving slightly younger
ages for the same rocks than the uranium-
lead technique. Researchers suspected that
they had gotten the decay rate of potassium-
40 wrong, but they couldn’t really say.

So isotope geochronologists looked
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around for an absolute measure of passing
time to which they could tie their argon-
argon ages. They settled on orbital varia-
tions, the regular nodding and wobbling of
Earth’s rotation axis and the changing elon-
gation of its orbit. On page 500, Klaudia
Kuiper, now at Vrije Universiteit Amster-
dam, and colleagues from Utrecht Univer-
sity, the Netherlands, and the Berkeley
Geochronology Center in California report
on the latest linking of astronomical varia-
tions and argon-argon dating.

They found their chronological connec-
tion in 6-million- to 7-million-year-old lay-
ered rocks exposed in northern Morocco.
Back then, the Melilla Basin was undersea.
Orbitally induced climate variations trans-
lated Earth’s thythmic orbital variations into
marine sediment layers of alternating min-
eral composition. Astrodynamicists had cal-
culated the subtleties of orbital-variation
timing over the ages. That made the Melilla
layering a time scale readable with an accu-
racy of 10,000 years.

At random intervals over the same time
period, nearby volcanoes were peppering the
sea with ash containing large grains of the
mineral sanidine, ideal for high-precision
argon-argon dating. The group dated the
sanidine grains in a particular layer of ash
by noting the layer’s position relative to
astronomically dated sediment layers. And

they measured how far potassium-40
decay had gone in the layer’s sanidine
grains. Then they compared their measure-
ments with analyses of sanidine in a rock
known as the Fish Canyon Tuff, which has
long been used as the standard for argon-
argon dating

In effect, Kuiper and her colleagues
linked the poorly dated Fish Canyon stan-
dard to the metronomic astronomical time
scale via the veleanic ash of the Melilla
Bazin. By this astronomical recalibration,
the Fish Canyon standard is 0.65% older
than had been thought. Recalculate previous
argon-argon ages using the standard’s new
age, and everything ever dated using the
technique becomes 0.65% older.

The new calibration “gives us a much
better hook to hang our ages on,” says
Villeneuve. “It's a very nice piece of
work,” agrees geochronologist Samuel
Bowring of the Massachusetts Institute of
Technology in Cambridge. “It brings us
closer to agreement between argon-argon
and uranium-lead, [although] we need to
see a Jot more of these” studies.

Using their new calibration, Kuiper and
her colleagues recalculate some key dates
in geologic history. Going back in time,
they move the great impact 65.5 million
years ago and the accompanying extine-
tion of the dinosaurs to 66.0 million years
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“disease of the week.” In her talk, she
added more data to her rebuttal of Laron
syndrome (Science, 10 August 2007,
p. 740); a cretinism rebuttal is in the works.

At the Columbus meeting, the pathol-
ogy scenarie took a blow from an unex-
pected source, in a talk by mammalian
tooth-development expert Jukka Jernvall of
the University of Helsinki in Finland. Jernvall
has been working for years ona model of how
teeth grow and develop, finding that the first
molar sets the template for the size of the sec-
ond and third. This is true in living people and
also for ancient hominins, although the pre-
cise relationship among the molars varies
somewhat among species.

If development is disrupted, as by an ill-
ness, the molar relationship falls apart, says
Jernvall. For example, in pituitary dwarfs—
one of the syndromes suggested for LB1—the
second molar is small as predicted, but the
third molar usually doesn’t appear at all.

Tick, tick, tick. The rhythmic layering of sediments in this seaside cliff at Zumaia, Spain, reflects precisely

AndLB1? Althongh small overall, it retains
the tooth proportions typical of larger bodied
hominins, as does a second hobbit jaw, LB6,
Jernvall says. “If you ook at it from a tooth-
development point of view, the drop in size
looks like an evolutionary process, not a med-
ical condition,” he says.

Critics were unswayed, saying that even if’
one kind of pathology has been refuted, hun-
dreds of others remain possible. And several
experts would prefer not to discuss the whole
issue, saying that they're still taking a wait-
and-see approach. Given the wildly diverging
apinions on the hobbit, “Somebody s going to
take a big fall here,” says paleoanthropologist
C. Owen Lovejoy of Kent State University in
Ohio. He’s waiting for DNA from LB1 or for
a second skull. On that, at least, groupies and
skeptics agree: All are hoping for another
skull when the discovery team returns to dig
at Liang Bua this summer.

—ELIZABETH CULOTTA

timed variations in Earth’s erbit used to calibrate an isolopic time scale.

ago. That shift matters particularly to
astronomical daters because they use the
impact as a benchmark when working far-
ther back in time. The argon-argon age of
the mother of all mass extinctions—the
Permian-Triassic—moves from 251.0mil-
lion years ago to 252.5 million years ago.
% The new date puts it precisely at the
g group’s preferred uranium-lead age for the
§ Siberian Traps eruptions, the mother of all
S volcanic outpourings. That supports the
& claim that the eruptions could have trig-
§ gered the extinction (Science, 17 September
& 2004, p. 1705).

Older argon-argon ages would likewise
make another of the big-three mass exti
tions—the Triassic-Jurassic—coincide pre-
cisely with the great volcanic outpourings of
the central Atlantic magmatic provinge.
That's according to a new uranium-lead age
that places the extinction at 201.6 million
years ago, as published by geochronologist
Urs Schaltegger of the University of
Geneva, Switzerland, and colleagues in
the 1 March issue of Earth and Planeta;
Letters. Soa fraction of a percent iplied

ID at the Box Office

A new film that links Darwinism and Nazism
and accuses the scientific community of bully-
ing propanents of intelligent design (ID)
grossed $2.9 million at U.S. theaters over the
weekend, ranking fourth among newly
released movies. But Glenn Branch of the
National Center for Science Education (NCSE}
in Oakland, California, predicts that Ben
Stein's Expelled: No Intelligence Allowed
won't affect public attitudes toward evolution.
NCSE debunks many of the movie’s claims at
wnw.expelledexposed.com.

David Beckwith, an aerospace engineer in
suburban Maryland who took his family
straight fram an evangelical church service to
see the show, says he buys the film's claim that
persecuting those who question Darwinism is
an attack on academic freedom. “1 am more
canvinced than ever that there are a lot of sci-
entists wha think intelligent design should get
a fair hearing, " he says. But a recent college.
graduate who says she’s politically conservative
but not religious says she was disappointed
that the movie did not "present any arguments
in support of intelligent design.”

~YUDHIJIT BHATIACHARJEE

Small Business Looms Large

A planned 20% increase in a $2-billian-a-
year program to promote research by small
campanies through a tax on current budgets
is maving rapidly through Congress, even as
scientists complain that federal basic research
is strapped for cash,

This week, the House of Representatives was
expected to approve a bill that would boost the
share set aside for the Small Business Innova-
tion Research (SBIR) program from 2.5% to
3% of an agency's budget. Some 11 federal
agencies operate the pragram, begun in 1982
o help commercialize basic research discaver-
ies. Although academics with start-up compa-
nies are part of the intended audience—
campanies with fewer than 10 employees
receive 30% of the competitive awards
from the National Science Foundation, far
example—most science labbying groups have
lang viewed it with suspicion. The Bush Admin-
istration also apposes any increase in the set-
aside, which was last raised in 1995. “This is
the wrong time to do it,” Representative Vem
Ehlers (R—A) argued unsuccessfully last week
as a House science subcommittee marked up its
bill, which the next day was folded into a nearly
identical version appraved by the small busi-

by geologic time can make a difference.
=RICHARD A. KERR

ness ittee. In the Senate, a ¢
bill that would baost SBIR's share to 5% s
temporarily stalled. ~JEFFREY MERVIS
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FACILITIES

Europe Takes Guesswork Out of Site Selection

Picking a home for a large international
research facility is usually fraught with ten-
sion. Political alliances hold sway over tech-
nical considerations, and deals are often
struck during whispered conversations in the
corridors of government (Science, 19 Octo-
ber 2007, p. 380). But hoping to teach politi-
cians how to make a decision that is best for
the science, the three cities vying to host a
€1 billion neutron beam research center
called the European Spallation Source (ESS)
will this week submit bids to a specially cre-
ated, independent panel of “wise people.”
“Rational criteria are better than the hand-
shake of two powerful people.” says Colin
Carlile of Lund University in Sweden, direc-
tor of the ESS-Scandinavia consortium.

The assessment panel won’t choose a
winner or rank the candidate sites, but it
does represent the start of an effort for Euro-
pean science to avoid the horse-trading
that takes place now
whenever a proposed
facility needs a home.
“Europe as a whole
should have a mecha-
nism to choose sites.”
says Peter Allenspach
of Switzerland’s Paul
Scherrer Institute,
chair of the European
Neutron Scattering
Association.

Fifteen years ago,
Europe was preemi-
nent in the science of
neutron scattering with
the world’s top two neutron
sources sited in France and the
United Kingdom. Neutrons are
subtle probes that penetrate to ks
the heart of materials and
reveal where atoms are and
what they do. Neutron beams
are used by, among others,
physicists, materials scientists,
erystallographers, and biolo-
gists. Producing them requires either a nuclear
reactor or a particle accelerator to fire a beam
of protons at a fixed target, knocking out neu-
trons—a process known as spallation.

European neutron researchers had a plan
to keep their lead: They would build a next-
generation spallation source so big it would
need to be an international facility. The
design and cost estimate were finished by
2002, but European politicians never became

convinced a new facility was needed. The
project foundered and its central project
office closed in 2003. Meanwhile, the United
States built the Spallation Neutron Source in
Tennessee, and Japan built a source as part of
its nearly complete I-PARC facility at Tokai.

ESS was given new impetus, however, by
the European Strategy Forum on Research
Infrastructures (ESFRI), a body tasked by
the European Union with drawing up a list
of planned large facilities that E.U. nations
should work together on. ESS was one of
35 projects in the first ESFRI road map
released in 2006 {Science, 27 October 2006,
Pp- 580). Three cities were soon vying to host
ESS—Lund in Sweden, Bilbao in Spain,
and Debrecen in Hungary—and seeking
allies. The Lund team is building an alliance
of five Scandinavian nations, the three
Baltic states, and Poland. Debrecen is work-
ing on its central European neighbors
{including Poland) as well as
Russia. And the Debrecen and
Bilbao teams pledged to sup-

Debrecen
®

SHUNGARY,

. European Spallation Source
Possible Site Locations

Face-off. After 15 years of planning, researchers are ready 1o build the
European Spallation Source. The three candidate sites must gather
support from other nonbidding governments 1o spread the cost of
construction and operation.

port each other should one of them have a
face-off with Lund.

ESFRI, which was last year developing a
general strategy for deciding on the sites of
international facilities, saw a chance to help.
The candidates were not from one of
Europe’s science powerhouses, and none was
gathering support from other countries fast
enough. “It was a race, but no one had
defined the distance or how long it should

run. The winner would emerge when the
other two were exhausted.” Carlile says.

In February, ESFRI sent a 50-page ques-
tionnaire to the candidates, asking about
issues such as nearby research centers, local
infrastructure, economics of the bid, and
political support within the host country and
its neighbors. The bidders were due to sub-
mit their answers on 25 April. An ESFRI
working group alsoe drew up criteria for
Judging the sites and a long list of potential
assessors—authoritative neutral figures
with science policy backgrounds or experi-
ence constructing or building large user
facilities. All three cities were asked to
approve the criteria and assessors. Now that
the questionnaires are in, the ESFRI group
will select three to five of the evaluators to
analyze the answers and visit the sites. “The
wise people will express their opinions on
how well the criteria are met,” says Carlo
Rizzuto, president of Italy s Trieste Synchro-
tron and ESFRI chair.

‘What happens after ESFRI receives
those opinions in September is far from
clear. The horse-trading between potential
partner states, now armed with more
detailed briefs, will likely begin again. “The
report will give the criteria, but politicians
will put their own weighting on those crite-
ria,” says John Wood of Imperial College
London, former ESFRI chair. Many
involved hope the ESFRI assessment will
nonetheless speed the process, allowing a
site decision by an E.U. meeting on research
infrastructures at the end of this year.

Although ESS may be entering its
endgame, other European facilities, includ-
ing a high-powered laser called the Extreme
Light Infrastructure, are just starting to look
for a home. Will the ESS strategy help those
contests? Most scientists agree that the
ESFRI process will be beneficial but say
that it would be better if governments cede
some authority to a pan-European body that
plans out, and even funds, the region’s
research facilities. A few fields already have
such a body, such as ESA for space science,
says Rizzuto, but in others “there is not yet
an institution capable of strategic planning.”
Some hope that the newly formed European
Research Council could take on that role.

Neutron researchers are just looking
forward to a new place to call home. Says
Carlile: “This has been on the go for
15 years now. I want to refocus our energy
onto the project itself” ~DANIEL CLERY
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REGENERATIVE MEDICINE

Rebuilding the Injured Warrior

In an initiative to speed treatments for
wounded soldiers, the U.S. Department of
Defense (DOD) is entering the fast-grow-
ing field of regenerative medicine. Over the
next 5 years, at least $250 million will be
funneled into two university-led consor-
tia that compose the new
Armed Forces Institute
of Regenerative Medi-
cine (AFIRM), DOD an-
nounced last week.

AFIRM will focus on
regrowing severed fin-
gers, recreating shat-
tered bones, reconstruct-
ing mutilated faces, and
covering burn victims
with genetically matched
skin. “We hope to get
products into patients
within 5 years,” says tis-
sue engineer Anthony
Atala of Wake Forest
University Baptist Med-
ical Center in Winston-
Salem, North Carolina,
co-director of one con-
sortium led by Wake
Forest and the Univer-
sity of Pittsburgh in
Pennsylvania.

Last year, Atala
reported isolating from
amniotic fluid highly versatile stem cells
(Science, 12 January 2007, p. 170), which
are likely to figure prominently in the new
technologies. Embryonic stem cells or their
equivalents aren’t in the mix here. Rather,
says Atala, the focus is on getting rapidly to
the clinic, using cells that can get quick
Food and Drug Administration approval.

DOD decided 2 years ago that it was time
to make a major commitment to regenerative
medicine treatments, largely at the instiga-
tion of dental researcher Robert Vandre,
director of combat casualty care research at
the U.S. Army Medical Research and
Materiel Command at Fort Detrick, Mary-
land. Vandre says he originally managed to
round up a commitment for $8.5 million a
year, including $500.000 a year from the
U.S. National Institutes of Health (NIH).
Then after receiving competitive proposals
for a single consortium, he got a call “out of’
the blue” from the White House, which
ended up telling DOD to double the funding
from §42.5 million to $85 million over

weewsciencemag.org  SCIENCE  VOL 320

Bridging the gap. Defective rat skull
(top) shows bone formation 12 weeks
after implant of scaffold with bone growth
factors (hottom).

5 years. That made it possible to fund two
consortia that had come in neck-and-neck in
the competition. Vandre, who is AFIRM’s
DOD manager, says the 5-year total should
top $265 million, including $80 million in
public and private funds to match DOD’s
input and some $100 mil-
lion in NIH grants
already held by research-
ers in the consortia’s
28 research groups.

A top priority will be
engineered skin that can
be quickly grown to treat
burn victims. Atala points
out that at present there is
“no real skin replace-
ment” becanse skin grafts
from cadavers are prone
torejection; supply is also
short. One of the earliest
fruits of the venture may
be a method to grow a
patient’s own skin rapidly
enough to use as a graft
for life-threatening burns.
Ultimately, says chemist
Joachim Kohn of Rut-
gers University in New
Brunswick, New Jersey,
co-head of the other con-
sortium, led by Rutgers
and the Cleveland Clinic
in Ohio, “you could take a skin sample from
every soldier in danger zones and store it” so
that the moment a soldier is injured, people
back at the Army medical center in San
Antonio, Texas, could start growing a graft

Another major focus is on “compartment
syndrome”: internal muscle trauma from
blast or other injuries that results in rapid
swelling of arm or leg tissues so they com-
press nerves and blood vessels. [fnot treated
swiftly, muscles die, and amputation is often
necessary, says Kohn, who adds that so far
the Iraq war has resulted in about 800 ampu-
tations. Other high priorities are wound heal-
ing, cranial-facial reconstruction, and
regrowing severed fingers and toes.

“I'm fighting the perception that we will
regrow limbs and heads and arms.” says
Kohn. Rather, “what we want to do is take
our ability to grow 2 inches of bone and
extend it into 6 inches of bone. ... We are
pushing the border of where limbs can be
salvaged further and further out.™

~CONSTANCE HOLDEN

Grass-Roots Malaria Funding
Even small donors can now support malaria
research using a new Web site that connects
them with African scientists. The si
MalariaEngage.org, provides descriptions of
research projects. Donors can contribute as
little as $10 to a specific project and fallow its
progress online.

Peter Singer and Abdallah Daar of the
McLaughlin-Rotman Centre for Glabal Health in
Toronta, Canada, teamed up with Tom Hadfield,
a successful entrepreneur and Harvard Univer-
sity undergraduate, to create the site with
$200,000 from Genome Canada and the Bill
and Melinda Gates Foundation. Scientists at
the National Institute for Medical Research in
Dar es Salaam, Tanzania, selected the first
seven featured projects and will oversee the
donations. Singer says the goal is ta ensure
that good ideas "aren’t flushed down the drain
for lack of capital.” =ELSA YOUNGSTEADT

A Step Too Far Ahead?

Japan is planning to vaccinate 6000 health
care and quarantine workers against the
deadly HSN1 virus. The workers will get one of
twa killed, adjuvanted vaccines derived from
different strains in a pilat project that, if suc-
cessful, could lead to the vaccine being given
to 10 million people considered at risk of
expasure to a pandemic virus,

The scientific community is split on the
idea of vaccinating before a strain emerges.
Peter Palese, a viralogist at Mount Sinai
School of Medicine in New York City, supports
more research but adds that “vaccinating
humans with a vaccine against a disease which
might never materialize in humans is prabably
not appropriate.” ~DENNIS NORMILE

ANIFty Idea

Acoalition of science palicy wonks has pro-
posed a federally funded Mational Innovation
Foundation (NIF} ta bring order and leadership
to current efforts. “There’s nabady in the gov-
emment wha wakes up every morning and says,
“My job is to drive innovation in the U.S. econ-
omy," " says Rabert Atkinson of the Information
Technology & Innovation Foundation in Wash-
ington, D.C., who co-authored a paper with the
Brookings Institution’s Howard Wial that is
offered as advice to the next Administration.
The $1-billion-a-year entity, modeled per-
haps an the National Science Foundation,
could also provide ane-stop shopping for
states, says Ray Scheppach, executive director
of the National Governars Association in
Washington, D.C. ~JEFFREY MERVIS
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Bypassing Medicine to Treat Diabetes
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By altering the gut's production of hormones, gastric bypass surgery
may be able to eliminate type 2 diabetes. But scientists worry that this

radlical operation can also cause d

IN 1980, BARIATRIC SURGEON WALTER
Pories of East Carolina University School of
Medicine in Greenville, North Carolina, per-
formed his first gastric bypass surgery on an
obese patient with type 2 diabetes, then a sec-
ond, then a third. He noticed right away that
the patients ne longer needed insulin. Family
doctors confirmed that what Pories had con-
sidered a transient phenomenon seemed like
something more: Each person’ diabetes had
disappeared, even before they'd lost much
weight. Pories was convinced that the doctors
had erred. “I said, *You guys don’t know how
to work up diabetes. Diabetes is an incurable
disease.” " After the fourth patient, Pories
and an endocrinologist took matters into
their own hands. “We marched right down to
the lab, very self-righteous,” and accused the
lab employees of incorrectly measuring
blood sugar levels. (“If you're a doctor, you
like to blame other people,” Pories explains.)

As the number of patients with
vanishing diabetes mounted, Pories
recognized that the effect was real
Still, the concept that diabetes
could be reversed surgically was so
outlandish, he says, that “we didnt
dare publish” the results. Instead,
Pories began tracking his patients.
In 1995, he reported in the Annals
of Surgery that among 146 people
with diabetes who had had the sur-
gery in the past 14 years, 121, or
83%, had quickly become diabetes-
free. The result was far superior to
that achieved by any other treat-
ment at the time—or now.

“The surgical world noted that
paper,” says endocrinologist
David Cummings of the Univer-
sity of Washington, Seattle. But it
took “another 10 years for the rest
of us” to catch up, he says. Now,
endocrinologists are beginning to
pay close attention to the effects of
gastric bypass surgery, which had
long been a backwater of medi-
cine, in part because obesity was
not considered a genuine disease.

As America and other coun-
tries confront surging rates of obe-

Duodenum

Intestines

angerously low blood sugar

sity, with few treatments that shrink the widest
waistlines, the surgery’s popularity is soaring.
The most common form in the United States,
Roux-en-Y gastric bypass, was performed on
more than 120,000 people in 2007, accord-
ing to estimates. That’s almost double the
number 5 years ago. Doctors often leam from
their patients, and the hundreds of thousands
of people who have had gastric bypass surgery
are now prompting an overhaul in our under-
standing of metabolism and diabetes. Scien-
tists are also going back to animals to figure
out the impacts of the procedure. They are
finding that the surgery’s rerouting of the
intestines and closing off of much of the stom-
ach appears to have drastic effects on gut
hormones and disease, independent of the
weight loss that accompanies it.

These effects can also have dire conse-
quences. Beginning in 2000, F. John Service,
an endocrinologist at the Mayo Clinic in

Gastric pouch

Unintended effects. Roux-en-Y gastric bypass surgery reduces the stemach 1o a
fraction of its criginal size and skips past part of the small intestine, which causes
profound metabolic changes in the gut.

Roux limb

Rochester, Minnesota, began seeing patients
with some alarming symptoms: confusion,
abnormal behavior, seizures, and uncon-
scionsness. In each case, the culprit was a low
level of blood sugar that struck after eating,
‘which is when it rises in healthy people. Every
patient, it turned out, had undergone gastric
bypass surgery months or years earlier. The
Mayo Clinic now sees at least two new
patients a month with this unusual hype-
glycemia disorder, which was the topic of a
meeting at the Joslin Diabetes Center in
Boston earlier this month.” As a last resort,
surgeons have removed part or even all of the
pancreas, which churns out insulin, from
many of these patients.

How to decipher and harness the surgery’s
metabolic effects is prompting much debate.
On the one hand, some surgeons are already
operating on less obese people with diabetes
as a treatment for that disease. But others
‘would prefer to wait until the science catches
up, especially because the surgery isn't harm-
less, with a death rate ranging from 0.1% to
2%, depending on where it's performed.
“Surgeons have for too long acted in a vac-
uum. ... Most of them aren’t
thinking about the mechanisms of
‘what they’re doing,” says John
Dixon, an obesity researcher at
Monash University in Mel-
bourne, Australia. *“But we need
to dissect out” what's happening
in these patients.

Stomach

Early clues

Gastric bypass was inspired by
similar intestinal operations
employed for ulcers and gastric
cancer that induced dramatic and
enduring weight loss and were
reported to reverse diabetes as far
back as the 1950s. “As soon as we
started doing the operation, we
were aware of the fact that before
the patients got out of the hospital,
they no longer needed insulin,”
says Edward Mason, a retired sur-
geon from the University of [owa
in Towa City who developed the
procedure for weight loss. Most
current forms of gastric bypass,

"Hyperinsulinemic Hypoglycemia Follow-
ing Gastric Bypass: Pathogenesis and
Treatment Symposium, Boston, Mass-
achusetts, 7 April.
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Beyond fat. From the early
C recagnized that

many patients, diabetes
tric bypass.

vanished afte

and Mason’s original operation, have one ele-
ment in cornmon: A newly created exit from
the stomach is reconnected to a piece of small
intestine a few feet lower down, “bypassing”
the upper portion of the small intestine. In
addition, the stomach is drastically restricted,
by about 95%. (Another weight-loss surgery,
pastric banding, seals off most of the stomach
but leaves the intestines intact and is not con-
sidered gastric bypass.) Today, most gastric-
bypass patients shed 30% of their body weight
and keep it off.

Mason, now 87 years old, recalls that he
and others explained away the reversals of
type 2 diabetes because their patients weren't
eating right after surgery, which would lower
blood glucose levels and, in turn, their need for
insulin. (The surgery does not have the same
effect on type 1 diabetes, in which afflicted
individuals cannot produce insulin.) But
Pories’s study years later slowly began to con-
vinece people that something more fundamen-
tal was occurring.

Almost a decade later, a second report
strengthened the case. In 2003, Philip
Schauer, a bariatric surgeon now at the Cleve-
land Clinic in Ohio, published follow-up data
from 1160 obese people who in the preceding
5 years had undergone Roux-en-Y gastric
bypass, which gets its name from a French
surgeon who developed the technique. Of the
191 people with diabetes or impaired ghicose
metabolism who could be tracked down,
83%, precisely the figure reported by Pories,

no longer had the problem.

Although impressive, it’s not yet clear if
these success rates will hold up in clinical
trials. These are “typically the observations
of a single surgeon or group of surgeons”
and “very anecdotal,” says David D" Alessio,
an endocrinologist at the University of
Cincinnati in Ohio.

Getting at biology
After years of absence, science is slowly mak-
ing inroads into gastric bypass surgery. “The
development of the field was not based onreal
research,” says Francesco
Rubino, a bariatric surgeon at
Weill Cornell Medical College
in New York City. “That has

"Surgeons have
for too long acted
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Curious, Cummings began examining
levels of ghrelin, a hormone produced
mainly by the stomach that stimulates
appetite. Most people have peaks and valleys
in ghrelin levels throughout the day as they
consume meals and then become hungry
apain. In those who’ve had gastric bypass,
Cummings found, ghrelin levels in blood
were low and changed little all day, suggest-
ing that something about the surgery damp-
ens ghrelin production and hence appetite.

The role this plays in diabetes resolution
has not been firmed up, and researchers are
now more closely examining
how gastric bypass affects
other hormones. Rubino’s
work, for example, has

tarnished the field somewhat” 11 @ vacuum. ... focused on the intestines,

Recently, however, a G10%- 10t of them gren’t  Which produce a different
ing number of studies are sug- e suite of chemicals and hor-
gesting that the surgery hasa  thinking about the mones from those the stomach
profound effect on guthor-  pochanisms of what churns out. In 1999, Rubino
mones, which could explam its f: - turned to rats to examine
impact on appetite, diabetes, they're doing. whether the surgery’s effects
and the low blood sugar that’s —JoHN DiXon, on diabetes were due to calo-

turning up. One of the first
clues emerged in 2002, when
Cummings looked into a well-recognized odd-
ity. Gastric bypass restricts the stomach, forc-
ing people to eat smaller meals. One might then
expect “that people would be compelled to sip
milkshakes all day long,” says Cummings.
That’s not what happens. Many move away
from calorie-dense foods altogether.

MONASH UNIVERSITY

rie restriction and weight loss
alone. He tried to tease apart
distinet features of his “patients”—the rats, in
this case—and different features of surgery.
‘When performed on lean animals with type 2
diabetes, gastric bypass had the same positive
effects on the diabetes as in obese ones, sug-
gesting that weight loss was largely irrele-
want. Furthermore, Rubino performed the
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intestinal bypass portion of the operation,
skipping past the duodenum and the jejunum
that link up to the stomach, but leaving the
stomach intact. There was a “direct antidia-
betic effect.” he says.

Rubino’s rat work dovetails with a popular
theory: that a hormone produced by the intes-
tines called glucagon-like peptide 1 (GLP-1)
lies behind the vanishing diabetes in many gas-
tric bypass patients—and may be linked to the
hypoglycemia that later strikes others, most of
whom did not have diabetes before the surgery.
The GLP-1 theory is that the small intestine
goes into overdrive making hormones in gastric
bypass patients. Because of the surgical rerout-
ing, food “empties directly into this part of the
intestine that it normally wouldn't see at that
stage” of digestion, says Mary-Elizabeth Patti,
anendocrinologist at the Joslin Diabetes Center.

In healthy people, GLP-1 has a variety of
effects, including increasing insulin secretion,

Wl £

might be due to other nonpancreatic effects.

When Service and his Mayo colleagues
examined the pancreatic tissue removed to
help their hypoglycemic patients, they noted
islets that appeared larger than normal. Joslin
researchers have also reported an excess of
insulin-producing cells in three hypoglycemic
patients, two women and a man, who had a
portion of their pancreases removed. The
hypoglycemia is “diabetes reversal in people
who don't have diabetes,” says Patti.

D" Alessio is now trying to study GLP-1in
people who have had gastric bypass surgery
and are suffering from hypoglycemia to deter-
mine whether the hormone might induce such
pancreatic changes. But not everyone agrees
that gastric bypass surgery alters the pancreas.
Peter Butler, an endocrinologist at the Univer-
sity of California, Los Angeles, examined the
pancreases from Mayo at Service’s request
and found that they looked like pancreases

g

Insulin overload? An islet in the pancreas (eft, red) appears larger in a gastric bypass patient (right) who

suffers from dangerausly low blood sugar, but scientists dispute whether the surgery changes that argan.

and a diabetes drug on the market, called
Byetta, mimics the effects of GLP-1. Physiol-
ogist April Strader of Southern [linois Uni-
versity in Carbondale is now performing an
intestinal surgery in rats that leaves the stom-
ach intact and prompts the animals to secrete
more GLP-1. Strader is examining whether
that in turn causes proliferation of insulin-
producing cells in the pancreas.

Linking the good and bad

GLP-1' impact on the pancreas may also
explain the hypoglycemia originally seen by
the Mayo Clinic. One sharp contrast
between the disappearance of diabetes and
the hypoglycemia stemming from the sur-
gery is that the former occurs immediately
or within weeks, whereas the latter takes
several years to show up. At the Boston
meeting, the 40 or so surgeons, endocrinolo-
gists, pathologists, and others gathered there
admitted that they couldn’t explain this but
wondered whether changes to the pancreas
over time generated the low-blood-sugar
problems, whereas diabetes improvement

from obese individuals. He attributes this dif-
ference of opinion to his more extensive
analysis, which did not identify an upsurge in
insulin-producing cells.

Butler did make one intriguing find, how-
ever. Obese people tend to produce more
nsulin over time to accommodate the growing
amount of tissue that requires the hormone.
Based on the appearance of the islet cells,
Butler deduced that the gastric bypass pan-
creases hadn’t made the adjustment to their
host’s new weight: They were still producing
Jjustas much insulin as before the surgery, effec-
tively increasing the nsulin available. That this
ocewrs after meals would make sense, because
this is when the pancreas normally releases
extra insulin. In these patients, the insulin they
secrete would far exceed what's needed.

Stephen Bloom, an obesity researcher at
Imperial College London, notes that it’s far
from clear whether GLP-1 has the same
effect on human pancreases as it does on
those of rodents. Furthermore, the small
intestine secretes dozens of hormones, many
of them poorly understood. “It’s still too

soon to rule out everything else.” says
Strader. Rubino agrees that researchers need
to think expansively. Instead of largely undi-
gested food stimulating hormone secretion
from the intestines it’s dumped into, it’s pos-
sible that when food does not touch the walls
of the duodenum, as happens in gastric
bypass, that has hormonal effects of its own.
Rubino says his recent findings in animals
suggest such antidiabetic effects.

Surging popularity

As research picks up pace, gastric bypass sur-
geries continue unabated, and some surgeons,
particularly outside the United States and
Europe, are beginning to operate on less obese
patients with diabetes. Bariatric surgery is
“kind of the Wild West,” says D" Alessio.
There’ “huge demand, no regulation, every-
body's got their own operation, [and] patients
are willing to do whatever it takes to get it”

Currently, U.S. National [nstitutes of
Health guidelines recommend that gastric
bypass surgery be considered only for people
‘who have a body mass index (BMI) of at least
35. (A BMI of 18.5 to 25 is considered nor-
mal.) At a meeting in Rome last year, 78% of
attendees supported lowering the limit to a
BMI of 30 for those with diabetes. Should the
number be even less? “We need more data to
know if a lower bar is okay or if there should
be any bar at all” when the goal is diabetes
treatment, says Cummings.

But many still view gastric bypass as
extreme therapy for diabetes. Some who
undergo the operation have serious problems,
suchas infections, gallstones, and hernias, that
can require additional surgery. And given the
time lag between gastric bypass and the severe
hypoglycemia that Service, Patti, and others
are just now documenting, no one knows how
prevalent the side effect will be nor how much
such patients will affect the cost-benefit analy-
sis. The death rate from gastric bypass surgery
also scares many diabetes researchers. “We
had a death in a 28-year-old recently; she hada
complication but didn’t want to come to the
hospital,” says Bloom. “When you see that and
have to go to the funeral, you don’t think it’s
such a harmless procedure.”

Yet type 2 diabetes isn’t harmless, either,
contributing to more thanl million deaths
worldwide each year. “There is a barrier we
need to get over” in considering gastric bypass
asa diabetes treatment, says Rubino. He points
to a paper published last summer, concluding
that the surgery reduces diabetes deaths by
92%. “It’s the most profound effect in terms of
mortality from diabetes ever reported” Rubino
says. “What is the price of that™"

—JENNIFER COUZIN

25APRIL2008 WVOL320 SCIENCE www.sciencemag.org

CREDITS: SERVICE £T AL, NEW ENGLANG JGURNAL OF MEDICINE, 353, 3 (20051



ARCHAEOLOGY

Japanese Experts Steal a Glance
At Once-Taboo Royal Tomb

Japan's key-shaped burial mounds offer tantalizing glimpses into prehistory. Researchers
have been given access for the first time to those built for the imperial family

NARA, JAPAN—From a nearby street, the
wooded hill beyond the pond looks ordinary.
But looks are deceiving at Gosashi Kofun.
Centuries ago, earth was deliberately
mounded into tiers, ina keyhole pattern, and
surrounded by a moat to serve as the final
resting place of a powerful person, perhaps
the legendary 3rd century Japanese empress
Jingu. But just who was buried there, and
when, are among a host of ques-
tions that archaeologists and his-
torians hope to resolve. Other
unknowns include how the kofun
{mounds) were constructed and
what clues they give about soci-
ety and religion in an era just
before written records appeared

NEWSFOCUS I

“peace and dignity” of the graves.

Then something surprising happened:
The imperial agency relented. Early last
wear, in response to a petition from 16 aca-
demic societies, the agency agreed to
allow entry onto an unspecified number
of mounds. After a year of negotiations,
the first visit took place on 22 February,
when one representative from each of the
16 societies was permitted to
examine the lower part of
Gosashi Kofun. The researchers
were not allowed to ascend to
the burial site or upper levels,
do any digging, or collect arti-
facts. They were permitted to
make drawings and take notes
and photos, though they were
asked not to make the photos
available to the press.

Most of the discussion at the
symposium centered on where
Gosashi fits into kofun evolution
based upon minutiae such as the
number of tiers and the precise
shape of the corners of the lower
platform. Fumiaki Imao, an

Kofun raiding. Koji Takahashi and colleagues got a
first glimpse at a 2000-year-old imperial burial
mound, Gosashi Kofun {obscured by trees).

archaeologist at the Nara Prefec-
tural Archaeological Institute in

in Japan.
Gosashi Kofun and some
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900 other sites presumably hold-
ing the remains of imperial fam-
ily members promise a tantalizing peek into
a formative period in Japan’s early days asa
nation. “The imperial tombs are a very
important resource for understanding
Japanese history,” says Koji Takahashi, an
archaeologist at Toyama University. But for
more than a century, the imperial mounds—
the cream of Japan’s 30,000 known kofun—
have been off-limits to prying eyes. Last
February, 16 researchers were for the first
time permitted a direct look at Gosashi
Kofun. At a symposium here earlier this
month, they shared their impressions and
recounted the outstanding questions.
Burial mounds, or tumuli, are found
throughout the world. Only in Japan do they
come ina distinctive keyhole shape. A typi-
cal keyhole-shaped kofun has a high, circu-
lar, rounded mound at one end containing
the burial site, a stone chamber entered
through a passageway cut into the mound.
Early sites contain a simple pit. The other
end of the keyhole usually has a lower plat-
form that may have been used for funerary
rites. The largest kofun cover more area
than Egypt’s largest pyramids, though they
are not as high. Often the mounds are stud-
ded with arrangements of terra cotta sculp-
tures, or haniwa, that range from simple
cylinders to figures inchuding armored war-

riors, animals, boats, and house-
hold implements. The purpose of the
haniwa is not fully understood. But their
embedded cylindrical bases may have
helped stabilize mound slopes.

The appearance of kofun marked the
emergence of an aristocratic state with con-
siderable wealth and military power.
Mounds were de rigueur for rulers and clan
chieftains during the 300-plus years of
Japan’s Kofun Period, beginning in the mid-
dle of the 3rd century. In the absence of
written histories, burial goods and haniwa
are indispensable sources of information
about societal structure, as well as contem-
porary weapons, tools, and clothing. The
presence of exotic items such as bronze mir-
rors, armaments, and pottery from main-
land Asia attest to brisk commercial, cul-
tural, and even military ties between Japan’s
chiefdoms and kingdoms on the Korean
peninsula and China.

Although archaeologists have explored
many kofun, the largest and most elaborate
are the 900 associated with the imperial
family. Since the 1970s, researchers have
petitioned the Imperial Household Agency
for access. But, aside from allowing a few
researchers to occasionally accompany
maintenance crews, the agency rejected the
requests on the grounds of preserving the

Kashihara, says that better dating
of kofun and the order in which they were
built may yield clues as to the location of the
seat of power at a given time, the dates when
rulers reigned, and who is interred in which
tomb. The unprecedented inspection of
Gosashi added to the list of questions. The
researchers stumbled upon the partially
embedded remains of a line of cylindrical
haniwa along the moeat. “This is such an
unusual location, T wonder why it was placed
there,” says [mao. Haniwa have typically
been found on top of mounds.

‘Whether these haniwa are peculiar to
Gosashi or a regular feature of imperial
mounds of this period might be answered if
researchers win more access to the kofun.
Takahashi says the Imperial Household
Agency has agreed in principle to allow
more visits. The next could take place
toward the end of this year. Which tomb,
how many researchers, and the ground rules
for the inspection are to be negotiated with
the agency this summer.

Experts at the symposium also discussed
what kind of access to request. As a first
step, most would like to see more accurate
mapping of the mounds. For now, no one is
talking about entering the hallowed imperial
burial chambers. Some 2000-year-old
secrets are not about to be revealed.

~DENNIS NORMILE
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PROFILE: PARDIS SABETI

Picking Up Evolution’s Beat

Pardis Sabeti mixes geek coal with hot science as she studies how human
populations have evolved to resist malaria and Lassa fever

CAMBRIDGE, MASSACHUSETTS—Over the
past 72 hours, Pardis Sabeti has managed
only 2 hours of sleep each night, most of
them inside a crumpled blue sleeping bag
she keeps under a desk at the Broad [nstitute
Center for Genome Research in Cambridge,
Massachusetts. Sabeti, who burst on the sei-
entific scene in 2002 with a novel test for
natural selection in the human genome, has
been racing to meet the submission deadline
for a National Institutes of Health (NIH)
grant to support her research on the evolu-
tion of resistance to malaria and Lassa fever.
Also in her schedule this year: serving as a
panelist at the World Economic Forum in
Davos, Switzerland; a research trip to
Africa; speaking to young women about
careers in science; and writing songs and
recording for her pop/rock band.

To manage all this, Sabeti, 32, has been
sleeping under desks for much of her rela-
tively short career. The petite [ranian-American
with a toothy smile has cut a wide swath
through the research world, racking up
awards and honors at a dizzying pace: a
Rhodes scholarship at Oxford University, a
L'Oreal Women in Science award, and
summa cum laude honors at Harvard Med-
ical School, to name a few. She’s also madea
name in the wider world: The London Daily
Telegraph recently called her one of the “top
100 living geniuses™ (she tied for 49th place
with Henry Kissinger, Richard Branson,

Stevie Wonder, and Meryl Streep), and CNN
named her one of eight “geniuses who will
change your life.”

Sabeti also seems to have a genius for
raising money. While still a postdoc, her
own grants totaled more than $600,000, and
she is currently a co-investigator on a
$2 million Bill and Melinda Gates Founda-
tion grant. She was recently hired as a Har-
vard assistant professor, turning down offers
from several other leading universities.

‘And then there s the band: She’s the lead
singer in the Boston-based alternative
group Thousand Days, which plays gigs up
and down the East Coast and has released
three albums. Sabeti’s singing voice is
“sweet and sexy,” wrote one music
reviewer, adding wryly that “it’s nice to
know she has a successful back-up career
in case her attempts at winning the Nobel
Prize don’t pan out.”

The band may boost Sabeti’s visibility,
but it’s her scientific drive that elicits
enthusiasm from her colleagues. Broad
Institute geneticist David Reich, who has
worked closely with Sabeti, sums her up
this way: “She is a very cool person but also
sort of a nerd.”

Sabeti was born in Tehran, [ran, where
her father was a high-ranking official in the
Shah’s government. He sought asylum in the
United States shortly before the 1979 revo-
lution, and Sabeti grew up in Orlando,

Florida, with a large extended family.

She traces her academic success to her
early life in this close-knit clan. “My mother
created a summer camp in our house, where
she would teach the children and make us do
book reports. And my sister, who is 2 years
older than me, would teach me and my
cousin what she had learned in school.”
Sabeti says mathematics was her first love.
Her high-energy personality, she adds,
appeared in those early years. “I'm a hyper
person,” she says. “My parents always told
me to relax.”

Reich, who met Sabeti when they were
both grad students at Oxford, says she has
always been “very driven.” Her habit of
pulling all-nighters was well-established by
then, recalls Hans Ackerman, a fellow
Rhodes scholar who is now a medical fellow
at NIH in Bethesda, Maryland. “I would
come into the lab and find her asleep under
her desk after a full night of doing PCRs”

‘Why does she work so hard? “I guess
I just want to make my parents proud of
me,” she says.

Although Sabeti’s workaholic ways have
brought her scientific success, Broad Insti-
tute Director Eric Lander and others also
note her charisma and her efforts to reach
out to the community, For example, as an
undergrad at the Massachusetts Institute of
Technology, Sabeti founded a still-thriving
program to help incoming freshmen
develop leadership skills. She also worked
with RNA pioneer David Bartel, who
recalls only one glitch in their association:
“She gave out the lab phone number as the
contact” for the leadership program. So
many students called, “we had to change the
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number,” says Bartel.

Sabeti also took the lead at Harvard Med-
ical School, producing a lighthearted orien-
tation video for first-year students, featuring
prancing, juggling, balloon-wielding stu-
dents and faculty. She now presents this
video in person to each entering class. In
fact, she’s still making videos. One will be
shown during a NOVA profile of her to be
aired in July, featuring appearances by
researchers including Lander, as well as
Sabeti’s music.

Sabeti’s band, Thousand
Days—which describes itself on
MySpace as a “love child”
between the rock group U2 and
the pop band Mazzy Star—has
been a regular presence on the
New England music scene for
several years. Sabeti writes her
own songs, including one called
“Coming Up” that seems a
metaphor for her career. She says
she “loves the creative spirit” in
both music and science but is
“more at home” in science.
Given her scientific schedule,
she hasn’t found time to perform
in recent months

She continues to focus on the research
she began at Oxford: teasing out signs of
selection in the human genome. At Oxford,
Sabeti focused on genetic ptibili

)

Hyperactive. Pardis Sabeti—malaria
researcher, role madel for young scientists,
and rock performer—keeps an the move,

had developed dozens of tests for
detecting “signatures” of natural selec-
tion in the genome {Science, 16 June
2006, p. 1614), but they had very low
power to detect more recent evolution-
ary changes, particularly during the Jast
10,000 years, when many of the diseases
that afflict humankind, including
malaria, arose
Working with Reich and with her doc-
toral adviser, Dominic Kwiatkowski of
Oxford University in the UK., Sabeti hit
on a novel way of combining two types of
genetic information to create a more pow-
erful test: the frequency of a particular
variation and the structure of the genome
surrounding it. Normally, variants are
shuffled in a random fashion across the
genome. But if a particular variant is the
target of recent natural selection, its rapid
increase in frequency can create so-called
haplotype blocks, groups of genes that have
“hitchhiked” along for the Darwinian ride
(see graphic, below). Some earlier selection
tests looked at both variant frequencies and
haplotypes in humans, but they weren't very
sensitive. Sabeti used her math skills to
devise a genetic “clock,” based on haplotype
structure, that could reveal whether recent,

Before selection After selection

Hitchhikers. When a genetic variant favored by selection (pin bar) spreads
rapidly in a population, other variants linked to it come aleng for the ride.

high-frequency variants were due to selec-
tion or just chance—greatly strengthening
the power to detect evolution’s hand.

In collaboration with Kwiatkowski,

ity to
malaria, zeroing in on two alleles that con-
ferred resistance to the parasite. Most
researchers assumed that these genetic vari-
ants had been favored by selection, but there
was little evidence to prove it.

Over the previous 20 years, researchers

Lander, Reich, and others, Sabeti then
applied the new approach to the protective
malaria variants. “We saw a whopping sig-
nal” of positive selection, Sabeti says.
‘When these results were published in
Nature in 2002, her scientific reputation

NEWSFOCUS I

was made. “This test is one of the most
exciting developments in the field in the
past few years,” says Chris Tyler-Smith, a
genome researcher at the Wellcome Trust
Sanger Institute in Hinxton, UK. Evolu-
tionary biologist Martin Kreitman of the
University of Chicago, who had developed
a similar test but was beaten into print by a
few months, says he has “nothing but
praise for her contributions” He adds that
Sabeti’s most recent contribution, a
genome-wide search for selected genes in
collaboration with Lander, the Interna-
tional HapMap Project, and others, “is a
beautiful piece of work.”

Lander says Sabeti’s test anticipated the
detailed information that the HapMap would
later make available. “Pardis has a very
energetic imagination,” he says. “Not many
people think about what they would do if
they had data they don’t yet have””

The genome-wide study, published in
Nature last October, identified two genes
called LARGE and DMD thatare involved in
Lassa fever infection and show strong sig-
nals of natural selection in West Africans.
Despite striking about 300,000 people each
year and killing 20,000 of them, Lassa fever
has been neglected by public health experts.
Sabeti hopes to use her test to identify vari-
ants protective against the disease, which
could eventually help in the search for new
therapies and a vaccine. Looking at Lassa’s

evolutionary history is “a very
innovative approach” that

_ﬂ “might breathe some new life
into field research” into the dis-
& ease, says Lassa fever expert
_1‘ Joseph McCormick of the
University of Texas School of
_ﬂ Public Health in Brownsville,
who is a consultant to Sabeti

I . ﬂ on the project

. At the moment, Sabeti seems

== ’H‘ to be flying high. But some col-
leagues are concerned that her
S . fame could set her up for a big

fallif her hyper pace slackens. “I
worry that too many expecta-
tions are being put on Pardis,”
says one researcher. But Nancy
Oriol, Harvard Medical School’s dean of
students, isn’t worried. “If you are motivated
by serving others and doing good work, as is
Pardis, you won’t get burned out.” she says.

Indeed, despite all the attention she
atiracts, Sabeti says she feels more at home
with her inner nerd: “Even though [ am gre-
garious, | interact more with [scientific]
papers than with people. Deep down, [ am
justa math geek” ~MICHAEL BALTER
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A Renowned Field Station
Rises From the Ashes

After a frustrating hiatus, wildlife researchers are returning to a swamp in war-torn
Aceh Province for a chance to study some of the world’s smartest apes

SUAQ BALIMBING, INDONESIA—After an
hourlong ride wending up the Lembang
River through dense tropical rain forest, the
speedboat sputters up to a rickety plywood
dock. At the top of steps carved into the
riverbank is a pair of shacks. Soaked clothes
hang outside, drying. The Suaq Balimbing
research station may look like hillbilly cen-
tral, but inside it is buzzing with scientific
Tife: 15 researchers and assistants jostling for
space alongside generators, laptops, and
cans of food.

No one is complaining about the cramped
quarters. Suaq shot to fame in the mid-
1990s, when researchers discovered tool use
among orangutans here in Sumatra’s
Gumumg Leuser National Park. Apart from
humans and chimpanzees, no other primates
have demonstrated such abilities, and Suaq
remains the only location where orangutans
regularly use stick tools to crack fruits and
hunt for termites and honey. More recently, a
landmark paper in Science (3 January 2003,
p. 102) demonstrated that crangutan popula-
tions possess distinct traditions, skills, and
social quirks: their own cultures. These
orangutans “do things that we haven’t seen
orangutans do in other sites.” explains
Cheryl Knott, a primatologist at Harvard
University. “[Suag] helped change our views

and understanding of these animals.”

For the better part of a decade, this
unique window into orangutan eulture was
shuttered. At the end of the 1990s, an
upsurge of violence in Aceh Province's
long-running civil war forced wildlife
researchers to abandon their work in the
province. The Suaq team, led by primatolo-
gist Carel van Schaik of the University of
Ziirich, Switzerland, pulled out in Septem-
ber 1999, after insurgents murdered the sta-
tion’s head assistant. When van Schaik and
his colleagues returned for a brief survey in
2006, they found that the Indonesian army
had razed the station’s two sturdy buildings.
“The rebels had been using our camp, so
the military didn’t burn it down for noth-
ing,” he says. Boardwalks that traversed the
research site—a 500-hectare swamp—had
rotted away.

After the warring parties signed a peace
treaty in 2005, researchers began to trickle
back to Aceh. “The bad times are over.” pro-
claims van Schaik. “People are getting back
into the field.”

Nowhere has the homecoming been more
anticipated than at Suaq. Last year, van
Schaik’s crew and a Switzerland-based
nonprofit, PanEco, built a modest replace-
ment station and hacked a 46-kilometer trail

Special skills. The orangutans of Suaq Balimbing
are renowned lor their distinctive behavior, includ-
ing using taols ta open fruit.

grid for observing orangutans night and day.
The collection of behavioral data resumed
last September. Scientists couldn’t be hap-
pier. “We were all waiting for this place to
reopen,” says Andrea Gibsen, a Ph.D. stu-
dent at the University of Ziirich who had to
delay her fieldwork for 3 years because of
the hiatus.

Cultured apes
During the rainy season, which lasts from
October to March, trails at Suaq are waded,
not walked. The knee-deep, pungent red mud
has apowerful suction. “You can disappear in
these waters,” says Ellen Meulman, another
Ziirich University Ph.D. student. Leeches are
ubiguitous, and king cobras and tigers hwk
unseen. Among primatologists, says van
Schaik, Suag is known as “human hell” but
“orangutan heaven.” The shaggy apes are
undisturbed—the nearest village is dozens of
Kilometers away—and food 1s plentiful, with
some 70 Kinds of fruit for the picking.
Meulman and her colleagues head out
from the field station in the wee hours of the
morning and slog for nearly 2 hours across
perilous terrain to get to the orangutan nest-
ing site before dawn. They don’t get back to
camp for their rations of rice and canned
‘mackerel until afier dark. In between, they
track orangutan behavior in minute detail: Is
a subject playing with a neighbor? Eating,
and if so, what? Vocalizing? Using a tool?
The or have some kabl
skills. For example, they know how to fash-
ion a stick to crack open the razor-sharp
shell of Neesia fruit. Van Schaik hypothe-
sizes that they learned this skill after using
simpler tools to dig for honey, fish for ter-
‘mites, and scoop for water. But it’s unknown
how these skills are acquired and trans-
ferred. “Theres still a lot of doubt in the lit-
erature on this,” he says. “We would really
like to nail it
One clue may be the friendliness of the
lowland orangutans, who frequently gather
in small groups known as “parties.”” “There
are a lot of opportunities for social learning,”
says Meulman. “We're looking at what
they're doing when they're together. We've
seen teaching and cultural learning” Curious
adults, for instance, will observe neighbors
making umbrellas or gloves out of leaves and
imitate those behaviors. Juveniles learn to
build mosquito-repellent nests out of
terentang leaves by watching their mothers.
Even simple nests, perhaps used for
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afternoon naps, suggest the presence of cul-
ture. “It was always assumed they randomly
break sticks together and build nests the same
way.” says Gibson. “But there are definite dif-
ferences in the arrangement of branches
[among groups].” For her research, Gibson
has been scaling trees to examine old nests
and plans to sleep in one of the 30-meter-high
beds for a night. This has never been
attempted, she says, apparently due to the
possibility of attack from a reticulated
python. But it’s worth the risk, she says: The
data could answer basic ques-
tions, such as why orangutans
sleep in nests rather than just out
on a sturdy branch. “There are
some things you have to experience
Firsthand” she says with a smile

With the return of primatolo-
gists to Aceh, research on orang-
utan culture is gathering momen-
tum. Although Suag has stolen the
show, the research requires exten-
sive collaboration with other
study sites. Case in point: Van
Schaik didn’t make the jump from
observing tool use at Suaq to con-
cluding that orangutans hold a
deep cultural repertoire until he
compared notes with scientists at
five other field stations. Likewise,
a 1999 Nature paper that first pre-
sented evidence for chimp culture
required data from seven sites
across central Africa to document
the full range of their behavioral
repertoire. “You can’t say any-
thing about culture if it’s just one
site,” says Knott. “You need the
comparative perspective.”

Knott’s orangutan field station
at Gunung Palung in Borneo also
resumed work last year. She had
shuttered it in 2003, after the staff
became concerned that hostile
loggers might become violent.
Knott is studying differences in
diet, vocalization, and reproduc-
tion to determine whether these
behaviors have cultural or eco-
logical origins. Much of this research will be
in collaboration with other sites, including
Suaq and the Ketambe Research Center, the
longest running orangutan field site in
Sumatra. Take, for instance, the differences
in foraging behavior. “Is this variation purely
due to optimal foraging or social learning?”
says Ketambe manager Serge Wich, a
researcher with the Great Ape Trust in Des
Moines, [owa. “We want to know which
kinds of food prompted cultural innovation™

Losing time

Because fieldwork stopped for several years
across Aceh, it has been difficult to quantify
the impact of the civil war on a biodiversity
hot spot that is home to elephants, rhinocer-
oses, leopards, sun bears, tigers, and some
6500 orangutans. “Only now are many stud-
ies restarting,” says Wich. Although the
fighting at Ketambe, in the island’s interior,
was not as fierce as on the west coast near

Suaq, researchers had to evacuate in 2002
and only returned 2 years ago. After compil-

4 2

Up and running. The research center in Sumatra’s Gunung Leuser National Park has
been rebuilt afler being occupied by rebels and destroyed by the army.

ing a 37-year data set, says Wich, “it was sad
to have the gap.”

Although the primatologists at Suaq lost
much more time—8 years’ worth of data—
the 70 or so orangutans they study haven’t
missed a beat. The concentration of orang-

NEWSFOCUS I

be the key factor enabling otherwise solitary
creatures to “teach” each other skills such as
too] use, making Suaq the ideal laboratory
for studying the origins of human culture,
says van Schaik.

Ironically, the war may have given
Leuser’s orangutans a reprieve. When
Indonesia’s former President Suharto was
ousted in 1998, illegal loggers were about to
overrun the station. “The civil war stemmed
that,” explains Ian Singleton, director of
conservation for PanEco and a manager of
Suagq. “The illegal logpers
and poachers didn’t want to
risk being shot, so the c¢ivil
war was extremely good for
conservation.” During the
past 5 years, when Suaq was
offline, Singleton released
100 rehabilitated Leuser
orangutans back into the
Sumatran rain forest.

But other threats loom
large. Faced with expanding
oil palm plantations, the
resurgence of illegal logging
and mining after the peace
treaty, highway construction,
and a booming pet trade,
orangutans may become
extinet in the next decade or
two, says Singleton. A United
Nations Environment Pro-
gramme report published in
February 2007 warned that
98% of the orangutan’s habi-
tat—tropical rain forests—
would disappear by 2022.
Based on satellite imagery,
the report listed Leuser as one
of the most vulnerable hot
spots. Last year, Singleton
says, developers began drain-
ing swamps and burning
forests north of Suaq for oil
palm plantations

Van Schaik knows that he
and his colleagues can’t afford
to lose more time. They plan to
build a six-room dormitory,
imstall solar panels for a constant supply of
electricity, and build three boardwalks to ease
the trip to the research site. They hope to have
the station restored to its former glory by fall.
In the meantime, van Schaik is hiring assis-
tants for an expanding research agenda. “We

utans here is higher than h inthe
world: twice the density of other sites on
Sumatra and four times that of Borneo, the
only other place where these apes are found
in the wild. A vibrant population appears to

only hed the swface before,” says Gibson.
“We have the most intelligent and interesting
orangutans. There are so many bubbling ques-
tions to be answered.” ~]ERRY GUO
Jerry Guo is a writer in New Haven, Connecticut.
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Parsing the Evolution of Language

WHILE NOAH WEBSTER MAY HAVE PRODUCED THE EARLIEST COMPENDIUM ON AMERICAN
English, the divergence from British English dates from much earlier. Long before the pub-
lication of Webster's Dictionary in 1806, pronunciation in America and in Britain had begun
to differ (1, 2). The Dictionary thus does not mark a fixed point when all Americans shifted
abruptly from British to American English. The speciation, rather, was gradual, because
individual speakers change gradually, by increments, in their lifetimes; individual changes
also spread wrydnnlly from speaker to speaker.

In the Brevia evolve in | I bursts” (1 February, p. 588), Q. D.
Atkinson et al. are nght that there has yet to be an experimental demonstration of “punctu-
ational bursts” that mark the evolution of language. However, the idea that language evolu-
tien proceeds in “bursts” of change alternating with periods of stasis has long been recog-
nized in linguistics. Although there are periods in language evolution when population-
wide changes are less noticeable, this does not mean that when changes are noticed they
must have occurred abruptly. They are

e - % gradual even if th d withi
VO o ©O%  gradual even if their spread within a
o “99 0\‘53" oD population took only a few decades.
g g =0 & X o S ‘We believe there is a difference
-~ \

between rapid changes, which can still

. be incremental, and abrupt changes, as

when one speaker says “baht” or “bet”

when “bat” is intended. When such a change spreads within a population, it does not affect

every word that, for instance, has the American vowel sound of bat (such as pat and lack)

simultaneously, nor does every member of the relevant population of speakers participate in

the process at a given time.

BRIAN D. JOSEPH! AND SALIKOKO S. MUFWENE®

Department of Linguistics, The Chic State University, Columbus, OH 43210-1298, USA. 2Department of Linguistics,
University of Chicag, Chicage, IL 60637, USA,
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Response
IN OUR BREVIA, WE USED THE EXAMPLE OF

Phylogenies use nodes to summarize the
outcome of population-level processes that,

Webster’s Dictionary—widely regarded as the
naungurating dictionary of American En-
glish—to illustrate how the desire for a distinct
social identity can motivate language changes,
such as spelling. Of course, some changes may
have begun much earlier. We are not aware that
anyone has measured how rapid or gradual
these changes were by using the sorts of quan-
titative methods we have developed. but it
would be informative to do so.

25 APRIL

working forward in time, give rise to distinct
entities, be they species or languages. Our
statistical methods can detect whether these
events occur relatively abruptly or more
gradually (/-3). They do so by detecting
whether an excess of evolutionary diver-
gence arises in association with the number
of times a new species or language has
emerged on a phylogeny. They do not make
assumptions about precisely when these

PERSPECTIVES

Sp or languages emerged.

Changes to languages that ocour over a few
decades may seem gradual at the time but can
be relatively abrupt in the lifetime of a lan-
guage or language family. As an example, the
frequency with which meanings are used in
everyday language affects their rate of word
replacement over thousands of years (4). Some
words are replaced dozens of times in the his-
tory of a language family (such as the word for
“bird” in Indo-European) while others may
never be replaced (such as the word for “two™).

To speakers “on the ground” even these

are probably indistinguishable, but

over historical time they give rise to very dif-
ferent outcomes.
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Inspecting Urban Health

C. DYE'S PERSPECTIVE, “HEALTH AND URBAN
living” (8 February, p. 766), provided an
excellent overview of the history and
trends of health in urban areas but is silent
on some key issues. In addition to compar-
isons of urban and rural health, the grow-
ing urban health research field has bene-
fited from examining health within urban
communities {/-5). These studies have
helped expose the wide disparities be-
tween the rich and poor not only in envi-
ronmental health but also in health out-
comes (6). Wilkinson et al., in a review of
more than 150 studies, found that “health
is less good in societies where income dif-
ferences are bigger” (7).

The most likely underlying reason for the
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disparities in health is not, as Dye suggests,
“governance and the organization of civil
society.” but rather structural problems such
as inequality, poverty, debt, globalization,
unemployment, and education (8). Many of
these are indeed governance-related, but
others fall squarely in the realm of global
and national economics. In contrast to Dye’s
proposal that “a nation may now be judged
by the health of its urban majority.” [ suggest
that nations be judged by the health of their
most vulnerable, especially the urban
migrants, children, and residents of urban
slums and informal settlements.

ELIZABETH THOMAS

Medical Research Council South Africa, WHO Collaberating
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Response

MY REVIEW OF CHILD MORTALITY CONCLUDED
not only that wban inhabitants enjoy better
health on average than their rural counter-

parts but also that the benefits of urban
living are greater for the rich than for the
poor, thus magnifying the differences
between them. The sites included in my
review were mostly in low- and middle-
income countries, and this picture of better
but more uneven urban health may not apply
n richer parts of the world. In England, for
example, the concentration of relatively
poor people now living in London and in
other large metropolitan areas means that
infant mortality rates are equal to or higher
than the national average (/).

Among the factors that determine the
distribution of ill health in populations, 1
predict that governance will indeed turn out
to be vital in many countries. However, to
find out whether this is right or wrong, we
need to carry out substantial investigations
of the structural causes, which will identify
the functional relations between uneniploy-
ment, education, and poverty (however
measured), and how these act as determi-
nants of health.

CHRISTOPHER DYE

Department of Tuberculosis, World Health Organization,
Geneva CH-1211, Switzerland.

Faith and Science in Conversation

1

»

Tibetan Buddhism
& Modern Physics
Towarp 4 Union oF
Love anD KNOWLEDGE
Vic Mansfield
“Readers will be rewarded
by the light this book
shines on the correspond-
ing, but quite different,
approaches to reality.”
—His Hounvss e

Daas Lasaa, from the Farewoni
9781599471372 phkc $19.95

www.templetonpress.org

1-800-621-2736

Science and Soul
Charles Birch
“Birch [offers] a glimpse
into the contributions
of many of those who
shaped the thinking
of the second half of the
twentieth century, "
—Jorn B. Cosa [r.,
Claremont School of Theology
978-1.50047-126-6 phk $24.95

The Deep Structure
of Biology

Is CoNVERGENCE
SurFICENTLY UBIQUITOUS
TO GIVE A DIRECTIONAL
SinaL?

Simon Conway Morris, Ed.
Twelve renowned
scientists and theologians
offer penetrating insights
into the orthodox model
of evolution.
978139471389 pblc $20.95

‘ TEMPLETON /UUNDATION PRESS

Moving?
Change of Address?
New E-mail Address?

Continue your AAAS
membership and get
Science after you move!

Contact our membership
department and be sure

to include your membership
number. You may:

* Update online at
AAASmember.org

E-mail your address change
to membership4@aaas.org

Call us:

Within the U.S.:
202-326-6417
Outside the U.S.:
+44 (0) 1223 326 515

AVAAAS

wwwsciencemag.org SCIENCE  VOL 320 25 APRIL 2008

447



I LETTERS

448

Reference

1. Office for Mational Statistics, Births, Perinalal and Infant
Mortality Statistics, 2005, in Health Stat. §. 31, 76
(2005}

The Quest for Stronger,
Tougher Materials

THE PERSPECTIVE “STRUCTURAL NANO-
composites” (Y. Dzenis, 25 January, p. 419)
describes a quest for improved structural
materials and indicates that composites
with nanoscale reinforcements would have
“exceptional mechanical properties” Is
this true?

‘Why would reinforcements that are small
in size or volume offer any particular benefit
over larger-scale rei ? As the

structures. Unlike metals, these composites
do not experience large deformations before
failure. Instead, a degree of toughness is pro-
vided by multiple damage and crack accumu-
lation and deflection mechanisms, many
involving strong fibers. There is high interest
i further improving composites’ strength and
other mechanical properties, as exemplified
by the continuous industrial effort to produce
stronger reinforcing fibers. For some of the
fibers(e.g., carbon, glass, and ceramic fibers),
higher strength has been linked, among other
factors, to finer fiber diameters.

Froma compaosites perspective, it was only
natural to try to use the strength of nanoscale
reinforcement, such as carbon nanotubes, ina
superstrong and lightweight composite. Early

Perspective correctly asserts, if the compos-
ite material is to be used for a small-volume
structure, clearly the reinforcements must
also be small. In addition, small-volume
reinforcements are stronger, as has been
known since the early days of research on
whiskers (7). In this regard, reinforcement by
carbon nanotubes, for example, which are
thought of as one of the strongest materials in
existence (2), would seem ideal.

‘The problem with this notion is that new
materials are not limited by strength, but by
resistance to fracture (also known as fracture
toughness). It is not by accident that most
critical structures, such as bridges, ships,
and nuclear pressure vessels, are manufac-
tured from materials that are low in strength
but high in toughness. [ndeed, the majority
of toughening mechanisms mentioned by
Dzenis—i.e., crack deflection, plastic defor-
mation, and crack bridging—are promoted
by increasing, not decreasing, reinforcement
dimensions [e.g., (3)]. s it any surprise that
“results obtained so far are disappointing™?

ROBERT Q. RITCHIE

Materials Sciences Division, Lawrence Berkeley National

Laboratory, and Materials Science and Engineering,

university of California, Serkeley, CA 94726, USA. £-mail:
roritehie@lbl.gov
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Response

RITCHIE'S REJECTION OF STRENGTH IN FAVOR OF
toughness is perfectly suitable for ceramics
but can be less appropriate when applied to
other materials, such as polymers or even
metals. Advanced polymer composites—a
class of lightweight, strong, and stiff mat-
erials based on high-performance continuous
fibers—are now being used in a variety of erit-
ical applications, such as primary acrospace

pr were optimistic (/-3). However,
as Ritchie correctly asserts, the question of
whether nanoscale materials will be beneficial
to bulk structural materials is still open to dis-
cussion. Experience with high-strength poly-
mer composites calls for astrong interface and
high volume fraction of nanoreinforcement.
Research to date has not uncovered any funda-
mental drawbacks for achieving these, except
for possible deterioration of the intrinsic car-
bon nanotube strength as a result of covalent
bonding, as mentioned in the Perspective. The
situation is more complex with regard to
toughness. The benefits of larger reinforce-
ment diameters mentioned by Ritchie may
not be universal. After all, there are multiple
toughening mechanisms in composites, and
some of them can be expected to benefit from
the enhanced strength and resilience of nano-
reinforcement and/or its larger surface-to-
volume ratio. There is experimental evidence
of improvements in toughness of brittle mate-
rials as a result of carbon nanotube nano-
reinforcement (4, 5). Continuous nanofibers
(6) are also expected to produce improve-
ments while removing some of the problems
associated with discontinuous nanomaterials.
Yet, clearly more studies are needed to ehuci-
date the fundamentals of fracture in the nano-
reinforced materials, inchuding possible limit-
ing effects of small scale.

Finally, toughness and strength are not
always mutually exclusive. True, for the
intrinsically ductile materials, such as metals,
improvements in strength usually come at the
expense of toughness. However, for brittle
materials, such as ceramics, in the presence of
flaws that individually cause fracture, strength
canbe p jonal to toughness. Inth
ple used in the Perspective, we used nanoscale
reinforcement to toughen the thin interfacial
layers in advanced composites. We expect this
to result in improvements in composite
strength, as well as fatigue durability and

impact resistance. Similar effects can be pre-
dicted for other medium-term applications
described in the Perspective. We will continue
to hope for a time when we can demonstrate
the existence of bulk supernanocomposites
{defined as nanocomposites exceeding the
performance of modern advanced fiber-
reinforced composites).

YURIS DZENIS
Department of Engineering Mechanics, Nebraska Center for

Materials and Nanoscience, University of Nebraska,
Lincoln, NE 68588, USA. E-mail: yozenis@unledu
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TECHNICAL COMMENT ABSTRACTS

CommenT on “Eddy/Wind Interactions
Stimulate Extraordinary Mid-Ocean
Plankton Blooms”

Amala Mahadevan, Leif N. Thomas, Amit Tandon
MeGillicuddy ef af. {Reports, 18 May 2007, p. 1021) pro-
posed that eddy/wind interactions enhance the vertical
nutrent flux in mode-water eddies, thus feeding large
mid-ocean plankton blooms. We argue that the supply of
nutrients to ocean eddies is most likely affected by sub-
mesoscale processes that act along the periphery of
eddies and can induce vertical velocities several times
larger than those due to eddymwind interactions.

Full text at www.sciencemag.org/egifcontent/full/320/
5875/4480

Rsspuuss T0 COMMENT ON "Eddemd
ions Stimulate Exi
Mid-Ocean Plankton Blooms™

Dennis . McGillicuddy Jr.,, James R. Ledwell,
Laurence A. Anderson

The alternative mechanism proposed by Mahadevan ef
al. is an unlikely explanation for our observations
because their model predicts a bloom at the periphery of
the eddy, whereas the observations show it located at the
eddy center, and because the vertical displacements
«caused by the nonlinear Ekman effect are too small to
lead to an extraordinary biological response in this eddy.
Full text at vwesciencemag.org/egifcontent/Aull3 20/
5875/448¢

Letters to the Editor
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ENVIRONMENTAL HISTORY

Cultivating a New Nation

ruits and Plains adopts a novel ap-
F proach to the history of contemporary
restoration ecology and modern con-
cerns about invasive species in America.
Rather than view these practices as new devel-
opments in ecology and conservation biology,
Philip Pauly shows how they can be seen as
the culmination of a 200-year history of horti-
cultural practice in the United States. Pauly (a
historian at Rutgers University who died early
this month) depicts
these horticultural
practices as involv-
ing science but also
as tied to a craft tra-
dition, one linked
closely to an evolv-
ing American debate
about how to acquire
culture. His ambi-
tious goal is to use
hortienlture to con-
nect environmental,
agricultural, scientific, and art histories with
the history of national development
Pauly charts the tension between three atti-
tudes (the “desires for the exotic, enthusiasms
for the native, and fears of the alien™) that char-
acterize American debates through two cen-
turies. Americans could warmly embrace a cos-

Fruits and Plains
The Horticultural
Transformation of
America

by Philip J. Pauly

Harvard Univarsity

Press, Cambridge, MA,

Pauly examines these shifting attitudes
through profiles of key individuals working
in various contexts. He discusses not only
famous visionaries like Thomas J

horticulturists debated ideas about restoring
“primitive” forests, expanding the ranges of
useful American trees, and importing foreign
species for a cosmopolitan effect. Pauly sees
the prairies as the locus of new ideas, for in
these environments Americans had to grapple
with difficult questions about why the prairie
lacked trees: was this a primeval condition or
an accident of history? The prairie landscape

but also many lesser-known individuals who
were nonetheless important historical actors.
Eighteenth-century naturalists worried about
how Americans should settle their new lands
and what kinds of horticultural practices would
make for a successful adaptation. Pauly shows
how organized horticulture developed in the
United States; how societies, nurserymen-
entrepreneurs, and the gardening press inter-
acted; and how new institutions for the promo-
tion of horticulture were created. Historical
examples drawn from such different
activities as fruit cultivation and
landscape architecture collectively
impress on us how much energy and
enthusiasm Americans invested in
this pioneer form of biotechnology.
Importing species or extending
the ranges of native plants unleashed
new pests, however. The late 19thand
early 20th centuries saw the profes-
sionalization of agricultural sciences
and the emergence of new ideas
about quarantine and eradication of
insect pests along with development
of chemical weapons against such

mopolitan perspective, new species
into the landscape and experimenting with the
creation of new forms. [n the nation’s early
years, enriching its flora was a means of
improving American culture, raising it to the
level of western Europe by creating a better
place and a better people. On the other hand,
Americans might champion the virtues of
American plants, seeking to Americanize the
landscape by promoting the spread of desirable
species, while abhorring the destructive power
of imported species and their attendant pests.
The Hessian fly that plagued American wheat
crops in the late 18th century prefigured a
future fraught with dangers from other
invaders. Rejecting cosmopolitanism in prefer-
ence to a nativist stance, Americans called for
quarantine and eradication of pests as they con-
fronted the specter of enemy aliens descending
i 7 2

invad the gypsy moth, San José
scale, and Mediterranean fruit fly.

d ded sut ial rethinking of the rela-
tionship between nature and culture.
Following this history into the 20th century,
Pauly uses the prairie landscape to explore
modern ecological restoration work, as in Aldo
Lecpold's re-creation of the prairie at the
University of Wisconsin in the 1930s, the
development of the Konza Prairie Research
Natural Area in the 1970s, and the inclusion of
Konza in the Long-Term Ecological Research
Network in the 1980s. Pauly sees modern ecol-
ogists and restoration scientists as the true

The cosmopelitan passions of
botanical collectors such as David
Fairchild clashed with the nativist
views of people such as Charles
Marlatt, who escalated the war on
nature through the Plant Quarantine and
Control Administration. As an object lesson
illustrating the dangers of imported pests
and the courageous activism of the US.
Department of Agriculture, Fairchild’s col-
lection of Japanese ornamental cherry
trees, meant for Washington, was condemned
and burned in 1909 on Marlatt’s order.
Pauly supports the idea that the action had
deeper significance, resonating with contem-
porary arguments about the Yellow Peril and
Japanese treachery.

Alien pests. This carloon accompanied a piece by the president
of the American Forestry Assacialion supporting Charles
Marlalt’s November 1918 ban on the entry of foreign nursery
stock, seeds, and bulbs.

nheritors of the legacy of horticultural science
and craftsmanship. He understands this legacy
as extending well beyond the adoption of hor-
ticultural practices by modern ecologists. Ona
more profound level, ecologists have come to
recognize the extent to which North American
ecology has been shaped by millennia of
human occupation and distubance, and in
drawing that conclusion they also are led to
realize that management is inevitable. Modern
restoration ecologists have taken over the pro-
fessional and social niches occupied by horti-

ibroad and native

The reviewer is at the Histery of Science an Technolagy
Department, Johns Hopkins University, 3565 Morth
Chales Street, #203, Baltimere, MD 21218, USA. E-mail:
sharen@]hu. edu

Two landscapes draw Pauly’s special -
tion. Southern Florida's rapid development
from the late 19th century illustrates the ten-
sions evident throughout American history
between exoticism, Americanism, and fear of
the alien. So do the prairie grasslands, where

i in the past. Thus we see that resto-
ration ecology and concern with invasive
species is the latest stage of a quintessentially
American story that extends back to the birth
of the nation.

10.1126/clence. 1156769
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FILM: ENVIRONMENT

Seeing Green on the Silver Screen

n March, the 16th annnal Environmental Film Festival in the Nation’s Capital
I brought 115 movies—documentaries, features, animations, shorts, and children’s
films—to Washington, DC. Here are our reviewers’ reactions to five of them.

Most Dangerous Catch. David Elisco, Director, Sea Studios, Manterey,
CA. 2008. 57 minutes. National Geagraphic's Strange Days on Planet
Earth.

“Follow a fish and you can end up in some unexpected places,” says actor
Edward Norton at the beginning of a new episode of Strange Days on Planet
Earth. The show explores twa indirect effects of overfishing that are bath sur-
prising and dramatic (although one is highly speculative). Along the way, it
provides an entertaining view of how scientists stumble into mysteries and
then salve them. Twice it proves the point that archives can be places of
important discavery.

Throughout, Nortan offers commentary that is intelligent, if sometimes
stilted and breathless. The real star is Justin Brashares, a young ecalogist who
went to Ghana in the 19%0s to study antelope and was struck by their scarcity.
After hearing a lecture by a former government official about the importance
of marine fish throughout the national economy, Brashares and his col-
leagues studied rural markets and found a striking correlation: When fish are
scarce, more bushmeat is for sale []. S. Brashares ef al., Scdence 306, 1180
(2004)]. Research in the archives of Mole Natianal Park revealed that a lang-
term decline in 41 African species matches the decline of the fishery in the
Gulf of Guinea. One note to viewers: although a booming population of
marauding baboans hikes the tension, the connection to overfishing isn't
clear in the show. In fact, Brashares's baboon numbers have increased
because their predators have been hunted.

The show then cuts to the coast of Namibia, where Bronwen Currie works.
for the Ministry of Fisheries. She is surprised when her town is fouled by the
stench of rotten eggs and dead fish wash up on the beach as in a horror
mavie. (This is just one of several instances when the film lapses into juvenile
cinematography.) Currie searches through lacal records and finds past mass
kills, then teams up with oceanographers. They discover the rale of hydrogen
sulfide from rotting phytoplankton, as well as explosive releases of methane,
Satellites capture a fish kill in action, stretching up the coast for hundreds of
kilometers [S. ). Weeks, B. Currie, A. Bakun, Nature 415, 493 (2002)1. By
then, | was wondering what this story has to do with averfishing. Andrew
Bakun, an oceanographer at Namibia's National Marine Research and
Information Center, proposes that the massive overfishing of sardines has led
1o asurfeit of phytaplankton, perhaps increasing the frequency of the subma-
rine eruptions. That conclusion feels tenuous, as does Bakun's suggestion
that averfishing may be contributing to glabal warming, but the story of the
discovery is well told.

So much for the unexpected problems caused by fishing. The last third of
the show races through several attempts to relieve the pressure, including
marine reserves in California and more ecologically benign approaches to
aquaculture. After the two narratives, this part seems jam-packed and rushed.
These are worthy, but not unexpected, places to end up. Perhaps a lesson from
the fishing industry would have helped: less can be more.  ~Erik Stokstad

FLOW: For Love of Water. Irena Salina, Director. Water Project, USA. 2008.
93 minutes, www.flowthefilm.com

In Cochabamba, Bolivia, soldiers in riot gear fire tear gas inta crowds hurling
rocks and stones in a fight aver access to clean water. Such access, Irena
Salina’s film FLOW: Far Lave of Water tells us, will became a major political

and econamic flash paint in the 21st century. The film's two principal
themes—affordable access to clean water and “ownership” of water rights—
take us into the heart of towns and villages in India, South Africa, the United
States, and the atarementioned Balivia, where the first skirmishes in the lat-
est water wars are taking place. On affordable access to clean water, the film's
message is clear: many rural solutions can be low-tech and local, putting con-
trol of water resources directly in the hands of the peaple who use them.
Salina approaches ownership of water rights mainly through the proxy of a
protracted legal dispute between concerned citizens and a Mestlé water bot-
tling plant in Stanwaod, Michigan, Here the message is muddled, as we learn

little of what reasonable limits on water harvesting activities might be.

The film's strength is its passionate call to arms ta those concerned about
the global trend in privatization of water treatment and delivery systems and
with the patential consequences for the poorest and most vulnerable members
of saciety. The intimate connection Salina gives us with the women sitting in
silent protest outside a Coca-Cola bottling plant in Plachimada, India, is both
moving and motivating. Indeed, throughaut the documentary, determined
individuals and local communities are seen pitted against “villainous” multi-
national water and bottling companies (Thames Water, Vivendi, Suez, Coca-
Cala, Nestlé, etc.) and the World Bank (one of whose number | am married ta).
Yet, with this relentless portrayal of multinationals (in cannivance with the
World Bank} as heartless profiteers, an apportunity is missed to both nuance
the arguments—how water can be provided equitably in ever-expanding
urban areas in the developing world—and engage the “enemy” in a more con-
structive, and ultimately productive, dialogue. -Guy Riddihough

Building the Future—Energy. Nicolas Brawn, Director. UK. 2007.
54 minutes.
In Building the Future—gnergy, Nicolas Brown provides vignettes of projects
aimed at new, sustainable energy sources and the challenges faced by the
individuals (described as heroes) working an them. Although frozen methane
brings to mind the moons of Jupiter, investigatars are diving in search of
underwater fissures close to outcrops of gas hydrates. They believe that there
could be enough such methane under the Gulf of Mexico to power the United
States for years if it can be extracted safely.

Next, the film describes the hazards involved in building the
Metherlands’ first off-shore wind farm, at Egmond aan Zee. It compares
assembling blades half the size of a football field and their platforms in the
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CREDIT. FLGW. FOR LOVE OF WATERTHE WATER PROJECT LLC



OTTON) JONAS JORGAN, US ARMY CORFS OF ENGINEERS

LYFEH

midst of the North Sea to balancing a semi-
truck on four basketballs,

The film then turns to a place not known for
high winds: Roasevelt Island, adjacent ta
Manhattan. In 2007, Verdant Power and the
New York State Research and Development
Authority conducted an experiment to see
whether the tides of the Cast River could be har-
nessed to provide electricity for a gracery store,
with the dream of eventually using tides to pro-
vide as much as 10% of the power needed by
New York City. Although the potential is great,
strong tides have destroyed underwater turbine
blades, and the effects of such turbines on the
ecosystem remain to be fully explored

Others are focusing on the Sun’s pawer.
Brown highlights Roger Davey of EnviroMission, whose goal has been to
build a commercial solar-thermal power plant in Australia (where there are
300 ar more days of sunshine a year). In the United Kingdom, the Joint
European Torus is re-creating the power of the sun in a large fusion reactor,
It is clean energy (no radioactivity) but a risky pracess that could take
decades to develap.

This unabashedly upbeat film offers an antidote for anyone afflicted with
asense of fatalism about the future of clean energy. ~Barbara Jasny

Gimme Green. Isaac Brown and Eric Flagg, Directars, Jellyfish Smack, USA,
2006. 27 minutes. www.gimmegreen.com
The ubiquitous American lawn is a facade requiring the use of scarce water
resources and the application of carcinogenic chemicals. At least that is the
image presented in Isaac Brown and Eric Flagg's documentary Gimme Green.
The film offers a scattered laak at the pros (mainly aesthetics) and cans (the
work, pesticides, and water use) of having a well-maintained lawn

Brown and Flagg note that in the early 20th century most people didn't
own their hame and there were no yards. With home ownership, they imply,
came community standards for tidy turf, They interview several peaple who

PP

breaks between interviews.
Lighthearted and fun,
the film races along making
its main, rather depressing,
points about why we should
consider other ways to dec-
orate our properties, Un-
fortunately, it presents few
such alternatives—and those
alltoo quickly: a brief scene
touching on the natural
look, a short scan of books
on gardening with native
plants, and a presentation
of artificial turf as a sub-
stitute. The filmmakers de-
monstrate an aptitude for the style of other recent documentaries that enter-
tain while informing. Ginmme Green skewers a familiar aspect of our lives and,
hapefully, forces the audience ta rethink their obsession with turf.
~Laura M. Zahn

Scarred Lands and Wounded Lives: The Environmental Footprint of War.
Alice Day and Lincoln Day, Directors. Video Takes, USA. 2008. 60 minutes.
www.fundforsustainabletomorrows.org/film. htm

| began watching Scarred Lands and Wounded Lives with some skepticism—
if the world fails to act to prevent the deaths of men, women, and children
during war, will it pay any attention to a discussion of the accompanying
damage ta the Earth? However, the extensive research and skillful presenta-
tion by socialogists Alice and Lincaln Day make the film a surprisingly mov-
ing experience. Interviews of scientists, war veterans, and others are care-
fully interspersed with faotage that makes vivid the lang-term damage to the
planet that has resulted from military conflicts and activities: e.q., cluster-
bombs from as long ago as the Vietnam War that are still killing children and
hindering efforts to restore agriculture, possibly toxic seepage from the
more than 4000 ships sunk near South Pacific reefs during World War |1, war-

suggest that unkempt yards mark less-c dividuals and
who pass judgments an those lacking neat lawns. The film shows the absurd-
ity to which some take this standard and how the desire for green leads ta the
use of water that we can't spare. It also touches on the potential risks of the
insecticides and herbicides used to treat lawns, commenting that children liv-
ing in hames with treated lawns are more likely to develop leukemia and that
some of these chemicals are carcinogens that have made their way into our
groundwater. These facts are presented (without referencing sources} as

womisciencemag.org  SCIENCE  VOL

related in such places as Afghanistan and Vietnam, and con-
tamination by radioactive wastes associated with nuclear weapans in many
parts of the world. The filmmakers also address ather themes such as the lim-
ited ability of ecosystems to survive damages caused by military actions, the
extent to which problems could be addressed if resources were nat being
diverted to planned and ongoing wars, and the need to transition ta environ-
mental sustainability. Barbara Jasny

10.1126/science. 1156876
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Harvesting Data from Genetically

Engineered Crops

Michelle Marvier,'* Yves Carriére.” Norman Ellstrand.® Paul Gepts." Pe'tet Kareiva,'$

Emma Rosi-Marshall, Bruce E. Tab

shnik? L. LaReesa

gricultural output must keep pace with
Aa steadily increasing human popula-

tion, yetmust do so without destroying
critical habitat for biodiversity or severely
impairing ecosystem services. Genetically
engineered (GE) crops may help meet these
demands. However, a full accounting of the rel-
ative costs and benefits acerued from the wide-
spread planting of GE plants is stillunavailable.
Uncertainties about the long-term, large-scale
effects of GE crops are fueling a polarized
debate. One side perceives that excessive regu-
lation is slowing the delivery of benefits (1); the
other is concerned that adoption is proceeding
hastily and without adequate safeguards {2).
The widespread planting of GE crops in the
United States since 1996 represents a grand
experiment that could provide the information
necessary to resolve much of this debate.
Unfortunately, this experiment cannot be ana-
Iyzed because we lack well-documented maps
depicting the varying prevalence of crops with
specific GE traits each year.

Data documenting acreage planted to
various crop species are annually collected
by the U.S. Department of Agriculture’s
{USDA) National Agricultural Statistical
Service (NASS) in all 50 states (3), and a more
extensive census of ULS. agriculture is con-
ducted every 5 years (4). Since 2000, a ran-
domly selected subset of farmers has been
asked annually if they planted GE varieties of
corn, cotton, or soybean, the most widely
planted of the GE crops in the United States.
Although the NASS annually interviews
=125,000 farmers about their land use, the data
regarding acreage devoted to various GE crops
are aggregated to the level of individual
states—a spatial resolution too crude toallow as-
sessments of the environmental consequences,

Envirenmental Studies Institute, Santa Clara University,
Santa Clara, CA 95053, USA. “Department of Entomelegy,
University of Arizena, Tucson, AZ 85721-0036, USA
Department of Botany and Plant Sciences, University of
Califormia at Riverside, Riverside, (A 92521-0124, USA
“Department of Plant Sclences, University of Califamia at
Davis, Davls, CA 95616-8780, USA. ‘The Mature
Conservancy, Seatile, WA 98105, USA. *Depariment of
giology, Loyela University Chicaga, Chicago, IL 60626,
USA. ‘Depariment of Biolagy, University of Mebraska,
Omaha, NE 68162-0040, USA.

e. E-mail: edu

More than a billion acres have been planted
with genetically engineered craps in the USA
since 1996, but we do not fully know their
ecological costs and benefits.

Fields per township

I
[ 115 [ tand grants
B 5-356 [ Indian lands

0 2550 100 150 200

Distribution of agricultural fields in 2005 in Arizona counties and townships. Counties are delimited by
thick lines {mean area = 19,700 km?), and townships by thin black lines (mean area = 85.2 km?). With some
exceptins, land grants and Indian Lands are not divided into townships, The mean number af fields per town-
ship for the 261 townships with at least one field was 96; 25 had 1 to 5 fields (yellow), 236 had 6 1o 356 fields
(blue). Privacy would be preserved by mapping the distribution of GE craps by county, or in many cases by
taminships viith >5 fields. [Mapped data are from the Arizona Geographic Information Council and the Arizona

Cotton Research and Protection Councill

either positive or negative, of GE crops.

Data on the geographic distribution of GE
crops would be more nformative and useful if
it were aggregated and publicly released at the
spatial scale of counties, of which two-thirds
are <2000 km’. In western states such as
Arizona, with some counties >10,000 km?,

*Author far o

hips would be a more appropriate spatial

scale (see figure, above). Annual data regarding
crop acreage are already available at the scale of
counties for the entire nation. We are proposing
that the NASS also report the proportion of
acres planted to GE varieties at this scale. This
would permit analyses that could il luminate the
trade-ofTs associated with alternative agricul-
tural practices, while maintaining farmer pri-
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vacy (see figure). If
generating these esti-
mates at the scale of
counties should prove
too costly, the relevant
information could be
obtained from seed sale
records. For example,
the U.S. Environmental
Protecion Agency (FPA)
requires corporations
toreport anmal sales of
certain insect-resistant
GE varieties by county
as a condition of regis-
tration (5, 6.

In addition, finer
resolution is needed
about the characteris-
tics of the GE crops.
The NASS annually
reports acreages for
GE crops lumped into

Use of insecticides, herbicdes, Annuglly States. USDA NASST
and fungicides® Every 5 years Counties LISDA NASS
Annually Counties  State agendies
Use of chemical feriilizers Every 5 years Counties USDA NASS
and manurest
Other farming pracicess Annuslly States USDA NASS
Water quatityl Appros. hourly to. i, watersheds,  USGS NAWOA
every 4 years basins epal
Aguatic organism surveys** Pvery3tod  Site, watersheds,  USGS NAWQA
years. basins EPA
Amphikian research and monitoring  Annully Mested catchment USGS
Breeding bird survey Annually Site usas
Christmas bird count Annually site usas
Endangered species distributions  imeqular Counties NatureServe
“By active ingredient sad crop, 15ee wnw.pe 18y cop.

. COntigs cr0pping, irigated vs. o, <rop rotatons {lar specific crops), ndudes peticide residaes,
aspended sediments, physicaland chemical atriutes. TSee Al water. 535 guerangal and

four crude categories:
insect-resistant, herbi-
cide-resistant, stacked (meaning resistant to
both insects and herbicides), and “all biotech
varieties.” However, this classification masks
substantial variation. For example, 12 different
combinations of one to three insecticidal pro-
teins that kill caterpillars, beetles, or both are
produced by different varieties of GE cornand
cotton currently registered in the United States
(7). It is essential to discern whether a particu-
lar transgenic variety and its traits are associ-
ated with environmental patterns such as
changes in water quality, biodiversity, or pest
resistance. Therefore, we recommend that the
NASS keepand make available to environmen-
tal scientists records regarding the specific
transgenic varieties planted. For complete-
ness, GE field trial locations (again, at the
county level, to avoid vandalism of plots) and
accidental releases of GE organisms should
also be included in a spatially explicit database.

Analyses of the consequences of GE crops
must be interpreted in the context of other
farming practices. Fortunately, information
regarding agricultural practices such as the use
of msecticides and herbicides is already being
collected on a sufficiently fine scale in several
states (8-70), and such efforts could be merged
mto national maps. Although canse-and-effect
relationships would be difficult to determine,
the prevalence of GE crops varies widely
among counties within states (1J), which pro-
duces spatial and temporal contrasts that can be
analyzed as large-scale experiments. More
nuanced investigations are possible by drawing
on regularly menitored environmental attrib-
utes such as water quality, soil erosion, and

sstoret, “Bienonit
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land-use patterns, which are reported by the
USDA, EPA, and other federal and state agen-
cies (see table, above).

Some important lessons have already been
learned from analyses similar to those pro-
posed here. For example, cotton growers in
Arizona have collaborated with researchers
{under an agreement preserving farmers’ pri-
wacy) by providing detailed statewide maps of
fields of conventional and GE cotton. These
maps have allowed researchers to show that
insect-resistant GE cotton has fostered long-
term suppression of a major insect pest and has
helped to reduce insecticide use while main-
taining crop yield (12, /3). Diversity of nontar-
get insects was decreased by insecticide use,
but was not directly affected by cultivation of
GE versus conventional cotton.

By linking maps of agricultural practices
with existing monitoring of birds, fish, and
amphibians, one conld also examine associa-
tions between agricultural practices and trends
in species abundances across both space and
time (see table). Agriculture is the dominant
land use in the USA and in most of the world.
Regulations, public policy, and financial incen-
tives are often aimed at making agriculture
more sustamable or more productive (14, 15).
Yet, rarely do we have data to know the actual
consequences of different farming practices.
‘GE crops are a new technology that promises
to revolutionize agriculture for the good of
humankind. To inform our choices about agri-
cultural options, we must seize the chance to
collect and assess data that are relatively easily
obtained. The key will be to balance the rights

POLICYFORUM

Examples of existing public information. When
integrated with spatially explicit data on the use of GE
crops, such infarmation could allow assessment of the
benefits and drawbacks of these crops. Although these
data are not all at the spatial scale of counties or tawn-
ships and data quality is variable, this list provides a
starting point far the types of analyses we enwision,
Many relevant spatially explicit datasets can be down-
loaded from hittp://water.usgs.gavilaakup/getoislist.
“Site” reflers 1o a transect, river segment, ar elher rel
evant sampling unit. In all cases, sites are smaller than
the scale of counties {or townships), and therefare,
data from sites could potentially be aggregated to the
scale of counties (o townships).

of privacy for individual farmers and corporate
concerns regarding confidential business infor-
mation with the public good that can come
from analyzing these data.

The approach we advocate will help us
identify which agricultural practices maximize
benefits to farmers and society while minimiz-
ing environmental risks. The United States has
the world’s most extensive history of wsing GE
crops and one of the world’s best continental-
scale programs in environmental monitoring.
Combining these two sources of information
provides an opportunity to lead the world in
identifying agricultural pathways for the future
that best serve people and the environment.
Providing scientists access to data on GE crop
use at the county scale is a small and relatively
mexpensive step with enormous scientific and
public benefits.
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The Advantage of Abstract
Examples in Learning Math

Jennifer A. Kaminski,* Viadimir M. Sloutsky, Andrew F. Heckler

bstract knowledge, such as mathemat-
Aiual knowledge, is often difficult to

acquire and even more difficult to
apply to novel situations (/-3). It is widely
believed that a successful approach to this chal-
lenge is to present the learner with multiple
concrete and highly familiar
examples of the to-be-learned
concept. For instance, a mathe-
matics nstructor teaching sim-
ple probability theory may

i
present probabilities by ran- Lo
domly choosing a red marble
from a bag containing red and SEIEdlk

rules:

blue marbles and by rolling a
six-sided die. These concrete,
familiar examples instantiate
the concept of probability and
may facilitate learning by con-
necting the leamer’s existing
knowledge with new, to-
be-learned knowledge. Alter-
natively, the concept can be
instantiated in a more abstract
manner as the probability
of choosing one of # things from a larger set
of i things.

The belief in the effectiveness of multiple
concrete instantiations is reasonable: A student
who sees a variety of instantiations of a con-
cept may be more likely to recognize a novel
analogous situation and apply what was
learned. Learning multiple instantiations of a
concept may result in an abstract, schematic
knowledge representation (J, 4). which, in
turn, promotes knowledge transfer, or applica-
tion of the learned concept to novel situations
{1, 5). However, concrete information may
compete for attention with deep to-be-learned
structure (6-8). Specifically. transfer of con-
ceptual knowledge 1s more likely to ocour after
learning a generic instantiation than after
learning a concrete one (7).

Therefore, we ask: Is learning multiple
concrete instantiations the most efficient route
to promoting transfer of mathematical knowl-

!-l’ ."“

that communicates minimal extraneous infor-

mation) may result in better knowledge trans-
fer than learning multiple concrete, contextu-
alized instantiations

In experiment 1, undergraduate college
students learned one or more instantiations of

oN
W i the entiy
T

&0

=a

o4
+é—-0
o N

Generic and concrete instantiations of a mathematical group.

a simple mathematical concept. They were
then presented with a transfer task that was a
novel instantiation of the learned concept. The
to-be-learned concept was that of a commuta-
tive mathematical group of order three. This
concept is a set of three elements, or equiva-
lence classes, and an operation with the asso-
ciative and commutative properties, an iden-
tity element, and inverses for each element.
This concept was chosen because it involves
the most basic properties of the real number
system, yet it is simple, novel to the study par-
ticipants, and can be easily instantiated m dif-
ferent ways.

One instantiation used in this research was
generic. This instantiation was described as a
written language involving three symbols (see
figure, above) in which combinations of twoor
more symbols yield a predictable resulting
symbol. Statements were expressed as symbol
1, symbol 2 — resulting symbal. Three other

edge? Here, we tested a hypothesis that learn-
ing a single generic instantiation (that is, one

Center for Cagritive Science, Chio State University,
Columbus, GH 43216, USA.
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i il (Concrete A, B, and C) were
concrete, contextualized and involved ele-
ments that might appear meaningful in the
context. The Concrete A instantiation was
shown in previous research to facilitate quick
learning of the rules of the mathematical group

B seiventy

Undergraduate students may benefit more
from learning mathematics through a single
abstract, symbolic representation than from
learning multiple concrete examples.

(6). The elements were three images of mea-
suring cups containing varying levels of liquid
(see figure, below). Participants were told
they needed to determine a remaining amount
‘when different measuring cups of liquid are
combined. Concrete B and C instantia-
tions were constructed
similarly, with story
lines and elements that
would assist learning.
The same mathemati-
calrules were presented
in slices of pizza or
tennis balls in a con-
tainer, rather than por-
tions of a measur-
ing cup of liquid (9).
Eighty study partici-
pants were assigned to
one of four learning
conditions: Generic 1,
Concrete 1, Concrete
2, or Concrete 3, with
participants learning
one generic instantia-
tion, one concrete instantiation, two concrete
instantiations, or three concrete instantia-
tions, respectively.

Training was equated across conditions; all
participants were presented with the same rules
and the same number of examples, questions
with feedback, and test questions. After this
learning phase, all participants were presented
with the same transfer task, which was a novel
concrete instantiation of the same group struc-
ture that was presented during learning. The
transfer instantiation involved perceptually rich
elements, as do many real-world nstantiations
of mathematics, and was described as a chil-
dren’s game involving three objects (9). Tn the
game, children sequentially pointed to objects;
and a child who was “it” pointed to a final
object. If the child pointed to the correct final
object, then he or she was the winner. The cor-
rect final object was specified by the rules of
the game (rules of the mathematical group).
Participants received no explicit training in the
transfer domain. Instead, they were told that the
rules of the game were like the rules of the sys-
temys) they had just learned and that they could
figure out these mles by using their newly
acquired knowledge. After being asked to study

have E remairing

e B
b e g

have

remaining

- remaining
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Transfer test scores across learning conditions (means + SEM).

a series of examples, from which the rules
could be deduced, they received a 24-question
multiple-choice test isomorphic to the ques-
tions they answered during the leaming phase.
In all conditions of this experiment (as well
as the other experiments reported here), partici-
pants suceessfully learned the material with no
differences in learning scores (F3 s < 1) or
learning times (Fgg < 1.5). However, there
were significant differences in transfer (see
experiment 1, in the figure above), Participants
in the Generic 1 condition performed markedly
higher than participants in each of the three
concrete conditions (Fy g = 11.9, P < 0.001;
post hoc Tukey’s test, P values < 0.002).
Furthermore, transfer in the Generic 1 con-
dition was above chance {(r > 7, P <0.005),
whereas transfer in the concrete conditions did
not reliably exceed chance (¢ values < 1.7, P
values > 0.35; t=2.8, P =0.06 for Concrete 3)
These results indicate that learning one,
two, or three concrete instantiations resulted in
little or no transfer, whereas learning one
generic instantiation resulted in significant
transfer. If transfer from multiple instantiations
depends on whether the learner abstracts and
aligns the common structure from the Jearned
instantiations (7, ), then transfer failure sug-
gests that participants may have been unable to
recognize and align the underlying structure.
In two additional experiments, we assisted
structural alignment. In experiment 2, 20 par-
ticipants learned Concrete A and Concrete B
instantiations and were given the alignment of
analogous elements across the learning instan-
tiations. To our surprise, this assistance yielded
no improvement in transfer; scores were not
above chance (means+ SD: 41% £ 16.7%, 1,, =
0.94, P> 0.35). In experiment 3, we asked 20
participants after learning Concrete A and
Concrete B instantiations to compare thern, by
matching analogous elements and writing any
observed similarities. Explicit comparisons
have been shown to facilitate transfer (5, 10)
All participants correctly matched elements,
but the distribution of transfer scores was

www.sciencemag.org SCIENCE
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bimodal. Approximately 44%
of our participants scored
highly on the transfer test (95%
+4.7%). However, the remain-
ing participants did not do well
(51% % 11.6%). Therefore, the
act of explicit comparison may
help some, perhaps high-per-
forming, learners transfer, but
may not help others (17).

Overall, concrete and ge-
neric instantiations have dif-
ferent advantages. Concrete
instantiations may be more
engaging for the learner and
may facilitate initial learning (6), but do not
necessarily promote transfer. At the same
time, generic instantiations can be learned and
do promote transfer. On these grounds, one
could argue that presenting a concrete instan-
tiation and then a generic instantiation may be
an optimal learning design for promoting
transfer. One could also argue that the con-
crete instantiations used in experinents 1 to 3
are very similar to each other and that success-
ful transfer might require instantiations that
are more diverse.

We address these issues in experiment 4.
Forty participants were assigned to one of two
learning conditions: One-Generic (participants
learned the generic instantiation) or Concrete-
then-Generic (participants learned the Con-
crete A instantiation then the Generic instantia-
tion). The results were that participants who
learned only the generic instantiation outper-
formed those who learned both concrete and
generic instantiations (see experiment 4 in the
figure above; £, = 2.7, P <0.02).

Our findings suggest that giving college
students multiple concrete examples may not
be the most efficient means of promoting trans-
fer of knowledge. Moreover, because the con-
cept used in this research invelved basic math-
ematical principles and test questions were
both novel and complex, these findings could
likely be generalized to other areas of mathe-
matics. For example, solution strategies may be
less likely to wansfer from problems involving
moving trains or changing water levels than
from problems involving only variables and
numbers. Instantiating an abstract concept in a
concrete, contextualized manner appears to
constrain that knowledge and to hinder the abil-
ity to recognize the same concept elsewhere;
this, in turn, obstructs knaw]edge uansfer A(

Experiment &
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EDUCATIONFORUM I

represent mathematical concepls in a manner
close to the abstract rules themselves.

Because the difficulty of transferring
knowledge acquired from concrete instantia-
tions may stem from extraneous information
diverting attention from the relevant mathemat-
ical structure, concrete instantiations are also
likely to hinder transfer for young learners who
are less able than adults to control their atten-
tional focus. We have evidence that 11-year-
olds transferred successfully from a generic
instantiation, but not from a concrete one (/2).

If a goal of teaching mathematics is to pro-
duce knowledge that students can apply to
multiple situations, then presenting mathemat-
ical concepts through generic instantiations,
such as traditional symbolic notation, may be
more effective than a series of “good exam-
ples” This is not to say that educational design
should not incorporate contextualized exam-
ples. What we are suggesting is that grounding
mathematics deeply in conerete contexts can
potentially limit its applicability. Students
might be better able to generalize mathemati-
cal concepts to various situations if the con-
cepts have been introduced with the use of
generic instantiations.
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BIOPHYSICS

Enigmas of Blood Clot Elasticity

John W. Weisel

ibrin is the primary structural
F protein of the blood clot, and

its mechanical characteristics
are essential to stop bleeding. Yet,
although clotting is vital to the preser-
vation of life, blood clots that impede
the flow of blood in vivo—called
thrombi—are respensible for most
heart attacks and strokes and compli-
cate other pathelogical conditions,
including many types of cancer and
peripheral vascular disease. Recent
studies have begun to shed light on the
molecular origins of the mechanical
properties of fibrin clots.

The soluble precursor protein of
fibrin in blood is fibrinogen, which is
converted by cleavage of small pep-
tides to fibrin. Imtially a monomer,
fibrin then polymerizes to form the
fibrin clot, a gel or network of fibers
(see the figure, upper left panel).
Formation of this clot generally ac-
companies aggregation of platelets at the
site of injury to form a plug that stems leak-
age of blood from the blood vessels.

The fibrin clot is a viscoelastic polymer,
‘which means that it displays the elastic prop-
erties of a spring and the viscous properties
of a typical fluid (7). Fibrin’s viscoelastic
properties determine whether a thrombus
will have a tendency to become occlusive or
to break apart o that fragments block
smaller blood vessels, as well as the likely
response of the thrombus te common ¢lini-
cal treatments, including angioplasty or
thrombolysis. The clinical significance of
clot mechanical properties is illustrated by
the fact that the stiffness of clots formed
from the blood of patients who have had
heart attacks at an early age is 50% greater
than that of controls, indicating that these
clots are abnormal (2).

Since the first large-scale purification of
fibrinogen more than 60 years ago, scien-
tists have learned a great deal about fibrino-
gen’s structure, the process of fibrin poly-
‘merization, and the structure and mechani-
cal properties of clots (3, 4). Yet, we still
know relatively little about the origin of the

Department of Cell and Developmental Biology, University
of Pennsylvania Scheel of Medicine, Philadelphia, PA
19104, USA. E-mail: welse @mailmed.upenn ecu

viscoelastic properties of fibrin clots. Its
wviscoelastic properties are similar to those
of a lightly cross-linked rubber, but its
structure is very different. The fibrin in a
typical physiclogical clot will occupy only
about 0.25% of the total volume of blood,
and a stable gel can be formed with fibrin
polymer comprising just 0.0025% of the
volume. Clots are made up of a coarse net-
work of branching fibers instead of the ran-
dom-coil network of thin, highly flexible
strands found in typical rubbers. The extent
of our ignorance of the origin of fibrin’s
mechanical properties is so great that
straightforward caleulations of branch point
density from clot stiffness are off by ~6
orders of magnitude (5).

Some clues to the origin of clot elasticity
have come from examination of correlations
between the structures and mechanical prop-
erties for a wide variety of clots (6). The long,
thin fibers that make up fibrin clots are stiffer
with respect to stretching than bending,
implying that clot elasticity likely involves
fiber bending (5). Indeed, bending of fibers
and reorientation of fibers in the direction of
the stress accompanies the deformation of
clots (7). By pulling with optical tweezers on
beads attached to individual fibers, the stiff-
ness and elastic moduli of fibrin fibers in a
clot have been measured ().

Biophysical studies are beginning to elucidate
the molecular mechanisms that lead to the
unique viscoelastic properties of blood clots.

Mica

Fibrinagen

Structure and mechanical properties of fibrin. (Upper left) Awhale blood clot is made up of a branched netwark
of fibrin fibers (blue), platelet aggregates (purple), and red blood cells. (Lower Left) Fibrin ibers have been visual-
ized by scanning electron microscopy. (Right) The unfelding of demains of fibrinogen has been studied by pulling
with the tip of an atomic force microscope.

At large strains, clot stiffness increases,
which is uncommon and may be important
physiologically—especially under the high
stresses of arterial blood flow—if it affects
clot strength. Theoretical work is beginning
to shed light on the molecular basis for this
unusual behavior (9). At the microscopic
level, individual fibers have been stretched
by as much as a factor of six with the tip of
an atomic force microscope before rupture,
making them the most highly extensible
biclogical polymers known (see the figure,
lower left panel) (/0). Extending the earlier
optical tweezers results on the elastic prop-
erties of fibers (8) to different strains
should provide some clues to the micro-
scopic origin of the viscous properties of
fibrin clots.

Molecular mechanisms accounting for
clot mechanical properties are emerging. [t
now seems clear that some domains of fibrin
meolecules unfold with stress. Unfolding
experiments on single fibrinogen molecules
and naturally oceurring fibrin polymers yield
results that are nearly impossible to interpret,
because the structures are so complex that
many unfolding events are possible. Tandem
repeats of individual domains would aid
interpretation but are difficult to prepare. To
get around these problems, single-stranded
fibrinogen polymers have been prepared and

25APRILZ008  WOL320 SCIENCE www.sciencemag.org

tn

1), (RGHT PANEL)

ERLEFT PANEL ADAPT

D

ROM MACMIL




‘CREDIT: TIVMOTHY FAGANWASEDA UNIVERSITY

the unfolding of fibrin{ogen) domains has
been measured by single-molecule atomic
force microscopy (see the figure, right panel)
{11). These results suggest that the a-helical
coiled-coils unfold first, acting as a molecu-
lar source of clot resilience, which may be
the first clearly demonstrated biological
function for protein unfolding.

Molecular dynamics simulations can
help clarify experimental results {12, 13),
but simulations on appropriate time scales
for this large and complex molecule may
require the use of coarse-grained methods
Knowing which fibrin domains are
mechanically stable and which domains
unfold might one day help to clarify the
associations between molecular and clot
properties and suggest novel sites for
drug targeting.

Better understanding of the molecular
origins of clot elasticity should make it pos-
sible to relate mechanical properties of dif-

ferent clots to their structures. Studies of
clots made from recombinant or naturally
oceurring fibrinogen mutants are likely to be
useful for these efforts. Clots including
platelets are more complex, because the
platelets control fibrin polymerization, and
the structure of thrombi is also determined
by the forces and transport of blood flow.
Furthermore, platelets are filled with actin
and myosin and thus penerate large contrac-
tile stresses on fibrin clots, somewhat like
other active-gel systems, such as actin fila-
ments with myosin (/4) or microtubules
with kinesin or dynein (/5).

The challenges to determining the micro-
scopic and molecular properties of fibrinare
manifold, but overcoming them will lead to
an understanding of the clot mechanical
properties at the molecular, fiber, and
whole-clot levels. These insights may enable
us to prevent many life-threatening maladies
and develop new treatments.

PERSPECTIVES I
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PLANETARY SCIENCE

Identifying Ancient Asteroids

Thomas H. Burbine

ore than 400,000 asteroids have
Mbaen identified in the solar system
to date. These objects are thought
to be the surviving remnants of the planetesi-
mals that formed the planets about 4.6 billion
years ago. The ages and mineralogical char-
acteristics of these planetesimals can be esti-
mated through high-precision laboratory
analyses of the compositional and isotopic
properties of meteorites, of which more than
30,000 samples exist. Until now there has
been no way to estimate when an asteroid
formed, other than assuming that its age was
similar to that of most meteorites. On page
514 of this issue, Sunshine ef al. (1) present
results of a remote spectroscopic study to
show that a number of asteroids are enriched
in the oldest known objects in the solar sys-
tem {calcium-aluminum inclusions or CAIs)
(see the figure), thereby making them the
most ancient asteroids currently known.
CAls are common components of the
most primitive meteorites, carbonaceous
chondrites, which have not undergone signif-
icant heating and are thought to be represen-
tative of the composition of the solar nebula.
CAls are predicted to be the first condensates
that formed out of the solar nebula and can

Department of Astronomy, Mount Holyake College, South
Hadley, #A 01075, USA. E-mall:tburbine@rmholyoke.edu

have ages as old as ~4.567 billion years (2).
Also commonly found in carbonaceous chon-
drites are chondrules, cooled molten droplets
that formed during the rapid heating and then
cooling of solid precursor material. On aver-
age, chondrules appear to have formed 2 mil-
lion to 3 million years after CAls (3). This age

Ancient asteroids. False-color x-ray elemental map (10) of a
calcium-aluminum inclusion (CAI in the Allende meteorite.
The predeminantly greenish, circular object is the CAl and
spinel minerals are the violel areas in the CAL Red, areas
enriched in Mg; green, areas enriched in Ca; blue areas

enriched in AL

Remote spectroscopy has identified the oldest
asteroids in the solar system.

difference between CAls and chondrules
indicates that CAls were removed from the
innermost regions of the protoplanetary disk,
‘where they are assumed to have first formed,
soon after they first condensed. Without this
early removal, the isotopes of the CAls would
have been reset during the heating and cool-
ing period of chondrule formation
and the ages of the CAls would
resemble chondrules. Thus, the iden-
tification of a CAl-rich asteroid
would date its formation at ~4.567
billion years ago.

Inthe early 1990s, spinel (MgALO,)
was shown to be abundant on the sur-
faces of some asteroids (387 Aqui-
tanda and 980 Anacostia) (4). Near-
infrared data () indicated that these
objects have a very strong absorption
feature centered at wavelengths
around 2 pm, which is indicative of
spinel with at least a small concen-
tration of Fe?*, Pyroxene, a likely sus-
pect as the most common mineral
with an absorption band centered near
2.0 pm, could be ruled out because it
also has a strong absorption at ~0.9
pum, which was not present in the spec-
tra of these asteroids. CAls, the only
component in meteorites that contain
spectrally sipnificant abundances of
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spinel, were the most likely source of the
absorption, but a spinel-rich surface due to
igneous processes could not be ruled out,

In a study that should be the template for
future analyses of asteroids because of its
combination of telescopic observations, mete-
oritic characterization, and spectral modeling,
Sunshine ef al. can now precisely link spinel-
rich astercids and CAls. A visible spectro-
scopic survey of more than 1000 asteroids ()
identified possible spinel-rich objects in the
visible-wavelength region due to their
strongly reddish (reflectance increasing with
increasing wavelength) spectra below ~0.75
wm and their featureless flat spectra from
~0.75 to 0.92 pum. Near-infrared measure-
ments using SpeX (7), a medium-resolution
infrared spectrograph located at the NASA
Infrared Telescope Facility on Mauna Kea,

dth iects had the ibsorp-
tion characteristic of spinel. To determine the
best compositional analog for these asteroids,
CAls and CAl-free matrix material from the

CV chondrite Allende were separated out and
characterized. Spectral modeling of the com-
ponents was then done to best match the spec-
tra of the asteroids and to narrow down the
mineralogical interpretation.

One unanswered question is why these
asteroids did not melt, which would have
obliterated the spectral signature of the CAls.
[fthese asteroids contained the typical, initial
% A1R7A] ratios found in CATs, their high alu-
minum contents should have caused melting
Perhaps these objects contained much lower
abundances of 2A1/" Al and therefore consti-
tute evidence for heterogeneous distribution
of 26Al in the solar nebula, or perhaps they
contained very high abundances of ice (8)
that acted as a buffer against full-scale melt-
ing and differentiation.

Sample return from an asteroid has been
attempted only by the Japanese Hayabusa
mission (%) from a near-Earth object (NEO),
whereas the objects identified by Sunshine
et al. reside in the main asteroid belt. If a

spinel-rich NEO can be identified, it surely
would be an attractive target for a sample
return mission: obtaining for laboratory
analysis some of the most primitive material
still remaining in the solar system.
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CELL BIOLOGY

A One-Sided Signal

Gregory D. Faim and Sergio Grinstein

essential for cells to transduce signals

Phosphoinositides—the phosphoryl-
ated derivatives of the membrane lipid
phosphatidylinositol—control diverse cellular
processes, including cell proliferation and sur-
vival, cytoskeletal organization, and vesicle
trafficking. Similarly, the membrane lipid
phosphatidylserine is key to initiating pro-
cesses as important and dissimilar as blood
coagulation and the clearance of dead cell rem-
nants (apoptotic bodies). Defects in phos-
phatidylserine metabolism can lead to serious
disorders including Scott’s syndrome (a rare
hemorrhagic disease) and autoimmune dis-

Lipids are increasingly recognized as

metabolic conversion but are instead en-
coded by its subcellular localization. Phos-
phatidylserine is enriched in the plasma
membrane. [n healthy cells at rest, virually
all the phosphatidylserine is found in the
inner leaflet of this lipid bilayer, where it
serves as a molecular beacon for proteins
that contain a structural motif called the
C2-domain. Moreover, because phosphati-
dylserine is very abundant (220 mol % of the
inner leaflet) and is anionie, it contributes
substantially to the negative charge of the
cytoplasmic face of the plasma membrane
and promotes the recruitment of positively
charged, polycationic proteins,

The mechani at the strik-

Changes in the distribution of a lipid within the
plasma membrane affect normal cell function
and virus infection.

function has made removing or silencing
the endogenous encoding penes in mam-
malian cells a daunting task. To circumvent
this complication, Darland-Ransom and
colleagues took advantage of the model
nematode Caenorhabditis elegans, which
contains only six homologs of these
ATPases, also referred to as transbilayer
amphipath transporters. Systematic gene
silencing using RNA interference revealed
that only the ATPase encoded by the
gene fat-/ is required to maintain phos-
phatidylserine asymmetry. Furthermore,
cells that exposed phosphatidylserine on the
outer (exofacial) leaflet of their plasma

eases such as systemic lupus eryth
{1). Yet despite its importance, little is known
about how phosphatidylserine functions during
signal transduction. On pages 528 and 531 of
this issue, Darland-Ransom e al {2) and
Mercer and Helenius (3) provide new insights
into the biology of phosphatidylserine and
reveal an unappreciated role in viral infection.
Unlike other phospholipids, the signals
conveyed by phosphatidylserine do not entail

Cell Biology Program, Research Institute, The Hespital for
Sick Chiléren, Toronia, Ontarie M5G 148, Canada. &-mail:
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ing asymmetry in the transmembrane distri-
bution of phosphatidylserine has been
debated extensively, but recent evidence
sugpests that a class [V P-type ATPase may
be the long-sought enzyme (aminophos-
pholipid translocase) that maintains this
unequal distribution in the membrane
bilayer (4, 5). However, because the mam-
malian genome encodes at least 14 potential
class TV ATPases, definitive genetic confir-
mation has been lacking. The likelihood
that multiple isoforms of this lipid translo-
case (ATPase) would display redundant

brane, due to the elimination of fat-i,
were subject to phagocytosis (internaliza-
tion) by other cell types, even though the
engulfed cells were not overtly undergoing
cell death (apoptosis). Interestingly, the
phagocytosis of cells exposing phos-
phatidylserine at the outer surface of their
plasma membrane was not exhaustive and
appeared to be random. This raises the pos-
sibility that engagement of cell surface
receptors for phosphatidylserine, such as
PSR-11in C. elegans or Tim-1 and Tim-4 in
mammalian cells (6), may not suffice to
trigger phagocytosis, and that other signals
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may contribute to the removal of apoptotic
cells. In this regard, the cell surface protein
CD36 recognizes oxidized forms of the
phospholipid {7). A second alteration, such
as the oxidation of exofacial phos-
phatidylserine, may be required for effec-
tive clearance of apoptotic bodies

As reported by Mercer and Helenius, loss
of phosphatidylserine asymmetry in the
plasma membrane is also important for some
viral infections. Like other viruses with a
lipid bilayer coating, vaccinia virus acquires

Lipid bilayer
— Scrambled phosphatidylserine
~ {present in both layers)

Asymmetric phosphatidylserine
— {enriched on the side indicated
in red)

Flipping lipids. A cell undergaing apoptosis expases phosphatidylserine at its
cell surface, a signal for a phagogytic cell ta engulf the dying cell {or smaller
pieces of the dying cell, called apoptotic bodies). Similarly, in the late stage of
vaccinia virus infection, a host cell undergoes apoplosis and externalizes phos-

its membrane envelope as it buds off of the
infected host cell. Because the infected cells
undergo apoptosis, and thus experience
scrambling of plasma membrane lipids, the
budding virus also acquires an envelope that
exposes phosphatidylserine on its external
surface (see the figure). The authors found
that, although not required for the virus to
bind to the surface of the host cell, the pres-
ence of exofacial phosphatidylserine is
required for viral entry. The nature of
the internalization pathway is particularly
intriguing because like other poxviruses,
vaccinia virus is large (2200 nm in diame-

pinocytosis, a less specific internalization
process that is more generally involved in the
uptake of surrounding fluids. The sensitivity
of vaccinia entry into cells to inhibitors of
tyrosine kinases suggests the involvement
of a transmembrane receptor for phos-
phatidylserine, as well as the existence of
separate binding determinants on the recep-
tor for the virus and for phosphatidylserine.
This is consistent with a “tether and tickle”

mechanism in which a separate attachment
site is required for phosphatidylserine recep-

L Phosphatidylserine
recepior

Phagocyte

tors to effectively bind and internalize apop-
totic cells (8). The involvement of phos-
phatidylserine may not be limited to infec-
tion by vaccinia viruses. Papuamide B, a nat-
ural compound with anti-HIV properties,
also binds to phosphatidylserine (9). It is
therefore conceivable that HIV similarly
requires phosphatidylserine for infection and
that papuamide B interferes by occluding the
lipid on the viral surface. The role of phos-
phatidylsering in the entry of HIV and other
viruses will surely be explored in greater
detail now.

The site(s) where membrane phos-

ter), ding the size acco dated by
endocytosis, the engulfment process that
uses specialized minute invaginations to
internalize only a small area of the cell sur-
face. Using a series of pharmacological
agents, the authors showed that vaccinia
enters cells by a process akin to macro-

p y try is g d merit
consideration. In eukaryotic cells, phos-
phatidylserine is synthesized primarily on
the cytosolic aspect of the endoplasmic retic-
ulum, an organelle through which secreted
proteins pass. However, probes for phos-
phatidylserine failed to detect significant

ine
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amounts of this lipid on the cytosolic surface
of the endoplasmic reticulum or of the Golgi
complex, another organelle of the secretory
pathway (70, 7). Tt is possible that phos-
phatidylserine fails to accumulate in the
secretory pathway organelles because it is
rapidly exported through this pathway fol-
lowing its biosynthesis. [t may also be that
newly synthesized phosphatidylserine is
preferentially translocated to the luminal
leaflet of these organelles, and thus is inac-
cessible to specific probes (10, 11). Ac-

Engulfment,
| viral fusion,
(| infection

phatidylserine in its plasma membrane. A virus budding from this cell thus
acquires a membrane envelope thal exposes phosphatidylserine on its outer sur-
face. This lipid serves as a signal for viral uptake by a noninfected cell through a
mechanism similar to macropinocytosis.

cordingly, the few studies analyzing phos-
phatidylserine sidedness in vesicles derived
from the endoplasmic reticulum suggest that
a vast majority of the lipid is in the Juminal
leaflet of the membrane (12). If these obser-
vations are validated, phosphatidylserine and
other aminophospholipids could mitially be
delivered to the external aspect of the plasma
membrane upon secretion, and would have to
be rapidly “flipped” inward by specific
enzymes (flippases). This speculation is lent
some credence by the observations that
phosphatidylethanolamine accumulates tran-
siently within the membrane of yeast at sites
of localized exocytosis and that this effect is
accentuated when plasma membrane flip-
pases are inactive (13).

Asymmetry in the distribution of plasma
membrane phosphatidylserine clearly has
fi ional imp , and the Yy
may extend to other organelles. Yet our
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understanding of the molecular mechanisms
that generate and maintain phosphatidylser-
ine asymmetry is still in its infancy. The
recent identification of phosphatidylserine-
specific receptors and the development of
genetically encoded biosensors to detect
phesphatidylserine in live cells will acceler-
ate discovery in this field.
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CLIMATE CHANGE

Carbon Crucible

Melinda Marquis*®* and Picter Tans?

tmospheric measurements show that

the carbon dioxide (C0,) concentra-

tion in the atmosphere is currently
~385 parts per million (ppm) and rising fast.
But this value is a global average that tells
us nothing about the regional distribution
of greenhouse gas emissions. As the world
embraces myriad mitigation strategies, it must
gauge which strategies work and which do
not. Gaining such understanding will require
a greenhouse gas monitoring system with
enough accuracy and precision to quantify
objectively the progress in reducing emis-
sions, including regional efforts like those in
California, New England, and elsewhere.

The current sparse network of observation
sites across North America and elsewhere
allows us to resolve annual continental fluxes
of CO,. But successful mitigation requires
fluxes to be resolved within much smaller
regions—on the order of the size of a
European country such as France or a US.
state such as Kansas. Current ground-based
measurement technology can provide the
required precision, but the number of mea-
surements is insufficient. Data are collected
by numerous agencies around the world, yet
an integrated system is needed that uses all
available data and ensures rigorous quality
control for data collection and data analysis.

A powerful way to use all these data is ina
data assimilation system, which combines
diverse (and often sparse or incomplete) data
and models into a unified description of a
physical/biogeochemical system consistent
with observations. Components of such sys-
tems include models of terrestrial photosyn-
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The advantages of height. Atmospheric measure-
ments are made an the tall tower (300 m). The tower,
located near Bialystok in eastern Peland, is part of
the CarboEurope tall tower network. Similar net-
works exist in North America and more sparsely in
other parts of the world.

What are the data and medeling requirements
for gauging the success of mitigation strategies
in reducing greenhouse gas emissions?

thesis (removal of CO,,, called a sink) and res-

piration (a source of CO,), models of ecosys-
jissi uptake of other

gases, models of gas exchange between

atmosphere and oceans, and models of gas

emissions from wildfires—all grounded

in observations.

The current grid scale for such assimila-
tion systems—such as CarbonTracker, the
first data assimilation system to provide CO,
fhux estimates (J, 2)—is limited to ~100 km or
larger, primarily due to computer resource
limitations. Currently sparse atmospheric
greenhouse gas data force us to make the
assumption that source variations are coherent
over very large spatial scales. More observa-
tion sites would make the systems more
strongly data-driven. Data assimilation sys-
tems also need more refined estimates of fos-
sil fuel emissions, and better process under-
standing to provide greater detail in emission
patterns. Lastly, better models of atmospheric
transport will increase the resolution and
decrease biases of the data assimilation sys-
tem. Our ability to distinguish between distant
and nearby sources and sinks is limited by
how accurately transport models reflect
details of the terrain, winds, and atmospheric
mixing near the observation sites.

National emissions inventories (which
are required by the UN. Framework Con-
vention on Climate Change) are key data sets
for assimilation systems. Inventories are
‘mostly based on economic statistics, which
are used to estimate how much of each
greenhouse gas enters or leaves the atmo-
sphere (3). They are reasonably accurate for
CO, from fossil fiels (within ~10%) in many
developed ies but less 5o in developing
countries and on regional scales. Invento
emission estimates are much less reliable for
other COZ sources, such as deforestation, and
for other major greenhouse gases; for exam-
ple, the contributions of natural wetlands,
rice farming, and cattle to the global methane
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burden are each uncertain to ~30% (4).
When comparing emission inventories with
atmospheric data, substantial errors in the
former have been documented (5).

The greatest hurdle to rapid progress, how-
ever, is the sparseness of atmospheric data.
Current measurements include air sampled in
flasks, in situ continuous measurements on
tall transmitter towers (see the figure), and
data from aircraft. Measurements from tall
towers are particularly useful. The trace gas
concentration observed on a tall tower pro-
vides information from a radius of several
hundred kilometers. To provide meaningful
observation-driven quantification of green-
house gas sources, the number of sites must be
increased from today s ~100 to ~1000, distrib-
uted in a suitable global network, and a sub-
stantial proportion of these should be tall tow-
ers. This could be achieved by placing green-
house gas measurement instruments on exist-
ing communication towers around the world.
Vertical-profile observations from aircraft
are essential to improve simulation of air
exchange between the boundary layer at
Earth’s surface and the free troposphere
above in atmospheric transport models.

Satellite-based instruments can also pro-
vide information about CO, concentration in
the atmosphere, but no current satellite-borne
instrument comes close to providing the
accuracy, precision, and continuity required
to determine regional CO, concentrations
and local fluxes. Future satellites, including
the Orbiting Carbon Observatory (OCO)
{6) and the Greenhouse Gases Observing

Satellite (GOSAT) (7), are expected to pro-
vide more accurate CO, measurements than
do today’s satellites.

A key component of an improved monitor-
ing system will be simultaneous observations
of isotopic ratios and other chemical species
characteristic of different source processes. For
example, "*C is absent from fossil fuels; recent
emissions of fossil-fuel-derived CO, reduce
the MC/C ratio of CO,, which can be accurately
measured in a few liters of ambient air.

The accuracy requirements for all of these
measurements are challenping. For instance,
fossil fuel burning in the US. adds, on aver-
age, less than 1 ppm to the background level
of 385 ppm each year. This helps to explain
the demanding geal for accuracy of 0.1 ppm
for CO,, and similar geals for CH, and N,O,
set by the Global Atmospheric Watch
Programme (&) of the World Meteorological
Organization (WMO). Meeting this goal will
require consistent and rigorous application of
quality-control and quality-assurance proce-
dures to measurements, analysis, and data
handling. Currently, participants in the WMO
network can achieve an accuracy of 0.2 ppm,
too imprecise by a factor of 2.

Satellite measurements are indispensable
in achieving global coverage, but sensor drift
(due to temperature effects, aging electronic
sources, and the like) and potential artifacts
with CO, retrieval will be an enduring con-
cern for developing long-term records. The
current mission specifications for the OCO
satellite require a precision of 1 to 2 ppm,
which would be an enormous improvement

PERSPECTIVES I

over that of previous satellites, but may still be
too imprecise for regional flux estimates.
Satellite retrievals will need continuing vali-
dation by comparison to optical absorption
spectra that provide CO, averaged from the
top of the atmosphere to the Earth’s surface,
and to in situ measurements; the latter will in
turn need ongoing duplication by independent
methods and laboratories.

Achieving the monitoring system de-
scribed above will require a global increase in
the munber of observation sites by roughly a
factor of 10, requiring the political will to
implement these sites. Further, the success of
such a system will require an international
framework and support at national levels
worldwide, as part of the Global Earth
Observation System of Systems (GEOSS).
The challenge of creating such a system is a
defining test, a critical crucible.
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CELL BIOLOGY

RNA Metabolism

Deborah L. Johnson and Sandra A. §. Johnson

he transformation of cells to a malig-

I nant state imvolves the deregulation of
protein synthesis. Transfer RNAs
(tRNAs) and ribosomal RNAs (rRNAs) are
essential components of the cell’s protein syn-
thesis machinery. A hallmark of neoplastic
transformation is the enhanced accumulation
of IRNAs and tRNAs and the increased size of
the nucleolus, the site for rRNA synthesis in
the nucleus. Underlying these changes is the
increased activity of RNA polymerase III,
which synthesizes tRNAs, 55 rRNAs, and
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and Oncogenesis

other RNAs that play essential roles in protein
synthesis. Although tumor suppressor pro-
teins and oncogenic proteins regulate RNA
polymerase [T activity (7-5), a causal connec-
tion between rRNA and tRNA metabolism
and malignancy has been elusive. Now, a
study by Marshall ef el (6) provides com-
pelling evidence that enhanced activity of
this polymerase is indeed essential for cellu-
lar transformation.

The transcription of eukaryotic genes
requires a set of proteins that specify the
placement of RNA polymerase for proper ini-
tiation of RNA synthesis to oceur. These tran-
seription initiation factors have long been
viewed as “housekeeping” proteins. That their

Requlating the production of RNAs involved
in protein synthesis can induce the trans-
farmation of cells to an oncogenic state.

activity may be regulated, and that such regu-
lation could be responsible for differential
gene expression, once seemed implausible.
But, for example, the transcription factor
complex TFIIB, which specifies RNA poly-
merase [I1 transcription, is indeed controlled
by various tumor suppressors and oncogenic
proteins (see the figure), suggesting that
changes in the complex’s activity are associ-
ated with malignancy. Because transcription
factor complexes are multiprotein structares,
their regulation can involve modifications ofa
single component that can affect interactions
among multiple proteins in the complex.
TFILB consists of three proteins: the RNA
polymerase [TT-specific components Brfl and
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Bdpl, and the TATA box-binding protein
(TBP), which is required by all nuclear RNA
polymerases to initiate transcription. Several
tumor suppressor proteins and oncogenes
bind directly to TFIIIB constituents. The
twmnor suppressor retinoblastoma protein
binds to Brfl (7), whereas the tumor suppres-
sor p53 associates with TBP (5). These inter-
actions disrupt the association of TFIIB with
the transcription factor complex TFITIC and
RNA polymerase [I[, thereby preventing for-
mation of a functional initiation complex. n
contrast, the oncogenic protein e-Mye associ-
ates with Brfl to activate transcription by
RNA polymerase [I[ (2). [nterestingly, TBP
not only is regulated by oncogenic stimuli, but
also has oncogenic properties (8).

Many cell signaling pathways implicated in
cell tran ion also modify comp
of transcription factor complexes, affecting
their interactions and transcription activity.
The extracellular signal-regulated kinase
(ERK), which is activated in numerous signal-
ing pathways, phosphorylates Brfl, enhancing
TFIOB-TFIIC interaction (9). Activation of
a Ras-mitogen activated protein kinase
{MAPK) pathway by epidermal growth factor
{EGF) receptor 1 induces the expression of
TBE. thus increasing RNA polymerase [II-
dependent transcription (J ). In contrast, Mafl
{11 and Ink2 (/0) are proteins that repress
TBP expression. And by inhibiting the phos-
phatidylinosite] 3-kinase (PI 3-kinase)-Akt—
mammalian target of rapamycin-S6 kinase
signaling pathway, the phosphatase PTEN
contrels Brfl and Bdpl phosphorylation and
consequently, the association between TBP
and Brfl (3). Despite these findings, it is not
known whether specific alterations in the cel-
Tular amounts or phosphorylation state of the
TFIIB components are associated with the
increased RNA polymerase [I[-dependent
pene activity observed in human cancers.

Marshall et al. examined the role of RNA
polymerase [[I-dependent transcription in
oncogenic transformation. They selectively
activated RNA polymerase III transcription by
overexpressing Brfl in cultured mouse fibro-
blast and epithelial cells. This increased cell
proliferation and promoted anchorage-
independent growth (characteristic of trans-
formed cells) and tumorigenesis, indicating
that mcreasing RNA polymerase II1 activity
can lead to oncogenic transformation. These
results fit with previous studies revealing that
oncogenic signaling pathways induce TBP
expression, which alone can induce cellular
transformation and tumorigenesis (§). Although
transcription initiation factors, such as TBP
and Brfl, may not be oncogenes in the tradi-
tional sense in that they do not necessarily need

EGF receptor

Ras

Selective increases in transcription
« tRHAMS

- tRHAS
55 MNA
?

Selective increases in protein synthesis

Oncogenic transformation of cell

Metabolic consequences. Oncogenic stimuli and
tumor suppressors control TFIIE and RNA poly-
merase Il-dependent transcription. Pasitive and
negative regulators of TFINIB may alter the expres-
sion or function of TBP or Brf1. Alteratians in TFIIB
produce differential changes in RNA polymerase
lli-dependent transcription, resulting in altered
expression of specific products. This results in selec-
live changes in protein translation, contributing ta
oncegenic transformation of a cell.

to be mutated to become oncogenic, it is clear
that they serve as critical sites for integrating
signals emanating from oncogenic stimuli.
How might changes in RNA polymerase
[II-dependent transcription affect the trans-
forming property of cells? Overexpression
of the translation initiation factor e[F-4E
mcreases protein production and cell prolifer-
ation, suppresses cell death (apoptosis), and
promotes malignant transformation (72).
Unexpectedly, italso results in the preferential
translation of mRNAs that encode growth-
promoting proteins (73). The results of
Marshall ef al. fit with these findings i that
changes in the amount of Brfl do not uni-
formly increase transcription or resultant pro-
tein synthesis, but instead. selectively mcrease
the translation of mRNAs encoding growth-
promoting proteins (c-Mye and cyclin D1).
Intriguingly, overexpression of tRNA ", the
tRNA that initiates polypeptide synthesis,
mimics the effect of Brfl overexpression and

drives cell proliferation and oncogenic trans-
formation. Thus, tRINA  appears to be rate
limiting for the initiation of protein synthesis,
pointing to a clear role for (RNA metabolism
in dictating the oncogenic state.

How increased expression or enhanced
function of TFIIIB components selectively reg-
ulate RNA polymerase [I[-dependent genes
remains to be determined. In addition to the
increased expression of many RNA poly-
merase I products, there are also qualitative
changes in these products that drive the forma-
tion of a transformed cell phenotype. For
instance, tissue-specific and developmental
regulation of RNA polymerase [[I-dependent
transcription is more common than initially
thought (/4). This opens the possibility that
genes transcribed by RNA polymerase [IT are
differentially regulated under various physio-
logical states, [t will be interesting to elucidate
how Brfl-mediated changes in RNA poly-
merase [T activity potentially alter the pool of
various tRNAs to influence the translation of
specific mRNAs. Although RNA polymerase
I is well known for transcribing tRNAs and 55
TRNAS, recent studies have expanded the reper-
toire of non-—proted ding RNA 1
by this enzyme, including microRNAs (74).
Future work will assess how selective changes
in these and other RNA polymerase [I[ gene
products influence the oncogenic state.

The finding that the protein synthetic
machinery is deregulated in cancer has
prompted the investigation of potential cancer
therapeutic agents that target components of
the translational apparatus (15). The study by
Marshall et al. opens the possibility of target-
ing components involved in RNA metabolism
for generating novel anticancer drugs.
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SCIENCE POLICY

AAAS Works to Raise Science
Visibility in 2008 Campaigns

‘With important science and technology issues
receiving only superficial attention in the 2008
USS. presidential campaigns, AAAS is engaged
n a broad effort to raise the profile of S&T in
the months leading up to November’s election.
The association’s efforts reflect a consensus
among U.S. science organizations and officials:
‘With the nation ata decisive junc-

S&T policy also backed by the National Acad-
emy of Sciences, the National Academy of
Engineering, the US. Institute of Medicine, the
Council on Competitiveness, and more than two
dozen Nobel laureates—plus thousands of other
groups and individuals.

But when the candidates did not respond

pressures on federal research, double the amount
of federal funding for basic science, push for
increased information technology to streamline
health care, and help build a 21st-century work:
force by supporting science, technology. engi-
neering, and mathematics education.

But Kalil argued that Clinton has been “a lot
more specific” about her proposals for using
S&T investment to restore American economic
compelitiveness. Ross countered that Obama
has produced a “dense,” detailed platform on
technology issues in particular.

Details about all of the candidates’ positions
and other election resources can be found at
Science and in the 2008 Election-

ture for addressing future chal-
lenges and taking advantage of
exciting science-related opportu-
nitles, voters need an opportunity
to understand each candidate’s
~ision and policy ideas.

“Year by year, the quality of
American science looms largerin
the overall perspective of our
lives,” said AAAS Board Chair
David Baltimore, who shared the
1975 Nobel Prize in Physiology
or Medicine, “Whether in main-
taining our economic growth or
our personal health or our mili-
tary strength, science is a key driving force. And
yetits importance is rarely discussed in political
campaigns.”

“AAAS has broad expertise in science
policy, and its authority and nonpartisan
approach are well-known and respected among
policymakers.” added former U.S. Representa-
tive John Edward Porter, who now serves as
chairman of Research! America and as a partner
in the Washington, D.C., law firm of Hogan &
Hartson. “That puts AAAS in a strong position
to promote discussion of science-related issues
in this year's campaigns”

AAAS is using a variety of tools to give
science an impact on the campaign: Web sites,
newspaper colurmns, debates, and seminars.

Baltimore, writing with fellow Nobel laure-
ate Ahmed Zewail, published an op-ed on
17 April in The Wall Street Jorrnal calling for a
renewed US. commitment to science and tech-
nology. Alan [ Leshner, the association’s CEQ
and executive publisher of Science, authored
commentaries in The Des Moines Register and
The Philadelphia Inquirer, urging the candi-
dates to more forcefully address science issues.

Pastand current AAAS officials have been
prominent among the supporters of Science
Debate 2008, a proposed presidential debate an

(left to right) Thomas Kalil, S&T adviser to the campaign of Senator
Hillary Clinton; moderator Claudia Dreifus of the New York Times; and
Alec Ross, S&T adviser to the campaign of Senator Barack Obama,
during a debate at the AAAS Annual Meeting in Baston

favorably to a debate proposed for 18 April, just
before the Pennsylvania primary, the organizers
issued a new invitation to debate in Oregon,
offering three possible dates before the state’s
20 May primary.

“AAAS joined with other organizations to
try to raise the visibility of science-related
issues in the presidential campaign by encour-
aging a science debate,” Baltimore explained.
“Thus far we have not been successful, but at
least we have been able to get some publicity
for our concern about the place of science in the
next administration.”

A preview of a possible debate played outin
February during the AAAS Annual Meeting in
Boston, when S&T advisers for Democratic
candidates Hillary Clinton and Barack Obama
appeared on the same stage to discuss the
issues, (The campaign of Republican candidate
John MeCain was invited, but was unable to
send anyone to the event.)

Scientists and journalists jammed the hall
for the debate between Alec Ross, Obama’s
adviser on technology, media and telecommuni-
cations, and Thomas Kalil, Clinton’s adviser for
science, technology and innovation.

The advisers shared much common ground.
Each said his candidate would reduce political

htp:/felection2008. aaas.org—a Web site devel-
aped and managed by the AAAS Center for
Science, Technology and Congress.

To help raise the profile of S&T issues in
ather elections, AAAS has joined with eight
other scientific societies in cosponsoring the
first annual Campaign Education Workshop on
10 May in Washington, D.C. The nonpartisan
workshop, organized by Scientists & Engineers
for America (SEA), will focus on the practical
considerations of running for office as well as
specific ways that scientists can become more
involved in political campaigns.

The evenl is an outgrowth of a workshop
arganized last July by AAAS and SEA as part of
the professional development program for
AAAS Science & Technology Policy Fellows.

PUBLIC ENGAGEMENT

Workshops Build Story-
Telling Skills of Scientists

More than 100 researchers secking to sharpen
their communication skills attended free
workshaps in San Jose, California, and
Raleigh, North Carolina, this spring, as part
of an initiative by AAAS to encourage
researchers to engage with the public on sci.
ence and technology topics.

Like many of the participants, Rikke Kvist
Preisler had personal and professional reasons
for attending the 14 March San Jose seminar. “
often find myself in a situation where school
groups, my friends or family, or acquaintances
ask me what I do,” the University of California-
Santa Cruz doctoral student said, admitting that
she “often has difficulties explaining what I do in
a clear, concise manner, without oversimplify-
ing everything”

The “Communicating Science” workshops,
sponsored by the AAAS Center for Public
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Engagement with Science and Technology and
the National Science Foundation, are one way
o0 break down “the us-versus-them” barrier that
can exist between scientists and the public, said
Tiffany Lohwater, AAAS' public engagement
manager. “The idea with these workshops is to

Allison Leidner at the Raleigh, N.C., workshop.

give scientists tools for communicating
research in a way that the public can become
involved and interested” she explained.

In small, interactive groups. the partici-
pants learned to distill their data into short,
meaningful, and memorable messages: pre-
pare for media interviews; reach new audi-
ences through social networking groups such
as Facebook; and even rehearse prop use and
gestures for their talks.

Igor Gorodezky, a graduate student at the
Center for Applied Mathematics at Cornell
University who attended the 3 April Raleigh
seminar, was interested especially in the per-
spectives offered by the workshop’s panel of
reporters and editors. “Getting such a com-
pletely candid perspective on how science gets
presented to the public from people wha do it
for a living was really eve-opening,” he said.

Stuart Wooley, an assistant professor of bio-
logical sciences at California State University
Stanislaus who attended the San Jose work-
shop, considers public outreach “part of my job
responsibilities.” But he ack dged some
wariness about the press, recalling several col-
leagues who have been “misquoted and embar-
rassed” by news stories. “1 think I have some-
thing to offer.” he said, “but | want to make sure
‘what I offer is correct and that it is transmitted to
the reader or listener correctly.”

‘Wooley, who talks about his botanical
research in front of K-12 students, farmers, and
city government officials, was glad to have
more information on engaging all kinds of audi-
ences. Similarly, Allison Leidner, a Ph.D). stu-
dentin zoology at North Carolina State Univer-
sity. told her group at the Raleigh workshop that
her audience would include everyone from the
families she meets on the beach while collect-
ing butterflies to members of Congress.

According to Lohwater, many of the
researchers seemed glad to find out that they
were not alone in their desire to become better
cormumunicators, “We knew this kind of net-
warking would be a side benefit, but we had
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people saying that it was one of the most power-
ful things about the workshops,” she said.
Lohwater and her colleagues expect to offer
more workshops around the country beginning
this September, at the start of a new academic
year, In the meantime, the project’s Web site,
WWW.aaas.org/communicatingscience, offers a
variety of tools, background materials, and even
short “webinars” that can help scientists become
better storytellers.
—Becky Ham

SCIENCE & SECURITY

Briefing Offers Defense
Lessons from Biology

When U, Navy submarine designers wanted to
improve the hydrodynamics of their sub designs
1o create a powerful vessel that could cruise the
seas for long distances, they found inspiration in
the steamlined body shape of the globe-circling
skipjack una.

The now-decommissioned Skipjack sub-
marines are just one example of how interna-
tional analysts can look to nature for help in
developing nontraditional ways to defend
against security threats, according to natural
defense expert and Duke University researcher
Raphacl Sagarin. He spoke at a 10 April briefing
sponsored by the AAAS Center for Science,
Technology and Security Policy.

“Thinking about the problem holistically may
help us understand where and how to intervene,
and nature has given us numerous examples of
how this can be done.” said Center project direc-
tor Kavita Berger, who organized the briefing,

The natural defenses lecture was the latest in
a series of briefings this spring that focused on
the nexus of science and security. The Center
also gathered experts in Washington, D.C., to
analyze the U.S. Navys February shoot-down of
a crippled spy satellite and to discuss the poten-
tial diversion of civilian nuclear materials into
weapons manufacture.

Speakers at the 18 March satellite briefing
focused on the data necessary to determine

and sicmulation data to clarify why the agency
considered the satellite 1o risky 1o leave alone.
At a 25 March briefing on Capitol Hill,
speakers warned that the International Atomic
Energy Agency (IAEA) “needs to be greatly
improved” if it is to safeguard an expected prolif
eration of nuclear power plants around the world.
The IAEA’s monitoring capabilities are
stretched to their limit, according to Henry
Sokolski, executive director of the Nonprolifera-
tion Policy Education Center. He said nearly 800
of the IAEA’ 1200 surveillance cameras—
placed in nuclear facilities worldwide to monitor
suspicious activity—can’t provide real-time
video feeds to the agency headquartersin Vienna.
Funded by the MacArthur Foundation, the
AAAS Center for Science, Technology and Secu-
rity Palicy promotes the integration of science into
international and national security policy, includ-
ing biosecurity, cybersecurity, and nuclear issues.
—~arl Lane, Benjamin Somers, and Becky Ham

EDUCATION

AAAS's Summers
Receives Lifetime
Achievement Award

TLaureen Sumrmers, a program
asgociate in Education and
Human Resources at AAAS,
has received the Lifetime
Achievernent Award from Sci-
ence Education for Students
with Disabilities (SESD) for
her efforts to make science accessible for all
children in school classrooms.

In addition 1o mentoring undergraduate and
graduate students on course work and intern-
ships, Sunmmers manages NASA's involvement
in the AAAS ENTRY POINT! program, which
provides competitive, paid summer internships
in top governmeit and private research instine-
tions around the country to promising science
and math students with disabilities.

“Through her mentorship, Laureen has

whether the dangers posed by toxic
fuel on the plummeting satellite were signifi-
cant enough to justify the shoot-down, or
whether the U.S. government used the satellite’s
demise as a pretext for testing anti-satellite sys-
tems in the wake of a similar shoat-down by the
Chinese government last year.

Geoffrey Forden, a senior research associ-
ate in the Securities Studies Program at the
Massachusetts Institute of Technology, said
that even if the satellite’s fuel tank did explode
during reentry, there was only a 3.5% chance
that an individual on the ground would be
injured o killed as a result. Forden and Jeffrey
Lewis, an arms control specialist at the non-
profit New America Foundation, urged the
Pentagon to release ils own risk assessment

e toi the
number of people with disabilities who have
entered science, technology, engineering, and
mathematics programs and the workforce” said
Babette Moeller, a past SESD president.

Summers, who has cerebral palsy that
affects her speech and muscular coordination,
said she was honored 1o be recognized by
SESD, and stressed the importance of the orga-
mization’s work. ““Science education is tremen-
dously exciting, and every student should have
access to every aspect of science.” she said. “To
deny it 10 anyone is a huge loss”

Surnmers received the award en 29 March at
the National Science Teachers Association’s
national conference in Boston.

—Benjamin Somers
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THE FINISHED SEQUENCES OF THE FLOWERING
plants Arabidopsis, rice, poplar, and grape; the moss
Physcomitrella, and the algae Chlamydomonas have
begun to allow us to understand how plant genomes
share common ground with the genomes of other organ-
isms and how they differ. In this special section, along
with an online collection (www.sciencemag org/
plantgenomes), we see how current knowledge of plant
genomes lends insights to investigations from biochem-
istry to ecosystems. Taking a comparative view of plant genomes, DellaPenna
and Last (p. 479) consider how metabolic pathways are
encoded in the genomes and are derived from a complex o
evolutionary history. Leitch and Leiteh (o 43 disewss (J[}]INE
why polyploidy is so common in plants and its evolution- sclencama

A g.org
ary and ecological consequences. Gaut and Ross-Tbarra Bk
(p.484) examine the evolutionary constraints on a plant’s iulﬁeramvle Teature
genome, with a particular focus on how genomes enlarge  ahout plant genomes,
or shrink without changing their number of chromo-  from evolutionary insight
somes. Tang ef al. (p. 486) look at the | of toc -
these changes over time and how to uncover genomic
changes through the examination of synteny and collinearity. Zhang (p. 489)
examines the genomic landscape of epigenetics in plants. In an ecological con-
text, Whitham ef al. {p. 492) explore how the genome of a single keystone species
affects interactions across communities and ecosystems. Benfey and Mitchell-
Olds (p. 495) examine gene regulation from a systems network perspective and
consider how natural variation and environmental inputs affect the phenotype
of an individual.

Plant genomics also brings the promise of improving crops through transgenic
manipulations. But genetically modified (GM) plants have teetered between suc-
cess and failure, with ethical and regulatory challenges, as well as public concerns.
Onp. 466 and in the online collection, Youngsteadt lays out the stats on the worlds
GM harvests. While GM corn and soybeans have proliferated, golden rice, engi-
neered to combat malnutrition, has languished, Enserink repoits (p. 468). As Stok-
stad points out (p. 472), GM papaya still struggles for worldwide acceptance, even
after 10 years on the market.

Two teams have deciphered the grape’s genetic code, but whether GM wine
will be accepted is a lingering question, says Travis (p. 475). Kintisch explores
how plant genomics can advance biofuel agriculture (p. 478). Finally, Kaiser
describes how some researchers bent on using GM plants to make human pro-
teins and other pharmaceutical products are moving indoors to allay safety con-
cerns (p. 473).

In addition to these overviews, see the associated Editorial by Fedoroff and
the Science Careers article by Williams, as well as reports by Field and Osbourn
(p. 543). Baerenfaller ef al. {(www.sciencemag.org/cgi/content/full/1157956/DC1),
and Dinneny ef al. (www.sciencemag.org/cgi/content/full/1 153795/DC1). Given
‘what has been learned so far from a variety of plant genomes, we eagerly look
ahead to a growing field.

~LAURA M. ZAHN, PAMELA ). HINES, ELIZABETH PENNISI, JOHN TRAVIS

SPECIALSECTION

Plant Genomes
CONTENTS
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478 Sowing the Seeds for High-Energy Plants

Perspectives

479  Genome-Enabled Approaches Shed
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See also retoted Editorial page 425; Science Careers articte
page 419 or go to mwk sciencemog. ora/p lamigen omes;
Report page 543; and Science Express Reports by
Boererfalter et al. and Dinneney et al. page 415,
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\ | AN
P’aragday 2.6 MILLION HECTARES
Paraguay did not allow GM soy planting until 2004. Since then, it has increased total
soy acreage by more than half, and 94% of that crop is herbicide tolerant, Paraguay has

not passed its own biosafety law; meanwhile, its policies track those of Brazil, its major
trade partner.

South Africa 1smuwonnecrares

The continent’s only country to approve commercial GM crops, South Africa is pushing to standardize
GM regulations in southern Africa. But last month, it sparked outrage after shipments of South African seed corn
to Kenya were found to contain GM contamination.

soul AL/ CENTER FOR FOOD SAFETY, USDA, AUSTRIAN EMBA 5 B N.GIW O-EREE-EUROPE.QRG; PHQIO: GETTY IM,




Global Increase in Biotech Crops
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IT'S EASY TO RECOGNIZE INGO POTRYKUS AT
the train station in Basel, Switzerland. Qui-
etly waiting while hurried travelers zip by, he
is holding, as he promised, the framed and
slightly yellowed cover of the 31 July
2000 issue of Time magazine. It features
Potrykus’s bearded face flanked by some
bright green stalks and a bold headline: “This
Rice Could Save A Million Kids A Year™
The story ran at a time when Potrykus, a
German plant biotechnologist who has long
lived in Switzerland, was on a roll. In 1999,
justashe was about to retire, Potrykus and his
colleagues had stunned plant scientists and
biotechnology opponents alike by creating a
rice variety that produced a
group of molecules called
pro-vitamin A in its seeds. The

{ l‘l I‘:’nl:‘t’
Wikt

Asian farms within 2 to 3 years, as Potrykus
and his colleagues once predicted. In fact,
the first field trial of golden rice in Asia
started only this month. Itz potential to pre-
vent the ravages of vitamin A deficiency has
yet to be tested, and even by the most opti-
mistic projections, no farmer will plant the
rice before 2011.

The delays have made Potrykus, who
lives in Magden, a small village in an idyllic
valley near Basel, a frustrated man. For
working on what he considers a philan-
thropic project, he has been ridiculed and
vilified as an industry shill. Relating the
golden rice saga at his dinner table while his

-

wife serves croissants and strong coffee, he
attimes comes off as bitter.

There’s more at stake than golden rice
and personal vindication, he says. In his
view, 2 decades of fear-mongering by organ-
izations such as Greenpeace, his prime
nemesis, have created a regulatory climate
s0 burdensome that only big companies with
deep pockets can afford to get any geneti-
cally modified (GM) product approved. Asa
result, it has become virtually impossible to
use the technology in the service of the poor,
Potrykus says.

Not everybody is so gloomy. Potrykus’s
co-inventor and main partner, plant bio-

chemist Peter Beyer of the University
of Freiburg in Germany, agrees that
it’s been a difficult decade. Buta

researchers thought this WeSRSRRESIES Gann o o = more cheerful character by nature,
“golden rice™—named forthe | R k. st ; L Beyer believes rules are just some-
yellow hue imparted by the | kil ? ‘W‘w : ¥ .Wrw’hhm thing to be dealt with; complaining

compounds—held a revolu-
tionary promise to fight vita-
min A deficiency, which
blinds or kills thousands of
children in developing coun-
tries every year.

Almost a decade later,
golden rice is still just that: a
promise. Well-organized
opposition and a thicket of
regulations on transgenic
crops have prevented the
plant from appearing on
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about them does little, he says. A
handful of other researchers working
on GM crops to fight malnutrition
also feel confident that their work
will eventually pay off.

Many scientists agree with
Potrykus, however, that GM technol-
ogy has become so controversial that
for now. there’s little point in harness-

Fields of gold. The only field studies of
golden rice to date took place in Louisiana
in 2004 and 2005,
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ing it for the worlds poorest. HarvestPlus, a
vast global program at public research insti-
tutes aimed at creating more nutritious staple
crops, is forgoing GM technology almost
entirely and using conventional breeding
instead, despite its built-in limitations. GM
products just might end up on the shelf, says
HarvestPlus Director Howarth Bous.

Potrykus, now 75 years old, worries that
he may not live to see his invention do any
good. “It’s difficult for me not to get upset
about this situation,” he says.

A dream takes root

The idea for golden rice was born at an
international agricultural meeting in the
Philippines in 1984, says Gary Toenniessen
of the Rockefeller Foundation, a philan-
thropy in New York City. It was the early
days of genetic engineering, and over beers
at a guesthouse one evening, Toenniessen
asked a group of plant breeders how the
technology of copying and pasting genes
might benefit rice. “Yellow endosperm,”
one of them said.

That odd answer alluded to the fact thata
quarter-billion children have poor diets
lacking in vitamin A. This deficiency can
damage the retina and cornea and increase
susceptibility to measles and cther infec-
tious diseases. The World Health Organiza-
tion (WHO) estimates that between 250,000
and 500,000 children go blind every year as
a result, and that half of those die within

12 months. Vegetables such as carrots and
tomatoes, as well as meat, butter, and milk,
can provide the vitamin or its precursors, but
many families in poor countries don’t have
access to them. A rice variety producing pre-
cursors to vitamin A in its endosperm, the
main tissue in seeds, might provide a solu-
tion—and it would have yellow kernels.

Classical breeding cannot produce such a
rice, however, because although pro-vitamin
A is present in the green parts of the rice
plant, no known strain makes it in its seeds.
The only option is to tinker with rice’s DNA
to produce the desired effect. Throughout the
1980s, the Rockefeller Foundation funded
several exploratory studies, but the plan didn 't
gel until a brainstorming meeting in New
York City in 1992, at which scientists dis-
cussed the bold idea of reintroducing the bio-
chemical pathway leading to beta carotene,
the most important pro-vitamin A, into rice
but putting it under control of a promoter
that’ specific to endosperm.

Potrykus, then a pioneer in rice transgenics
at the Swiss Federal Institute of Technology
(ETH) in Ziirich, attended, as did Beyer, who
specialized in carotenoid biochemistry and
muolecular biology. The twomet on the plane to
New York and hit it off; their fields of expertise
‘were complementary, and the fact that Ziirich
is less than 2 hours from Freiburg was helpful.
They soonhad a proposal written up.

Beyer admits he barely believed in the
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Time flies. The hope expressed in a 2000 Fime cover
story about Ingo Potrykus remains unfulfilled,

advisory board was equally skeptical. Intro-
ducing an entire genetic pathway into rice
seemed like a stretch. Still, the foundation
rolled the dice and supported the project.

It took 7 years, but Potrykus and Beyer
eventually succeeded in making golden rice
by splicing two daffodil genes and a bacter-
ial gene into the rice genome. The eureka
moment arrived late one night in Freiburg,
Beyer recalls. He was analyzing the molecu-
lar content of seeds produced in Potrykus’s
lab, as he often did, using a technique called
high-performance liquid chromatography.
This time, peaks showed up on the screen
‘where they had never appeared before—the
signals of carotenoids. When Beyer went
back to look at the batch of seeds, he noticed
something he had missed: The grains had a
faint yellow hue. Golden rice had been born.

The battle begins

Potrykus says he always knew golden rice—a
Thai businessman suggested the catchy
name—would be controversial. As a professor
in Switzerland, one of the most fiercely anti-
GM countries in Europe, he had been con-
fronted with angry students since the 1980s.
To protect his plants, ETH spent several mil-
lion dollars on a prenade-proof greenhouse.
For Beyer, unofficial road signs declaring the
Upper Rhine Valley a “GM technology-free
region” are a twice-daily reminder that the cli-
mate in Germany isn’t much better.

But golden rice posed a special dilemma to
GM crop opponents, admits Benedikt Haer-
Iin, who coordinated Greenpeace’s European
campaign at the time and now works for the
Foundation on Future Farming. Unlike the
existing GM crops that primarily helped farm-
ers and pesticide compandes, it was the first
crop designed to help poor consumers in
developing countries. [t might save lives. The
decision whether to oppose it weighed heavily
on him, Haerlin says, which is why he con-
sulted with WHO experts on vitamin A and
‘why he traveled to Ziirich to spend a day at
Potrykus’s lab to talk. Potrykus, impressed by
Haerlin’s mtelligence, hoped to convince his
fellow countryman.

He failed. Although Greenpeace pledged
not to sabotage field trials, it did launch an
aggressive campaign against golden rice.
It argued that the crop was an industry
PR ploy—seed company Syngenta was
involved in the project, the group pointed

idea himself, and the R scientific

at—l d to win over a skeptical public
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of Freiburg.

and open the door to other GM crops.
Golden rice did not attack the underlying
problem of poverty, Greenpeace said;
besides, other, better solutions to vitamin A
deficiency existed.

Perhaps Greenpeace’s most effective
argument, however, was that golden rice sim-
ply wouldn’t work. The most successful
strain created in 2000 produced 1.6 micro-
grams of pro-vitamin A per gram of rice. At
that rate, an average 2-year-old would need
to eat 3 kilos of golden rice a day to reach the
recommended daily intake, Greenpeace said,
and a breastfeeding mother more than 6 kilos
To drive the point home, an activist in the
Philippines sat down behind a giant mound
of golden rice during a press conference
“Fool’s gold,” Greenpeace called it.

A photo of the event, which quickly
found its way around the world, still makes
Haerlin chuckle—and it still makes
Potrykus angry. Greenpeace assumed that
children had to get afl of their vitamin A
from rice, which was unrealistic; it also
ignored the fact, says Potrykus, that even
half the recommended intake may prevent
malnutrition. And Greenpeace assumed that
the uptake of beta carotene by the human gut
and its conversion info vitamin A were quite
inefficient, resulting in one vitamin mole-
cule for every 12 molecules of beta carotene.
Nobody knew the true rate at the time, buta
recent, soon-to-be-published study among
healthy volunteers who ate cooked golden
rice, led by Robert Russell of Tufts Univer-
sity in Boston, suggests that it’s more like
one for every three or four. “That’s really

quite good,” says Russell, who
supports the golden rice
project. (A similar study is
planned among people with
marginal vitamin A defi-
clency in Asia.)

Haerlin says his caloula-
tions were based on the best
data at the time. But even if
they were correct, Potrykus
says, the first golden rice was
just a proof of principle.
Greenpeace might as well
have blamed the Wright broth-
ers for not building a trans-
atlantic airplane, he says.

Industry gets in
The low beta-carotene yield
would eventually be tackled
by Syngenta—even though
Potrykus resented the way the
company got involved. Between 1996 and
1999, Beyer's lab received funding through a
Eurepean Commission contract that also
included agrochemical giant Zeneca (called
AstraZeneca after a merger in 1999). Under
the program’s rules, any benefits had to be
shared by the signers. AstraZeneca had not
worked on golden rice per se, Potrykus says,
but the company claimed a share of
that intellectual property any-
way; it was interested in -
developing the technol- ’.iéﬁ ; Ky
ogy commercially, for 4 e 1‘
instance in health : Vs
foods, says Potrykus, | %, ; {
P et oY
who was initially [ % ‘,.{;\’CJ

55
-

A e

“furious” that a big *
mrporancn nowhad %
a say in his project.

%

David Lawrence %
has a different take s 0
on those events: At ‘f{, LIy

the time, AstraZeneca .
primarily wanted to sup- =
port the humanitarian
development of golden
rice, says the current
head of research at Syn-
genta; the company didn’t
have any commercial plans.
(AstraZeneca’s agribusiness division
merged with that of Novartis to form Syn-
genta in 2000.) But whoever’s right, the
move proved a blessing in disguise, Potrykus
now says. At Syngenta, he found a new part-
ner in Adrian Dubock, a bubbly, fast-talking
Brit with experience in patents, product

s
RS -..\i A

Gold fever. GR2 (ieft) contains more
than 20 times more pro-vitamin &
than GR1 (top right). Ordinary rice
(bottom right) comtains none.

development, regulation, and marketing—
subjects Potrykus and Beyer admit they
were clueless about.

Dubock helped work out a deal in which
Syngenta could develop golden rice com-
mercially, but farmers in developing coun-
tries who make less than $10,000 a year
could get it for free. He also helped solve
patent problems with several other compa-
nies. Dubock retired from Syngenta in 2007
but remains involved as a member of the
Golden Rice Humanitarian Board, a group
Potrykus chairs. “Without him, the project
would have ended already.” Potrykus says.

But perhaps most important, Syngenta
scientists replaced a daffodil gene with a
maize gene, thus creating a new version of
golden rice, dubbed GR2, that produces up to
23 times more beta carotene in its seeds.
Even with the one-in-12 conversion factor,
that meant 72 grams of dry rice per day
would suffice for a child, the company’s sci-
entists said in 2005. A 2006 paper by Alexan-
der Stein of the University of Hohenheim in
Stuttgart, Germany, estimated that the rice
could have a major public health impact at a
reasonable cost.

Those results didn’t convince the skep-
tics. Real-world studies are still lacking,

says WHO malnutrition expert Francesco

o Branca, noting that it’s unclear

how many people will plant,
.=  buy, and eat golden rice.

N ‘ He says giving out

7 -'
supplements, fortify-
r‘i -, ing existing foods
n\ "-— with vitamin A, and
“‘ # teaching people to
\){i SIOW CarTots or cer-
tain leafy vegeta-
. bles are, for now,
more promising ways
to fight the problem.

A golden future?

Today, the debate about
golden rice has quieted
down, in part because its
inventors are keeping a low
profile. Syngenta stopped
its research on golden rice
and licensed the rights to
GR2 to the humanitarian board on World
Food Day in 2004; given consumers’ distrust,
there was no money in it, says Lawrence.
Most golden rice work is now taking place at
six labs in the Philippines, India, and Viet-
nam, the countries chosen as the best candi-
dates for the crop’s launch.
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There’s a long way to go. Both the original
golden rice, now called GR1, and GR2 were
created with Joponica cultivars that are scien-
tists’ favorites but fare poorly in Asian fields.
Researchers are now backerossing seven GR1
and GR2 lines with the long-grained. non-
sticky Indica varieties popular among Asia’s
farmers. In early April, researchers at the
International Rice Research Institute in the
Philippines finally started a field trial witha
GR1 backerossed into a widely used Indica
variety called [R64—the first field trial ever
in Asia. (The only other outdoor studies
were two done in Louisiana in
2004 and 2005.) The new vari-
eties must not only produce
enough beta carotene butalso pass
muster in terms of yield, seed

She thinks that the crop is unnecessary and
probably unsafe to eatand that a massive switch
‘would reduce diversity and threaten India’s
food security. “We will try to organize a broad
public debate,” she says.

Not worth funding?

‘Whether justified or not, the turmoil over
goldenrice has shaped other efforts to improve
the nutritional value of crops. Take Harvest-
Plus. With a $14 million annual budget that tar-
gets 12 crops, it aims to boost levels of three
key nutrients: vitamin A, iron, and zinc. It

quality, and appearance.

The project could have been
much further along, Potrykus says,
if there weren't so many rules gov-
erning GM crops that make little
sense, Conventional breeders can
bombard plant cells with chemicals
and radiation to create useful
mutants without having to check
how it affects their DNA; a GM
insertion must be “clean”—that is.
the extra genes must sitneatly ina
row without disrupting other
penes—which adds months oreven
years to the lab work. Because field
trials take long to get approved,
researchers have been confined to
greenhouses, in which they have
trouble growing the large numbers
required for breeding and feeding
studies. These requirements have
caused “‘year after year of delays,”
Potrykus complains.

Even if field trials are success-
ful, there are no guarantees that
golden rice will eventually be
approved in the target countries.
Use of other GM crops, such as Bt cotton, has
exploded in Asia in recent years (see info-
graphic, p. 466). But GM rice has Janguished.
In India and China, regulatory agencies have
shied away from approving insect-resistant GM
rice despite extensive testing. “The expectation
is that they will [be approved] eventually.” says
Toenniessen, “but it’s a major decision for any
Asian country” Thailand, a major rice exporter,
has decided to steer clear of GM rice altogether.

Kavitha Kuruganti of the Centre for Sus-
tainable Agriculture, an anti-GM group in
Hyderabad, India, promises a major battle
should golden rice head to the market in India

Eat your dinner. Greenpeace said mare than 3 kilas of golden rice daily were
needed to meet dietary standards for vitamin A.

relies almost entirely on conventional breed-
ing—which has Greenpeace’s blessing—
because it wants to have an impact fast, says
Bouis, the director. What little GM technol-
ogy HarvestPlus supports is a “hedge.” in
case the political and regulatory climates shift.

But in plants that have little or no natural
ability to produce a nutrient, breeders
have nothing to work with. Thus, vitamin
A-enriched non-GM rice and sorghum are
essentially off the table, says Bouis, as is
boosting zinc and iron in sweet potatoes and
cassava. [ron in rice is a question mark.

The uncertainty about the future of GM

SPECIALSECTION

foods alse tends to scare off the financial
donors on which programs like HarvestPlus
depend. Rockefeller, for instance, is frustrated
that a GM rice whose field trials it helped pay
for in China is stalled, says Toenniessen. “To
avoid making the decision to approve it, the
Chinese keep asking formore field trials,” he
says. “In the end, that becomes a foolish use
of our funds”

The only charity still investing massively in
GM crops with enhanced nutritional value is
the Bill and Melinda Gates Foundation.
Through its Grand Challenges in Global Health
initiative, it is spending more than
$36 million to support not only
golden rice but also GM cassava,
sorghum, and bananas. The foun-
dation declined to comment for this
story. But the researchers it sup-
ports say that they are optimistic
that their products will make it
through the pipeline.

James Dale of Queensland
University of Technology in Bris-
bane, Australia, who heads a proj-
ect to add iron, vitamin A, and
vitamin E to bananas, says he has
learned several lessons from
golden rice, including the impor-
tance of local “ownership”—
which is why he has teamed up
with researchers in Kampala.
“This will be a Ugandan banana
made by Ugandans,” he says.

Not that this mollifies oppo-
nents. Greenpeace will fight to
keep GM bananas, cassava, and
sorghum from poor countries’
fields, just as it will keep oppos-
ing golden rice, says Janet Cotter
of Greenpeace’s Science Unit
in London.

Battle-scarred, Potrykus sayshe
hasn’t given up hope that the regula-
tory system can be overhauled so
that GM technology can benefit the poor. He
believes a massive, multimillion-dollar infor-
mation canipaign might help convert the public.
He has tried in vain to contact Bill Gates in hopes
of tapping his wealth for such a media blitz.

He also wrote the late Pope John Paul I to
ask for support for golden rice. *“You know the
definition of an optimist?” he jokes: “Someone
who's asking the church for money.” His Holi-
ness declined, but Potrylus was invited to join
the Pontifical Academy of Sciences, where he
hopes to convene a meeting on golden rice
next year—the 10th anniversary of his tar-
nished invention. ~MARTIN ENSERINK
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IFTHERE IS AN EXAMPLE OF A SILVER BULLET
among genetically modified (GM) crops, it
would be virus-resistant papaya trees. They
saved the papaya industry in Hawaii from
devastation by the ringspot
wvirus, a serious pathogen that
deforms fruit and eventually
kills conventional trees.
“That’s a fantastic accom-
plishment,” says George
Bruening, a plant pathologist
at the University of Cali-
fornia, Davis.

As the world’s first GM
fruit to be successfully com-
mercialized, papaya has a
10-year track record of safety.
Yet its future outside Hawaii is
far from assured. Although
the virus threatens papaya trees almost every-
where they grow, environmental groups are
campaigning against its adoption in other coun-
tries. “Its reallya tragedy;” says Sarah Davidson,
a Cornell University Ph.D. student, whose
analysis of GM papaya in Thailand will appear
next month in Plant Physiology. “It should
have been a model for technology transfer to
developing countries.”

The story starts in 1978, when Dennis
Gonsalves, a young plant virologist at Cornell,
returned to his native Hawaii for a visit. The
ringspot virus was slowly spreading toward
Puna, the main papaya growing region.
Gonsalves decided to stand in its path of
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Mochida, a board member of the Hawaii
Papaya Industry Association and manager of
Tropical Hawaiian Products, an exporter that
suffered two rounds of major layoffs. But the
field trials were promising:
‘Whereas conventional trees
were infected and nearly bar-
ren, the GM trees were large
and heavy with fruit.

Richard Manshardt of the
University of Hawaii, Manoa,
then crossed the GM papaya
with a high-yielding variety
called Rainbow. Gonsalves
says the team showed off the
fruit to politici I

organic, conventional, and GM papaya farmers
alike.” It and other opponents are concerned
aboutallergic reactions to the virus coat protein
and widespread genetic contamination of con-
ventional papaya. They also assert that GM
papaya has become more susceptible to a dis-
ease caused by a pathogen called phytophthora.

Most researchers reject these concerns.
There is no evidence that the GM plants are
allergenic or more vulnerable to phytoph-
thora, says Gonsalves, who now directs the
U.S. Department of Agriculture Pacific Basin
Agricultural Research Center in Hilo,
Hawaii. However, GM papaya can impact
conventional growers: [n a study of conven-
tional trees published last year, Manshardt

ren, anybody they could inter-
est. “People were rooting us
on,” he recalls. Today, virus-
resistant trees account for about 80% of papaya
acreage in Hawaii. “Dennis Gonsalves got
there just in time,”” says Bruening.

The ringspot virus is a problem around the
world, and scientists from many countries
flocked to Gonsalves’s lab to learn how to put
the gene into their varieties of papaya. By
1999, Thai scientists had virus-resistant
papaya in small field trials. GM papaya is
being field-tested or studied in the Philippines,
Vietnam, Taiwan, Malaysia, and elsewhere.

GM papaya “is pretty close to an ideal pro-
poor crop,” says Davidson. Unlike some
GM crops, the technology doesn’t require her-
bicides. And in Thailand, papaya is second only

destruction. By 1991, he and his coll
had shown that papaya carrying the gene fora
viral protein could resist the virus in the green-
house. Field trials began in April 1992.

Later that spring, the virus started a ram-
page across Puna. Within 6 years, the papaya
harvest had dropped by half, to 11.8 million
kilograms. “We were devastated” recalls Loren

to bananas in imp with 80% consumed
domestically. Many poor farmers cannot afford
to eat papaya unless they grow it themselves.
Despite the success in Hawaii, criticism is
fierce: In 2003, for example, the Global Justice
Ecology Project, based in Hinesburg, Vermont,
claimed that GM papaya in Hawaii had caused
an “economic and ecological disaster for

and colleagues reported transgenes in 1% of
seeds from uninfected, self-pollinating trees
planted next to GM papaya. No transgenes
were found in seeds from an orchard that was
400 meters downwind.

Ultimately, the acceptance of GM papaya
will rest litic d jics, says Davidson.
Countries such as Brazil will likely continue to
putup with virus as long as they can profitably
export conventional papayas to Europe or
Japan, which prohibit GM papaya. In contrast,
Mexico may decide to permit the planting of
GM papaya, because its major market is the
United States, which allows the GM fruit. And
although protests by Greenpeace cansed
the Thai government to ban field tests of
GM papaya in 2004, the Thai government may
eventually relent in the face of competition
from neighbors such as China. Once China
deregulates papaya and other GM vegetables,
“you won't be able to stop [their spread],” pre-
dicts Frank Shotkoski, director of the Agri-
cultural Biotechnology Support Project IT at
Cornell. “It won't be long before the rest of
the world will see itas safe.”

~ERIK STOKSTAD
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in the bag. These cultured
carrot cells are engineered o, .
make a human w

Despite techhological, economic, and social issues, companies
are plnwmg}ahnad makmg idrugs and other compounds in plants

MANY A CHILD HAS BEEN TOLD “CARROTS
are good for you” That advice could soon take
on new meaning for people with Gaucher dis-
ease, an inherited metabolic disorder that leads
to liver and bone problems. Patients must now
be injected every 2 weeks with a manufactured
enzyme that costs on average $200,000 a year,
making it one of the most expensive drugs ever.
Ifongoing clinical trials go well, the 5000 Gaucher
patients on the therapy could soon have a
second option—a cheaper version of the
enzyme that stays in the bloodstream longer
and can be injected less often.

If the U.S. Food and Drug Administration
(FDA) approves recombinant glucocerebrosi-
dase, it will be good news not only for medicine
but also for a community far removed from the
clinic: plant scientists. Protalix Biotherapeutics
in Karmiel, [srael, produces this new version of
the protein in giant plastic bags, not in steel vats
of mammalian cells like most biologics are
The bags are filled with transgenic carrot cells
that are cultured and then processed to extract
the drug. “Tf Protalix gets regulatory approval,
that would [make it] the first plant-made phar-
maceutical,” says plant scientist Charles
Amtzen of Arizona State University in Tempe.
“For people who work i this field, it will be a
very exciting step forward.”

Arntzen is chasing an elusive dream: using
whole plants as factories to make drugs.
Nearly 20 years ago, when researchers first
showed that a tobacco plant could be engi-
neered to crank out an antibody, they envi-
sioned harvesting cheap supplies of therapeu-
tic proteins, antibodies, and vaccines from vast
fields of crops. For this approach, researchers
isolate the target gene and usnally insert it into
a bacterium called Agrobacternan that readily
infects the plants and passes on the gene. The
gene becomes part of the plant and is passed

& from one generation to the next, producing for-

eign protein much as if it were one of the
plant’s own genes.

However, technological hurdles and a
lack of interest from drug companies have
hamstrung “pharming.” as have worries that
pharma crops will escape from their experi-
mental plots and taint the food supply. As a
result, many companies have abandoned this
research or gone under. And no plant-
made drugs for humans have made it to
the pharmacy.

But academic scientists and some compa-

nies have persisted, improving yields of

plant-made drugs and developing innovative
ways to keep pharming inside the lab, or the
greenhouse. Several plant-made pharmaceu-
ticals (PMPs) are now in patient trials (see
chart, p. 474). Moreover, the European
Union, the Bill and Melinda Gates Founda-
tion, and the U.S. Department of Defense are
fertilizing the field with new funding. “We're
actually not doing too bad,” says Julian Ma,
an immunologist at St. George’s University
of London in the UK. “It’s just that everyone
is ina hurry.”

Fields of dreams

The excitement over plant-made
pharmaceuticals began with a
1989 paper in Nafure showing
that monoclonal antibodies could
be produced in tobaceo. The paper
“really captured the imagination,”
says Ma. Monoclonal antibodies
'were being used to treata growing
number of diseases, from arthritis
to cancer, but were expensive to
make in mammalian cells. So-
called plantibodies appeared to
offer a cheaper production
method—a kilogram might cost
$100 rather than §3 million—and

might be simpler to process because they
would be free of animal pathogens.

Other discoveries followed. In 1993, for
mstance, Amntzen’s group reported in Science
that potatoes engineered to make a cholera
protein worked as a vaccine when the spuds
were fed tomice. Such “edible vaccines” could
offer developing countries cheap oral vaccines
that didn’t require refrigeration, Amtzen sug-
gested (Science, 5 May 1995, p. 658).

A company called Large Scale Biology
Corp. in Vacaville, California, came up with a
shortcut. It didn’t bother to create a new
tobacco strain when it wanted to produce an
antigen for a lymphoma vaccine. [t simply
sprayed tobacco plants with a tobacco mosaic
wvirus carrying the appropriate gene. The
leaves produced useful amounts of the vaccine
protein within 14 days. The drug worked in
mice, suggesting that vaccines tailored to lym-
phoma patients’ tumors could be made in
plants in just weeks. And because the plants
carried the foreign gene only until they shed
their leaves, they were potentially more
acceptable than permanently modified crops.

Temporary HWansgenic.
Fluorescing protein show
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Selected Plant-Made Pharmaceuticals

Company Plant  Grown in
Human drugs

Protalix Biatherapeutics  carot el cutture
Biolex Therapeutics duckweed indoor chambers
SemBioSys Genetics safflower ek

Weristem Therspeutics  com ek

Other products

Veniria Bioscience rice fiekd

Cabento Aratidpsis  greenhouse
Planet Biotechnalogy  tobazco ikl

Dow AgroSciences tobatco cell culture
€IGB, Cuba tobatco greenhouse

~ Daging: § Frojeced ke 2008; § Completed: 11 In Ubsaine.

Steps along the way. No plant-made human drug has made it through final clinical trials, but several “pharmed”

Safety in Washington, D.C., says
enforcement is “horrendous.” As a
result, “we don’t think [drugs] should

Drug or product Disease Status be in any food crops, indoors or out-
doors,” he adds. Many ecologists and
some plant scientists are also leery of

glucocerebrosidase Gaucher disease Phase I ats  using food crops for pharma. “It’s oo

alpha interfern hepatitis € thase | wiaie dangerous,” says Kenneth Palmer,

‘nsulin diabietes thase il ral g former director of the vaccine pro-

lipase cystc Fbrosis Phase i ot GramatLarge Scale Biology.

These concerns drove many com-
panies away from using food crops

S — = Eiicacy it § such as corn for pharmaceuticals. A

Twman inirinsic facior

Vitamin B-12 deficiency Approved 11

few hig companies, such as Monsanto,
dropped PMP research altogether.

secretory antibody vaccine  tooth decay ELL. spproved =
" ’ Stung by bad press and lack of interest
pouliry vaccine Mewcasile disease USDA appraved 5 :
2 from drug companies, many leading
vatcine purification antibody  hepatits 8 On market

proteins are close to or on the market as supplements, a vaccine reagent, and a medical device.

Scores of biotech companies sprang up to
commercialize these discoveries, and some
big agbiotech companies got involved as
well. By the mid-1990s, more than 180 com-
panies and organizations were working on
pharming, according to the Biotechnology
Industry Organization.

‘The companies soon ran into technological
snags, however. Biotechnologists couldn’t
always get plants to express enough protein and
had trouble purifying the protein product
Eflorts to make edible vaccines stalled after
researchers realized that the amount of antigen
fluctuated widely from plant to plant. Amntzen
thinks that oral vaceines made from dried plant
material could work for developing countries,
but a vaceine without a strictly controlled dose
“would never be approved” in the United
States, he says.

Another reality check: lukewarm interest
from the big drug companies. They didn’t
much care that plant-made drugs would be
cheaper to make because production is a
small chunk of the cost of drug development;
the big-ticket item is clinical trials. The com-
panies were also leery of the regulatory hur-
dles, because both the drug and the new pro-
duction process would have to clear FDA.
“Most pharmaceutical companies aren’t will-
ing to take a chance on a drug produced in
plants,” says Roger Beachy, president of the
Donald Danforth Plant Science Center in
St. Louis, Missouri.

Also, like other genetically modified crops
(see pp. 468, 472), pharma plants can be a
public relations nightmare. In 2002, leftover
corn plants engineered by ProdiGene Inc. to

make apig vaceine sprouted ina soybean field
m Nebraska. For this and an lowa mishap, the
U.S. Department of Agriculture (USDA)
fined the company $250,000 and made it pay
$3 million to buy and destroy tainted soy-
beans. The incident stoked opposition from
farmers and activists worried about “drugs in
your cornflakes.”

Other companies underestimated the pub-
lic’s concerns. A company called Ventria Bio-
science that wanted to conduct field trials of
rice containing two breast-milk proteins useful
in combating diarrhea drew the ire of rice
growers in California, then Missouri. It wound
up in Kansas, where no other rice is grown.

USDA tightened its rules for field trials of
pharma plants in 2003 to prevent mistakes like
the ProdiGene episode. But skeptics were not
assuaged. Bill Freese of the Center for Food

plant pharma companies have folded,
including ProdiGene and Large Scale
Biology. As Palmer puts it, “the
field imploded.”

Close to the clinic
Despite the setbacks, a handful of companies in
the United States and Europe haven’t given up.
A few have plowed ahead with food crops,
grown outdoors, for their pharma products;
others have focused on other plants or on
unconventional growing schemes.

Meristem Therapeutics in Clermont-
Ferrand, France, plans to start final clinical
trials for a com-grown gastric lipase for cystic
fibrosis patients by the end of the year. And the
Canadian company SemBioSys Genetics Inc.
uses transgenic safflower—"much less of a
lightning rod than some other crops,” says CEO
Andrew Baum—to produce insulin, which
should be in clinical trials this year. Companies
such as Protalix and Biolex Therapeutics side-
step the growing of crops altogether: the former
with its carrot-cell culture to make a Gaucher
disease enzyme, and the latter by producing
interferon using duckweed, tiny clonal plants
grown as a layer in clear plastic bags. “We are
careful nor to be associated with whole-plant
transgenic technology,” says Protalix CEOQ
David Aviezer.

New technologies are attracting attention.
To boost expression, the German biotech Ieon
Genetics relies on bacteria to get transgene-
laden viruses into tobacco plants. The company
dips the plants into a solution of Agrebacterium
that carries the DNA for a deconstructed
tobacco mosaic virus, which in turn contains
the gene for the desired drug. The bacterial
bath, followed by a few seconds in a vacuum,
gets far more of the virus into plant-leaf tissue
than conventional spraying.

In a 2006 paper in the Proceedings of the
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National Acadenmy of Sciences (PNAS), they
reported that this method, combined with
other techniques, increases the amount of
antibody by up to 100-fold, reducing the size
of the crop needed and making it feasible to
grow plants commercially indoors. Com-
pared with making a transgenic plant,
which takes a year or two to develop, this
“magnifection” can go from gene to grams
of protein in a couple of weeks. “It's incred-
ibly promising technology.” says Ma, who,
like other academic researchers, is trying
out magnifection.

With help from the drug giant Bayer,
which bought the company in 2006, Icon
Genetics will open a clinical-grade manufac-
turing plant in June. It expects to begin trials
with a cancer vaccine tailored to individual
patients in 2009, says CEO Yuri Gleba.

Bayer’s move is a healthy sign of regrowth
forthe pharming field, Ma and others say. And
other new sources of support are helping too.
Last month, Pharma-Planta, a €12 million,
S-year, European Union—funded project
co-coordinated by Ma, described in PNAS an
anti-HIV microbicide grown in corn or
tobacco that could be ready for testing next
year. The Defense Department and other US.
government agencies have provided the
Fraunhofer USA Center for Molecular
Biotechnology in Newark, Delaware, nearly
$14 million to use a technique like magnifec-
tion to make vaccines. It has tested anthrax
and plague vaccines in nonhuman primates
and a pandemic flu vaccine in ferrets. “[We]
can do things much faster than any other tech-
nology.” says Executive Director Vidadi Yusi-
bov, slashing in half the 6 months it now takes
to make flu vaccine the traditional way, in
chicken eggs. The organization also has
$8 million from the Gates Foundation for
plant-based vaccines for malaria, sleeping
sickness, and flu.

As visions of endless fields of pharma
crops have faded, so have unrealistic expecta-
tions for pharming. Scientists say they now
realize that they need to be smarter about the
marketability of the drugs they develop in
plants. They think the best bets—Protalix
aside—may be high-volume biologics, such
as microbicides, monoclonal antibodies, and
vaceines, particularly for use in developing
countries. Getting these first low-hanging
§ fruits through clinical trials and FDA approval

2 should allay concerns about safety and envi-
9 ronmental rigks. Says Palmer, now at the Uni-
versity of Louisville in Kentucky. “Once two
g or three products [win approval], the field
& should really take off.” ~JOCELYN KAISER
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AMONG WINE CONNOISSEURS, OPINIONS
differ about whether 2007 will prove a good
year for Pinot Noir. But among plant geneti-
cists, it’s the finest vintage ever: Last year, two
European teams published high-quality drafts
of two Pinot Noir-derived genomes.

Plant biologists are toasting the genomic
double-header. This is the first fleshy fruit and
Jjust the fourth flowering plant to have its
genome decoded. And in
economic lerms, grapes
top the world’s fruit crops:
‘We consume them fresh
or dried, crush them into
Juice, and use them to
make wine that can sell
for many thousands of
dollars a bottle. “The
contributions of these
sequencing efforts are
enormous and historical”
says grape researcher
Steven Lund of the Uni-
versity of British Colum-
bia in Vancouver, Canada.

The story behind the
grape genome is one in
which a worldwide sci-
entific community came
together, then partially splintered into rival
camps; money to support sequencing was
‘hard to come by; and success has brought both
new insights and delicious questions. The
rivalry provided the drama of the story. Fora
while, a French-Italian grape genome
alliance called Vigna/Vigne looked like it was
going to be beaten by a disgruntled researcher
who started his own genome effort.
“Undoubtedly, competition was a driver here,
perhaps ina microcosm of the human genome
sequence drama of years past.” says Lund,
referring to the bitter contest between public
and private programs to decipher our genetic
code. Recently, however, at a workshop” in

Wine woes. Powdery mildew (above) and
other fungal diseases can devastale vineyards

uEfice the fruit Worth bllli&r
b |

Udine, [taly, the two grape genome groups
began to put aside their rivalry. “I"'m hopeful
there will be more collaboration now,” says
Vigna/Vigne member David Horner of the
University of Milan in Ttaly. “It’s cool there
are two cultivars done. It allows more com-
parative work.”

A key motivation for deciphering the grape
genome is to prevent a repeat of the eco-
nomic devastation that
struck the European
wine industry in the Jate
1800s. At that time,
phylloxera, sap-sucking
insects from North
America, ravaged Euro-
pean grapevines. Today,
winemakers and grape
researchers are strug-
gling to combat new
threats, particularly
downy and powdery mil-
dew, diseases that have
made their way to Europe
from the United States
over the past century.
These fungi are an envi-
ronmental as well as an
economic nightmare:
Although only about 5% of Furope’s farmland
is dedicated to wine vineyards, they account for
about 70% of the region’s fungicide use.

The new genome information should
speed the creation of hardier vines, which has
been slow going. “The target now is clearly
resistance genes,” says Vigna/Vigne member
Michele Morgante from the [nstitute of
Genomic Applications (IGA) in Udine. New
msights into the locations of these genes can
assist breeders as they try to develop better
varieties, for example. And identifying genes
i the few grapes that are resistant to drought

"Tuning the Taste of Wine, 7 March 2008, Udine, ltaly.
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or pests may pave the way for genetically
meodifying common wine grapes to have the
same attributes.

But as viticulturists enter the genomic age,
many wonder whether the wine industry, par-
ticularly the conservative European sector,
would dare bypass conventional breeding for
penetically modified (GM) grapevines. Scien-
tists have for years been experimenting with
GM grapes—usually putting nongrape genes
into the fruits genome—but most winemakers
have shied away from public association with
such efforts. “For a lot of consumers of wine,
especially high-end ones, history and tradition
isa very important part of theirexperience. If you
produce wine from a genetically engineered
grape, you strike at the heart of that,” says
Carole Meredith, a former grape geneticist
who now runs a vineyard (see sidebar, below).

Taking root

Although there’s a dazzling variety of wines
produced around the world, the great majority
flow from the juices of a single species, Fitis
vinifera, commonly called vinifera, Indeed, in
Europe, this grape is the only source of fine
wines—other grapes are limited to fruit,
Jjuice, or so-called table wines. Thanks to cen-
turies of breeding, 7000 cultivated varieties,
or cultivars, of vinifera now provide an
incredible diversity of flavors, from hearty
reds to light whites.

A vinifera genome project began to take
root in the mid-1990s, largely through the
instigation of Meredith, who was then con-
ducting grape research at the University of
California, Davis. Meredith and others wanted

2

to use genetics to identify various grape culti-
vars—Chardonnay, Cabernet Sauvignon, and
50 on—that can be tricky to distinguish in
other ways. [n a business in which wines made
from different cultivars can vary enormously
i price, correct identification is critical.

The researchers proposed to “fingerprint™
prapes based on variable DNA sequences
called microsatellite markers. Back then,
however, identifying such markers “was
expensive and laborious, and no one lab was
ever going to develop enough to make their
efforts worthwhile,” Meredith recalls. “So [
approached all the people [ knew and sug-
gested working together”

From that suggestion arose an international
consortium that amassed hundreds of such
markers within several years. The researchers
were thirsty for more. In 2001, many of them,
including Meredith, formed the International
Grape Genome Program, arguing for a full-
fledged sequencing of a vinifera cultivar.

But who would pay for it? It was well-
knownthat grapes weren'ton the U.S. genomics
menu. In 2001, Enrico Pé of the Sant”Anna
School of Advanced Studies in Pisa proposed
a grape genome program in Italy, sponsored
by the private sector. But bank foundations
and winemakers declined.

Finally, in 2005, the French research agen-
cies INRA and Genoscope joined with various
Italian groups, including IGA and universities
in Verona and Udine, to form Vigna/Vigne,
which means vine in French and vineyard in
Italian, resp ly. This time, hers did
not ask winemakers for money. only political
support, says P&, who now leads the [talian

A Life With Grapes

CAROLE MEREDITH SPENT 3 DECADES STUDY-
ing grape genetics, and she helped start the grape
gename efforts that bore fruit last year. But in
2003, she traded her lab bench for a life of
winemaking in California’s Napa Valley.

Before that career shift, Meredith had eamned
fame for using genetic fingerprinting to resolve
the arigins of some of the world's great wines,
including Chardonnay and Cabernet Sauvignon
(Science, 3 September 1999, p. 1562). She and
her colleagues garnered the most attention by
tracing the roots of the icanic American wine grape
Zinfandel to an ancient Croatian grape called
Crljenak kastelanski. Such research, Meredith says,
“was very attractive ta the popular press and wine-
geek consumers.”

It didn’t pay the bills, however. Her grapevine

side of the collaboration. France ultimately
contributed about €8.5 million, Ttaly, about
€12 million.

The race is on

Except when discussing European foot-
ball—their national teams are bitter rivals—
the French and Italian groups meshed
smoothly. Still, agreeing on what to sequence
wasn’t easy. Compared with many plants,
vinifera grapevines are extremely heterozy-
gous: The female and male versions of the
plant’s chromoesomes differ significantly.
This complicates the sequencing and assem-
bly of an accurate genome. The [talian scien-
tists first considered a Sangiovese grape,
then a Pinot Noir. Their French counterparts
lobbied for a Cabernet Sauvignon grape, but
after studying its DNA further, the team
decided it was too challenging as well.

Finally, an almost-forgotten grapevine
growing in a French greenhouse provided a
solution. In the 1980s, a French viticulturist
hoping to develop a better vine for wine-
makers began inbreeding a Pinot Noir. Several
generations of selfings produced a few lines
with simplified genomes but also stunted their
growth and made them unappealing for wine
production. Vigna/Vigne decided one of
those, PN40024, would offer the best potential
for sequencing, even if it was, as P& jokes,
“pathetic, hardly a grape.”

Just months after Vigna/Vigne began its
PN40024 sequencing effort, Pé and his col-
leagues were shocked to learn of a rival effort.
In March 2006, Riccardo Velasco and his
colleagues at the [stituto Agrario San Michele

sleuthing was never directly funded, and Meredith
argues that there is a bias in the United States
against supporting grape research despite the
fruit's economic impontance. "I think that, in large
part, it's due to our history of Prohibition, and
there’s still the feeling in Washington that research
related to the alcoholic beverages is not the best
use of taxpayer maney.”

To Meredith, it's fitting that Europeans
sequenced the grape genome. “In Eurape, grapes
for wine are a fundamental part of their agricul-
tural heritage and modern economy,” she says.

Burned aut from the bureaucracy of research
and the constant search for grants, Meredith retired
and joined her husband, Stephen Lagier, who had
been working for the Robert Mondawi Winery, ta
make their own wine using land they purchased
in 1986. Doing almost everything themselves—
vineyard work, winemaking, bottling, sales—the
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all’Adige (IASMA) in Treatino, Italy,
announced that they were almost done
sequencing the genome of a Pinot Noir grape
used in many countries to make red and
sparkling wines. Velasco had been involved in
some of the original genome planning efforts,
including Pé's [talian proposal, but he dis-
agreed with the initial decision to switch from
sequencing an outbred Pinot Noir to a Caber-
net Sauvignon. His institute then lobbied the
Trentino regional government for about
€10 million to pursue its own grape genome
[ASMA initially kept quiet about the true
scope of the project, says Velasco, because
“the possibility of failure was high.” Unlike
Vigna/Vigne, which kept sequencing in-
house, [ASMA contracted with Myriad
Genetics in Salt Lake City, Utah, to sequence
and help assemble most of the genome.

After the [ASMA bombshell, Anne-
Francoise Adam-Blondon of INRA says that
the French-Italian effort ground to a halt for
several months as members discussed
whether to spend their governments’ money
on something that had apparently already
been accomplished. But TASMA hadn’t
published its genome, so Vigna/Vigne
decided to press on

The race ended with Vigna/Vigne winning
by a nose. It published the PN40024 genome
online 27 August in Nature (sciencenow.
sciencemag org/cgi/content/full/2007/827/1)
Velasco's Pinot Noir genome appeared
online 19 December in PLoS One. Some
Vigna/Vigne members felt that Velasco ini-
tially downplayed their feat, by, for example,
reminding the media that PN40024 wasn't a

couple now produce a well-regarded Syrah.

Although she may have helped pave the way
for genetically modified (GM) vines, Meredith
says she wouldn't plant them herself, for practi-
calreasons. She has no concerns about the safety
of GM grapes and believes vines engineered to
resist disease could be useful, But Meredith pre-
dicts “tremendous consumer resistance” ta GM
wines, “I'm a realist,” she says. “The only thing
that would convince me to switch to a genetically
engineered grape ... is if my alternative was a
dead vineyard.”

Meredith loved her research career, partic-
ularly the historical studies of wine grapes. But
today, sitting in her house on a Napa maun-
tainside watching birds fly aver her vineyards,
she’s cantent making delicious wine with
grapes from her own land. “It's a lovely exis-
tence,” she says. -IT.

real Pinot Noir or used for wine. But Velasco
attended last month’s workshop, which
focused on Vigna/Vigne's results, and he was
greeted warmly. “The two projects are fully
complementary,” he says.

Decanting the genome

It's already clear that the two genomes vary sig-
nificantly. Although both efforts predict that the
vinifera genome contains about 30,000 genes,
the Pinot Noir sequenced by Velasco s team has
about 270 members ofa gene family associated
with disease resistance, whereas the inbred
PN40024 strain has almest 360, Adam-Blondon
reported at the workshop. The two grapes also
differ in the number of the many hundreds of
genes related to the production of polyphenols,
flavenoids, and resveratrols—all of which
contribute to a wine’s color, aroma, and taste.

Several of the talks in Udine centered on
how genomic data could aid the breeding of
disease-resistant grapevines. Gabriele Di
Gaspero of IGA, for example, is trying to har-
ness the powers of a Central Asian grape that is
used for raisins. It is the first vinifera shown to
stand up to powdery mildew, a discovery by a
Hungarian group that electrified grape biclo-
gists a few years ago. Di Gaspero and col-
leagues have been crossbreeding the grape with
a mildew-vulnerable vinifera and have used
DNA markers identified through the genome
projects to pinpoint the chromosomal location
of a disease-resistance gene.

In theory, researchers can now—even with-
out identifying the exact gene—breed resist-
ance into popular wine grapes such as
Chardonnay and Pinot Noir. After crossing the
Central Asian grape with their favorite wine
grape, they can select and continue to breed just
the seedlings whose DNA contains the markers
bracketing the mystery resistance gene. Ulti-
mately, such marker-assisted selection could

SPECIALSECTION

result in a disease-resistant grape
that retains most of the qualities
needed to make a good wine,
instead of raisins. Still, bringing a
new grape to market can take
decades—and scientists have to be
sure the transferred resistance gene
is stable in its new genetic sur-
roundings. “When you plant a
grape field. it’s for 30 years, so you
really need durable resistance.”
notes Adam-Blendon.

Grape researchers are also
using the new genome data to
probe the interplay of genes, envi-
ronment, and wine flavors ina vari-
ety of cultivars. In Udine, Mario
Pezzotti of the University of Verona detailed
genetic studies of the unusual process that pro-
duces the Italian red wine Amarone. The grape
mvolved typically produces a sweet wine, but
decades ago winemakers realized that if those
same grapes dry for several months after har-
vest, the withered fruit make a more intense and
bitter wine that has since become highly val-
ued. Although some of his colleagues predicted
that genetics had little to do with the withering
process, Pezzotti revealed that large numbers
of genes are active during this period including,
many that influence a wine’s taste and aroma.
Amarone makers are now following the
research with intense interest, he says.

The Vigna/Vigne and the IASMA teams are
now on more cordial terms, but they do have
some scientific disagreements. Both have
found evidence of whole-genome duplications
in vinifera’s past—a common feature of plant
evolution in which new species arose after an
ancestral plant accidentally duplicated its
genome or hybridized with another to expand
its pene set (see p. 481). Velasco and his col-
leagues argue that such an event happened rel-
atively recently, after grapes had split off from
the branches on which Arabidopsis and poplar
belong, Vigna/Vigne, on the other hand, has
concluded that the grape genome did not
undergo any recent expansion. [t instead sug-
gests that vinifera derives from an ancient
hybrid that once had six sets of chromoesomes.
Because each team used different strategies for
discerning and dating duplications, says
Velasco, “who knows who's right?”

Indeed, P& ended the Udine workshop with
the reminder that having a grape genome—or
two—in hand merely provides a foundation for
future work. *“Most of the data still have to be
digested.” he notes. A glass or two of vinifera’s
valuable juices, perhaps a nicely aged Cognac,
should speed the process. ~JOHN TRAVIS

grape he
quen
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ONCE, PLANT BREEDERS DREAMED OF
plumper tomatoes, heartier soybeans, and
Jjuicier corn kernels. These days, visions of
squat poplars and earless corn stalks are danc-
ing  their heads. They are hoping these new
Fangled crops will make cost-effective bi

revving up, and key finds have often occurred
serendipitously. “We're at such a basic stage.”
says Great Lakes center hmluglst Richard
Amasino. For example, in examining why cer-
tam varieties of maize showed sugar-rich yel-
low splotch hers dubbed them “tie-

Th: dominant method of making hlofuels
today, converting sugars from crops such as
corn or sugarcane to ethanol, threatens the food
supply and imposes environmental costs. Ulti-
‘mately, processing cellulose from the cell walls
of stems and leaves, which are generally dis-
carded, would make better use of agricultural
acreage, as would increasing the oil content of
oil-producing crops. In the United States, both
government-supported genomicists and pri-
vately funded plant scientists are expanding
plant genomics research and field studies to
figure out the species with the best biofuel
potential and how to wring more energy out of
each acre planted.

Many researchers are looking at well-
known species whose genomes have already
been sequenced for clues to making other
plants better energy crops: Arabidopsis, rice,
poplar, and now, corn (Science, 7 March,
p- 1333). Others plan to tackle sequencing
projects for species few had cared about until
a few years ago. These include perennials
such as switchgrass (Panicum virgatum) and
Miscanthus, both considered good candidates
for energy crops because of their high cellulose
content, And some scientists are breeding a
wide variety of candidate crops around the
world, hoping to find optimal varieties. “The
spotlight is on this underdeveloped field.” says
plant biochemist Kenneth Keegstra of Michi-
gan State University in East Lansing, part of the
Great Lakes Bioenergy Research Center.

Humans have been growing food crops for
10,000 years, but the effort to produce fuel
down on the farm is in its infancy. Studies of the
genetic factors that control cell walls are just

dyed” mutants—plant geneticist David Braun
of Pennsylvania State University in State
College found abnormal amounts of cel-
lulose accumulating in
the mutants’ cell walls—a
potentially useful feature in
biofuel crops. Braun hypo-
thesizes that the genes
involved could be used in
grasses to boost their cellu-
lose content. And last year,
Keegstra and colleagues
described a gene that likely
encodes the enzyme that
makes one of four hemicel-
luloses, which along with
cellulose and lignin, make
up cell walls, in Anabidopsis.
Keepsira believes a cell wall
engineered to include more
hemicellulose might be more easily digestible
by biofuel-processing enzymes.

Keegstra and Amasino’s institute is one of
thiee centers established by the U.S. Depart-
‘ment of Energy (DOE), which is providing
each $135 million over 5 years to bring
genomics to bear on biofuels. Another, the Joint
BicEnergy Institute, led by Lawrence Berkeley
National Laboratory, will try to find other rele-
vant genes in Amibidopsis and rice. The BioEn-
ergy Science Center at Oak Ridge National
Laboratory in Tennessee will focus on poplar
and switchgrass. (Each includes enzyme scien-
tists and microbiologists chasing better tech-
niques of breaking cellulose down into fer-
mentable sugars.) [n addition, the DOE Joint
Genome Institute (TGI) in Walnut Creek, Cali-

fornia, is training its sequencing firepower on
ENEIgY CTOps.

“There’s nothing like having a genome,”
says JGI Director Edward Rubin. Take poplar,
the first tree sequenced (Science, 15 Septem-
ber 2006, p. 1596). Before its code was com-
pleted in 2006, researchers knew of only
23 genes for proteins called auxin response
factors, which control growth. Scientists have
now identified 40 in poplar
and shown in experiments
with mutants that they can
manipulate the genes
to grow tall, fat, or short
varieties. Making shorter
branches, for example, could
allow foresters to plant trees
closer together and maxi-
mize biomass density.

Private companies are
also chasing after biofuel
genes. Synthetic Genomics
in San Diego, California,
co-founded by geneticist
I. Craip Venter, is looking for
genes to increase oil yield,
drought tolerance, and disease resistance in oil
palm, used to make biodiesel in Southeast Asia
and Africa. BPs Energy Biosciences Institute
at the University of California, Berkeley, a
$500 million center started last year, is map-
ping the genes in the fast-growing Miscanthus,
a 1.5-meter-high perennial that has been tested
as a cellulosic ethanol crop in European trials
for 15 years.

The BP institute is also using traditional
breeding to study Miscanthus in Illinois, sugar-
cane in Brazil, and sweet sorghum in China,
among other projects. [t's important to casta
wide net for biofuel crops, says Christopher
Somerville, the mstitute s director. “There’s still
a lot of uncertainty about what the optimal
speciesare.” ~ELI KINTISCH
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PERSPECTIVE

Genome-Enabled Approaches Shed
New Light on Plant Metabolism

Dean DellaPenna®* and Robert L. Last™

Plant metabolism research has experienced a second golden age resulting from synergies between
genome-enabled technologies and classical biochemistry. The rapid rate at which genomics data are
being accumulated creates increased needs for robust metabolomic technologies and fast and
accurate methods for identifying the activities of enzymes.

lants are unrivaled in the natural world in
both the number and complexity of me-
tabolites they produce. Recent estimates
are that a single plant species can produce 5000
to 25,000 different compounds and that the
>100,000 known chemical structures represent
a fraction of the total in the plant kingdom (/).
This number will increase substantially as ana-
Iytical methods improve (2) and more diverse
species are analyzed in detail. Given this diver-
sity, an understanding of plant metabolic networks
sufficient to pennit predictable modification of
metabolism is exceedingly challenging (3). Al-
though daunting, the potential payoffs will in-
clude balancing the diet of the world’s papulation
for optimal health, production of renewable chem-
ical feedstocks by green chemistry, and the gen-
eration of biofuels. An increased fundamental
understanding of plant biochemisiry is essential
for addressing these and many other problems
confronting humanity in the coming decades.
To devise novel strategies for rapidly advanc-
ing plant metabolism research, it is useful to first
consider past progress (Fig. 1). The last century
was marked by periods of remarkable advance-
ments, principally driven by new technologies
The development of modem chromatographic
techniques in the 1940s and 19505 led to an
explosion of information about metabolic end
products and the realization that there are com-
mon {hemes in central melabol am shared by all

situation with microorganisms, the plants selected
s amenable for biochemical study often had poar-
ly developed genetics. Starting in the carly 1980s
(4), the ability to izolate mutant plants defective
in multiple steps of biochemical pathways, along
with the expression of plant cDNAs to com-
plement existing mutations in microorganisms
(primarily Escherichia coli and Saccharomyces
cerevisiae), allowed hundreds of plant metabolic
enzymes to be identified and cloned. These mu-
tamts allowed evaluation of the roles of specific
enzymes in plant biosynthetic pathways and the
functions of pathway end products for the or-
ganism (5, 6), Once full-length cDNAs became
available, the problem of obtaining enough pro-
tein for detailed enzymatic analysis could be cir-
cumvented by expression and purification of target
proteins in microbes and animal cells, For exam-
ple, activity of the previously recalcitrant intrinsic
membrane potassium transporter KAT1 was as-
sayed in Xenopus oocytes (7).

Publication of the first two bacterial genomes
in 1995 marked the beginning of the genomic era
and presaged a second golden em for research in

The ibi
and radiolabeled tracers Emm the 1950s to the
1970z ushered in the first golden age of plant
metabolism, during which a single generation of
plant biochemists was able to propose pathways
for the major plant compound classes. This cre-
ated opportunities to purify and study novel
enzyme activities, although this was typically
limited to a small group of proteins that were
abundant, stable, and soluble and for which sub-
strates were commercially available. Unlike the
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plant As with the introds of
chromatography and radiclabeled tracers, the cur-

rent public availability of draft or completed ge-
nomes for >1000 bacteria and >140 eukaryotes
creates unprecedented opportunities to study in-
dividual plant enzymes, pathways, and metabolic
networks (8, 7).

Genomic resources facilitate connecting plant
genes with metabolic functions (J/0-/2). In addi-
tion to identification by overall primary sequence
similarity, encoded proteins can be grouped into
families based on the presence of conserved do-
mains, motifs, or only a few amino acids (from
three-dimensional structures) defined as being
essential for substrate binding, catalysis, or reg-
ulation. The power of this approach is that it
allows direct comparison of proteins with shared
properties between organisms that may be sep-
arated by hundreds of millions of years of evo-
lution. Typically, the function of only a small
fraction of the identified proteins is known (ofien
from studies of mode! crganisms), but this infor-
mation is sufficient to suggest catalytic properties
and inspire functional analysis of other family
members or related proteins in other organisms
(11, 13-15)

Comparative genomics information from the
several hundred sequenced bacterial genomes can
also he leveraged to characterize biosynthetic pro-
cesses that arc shared between plants and bacteria.
A powerful and relatively underused approach
takes advantage of the observation that genes
encoding proteins of related physiological func-
tion are often colocalized on bacterial chromosomes,
in operons, in gene fusions furmmg multifunc-
tonal enzymes, or simply in close proximity
(8-11). The depth of such bacteria-derived con-
textual data makes it more robust and accurate for
predicting gene function and pathway associa-

2000+ baclerial
genomes
Resequencin 250+ cyanobacterial
of 20 Arabidofisis _ ganomes
emsh genotypes
approaches; 100+ photosynthetic
canelation
Analysss sukaryols genomes

Calk-specific plant
metabolism

Deep EST analysis of
nonmodel plants

analytical chemistry

SNPs used to access
natural variation
in metabolism

Parallel biochemistry
. on prolein arrays

Fig. 1. Time line of genomics-enabled plant biochemistry. Selected major advances to date are indicated
above and below the time line. Some approaches and tools likely to further understanding of plant
biochemistry during the coming decade are indicated to the right of the time line.
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tions than simple homology-based search results.
Such contextual information has been important
for identifving missing pathway steps, and in some
cases entire pathways, in plants, such as isopen-
tenyl pyrophosphate synthesis by the methyl-
erythritol phosphate pathway (16) and vitamin
synthesis (/0-12, 15).

Our understanding of vitamin biosynthesis in
plants was influenced by the availability of ge-
nomic resources and demon-
strates the range of evolutionary
mosaics in plant metabolic path-
ways. The synthesis of panto-
thenate (vitamin Bs) and biotin
(vitamin B5) is identical in plants
and bacteria, and orthologous
enzymes were readily identifiable
by homology, contextual informa-
tion, or mutant complementa-
tion (12). Tocopherols (vitamin
E}are anly synthesized by photo-
synthetic eukaryotes and some
cyanobacteria. Four of five plant
tocopheral biosynthetic genes
have clearly recognizable se-
quence similarty to cyanobac-
terial orthologs, whereas the
fifth is an unrelated methyl-
transferase of archeal origin
(17, 18). The evolutionary origins
of thiamine (vitamin B) bio-
synthesis in plants (Fig. 2) are
even more diverse ({2).

Some of the mest interesting

DXP, deoxy-D-xylulose S-phosph

previously unobtainable cell types tractable for
genomics-enabled approaches

The plant cell wall is the most complex
polymer in nature, and enzymes involved in its
biosynthesis are notoriously uncooperative. Im-
proving our understanding and ability to manip-
ulate cell wall composition has taken on renewed
urgency in relation to cellulosic ethanol produc-
tion from crops. Two novel classes of cell wall

Pyridexol +
urocanic acid

Fig. 2. Plant thiamine monophosphate (TMP} synthesis is an evolutionary mosaic.
QOrganisms that synthesize TMP do so by condensation of HMP-PP and HET-P, which
are synthesized by unrelated pathways and enzymes in fungi and eubaderia. Plant
TMP synthesis (green-outlined ellipses) is an evolutionary hybrid of the fungal and
eubacterial pathways. For darity, not all genes, steps, or metabolites are shown.
Enzymes without color highlighting are common to all three taxa. Bacterial
nomenclature (e.q., ThiC and Thi€) refers to E. colf genes while fungal nomenclature
le.g., Thi4, 5 etc.) are 5. cerevisige genes (21). AIR, aminoimidazole ribonucleotide;

and have cancer-preventive properties in animals.
Many mustard-family plants synthesize glucosino-
lates, including Arahbidopsis, in which the bio-
synthetic pathway has been largely elucidated (24).
mRNA accurmulation of two RZR3-Myb transcrip-
on factors {of 125 in the Arabidopsis penome) was
found to have strong positive correlation with

genes,

that they might repulate the expression of the path-
way. When expressed in plant cell
cultures, each positively regulated
glucosinolate accumuilaton, con-
firming their roles as trnscriptional
regulators of the patway. As data
and tools for transcriptome, pro-
teome, and metabolome profiling
become available for a wider range
of plants, correlation analysis and
other systems biclopy approaches
should increasingly aid discovery
of pathways and the dynamic ways
in which they are regulated (25}

Although the firture of research
in plant metabolism in the coming
decade is exceadingly bright, the
success of genome-based ap-
proaches is creating a resurgence
of some of the maditional chal-
lenges in the field Advances in
DINA sequencing throughput is n-
creasing the phylogenetic breadth
of plant and microbial genomic
and cDNA sequences useful to

; HET-P, hydroxyet
HMP-P, HMP phosphate; HMP-PP, HMP

HMP,  plant bi at an impy

biochemistry camried out by plants
has no known parallel in micmbes,
requiring plant-specific approaches
to gene and enzyme discovery. Specialized plant
metabolites (historically refemred 1o as “secondary
metabolites™) often are produced at high levels in
specific tissues or cell types of individual species or
groups of taxonomically related species. Alkaloids
{e.g., morphine and codeine) and latex in laticifer
cells im poppy and rubber trees, terpenes and sap-
onins in epidermal cells of many plant familics,
and resins in trees are economically important
examples of such compounds.

HMPPK, HMP-P kinase.

biosynthetic enzymes were identified using ge-
nomic techniques in nommodel organisms that
were specifically selected because of their active
synthesis of particular classes of cell wall polymers
during seed development. Mannan synthase was
identified from guar bean (/4), which produces
‘high levels of galactomannan, anda bete 14 glucan

rate [for examples, see (26)), The

combination of rapid, decp EST
sequencing (through DNA se-
quencing by synthesis methods such as 454
pyrosequencing) and protecmics combined with
‘methods for isolating biologically intact molecules
from single cells or specific cell types is allowing
study of specialized biochemistry of nonmodel
arganisms previously unapproachable by genetics
ar genomics. The freasure trove of DNA and pro-

synthase involved in xylop! thesis was
cloned from developing nasturtum seeds (23),
which make large amounts of xyloglucan. Both
were then used 1o annolate certain

The cell-type-specific prod of second-
ary metabolites was exploited to purify and then
clone the first manoterpene synthases by first
purifying the secretory cells from trichomes of
peppermint leaves that make the compound.
Expressed sequence tag (EST) analysis of these
same cells led to the discovery of many of the
enzymes of this pathway (/ 3, 19). This approach
was feasible because epidermal “hair” trichome
cells are particularly amenable to bulk isolation,
unlike many other plant cell types that also pro-
duce high levels of specialized metabolites (209,
However, recent breakthroughs in laser micro-
d.mocnm technology in plants (2/) and use of

tivated cell sorting of specific cell
1¥pes (27} should malke the isolation of Such

Arabidopsis genes that resemble cellulose syn-
thases. These studies represent an increasingly
common approach in which genomics data from
model species are leveraged in nonmodel orga-
nisms that have characteristics especially suitable
from a hiochemistry perspective, and in tum the
results obtained further enrich our understanding
of metabolism in the mode! organisms.
Approaches using large-scale, publicly avaita-
ble transcript profiling data to identify genes co-
expressed with known pathway genes or with the
accumulation of specific metabolites are increas-
ingly being used to discover new pathway
regulators and enzymes. Sulfur-containing gluco-
sinolates function as definse compounds in plants

tein an urgent need to expand our
ahdtylﬂ identify and quantify small molecules to
‘pemnit rapid association of gene expression and end
products (2). As it becomes casier to identify DNA
sequences that encode candidates for specific
enzymes, the decades-old problem of synthesizing
substrates, optimizing enzyme assays, and measur-
mgmmbumnmmemuummn:w
lab ‘between bi

chemists, and genome scientists in discovering new
pathways and engineering plants with cumently
unimagined roles for the good of humanity.
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PERSPECTIVE

Genomic Plasticity and the Diversity of

Polyploid Plants

A. R. Leitch and 1. J. Leitch®

Polypl

a change whereby the entire chromosome set is multiplied, arises through mitotic or

meiotic misdivisions and frequently involves unreduced gametes and interspecific hybridization. The
success of newly formed angiosperm polyploids is partly attributable to their highly plastic genome
s‘t;u:ture as mamfemd by tolerance to changing chromosome numbers (aneuploidy and

ble element mobility, insertions, deletions, and epigenome

restructuring. The ability to withstand large-scale changes, frequently within one or a few
generations, is associated with a restructuring of the transcriptome, metabolome, and proteome and

can result in an altered phenotype and ecology. Thus,

polyploid-induced (hangss can generate

individuals that are able to exploit new m:hes or to outcompete progenitor SDEEIES This process has

been a major driving force behind the di

fishes, insects, and amphil ) and plants

(e.g., ferns and mosses) but is particularly
widespread in the flowering plants (angiosperms),
including many major crops (Fig. 1). Molecutar
analyses suggest that the genomes of most (=90%)
extant angiosperms retain evidence of one or more
ancient genomewide duplications (f) and that mu-
merous species have undergone more recent poly-
ploidy (2). For example, the polyploid Arabidopsis
suecica is considered to have formed from “diploid”
parents circa (ca.) 12,000 to 300,000 years ago,
whereas each of the parental genames retain evi-
dence of more ancient duplications estimated to
have arisen ca. 101 1o 168 million years ago (Ma),
6610 109 Ma,and 24 040 Ma (3). Polyploidy often
oceurs in association with imerspecific hybridiza-
tion, a condition called allopolyploidy, that can
resultin the generation of new species. It isnot clear
why polyploidy is so abundant in angiosperms,
particularly when its occurrence in gymnosperms,
considered to be sister to angiosperms, is 50 low
(<5% are polyploid). Nevertheless we wish 1o

Pulypluid.y oceurs in many animals (e.g., in

Ischeol af Biolsgical and Chemical Sclences, Queen wary,
University of Londen, London E1 ANS, UK. (E-mall: ar.
leiteh @aqmuLac. vk “Jadrell Laboratary, Royal otanc Gardens,
Kew, Richmond, Surrey TW 348, UK. {E-mail: ideitch@ken.
edu}

of the angiosps

and their biodi Y.

know the origin, evolution, and consequences of
polyploidy to reveal how it has contributed to the
diversity of anglospenms seen today (estimated to
be 250,000 to 400,000 species) (¢-10).
Polyploids commonly arise from unreduced
gametes by nondisjunction of chromosomes in
the germ line. Unreduced gametes occur widely
in both animals and plants, but there are differ-
ences in the survival of the denved triploid off-
spring. For example, in humans diploid gametes
oceur 0.2 to 0.3% of the time, bui they rarely lead
to triploid young and these do not survive to
adulthood. In angiosperms, unreduced gametes
occur with a mean frequency of about 0.56%,
with interspecific hybridization, herbivory, and
disease stress, among others, elevating their oc-
currence (i). However, in contrast to humans,
derived triploid angiosperms frequently survive
and can be important in establishing higher ploidy
levels (12). Furthermore, ongoing chromosome

80), coffee beans (Coffea arabica, 2n =

:8), bread from bread wheat (Triticum n\emum, 2n= 6x=42), rope from sisal (Agave sisalana,
4x = 44), banana (Musa triploid hybrids, 2n = 3x =

33), catton (Gossypium hirsutum, 2 = 4x = 52), potatoes (Solanum tuberosum, 2n = 4x = 48), and maize

(Zea mays, 2n = dx = 20).
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Fig. 2. Differences in genomic plasticity between angiosperms and mam-
mals revealed by chromosome labeling patterns using fluorescent in situ
hybridization. (A) Genome painting distinguishes parental genomes in

genome turnover occurring over ca. 5 million years. [Image reproduced with
permission from (25). Copyright 2005, New Phytologist] In contrast, the
conserved genome structure of mammals is illustrated by the ability of

polyploid synthetic tobacco (2n = 4x = 48, 1C = 5.4 pg). Chr
were labeled with both red and green fluorescent markers that identify the
parental origin of the chromatin by color. Chromosomes with red and green
segments carry translocations (arrows). [Image reproduced with permis-
sion from (24). Copyright 2006, Botanical Sodiety of America] (B) The dif-
ferential labeling of parental chromatin is lost in a related allopolyploid,
Nicotiana nesophila (2n = 4x = 48, 1C = 5.0 pg), because of near-complete

human ch paints to label chr of (€) @n=
2x=48, 1C = 3.6 pg), which diverged from humans more than 15 Ma, and
(D) horse (2n = 2x = 64, 1C = ca. 3.2 pg), which diverged over 55 Ma.
[Image in (C) reproduced with permission from (26). Copyright 1992,
National Academy of Sciences. Image in (D) reproduced with permission
from (27). Copyright 2004, Springer-Verlag| Scale bars indicate 10 um
[(a) and (B)], ca. 3.5 um (C), and 4.5 um (D).

nondisjunction can give rise to complex aneuploid
and polyploid series (e.g., Cardwnine pratensis
L., with reported chromosome numbers of 2x =
16, 24, 28, 30, 33 10 38, 40 10 46, 48, 52 10 64,
and 67 10 96). Newly formed allopolyploids may
be particularly common in angiosperms, given the
abundance of unreduced gametes and the general
lack of targeting in pollen delivery (e.g, via in-
secis or wind) to the female recepive organ in the
flower (the stigma). However, few successfully
establish. Indeed, the allopalyploid plant York
groundsel (Senerio eboracensis, Asteraceae) prob-
ably arose naturally in the 1970s through allo-
polyploidy involving a native and introduced
species. It now grows as aweed of industrial waste-
lands, but redevelopment of the area is destroying
its habitat, and unless it can disperse to similar
sites elsewhere it will go extinet. Thus, in lessthan
50 years from its birth, this species is now nearing
extinction, illustrating the precarious nature of
early polyploid establishment (). N hel

rapid genetic and epigenetic changes associated
with polyploidy [e.g., (retro)transposon mab'luy
SequUence rear and losses,

going process that retums the genome to a dip-
loidiike form (14)
In angi mumover of non-

ing, DNA methylation changes, and chromatin
remadeling (2, 6, ). Many chromosomal changes
are induced by multivalent formation and aber-
rani segregation of chromosomes ai meiosis in
early generation polyploids (0). These abnor-
malities can reduce feriility, but sexual se!:ct-ou
will favor the most fertile and viable individuals
and remove those that are maladapted. Litde is
known about how regular chromosome pairing is
restored, although pairing genes may enhance
bivalent formation in some polyploid wheats and
mustards. Meiosis may therefore dually impact
the evolution of many newly formed polyploids
by (i) enabling sexual propagation and (i) gen
erating, through meiotic errors, large-scale chro-
mosomal variation upon which genetic drift
and/or selection can act. Overall, we surmise that
the high freqs of unreduced gametes

polyploid species are highly numerous, and
even in the past 150 years several new species
are known to have evolved and established (6).

Genomic Plasticity in Polyploids
Angiosperms are remarkable in their ability 10
tolerate the considerable genomic impact of poly-
ploidy arising from the accommodation of diver
gent genomes in the same nucleus, intraspecific
chromosome mumber variations, unbalanced pa-
rental chromatin contributions, and chromosomal
for example, inversions and trans-
locations (/3) (examples of intergenomic translo-
cations are arowed in Fig. 2A, which shows a
spread at of a palyploid

provide a constant evolutionary pressure toward
polyploidy in angiosperms, whereas genomic
plasticity relaxes the genetic and developmental
constraints against polyploid formation.

Studies of synthetic allopolyploids, aiming to
mimic natural species, have been valuable in
providing insights into the nature of angicsperm
genome plasticity. They reveal that the genomic
response to polyploidy can be fast, targeted, but
highly variable between species (§). Nevertheless,
changes in the epigenetic profile appears to be a

universal response that can lead to partitioning of

the :\pressmn of duplicated ancestral genes to
specialized tissue-specific activity or function (sub-
functionalization) (2). Duplicate genes can, how.

species). This remarkable plasticity of the ge-
nome is also evident from the diverse and often

ever, also be lost, and over longer time frames
this contributes to genome diploidization, an on

‘genic and/or repetitive sequences leads to further
diploidization through the erosion of differences
between parental genomes in the polyploid. Over
time frames of 5 to 10 million years there can be
near-complete retroelement tunover (1.5) and tan-
dem repeat replacement, resulting in the loss of
many genome-specific sequences (16) (Fig. 2, A
and B). This genome plasticity contrasts mark-
edly with mammalian genomes, in which single
chromosome losses or gains are usually detri-
mental, polyploidy is rare or absent, and large-
scale genome organization remains conserved over
tens of millions of years (Fig. 2, C and D)

With high-throughput DNA sequencing tech
nologies, it is now feasible to determine the pa-
rental origin of sequences in both the genomic
DNA and the transcriptome and to compare pro-
files between natural and synthetic polyploids
and related diploids. Such approaches will in-
form the extent to which differential sequence
losses are targeted at specific genomes, chromo-
somes, or chromosomal regions; the influence
of maternal and paternal origins; the role of en-
vironmental factors; and the mechanisms and
processes involved in the evolution of dupli-
cated alleles.

Genome Size Plasticity
Angiosperm genome sizes vary nearly 2000-fold
compared with taxa that generally lack polyploi-
dy, such as mammals (genome size varies five-
fold) and birds (genome size varies twofald),
izing the plasticity in angi genome
structure. Polyploidy results in an instantaneous
multiplication in DNA centent, after which di-

25 APRIL 2008 VOL 320 SCIENCE www.sciencemag.org



vergence of lineages may be accompanied by
genome size increases or decreases, the direction
of which reflects a balance between mechanisms
that expand genomes (e.g., retroclement inser-
tion) and those which shrink them (e.g., dele-
tions). With the accurnulation of extra genomef(s),
there is an increased demand for nuirients, par-
ticularly nitrates and phosphates, that are needed
0 make nucleic acids and proteins (17). Yet
phosphorus is often limited in supply, as in
Australia, where ancient weathered soils have
so little phosphorus that they restrct the dis-
tribution of some plant communities (/&). Such
nuttient demands are not a problem for animals
that assimilate DNA directly from their food.
However, for plants in areas where nutrient
levels are limiting, we predict that there will be
selection against polyploids or for those that can
eliminate excess DNA. This hypothesis is
supparied by the fact that afier polyploidy,

additive proteins failed to reveal any substantia!
biological consequences (20)

Not surprisingly, allopolyploidy has also been
shown to trigger changes to the metabolome. The

SPECIALSECTION

sufficient success to have been a major driving

force behind the divergence of angiosperms.
Models explaining how genomic reorganiza-

fion and epigenefic reprogramming causes changes

profile of dary metaboli din
defense of herbivory were shown to differ sub-
stantially in response time, duration, and strength
between two Nicotiana allopolyploids that share
the same parental origing (21) S:mllnrly, in syn-

thetic Nicotiana allopal were

in gene after polyploidy are focused
on mechanizms that establish locus-specific ex-
pression of duplicaied alleles in early polyploids
(9. Such models need to be tested against rigor-
ous statistical analyses of networks of molecular

tod ine network rob and

observed between md.mdm]s and their parents
(22). In nature, such physiclogical differences
may affect allopolyploid evolution and survival.

The pnclu.re cm:rgmg fmm smdwe ofﬁyn
thetic is that

the nature and strength of individual links. Network
analyses will also reveal how newly fonned poly-
ploids differ in their response to the environment
cnmpemd with their pragmuurs and provide

ding of the of

is primarily responsible for mggenng extensive
and rapid changes and generating variation that
may facilitate adapmlian and sptcimion Given
this, one might expect h loid species, (i.e.,

polyploidy. We will need to distinguish between
Tesponses to polyplaidy that are specific, stochas-
tic, or ubiquitous at the levels of individuals,

lations, and species. Such information will

those derived Emm mmspn.:ﬁc hybrids without

a.msl crop breeders and lead to an cnhamnd un-

genome downsizing in angiosperms is the most  an genome duplication) to be more ding of polyploid tted p
common response (/7). Mare research i is needed  common, yel only about 20 have been reporied.  diversity,

to determine the role of nutrient limitation in exploit niches to the par-

the lish and evolution of p ids  ents and may diverge through spatial isolation or

in oompanson with related diploids and m ex-
amine the incidence of polyploidy in those en-
vironments, such as bogs and heaths, where
nutrient levels are low. One might also predict
that similar trends toward genome downsizing
would be less apparent in animals for which
such nutrients are not limiting, but to date no
comparable analyses have been done

Transcriptome, Metabolome, and Proteome
Genomic plasticity has downstream effects on the

rapid genome divergence. In some cases, their
success hma been attributed to the acquisition of
h that is, those cl
that fall outside the range found in the parents
(23). However, interspecific hybridization typi-
cally causes gene flow between populations, break-
ing down species isolation barriers, and does not
usually lead to speciation. In contrast, chromosome
muliiplication can create instant barriers with dip-
loid parents. Thus, both lxm'rpmenm of allopoly-
ploidy contrib md]mr d

tmns:nptmn: proteomne, and that can

pic variation in polyploids exceed-
ing that found in the pareats (%, At the ¥an
scriptome level, studies on natural and synthetic
polyploids have demonstrated genomewide non-

@i ion o tngg:( changes
at all levels Erom the gene to ecology and (i)
chromosome multiplication to establish these
changes. We now face the challenge to deter-
mine how perturbations to the transcriptome,

additive, dom changes in gene

(e.g, sil d up- and dov iom), many
of which were tissue and/or species-specific. The
reprogramming of the allopolyploid transcriptome
has been shown to be triggered predominantly
by interspecific hybridization rather than by chro-
mosome multiplication ().

Changes at the transcriptome need not neces
sanily be reflected in ﬂ\e proteome, given Lhe po-
tential for an
modifications. Unfortunately, Ilu:[c are few studies
into the effects of polyploidy on the proteome.
Nevertheless, research on synthetic Brassica al-
lopolyploids showed that 25 to 38% (depending
on tissue) of proteins displayed quantitative var-
fation from an expected additive pattern of pro-
teins found in the two parents, with changes being
rapid and, in some instances, nonstochastic, re-
producible, and organ-specific (less than 1% of
changes were qualitative). As with the tran-

p it was that
stimulated the most p:rtur'haunns in expression
(19). Interestingly, in silico analysis of non-

, and proteome influence the pheno-
type and ecology, requiring the transfer of mo-
lecular technologies to an ecological sefting.
Furthermore, better understanding is needed to
explain how polyploids establish fertility, neces-
sitating the search for mechanisms driving reg-
ular bivalent pairing; certainly if controlling genes
are discovered they may find applications in the
production of new polyploid crops.

Conclusions and Future Prospects

In angiosperms, allopolyploidy triggers a new
steady state for the transcriptome, metabolome,
and proteome networks and perhaps enhances
network robusmess and/or increases network com-
plexity. We suggest it is genomic plasticity that
cnables step changes in the steady state, equip-
ping newly or} gmal:d polyploid individuals with
novel biochemical pathways and

characters and allowing them 1o exploit new
niches and/or outcompete diploid parenis. Al-
though most new polyploid individuals will die,
they must have arisen sufficiently often and with

References and Notes

L Cui et af, Gename Res. 16, 738 (2006).

K. L Adms, ). F. Wendel, Curs. Opin. Piont Biol. 8, 135

2005}

5, De Bodt, §. Maere, ¥, Van de Peer, Trends Feal. Fvol

20, 591 (20051

W L Ainouche, A Baumel, A Salmon, Bial.J. Lina. Soc

82, 475 (2004).

R.}. Abbott, A ). Lowe, Biad. ). Linm. Soc. 82, 467

{2004,

D. £ Soltis, P. 5. Soltis, ). A Tate, New Phytol. 161, 173

{2003},

€. Brochmann et al., Bial, L. Linn, Soc. 82, 521

{2004,

K L Adams, ). F. Wendel, Trends Genef. 21, 535

{2005).

9. Z.). Chen, Annw, Rev. Piant Biol. 58, 377 (2007).

10. L Comai, Mat. Rev. Genet. 6, 836 (2005).

11. ). Ramsey, D, W. Schemske, Annu. Rew: Ecol. Syst. 29,
467 (19981,

12. B. C. Husband, Biot. J. Ltian. Soc. 82, 537 (2004).

13. R T. Gaeta ef ol Plont Cell 19, 3403 (2007).

14. B. C. Thamas, B. Pedersen, M. Freeling, Genome Res. 16,

934 (2006},

1K Ma, K W, Devos, . L Bennetzen, Genome fes. 14,

860 (2004,

16, K Y. Lim et al., New Phyiol 175, 756 (2007,

17. L ). Leitch, M. D. Bennen, Biof. . tinn. Soc. 82, 651

&

004)
18. N. C.W. Seadle, Fcalagy 43, 281 (1962).
19. W, Albertin et al, Genetics 173, 1101 (2006)
20, W, Albertin et ol., BIAC Genorrics B, 56 (2007).
20 Y. Lo, 1. T. Baldwin, Proc. Nati Acad. Sci. ULSA 100,
14581 (2003},
. LS. Pearse, T. Krugel, L T. Baldwin, Plant | 47, 196
{2006).
. L H. Rieseberg, ). H. Willis, Science 317. $10
{2007%
24 K Y. Lim et ol., Am. ). Boi 93, 875 (2006).
25. ). ). Clarkson et ok, New Phytol. 168, 241 {2005).
26. A Jauch et al., Proc. Mall. Acad. Sci USA B9, B611
29952},
27. F Yang ef ol Chramasome Res. 12, 65 (2004).
28, We thank Natural Environment Rese arch Councl for support
and A Kovarik, Y. Lim, and e anomymous referees for
insighttul comments.

10.1126fscience. 1153585

www.sciencemag.org SCIENCE  VOL 320 25 APRIL 2008

483



484

Plant Genomes
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Selection on Major Components of
Angiosperm Genomes

Brandon 5. Gaut* and Jeffrey Ross-lbarra

Angiosperms are a relatively recent evolutionary innovation, but their genome sizes have
diversified remarkably since their origin, at a rate beyond that of most other taxa. Genome size is
often (nrrstated with plant growth and ecology, and extremely large genames may be limited both

[ and evolutionarily. Yet the relati

between genome size and natural selection

remains poorly understood. The manifold cellular and physiological effects of large genomes may
be a function of selection on the major components that contribute to genome size, such as
transposable elements and gene duplication. To understand the nature of selection on these
genomic components, both population-genetic and comparative approaches are needed.

lowering plants are relative newcomers to
the evolutionary stage, appearing for the
first time 150 to 200 million years ago.
Angiosperms have since radiated across the
globe, quickly becoming a dominant life form
on the planet. Mirroring their rapid diversifica-
tion, the size of angiosperm genomes
has changed rapidly as well: Higher

plants vary ~2000-fold in genome
size, from the 64-Mb genomes of Farns
Genlisea (corkserew plants) (1) ta  SYT"OPemS
the 124-Gb genomes of Frifillaria Monaeaia)
the fritillary lilies) (Fig. 1) (2). Still, Nematodas
the nare of the relationship be- Annelids
tween genome size and natural se- Flatworms
lection is not well undersiood. Aractinids,
Genome size correlates with mﬂ::dm:
bmﬂd«cﬂ!c_paﬂcr_nscfpkmthmlogy. Nee eiuaiss
Plant species with large genomes b
tend to have large cells and large Amphibians
seeds, factors that are associated with Birds
a number of life-history traits. But Reptiles’
plants with larpe genomes alsa have Mammals:
lower photosynthetic rates, grow 0.1 1 10 100
more slowly, and are underrepre- PgDNA

sented in extreme environments (3).
The ecological cosis incurred by
large genome size have a parallel
evolutionary cost: Plant genera with
the largest genomes tend to have the
lowest species diversity, suggesting
that genome size affects speciation
rates (3).

Genome size also varies among individu-
als within a species, and such variation has
been linked to selection. Individuals with the
same chromosome number can vary as much
as 40% in genome size (4). This intraspecific
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diversity correlates with environmental clines
and growth characteristics (5) and may also re-
spond to indirect selection on other traits (6).
However, the mechanisms that connect genome
size to phenotype remain unclear. One possibil-
ity is that DNA content affects cell volume and

DNA (Fig. 2). Much has been leamed about TEs
from genomic sequence data, including their dis-
tribution amoeng species, their genomic locations
of accurmulation, the mechanisms by which they
are purged from genomes, and their rates of
proliferation. The last may be particularly im-
pressive; the rice genome has increased >2% in
size over the past few hundred thousand years
because of TE activity alone (7). Individual ani-
mal genomes may also be elementrich (8), but
plant genomes appear to vary more rapidly with
tespect 1o their transposon-derived component.
Given the apparently detrimental conse-
quences of a large genome, it follows that the
accumulation of wansposons is probably deleteri-
ous 1o plant fimess. Many individual transposon
inserfions—such as those into coding regions—
may e strongly deleterious, leading to their rapid
loss from the gene pool (9). However, understand-
ing the role of natural selection m shapig transposon
diversity ultimately requires a population-genetic
approach. n Drosaphila, humans, Arabidopsis, and
puffirfish, quantitative estimation of the strength
of selection from population-genetic data suggests
that TE insertions are on average slightly delete-

replication, leading to generally lower growth
rates. The accrual of DNA may also have func-
tional effects via gene regulation or copy-
number variation (5). In any case, the manifold
cellular and physiological effects of a larger
genome may result in direct slection cither on
genome size itgelf or on the major components
that contribute to genome size,

The largest contributor to genome size is
repetitive DNA, particularly transposable elements
(TEs). In fact, it is common for the majority of'a
plant’s genome to consist of transposon-derived

Fig. 1. (A) Despite being among the most recent of the groups depicted, monacots and eudicots encompass
the widest range of genome sizes. Data are from (1, 2). pgDNA, picograms of DNA. (B) Photos depict the
flower and metaphase squashes of Genlisea (1) on the left and a triploid Fritillaria (30) on the right. The arrow
indicates the dividing Geniisea nucleus. Scale bars represent 10 um. [Photo credit: Fernando Rivadavia
(Genlisea) and Christine Skelmersdale (Fritillaria)l

tious (10, 11) and thus expected to be purged from
populations by natural selection. But the effective-
ness of selection against TEs depends on the
composite parameter N5, which includes not only
the strength of selection 5 but also the effective
population size N, Even if selection is relatively
strong, species with low N, may not be able to
prevent transposons from accumulating within
their gename. The proliferation of elements within
plam genomes may thus reflect low N, as rmich as
low 5 (42). Though there have heen surprisingly
few studies of plant TE population genetics, this

25 APRIL 2008 VOL 320 SCIENCE  www.sciencemag.org



approach could go a long way toward {lluminat-
ing the selective forces acting on plant genomes

Population-genetic approaches have also
been usefitl for identifying adaptive transpason
insertions (/3). This and other evidence suggests
that TEs are not just deleterious but also con-
iribuie to genome function. In plants, transposons
have been domesticated 1o hecome functional
genes (/4), have inserted complete exons into
expressed genes (15), and have facilitated the
fornmation of previously unrecognized genes via
reverse transcriptase (16). Transposons are also
potential sources of cis-regulatory elements and
small RNAs. Moreover, transposable element
activity can also accelerate the response o se-
lection, presumably by producing genetic varia-
tion on which selection can act. An example is
selection on bristle number in Drosophila
melanogaster, where p element lines responded
rapidly to selection but lines without active p
elements did not (7). This study supgests that
natural and artificial selection on a phenotypic
trait could drive correlated increases in transpos
on activity in a manner antagonistic 1o selection
against large genome size,

Gene duplication is another major contributor
to plant genome size. The angiosperms se-
quenced to date contain more gene duplicates
than animals (Fig. 2). Much of this duplication is
due to polyploid events, which create complete
genetic redundancy by copying every gene in the
genome. Although many duplicated genes are
lost as they accumulate mutations and deletions,
this process is nonrandom (/8), Genes related to
transeription, signal transduction, and develop-
ment are more likely to be retained as duplicates
than other functional gene categories. This biased
retention may result from variahle sensifivity of
genes to dosage effects, with selection acting 10
maimtain proper stochiometric ratios (18). Reten-
tion biases can also be taxon specific, perhaps
explaining the high abundance of aromatic pro-
teins in grapes (/9).

Tandem duplication is another potent source
of gene duplication. Tandemly duplicated genes
represent ~15% of genes in angiosperm ge-
nomes (20); curiously, this proportion closely
mirrors the 10 to 17% range of tandem du-
plicates found across animal genomes (27). Tan-
demly duplicated genes are probably subjected
to different selection pressures than genes du-
plicated by polyploidy, on the basis of four lines
of evidence: (i) First, tandem events tend to
duplicate only one component of a genetic net-
work, as opposed to entire networks. (i) Second,
tandemly duplicated genes are biased toward a
different set of genes; tandem duplicates are
ovemrepresented for membrane proteins and
abiotic response genes {20), These genes tend to
be at the end of biosynthetic pathways, suggest-
ing that tandem duplicates are retained more
readily if they donot perturb key branch points of
networks, (i) Third, differences between tandem

and polyploid duplicates extend to pattems of
gene expression, because tandem duplicates
diverge more rapidly in expression (22). (iv)
Lastly, tandem duplication events are ongoing
and common. It has been estimated conserva-
tively that 1 out of ~700 Arabidopsis thaliana
seeds contain a copy-number variant caused by
unequal crossing over between tandem duplica-
tions (23).

Tandem duplication is commen enough
oeeur on an ecological time scale and may thus
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Fig. 2. TE content and gene-family size for representative
sets of eukaryote genomes. (A) Genomic TE content [from
(8). Numbers above each bar represent the percentage of
each genome made up of TEs. (B) Percent of the genome
made up by gene families of varying sizes (single copy at left
to greater than five copies at right) [from (31)].

be a particularly potent source of genetic inno-
vation for local adaptation. Tandem duplications
have been shown to mediate boron tolerance in
barley (24), submersion tolerance in rice (25),

H Arabidopsis
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account for the 40% difference in genome size
among some plant populations.

Our discussion underscores the need for
genome-wide assessments of all types of genetic
vaniation (including nucleotide polymorphism,
copy-number variation, and TEs) at the popula-
tion level, Such information is a necessary pre-
cursor for characterizing recent selection on plant
genomes and also for understanding the mecha-
nisms that contribute to genome-size variation.
Population genamic data can address the relative
strengths of purifying, balancing,
and directional selection; the ge-
nomic components that contribute
1o adaptation; and the identification
of genes that have been targets of
selection. These diversity assessments
eventually need to include explicit
multipopulation sampling so that di-
versity patterns can be evaluated to
detect signatures of local adaptation.
Thus far, the enly genome-level poly-
morphism surveys in plants have
targeted A. thaliana (28, 29), yielding
insights about selection on coding
regions and revealing uney
trends (such as high levels of diversi-
1y in genes that mediate interactions
with the biotic environment). Un-
fortunately, technological limitations
inherent to these studies have pre-
vented a comprehensive assessment
of the relative Frequency and amount
of copy-mumber versus transposon
polymorphisin, and thus these impor-
tant components of genome size and
finction remain poorly characterized.

Population genomic data pro-
vide information about recent selec-
tion, but inter-species comparisons
may uncover selection manifested
over longer time periods. Yet, there
has been shockingly linle compara-
tive analysis of plant genomes,
owingto the substantial evolutionary
distances among the four angiosperm
genome sequences published (o date.
This lack of analysis has highlighted
the need for dense sequencing with-
in recently diverging clades. For example, the
A lyrate and sorghum genome sequences will
provide fining contrasts o those of A, thafiana:
and maize, respectively. These contrasts will

=5

and diversification of in

vield infe ahout the type and strength

A thafiana (26). However, there is not yet a great
deal of information as to the extent of copy-
number variation in plants, the role of copy-
number variants in local adaptation, and the

ibution of copy- ibe: i genome-
size varation among individuals, Careful char-
acterization in humans indicates that up to 12%
of the genome may vary in copy number (27),
but even this impressive munber is unlikely to

of selection on coding regions, molecular-
evolutionary pafterns that characterize species
divergence, and basic dynamics of plant genome
evolution. We do not yet know, for example,
whether plant genomes contain large, conserved
intergenic regions like those of animals and
whether such intergenic regions constrain the
lower limits of genome size. Similarly, we do not
have a clear picture of the evolution of gene
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complement, particularly over modest (intra-
familial) evolutionary distances. Comparative
data will also facilitate a broader understanding
of the dynamics of gene duplication and TE
accumulation.

[oecthie] {ditional - &
population-genetic data alone will not yield a
complete understanding of selection on plant ge-
nomes or on the processes that govem genome-
size variation. There is first a pressing need for
additional theoretical advances to provide a
conceprual framework to interpret polymaorphism
data, especially in the context of demographic
change in structured populations. Similarly, the
theory of the population genetics of gene dupli-
cation is in its infancy, as is our understanding of
whether standing genetic variation commonly
contributes to adaptation. In addition, we need to
better understand biclogical factors that affect the
process of selection but are usually not included
in molecular-evoluionary or population-genci
models; such factors include paramutation, meth-
ylation, epistasis, and gene conversion. Finally,
there is always a need 1o complement infer-
ences about selection with functional assays,
particularly if the goal is to comectly identify
the genetic variants that have been targeted by

selection, With the need for additional data and
theoretical models, we clearly are only begin-
ning to understand lI'la complex interplay among
phenotypic diversity, genome size, and natural
selection.
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PERSPECTIVE

Synteny and Collinearity in

Plant Genomes

Haibao Tang,* John E. Bowers," Xiyin Wang, Ray Ming,” Magsudul Alam,” Andrew H. Paterson*

Correlated gene arrangements among taxa provide a valuable framework for inference of
shami ancestry of genes and for the utilization of Imqus from model organisms to study
i1 i

of gene arr are complicated

d systems. In
by recurring polyploidy and extensive genome

New genome seq and

improved analytical approaches are clarifying angiosperm evolution and revealing patterns of
differential gene loss after genome duplication and differential gene retention associated with
evolution of some morphological complexity. Because of variability in DMA substitution rates among
taxa and genes, deviation from collinearity might be a more reliable phylogenetic character.

which genes rermain on comesponding chro-
‘mosomes (synteny) and in corresponding
orders {collinearity) over time (/). For example,
most eutherian (placental mammal) orders have
incurred only moderate reshuffling of chromo-

Eukmyutic genames differ in the degree to
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somal segments since descent from common
ancestors ~130 million vears ago (2). Indeed,
Kkaryotype evolution along major vertebrate lin-
eages appears to have been slow since an inferred
whole-genome duplication occurred ~500 million
years ago (3). Accordingly, accurate: identification
of orthologs across eutherian taxa is relatively
routine, and deduction of synteny and collincarity
is often straightforward with best-m-genome crite-
ria (), identifying one-to-one best matching chro-
‘mosomal regions in painwise genome comparisans.

Angiosperm (flowering plant) genomes fluc-
tuate remarkably in size and amangement even
within close relatives, with recurring whole:

genome duplications occurring over the past
~200 million years accompanied by wholesale
gene loss that has fractionated ancestral gene
‘mk;\g:s across multiple chromosomes (5). An-
giospenm genome sizes span more than 1000-
fold (6), with much of the difference between
some well-studied genomes n heterochromatin
(7). Additionally, the reshuffling of short DNA
segments by mobile elements nearly elininates
large-scale collinearity in heterochromatic re-
gions (7).

Despite recurring whole-gename duplications,
angiosperm chromosome numbers are more static
than genome size, mostly within a range of less
than 50-fold (6). Condensation of two chromo-
somes into one is known in many lineages; a
pariicularly striking case involved the demon-
stration that n = 10 (chromosome number)
members of the Sorglum genus are ancestral o
#i= 5 members of the genus (8). Indeed, Sorghum
bicolor (sorghum) and Zea mays (maize) have
the same chromosome number (s = 10}, although
maize has been through a whole-genome
duplication since their divergence (9), whereas
the most recent duplication in sorghum is shared
with all other cereals (/). The occurrence of
several condensations may explain why single
arms of several maize chromosomes (10 and 5)
comespond to entire sorghum chromosemes (6
and 4) (11).

Fully sequenced genomes promise to improve
deductions of carespondence, toward a unified
framework for comparative evolutionary analysis.

25 APRIL 2008 VOL 320 SCIENCE wwivsciencemag.org



In angiosperms, analysis of synteny and paleo-

polyploidy are inextricably intertwined hecause

comparative genomics in angiospern sequences

require strategies to mitigate the effects of ge-

nmncdupl:mtmn and fractionation. For uxampl:;
bidopsis thalian (thal

in Cawica (14) argues aganst an altemative inter-
pretation on the basis of an analysis of a second
Vitis genome (16), which suggested that i occwrred
in a common ancestor of Arabidopsis-Papudus.
Synteny can he identified through the cluster-

three pﬂ.m -polyploidies, including two doublings
{5y and one tripling (/2), resulting in ~12 copies of
its ancestral chromosome set in a ~160-Mb ge-
nome. Further complicating the comparison of
A. thaliana 10 other angiosperms are an additional
910 10 chromosomal rearrangements in the past
few million vears since its divergence from A.
hrata (rock cress) and Capsefla rubella (pink
shepherd's purse), including condensation of six
chromosomes into three, bringing the chromo-
some number from 1= 8 101 =5 (13).

ing of neighboring matching gene pairs; however,
differences in gene density and tandem

SPECIALSECTION

and subgenomes. The top-down approach should
‘be more sensitive because it can incorporate tran-
sitive homology (/7), in which segments A and B
‘have undergane reciprocal gene loss and no longer
show correspondence to each other but both cor-
respond with a third s:gm:nl L Rﬂlaumsiups

among species may cause statistical artifacts,
Collinearity, a more specific form of synieny,
requires common gene order. Collinearity and
synteny have traditionally been identified by
looking for one-to-one (pairwise) conservation
between species. To take better advantage of new
genomic resources as they become available,
multiway collinearity analyses are needed, with
progressive alignments accompanied by statisti-
cal evaluation and iterative refinement (). In

Ancestral locus

@ ropulus
@ Arabidopsis
@ Carica
@ vitis

Fig. 1. Idealized gene tree that contains multiple orthologs and paralogs in Populus, Arabidopsis, Carica,
and Vitis. For illustration purpose, this has assumed equal evolutionary rates along all branches and no
gene loss following polyploidy. The polyploidy events are represented as black circles and labeled o and fi
within the Arabidopsis lineage (5), salicoid duplication g in Popuius (15, and y, which is shared by all four
species (12, 14).

Other eudicot genomes shew less-complicated
genome architectures than Arabidapsis. Although
still controversial, the two most recent paleo-
polyploidies affecting Arabidepsis [a and f, fol-
lowing the usage in ()] now appear to have
occurred within the crucifer lineage (12, f14).
Populus trichocarpa (poplar) underwent a dupli-
cation specific 1o its own salicoid lincage (15) and
shares only one of the three paleo-polyploidies
() affecting Arabidopsis. Vitis vinifera (grape) (12)
and Caricn papaya (papaya) (14), the latter within
the same taxonomic order (Brassicales) as Arabi-
dopsis, each have only v and no subsequent poly-
ploidies (Fig. 1). Indeed, the absence of the [} event

angiosperms, such multiple alignments offer the
further advantage of helping to unravel the con-
sequences of genome duplications.

One partial solution for inferring ancestral
gene onders in angiospenms has been a bottom-up
approach, in which the most recently duplicated
segments are interleaved to generate hypothetical
intermediates that are further recursively merged
(5). However, this approach requires an additional
cycle of deductions for each duplication event and

among such d licated regions, easily
missed by a botiom-up approach, can ofien be
resolved by comparison to another genome that
does not have the duplication or that underwent
independent gene loss. Such comparisons have
clarified synteny among yeast species (18).

Top-down analyses show a high degree of
collinearity between Arabidopsis, Carica, and
Populus (14). For example, we idemtified three
branches each containing orthologous segments
from up to four Arabidapsis, one Carica, and two
Populus genomic region{s), suggesting paleo-
hexaploidy in a common ancestor of these spe-
cles (Fig. 2A). Applying these methods to the
Vitis (grape) genome validated the reconsinucted
order and inferred triplicated structure of a com-
mon Arabidopsis-Carica-Populus ancestor. Vitis
is a eudicot outside of the two eurosid clades that
contain Arabidopsis-Carica (eurosids 11) and
Populus (euresids 1) (19), therefore providing
an independent lineage suitable 1o test lh: gene
order ali Paleo-hexaploidy (iri
has also been suggested over 94 5% of the Vifis
genome (12). When the Arabidopsis-Carica-
Populus consensus iz aligned to Fitis, the two
independently inferred triplication pattemns cor-
respand closely (Fig. 2B). Thus, top-down gene
order alignment revealed genome triplication that
cluded prior detection in Arabidopsis (5) and
Populus (15) and also supported the conclusion
that the triplication occumed in a common ances-
tor of Vitis, Arabidopsis, Carica, and Populus
{12).

The emerging unified framework for compar-
ative evolutionary analysis of angiosperm genes
and genomes will improve in power and preci
sion as more genomes are sequenced. However,
the current framewark remains bipolar because
we can identify extensive synteny and collinearity
within core eudicots and prasses, respectively, but
much less between the two groups because of
longer evolutionary distance and more genome
rearrangements. Collinear orthologs between
rice (Oryza sativay and the four core eudicots
account for only ~15% of Oryza genes distrib-
uted over about half of the genome. The longest
Orvza-Arabidopsis collinear segment contains
23 orthologous gene pairs but is improved
twofold, to 47, by incorporating Fifis. Addi-
tional monocot sequences from noncereal ge-
nomes such as Musa actoninata (banana) or
Ananas comosus (pineapple), along with se-
quences of basal eudicots such as Eschscholzia

compounds any errors. An alf top-down
approach requires only one cycle of deduction by
simultaneously searching for and aligning all struc-
turally similar segments across multiple genomes

lifornia or Papaver ifera (Califomia or
opium poppy) and Aguilegia formosa (colunbing),
and basal angiosperms such as Amborefla
trichopoda (no common name), may further
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early inferences on polyploidy in angiosperms
and vertebrates were initially confused by gene
phylogenies but later resolved with synteny
2,25)

Improved synteny and collinearity alignments
emerging from top-down approaches applied to
multiple genomes and subgenomes are a poten-
tial foundation for reconstruction of the ancestral
state(s) of angiosperm genomes. Consensus gene
onders within synienic blocks can be approxi-
mated on the basis of top-down alignments.
Ondering among the syntenic blocks themselves
«on the macrolevel is more difficult; however, sev-
eral combinatorial algorithms exist 10 reconstruct
ancestral genomes under a most-parsimonious
scenario (26). The resulting orders
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improve detection of collinearity and synteny
across major angiosperm clades.
Pan-angiospern genome comparisons show
correlated patterns of gene retention and loss in
palao polproxd lineages. Ahgmnmts ofmulupna
events
reveal cases i which ancestral genes were deletion-
resistant, consistently being preserved in syntenic
subgenomes (20). Such preferential conservation
of genes from particular families such as MADS-

cycles, suggesting that there are advantages in

having only single copies of these genes (20).
Because of varability in DNA substitution
rates among plants, deviation from collinearity
might be a more reliable phylogenetic character.
DNA substitution rates can be highly variable
among seed plant lincages, with extreme cases
showing 100-fold variation within the same
genus on the basis of a study of mitochondrial
genes (23). Analysis of rare changes (when
d to DNA  substituti in genomic

box genes (21) and other factors may

structy

(22). The opposite case is that of gene functional
groups for which members have been consistently
restored 1o one copy after multiple polyploidy

h as specific rearangemenis of
gene order, insertions, or deletions—provides an
informative and robust way to resolve relation-
ships among many lineages (24). In retrospect,

would reveal not only shared but also divergent
genes inserted into novel locations, underlining
lineage-specific changes. Additional genome
sequences will improve power to resolve gene
orders at the microlevel and also coniribuie to
identifying functionally imporiant DNA, such as
the evolutionarily constrained clements among
28 vertebrate genomes ().
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PERSPECTIVE

The Epigenetic Landscape of Plants

Xiaoyu Zhang

In plants, DNA methylation, histone modifications, and RNA interference play critically important roles in
regulating chromatin structure, thereby profoundly affecting transcription and other molecular events.
Recent advances in microarray and high-throughput sequencing technologies have enabled genome-wide
studies of these pathways in great detail. The vast amounts of "epigenomic” data generated so far
have provided new insights into the mechanisms and functions of these pathways and have broadened
our understanding of the structure and organization of plant chromatin as a whale.

he genomes of several plants have been

sequenced, and those of many others are

under way. But genetic information alane
cannot fully address the fundamental question of
how genes are differentially expressed during cell
differentiation and plant development, as the DNA
sequences i all cells in a plant are essentially the
same. Numerous studies in the past decade have
unveiled the importance of several mechanisms in
regulating transcription by affecting the structural
properties of the chromatin, These mechanisms, in-
cluding DNA cytosine methylation, covalent mod-
1ﬁcaums of histones, and cenain aspects ofRI\A

(RNAI), d 10 as “epi il

tain DNA methylaton at CHG sites (CHG meth-
vlation, H= A, C,or T) (9, i), The DNMT3a/3b
‘homologs DOMAINS REARRANGED METH.
YLASE 1 and 2 (DRM1/2) maintain DNA meth-
ylation at CHH sites (CHH methylation), which
requires the active targeting of small interfering
RNAs (siRNAs) (11, 12),

The genome-wide pattern of DNA methyla-
tion has been the subject of several wavcs ufnu
croamay studies (13). lated and

SPECIALSECTION

clusively at CG sites, Third, BS-Seq is more
effective in detecting light methylation and subtle
changes (e.g., in mutants). Fourth, the theoret-
ically unlimited sequencing depth makes it pos-
sible to quantitatively measure the percentage of
cells in which any particular cytosine is methyl-
ated, thereby offering important clues regarding
potential cell-specific DNA methylation.

DNA methylation is critically important in
silencing transposons and regulating plant devel-
opment. Severe loss of methylation results in a
genome-wide massive transcriptional reactivation
of transposons (14, {7, 18), and quadruple mu-
tations in drmd drm2 cmi3 metl cause embryo
lethality (22). Interestingly, the role of DNA
methylation in regulating transcription appears to
depend on the position of methylation relative to
genes. Methylation in promoters appears to re-
press transcription (/§). Paradoxically, however,
body-methylated genes are usually transeribed at
moderate to high levels and are transcribed less
tissue-specifically relative to unmethylated genes
(16-18). Loss of bady methyation does not scem
to trigger a systematic and drastic

DNA can be distinguished by three major types
of experimental approaches: sodium bisulfite treat-
ment that converts cytosine (but not methyl-
c}wsme) to uracil, enzymatic digestion (\ls:ng

because they direct “the structural ad: of
chromosomal regions so as to register, signal or
perpetuate altered activity states” (1)

The companents and the mechanistic aspects
of plant epigenetic pathways as well as their func-
tions in regulating plant development have been
the subjects of several excellent recent reviews
(2-6). My goal here is to summarize the results
from genome-wide profiling studies of DNA meth-
ylation, histone modifications, and the aspects of
RNAI that are relevant to chromatin modifications.

To date, most such epigenomic studies have
been performed in Arabidopsis thaliana, largely
as a result of the availability of powerful high
throughput tools (e.g,, high-density wholegenome
microarmays). The compact genorme (~120 uh) of

f has been 1
Most of the repetitive sequences (~20 Mb; mosdy
transposcns and their relics) cluster in the pericen-
tromeric regions, whereas the majority of the
~27,000 protein-coding genes are distributed on
the arms of the five chromosomes (Fig. ).

DNA Methylation

Three distinct DNA methylation pathways with
overlapping fimctions have been characterized in
Arabidopsis. The mammalian DNMT1 homolog
METHYLTRANSFERASE | (MET1) primarily
maintains DNA methylation at CG sites (CG

-specific en¢ or

sensitive isoschi: ), and affinity
or immunoprecipitation (with methyl-cytosine
binding proteins and antibodics to methyl-cytosine,
respectively). The methylated fraction of the ge-
nome is then visualized by hybridizing treated
DNA to microarrays ({4-20). Results from these
‘microarray studies were largely consistent: About
~20% of the Arabidopsis genome is methylated,
with transposons and other repeats comprising
the largest fraction, whereas the promoters of en-
dogenous genes are rarely methylated. Surpris-
ingly, methylation in the transcribed regions of
endogenous genes is unexpectedly rampant. More
than one-third of all genes contain methylation
(called “body methylation”) that is enriched in
the 3' half of the transcribed regions and pri-
marily oceurs at OG sites (Fig. 1 and Fig. 24).

Most recently, Cokus, Feng, and colleagues
combined sadium bisulfite treatment of genomic

of body-methylated genes 1o the same extent as
transpeson reactivation (14, 17, 18). However, a
moderate up-regulation of body-methylated genes
was observed, suggesting that body methylation
might be involved in fine tuning transcription
levels (17). In addition, differential body meth-
ylation patierns in different drabidopsis ecotypes
are not preferentially comelated with differential
gene expression (/6). Thus, the exact role of
body methylation in regulating transcription re-
mains unknown (2). However, emsure of body
methylation in the met/ mutant seems o trigger
stochastic redistribution of histone modifications
(c.g., H3K9me2) and hyper-CHG and CHH
methylation within genes, at least some of which
result in ectopic gene silencing (20, 23).

‘The ability to profile DNA methylation in a
‘high-throughput manner also enables studies of
DNA methylation from population genetics and
evolutionary perspectives. Much like comparative
genomics, a “comparative epigenomics” approach
should allow the identification of evolutionarily
conserved DNA methylation at specific loci with
important functions, as well as differences in DNA

DNA with ultrahigh (=20%
genome coverage) 1o genenate the first DNA
‘methylation map for any organism at single-hase
resolution (2). Relative w0 microarray-based
methods, this “BS-Seq” method offers several
advantages. First, it can detect methylation in
important genomic regions that are not covered
by any microarray platform (such as telomeres,
ribosomal DNA, etc.). Second, it n:vma]s Ilu:

hylation) (8). The plant-specific CHROMO-
METHYLASE3 (CMT3) interacts with the H3
Lys” dimethylation (H3K9me2) pathway to main-

Department of Plant Biology, University of Georgia, Athens,
GA 30602, USA. E-mail: xiacyu @planibio.uga edu

fDNA methylat
CHG and CHH) and therefore pmvndﬁ impor-
tant information regarding the epigenetic path-
ways that function atany given locus. For example,
all three types of methylation colocalize to trans-
posens, but gene body methylation occurs ex-

that contribute to phenotypic varia-
tions. The first such study identfied numerous
differentially methylated sites between two Arabi-
dopsis ecotypes that diverged thousands of years
ago (16). However, these two ecotypes share DNA
methylation patiems at the majority of the sites
assayed, indicating that DNA methylation could
e stably d genome wide for

of years,

Histone Modifications

The patterns of covalent histone medification are
highly complex because of the large number of
residues that can be modified as well as the
multiple, combinatorial modifications (g, meth-
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Fig. 1. Distribution of genes, repetitive sequences, DNA methylation, siRNAs,
H3K27me3, and low nucleosome density (LND} regions in Arabidepsis
(18, 25, 31). The chromesomal distributions are show on the left,
chromosome 1 as an example. The x axis shows chromosomal position.

ylation, acety n, phosphorylation, ubiquitina-
tion, ete.) (6). Some modifications directly alier
chromatin structure, whereas others serve as bind:
ing platforms to recruit additional effectors.

To date, the penomic distribution patters of

histone H3 methylated at several lysine residues
(H3K4me2, H3K9me2/3, and H3K27me3) have
been determined in Arabidopsis by microarray

sis of samples from chromatin immuno
precipitation (ChIP-chip) (/4, 24, 25). The results

are ﬂcm:ﬂl\ consistent wn]l r]u: functions of these

ly localized to endogenous genes hm
depleted in transposons (£4). In contrast, H3K9me2

overlaps almost exclusively with transposons and
other repeats, consistent with its primary function
in transpason silencing (14, 24). A genome-wide

25 APRIL 2008 VOL 320 SCIENCE

transcription.

profiling of H3K27me3 revealed the presence of

this modification at a large number of genes
(~4400), mast of which are highly tissue-specific
and transcriptional ent in the tissues assayed
(young seedling) (Fig. 1 and Fig. 24) (24, 25). It
is possible that H3K27me3 -mediated repression

may be generally involved in the maintenance of

tissue-specific gene expression pattemns. The func-
fion of H3K9me3 is not yet characterized in plants
Unlike H3K9me2, H3K9me3 appears 1o be ex-

cluded from repetiive sequences and instead
lacalizes to genes, but it does not scem to overiap
sub:s[mlu.ﬂl} with either H3K4me2 or H3K27me3
(24

Small RNAs
Four major endogenous RNAi pathways have

been described in Arabidopsis. The microRNA

Right panels: detailed distribution patterns and transcription activity
(vertical blue bars) in a gene-rich region (top) and a repeat-rich region
(bottom). Red boxes in

te genes; arrows indicate the direction of

«_m.RNAL 1nns1s.1.ng siRNA (I.: siRNA), and
natur nse sIRNA (nat-siIRNA) pathways
mainly function at the posttranscriptional level
through mRNA degradation and/or translation in-
hibition {26, 27). In contrast, the siRNA pathway
is invalved in gene silencing both transcriptional
by directing DNA methylation and posttranscrip
tionally by guiding mRNA cleavage (12)
N 3 10 24-nucleotide {nt)
have heen oned and sequenced from
Arabidepsis plants and sIRNA pathway mutants
{28-37). Most of these studies generated not only
1 necessary (o map the siRNAs
but also
the length information of sSIRNAs that is indica
tive of the processing enzymes involved (e.g.,
DICER-LIKE enzymes, DCLs). The majority of
the siRNAs (=90%) are produced from double

;pe
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stranded RNA (dsRNA) precursors generated by
RNA polymerase IV isoform a (Pol IVa) and
RNA-dependent RNA polymerase 2 (RDR2).
These dsRNA precursors are then processed by
DCL3 to 24-nt siRNAs (with partially redundant
contributions from DCL2 and DCLA) and become
preferentially associated with ARGONAUTEA4,
which then interacts with Pol IVb to direct DRM1/2-
mediated CHH methylation (28, 29, 31, 36-38).
Most of these siRNAs are derived from genomic
loci corresponding to transposans with high levels
of CHH DNA methylation, and very few are
found in protein-coding genes (Fig. 1 and Fig. 2A)
(21, 29-31).

Independent siRNA profiles generated from
the same tissue type (ie., inflorescence) are re-
markably similar (30-37). In addition, when key
components of the sIRNA pathway were elimi-
nated and then reintroduced (e.g.. Pol IV and
RDR2), restoration of a siRNA population with
the original composition immediately occurred
(31, 39). These observations suggest that the
targeting of Pol TVa to is “sites of action” is
highly reproducible. On the other hand, impor-
tant differences exist between the siRNAs that
accunulate in seedlings and inflorescence, which
suggests that the targeting of Pol [Va may be
developmentally regulated (3{7). Specific sequence
motif near the boundaries of Pol [Va-transcribed
regions (where transeription initiation might occur)
has vet to be reported. It is also atiractive to
speculate that certain epigenetic marks colocaliz-
ing with siRNAs might be involved in Pol IVa
targeting, However, mutations in other epigenetic
pathways that eliminate siRNA production have
not been identified.

The majority of the remaining sIRNAs (<10%,
mostly 21 nt long) are derived from genomic
regions comresponding 1o inverted repeats, inde-
pendently of Pol [Va and RDR2 (29, 31, 32, 37).
These siRNAs are most likely processed by
DCLI from single-stranded hairpin RNA pre-
cursors generated by Pol 11, a process resembling
miRNA biogenesis. However, most of these
sIRNAs are present af relatively low levels, and
it is not yet clear whether they target endoge-
nous mRNAs to regulate plant development.
Nevertheless, these siRNAs might represent
“evolving miRNAs" that could evenmally ac-
quire endogenous gene targets (29, 31, 32, 35)

Qut of Arabidopsis?

Most known genes involved in epigenetic path-
ways are shared between monocots and dicots
(many are even present in moss), and loss-of-
function mutations in corresponding genes lead
to similar molecular defects (40). In addition, the
chromosomal-leve! disiribution of several his-
tone modifications is similar between maize and
Arabidapsis (41). However, recent data suggest
that, unlike in drabidapsis, genic DNA methyl-
ation in rice appears to be enriched in the pro-
moler regions of endogenous genes and associated
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Fig. 2. (A) Distribution of DNA methylation,
siRNAs, and H3K27me3 relative to Arabidopsis
genes (18, 25, 31). One-kilobase regions upstream
and downstream of each gene are divided into 50—
base pair intervals, each gene is divided into 20
intervals (5% each interval), and the percentage of
genes overlapping with each epigenetic mark in
the corresponding regions is graphed. Thick and
thin horizontal bars represent genes and intergenic
regions, respectively. (B) Distribution of repetitive
sequences relative to genes in Arabidopsis (green)
and rice (red).
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with transcriptional repression (42). It is there-
fore possible that the mechanisms and functions
of some epigenetic pathways might have di-
verged and acquired distinct fimctions during
plant evolution

The extent to which epigenetic pathways reg-
ulate gene expression in a particular species may
also be affected by the penetic architeciure of its
genome. For example, results from Arabidopsis
suggest that DNA methylation, siRNA, or
H3K9me? primarily regulate genes through nearby
repetitive sequences (14, 18, 43-46). The close
proximity of repeats to genes, although relatively
rare i Arabidopsis, may be the norm rather than
the exception in larger genomes where genes are
commonly embedded in an ocean of repetitive
sequences (47). This is already apparent in rice,
which still has one of the “leanest” genomes in
the prasses. Az shown in Fig. 2B, relative to
Arabidopsis, a significantly higher fraction of
rice genes are closely associated with repetitive
sequences. Consistent with this notion, although
the loss of RDR2 (which primarily functions in
transposon silencing) does not affect nonnal de-
velopment in Arabidopsis, mutation of its homolog
in maize (Mediator of Paramutationl; MOPI)
leads 10 a number of development abnommalities
(48-30). Finally, endogenous gene families could
e subject to similar epigenetic controls as trans-
posons because of their repetitive nature (51, 52).
Such gene familiez may be present at higher copy
numbers in larger plant genomes, particularly in
relatively recent polyploids (e.g., Brassica or
wheat), It therefore might be reasonable to expect
that epigenetic silencing pathways play much
broader roles in regulating gene expression in
plants with larger and more complex genomes.

Canclusions

Recent high-throughput profiling studies in
Arabidopsis have painted a picture of epigenetic
compartmentation, where the two major fractions
of the genome are associated with and regulated
by different epigenetic mechanisms. That is, genes
are regulated by pathways such as H3K27me3,
H3K4me2, and miRNAs‘a-sIRNAs/nai-sIRNAS,
‘whereas transpesons and other repeats are silenced
by DNA methylation, H3K9me2, and siRNAs.
Such a functiona! distinction, however, is blumred
when the two genetic fractions overlap, which
oceurs much more frequently in larger and more
complex genomes. The function(s) of DNA meth-
lation that are enriched in different fractions of
the gene space in Arabidapsis (3 half of tran-
scribed regions) and rice (promoter regions), as
well as DNA methylation by the DEMETER
(DME) family of DNA glycasylases (53), are not
vet undersiood and warrant further functional
studies.

Although increasingly comprehensive, such
an epigenomic picture remains static. Relatively
little is known about how the plant epigenome
changes in response to developmental or envi-
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cues, A ques-
tion may be how mechanisms that evolved to
stably silence transposons could offer the flexi-
bility required for the developmental regulation of
endogenous genes. In addition, we do not yet
have a clear understanding of the nature and the
mainienance of the boundaries separating epige-
netically distinet chromatin compartments. In
some cases, genetic landmarks (such as the
transeription unit) may serve as borders; in other
cases, the balancing acts of opposing epigenetic
mechanisins may help 1o stably maintain the
epigenetic landscape of plant genomes.
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PERSPECTIVE

Extending Genomics to Natural
Communities and Ecosystems

Thomas G. Whitham,’La Stephen P. DiFazio,’ Jennifer A. Schweitzer,‘ Stephen M. Shumr,"’
Gery ). A\lLan,"2 Joseph K. Bailey,‘ Scott A. 'I\‘m:ulhrig}'rt"z

An important step in the integration of ecology and genomics is the progression from molecular
studies of relatively simple model systems to complex field systems. The recent availability of
sequenced genomes from key plants is leading to a new understanding of the molecular drivers of
community composition and ecosystem processes. As genome sequences accumulate for species
that form intimate associations in nature, a detailed view may emerge as to how these associations
cause changes among species at the nucleotide level. This advance could dramatically alter views
about the structure and evolution of communities and ecosystems.

system genetics has shown that genetic
vanauon in one spocm can mﬂumc: the

of (the in-

Oc:racnrlg species that live in a particular area) and

Tm emerging field of community and eco-
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the functioning of ecosystemns (the biotic com-
munity and its abiotic environment) (£, 7). To
date, this field has focused mainly on the genetics
of foundation plant species—those that structure
fheir ecosystems by creating locally stable con-
ditions and providing specific resources for di-
verse organisms (3). When a foundation species’
genatype influences the relative fimess of ather
species, it constitutes an indirect genetic inter-
action (#), and when these interactions change
species composition and abundance among in-
dividual tree genotypes, they cause community
and ecosystemn phenotypes to become statisti-
cally distinet from one another (2). Figure 1

shows some of the community and ecosystem
phenatypes that have been quantified for the
foundation tree species, Populus angustifolia.
These include canopy ardmecd commun;
soil microbial communities, soil nutrient pnu]s
and interactions between an insect herbivore and
its avian predators. Common garden studies
show that these phenotypes are all heritable
(4-6) in the broad sense (i.e., additive, domi-
nant, and epistatic genetic effects influence these
phenatypes). For example, genes contro! the sus-
ceptibility to the leaf-galling aphid, Pemphigus
betae, in P angustifalia. The presence or absence
of this insect is determined by susceptible or
resistant tree genotypes. This imteraction pre-
dlmbly sﬁ':s:ls other trophic levels and allers
ion of a diverse cc of
ﬁ.mgx insects, spiders, and avian predatars (2, 5.
This work suggests that indirect genetic inter-
actions among n:]auvu:]v few species {e.g., a
tree, herbi and/or path
and their environment may stucture the com-
position and abundance of'a much larger commu-
nity of organisms and define ecosystem processes
such as nutrient cycling. However, much work
needs to be undertaken to understand the ge-
nomic components underlying these pheno-
types, such as additive genes and epigenetic
effects. Here, we examine how a genomics per-
spective may aid our understanding of com-
munities and ecosystems by focusing on the
indirect genetic interactions that arise among a
few foundation species rather than attempting to
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understand the interactions among all species in
an ecosystem.

Although much progress has been made in
obtaining genome sequences for of a few ag
ricultural feg., rice) or model plant species
(eg. bidopsis), extending this k ledge w0
complex communities and ecos)-sl:ms in natural
syslems represents a major frontier. Lmlug:::nlt
important traits with known effects on communi-
ties and ecosystems have been mapped in Poprdus,
including sex, dormancy, discase resistance, leaf
chemistry, and biomass (Fig. 2) (7—{). Many of
these same traits can expand our understanding
of community and ecosystem phenotypes among
related species in other ecosystems; for example,
markers from Papudus trichocarpa x P. deltoides

Trophic
interactions

2
HZ = 0.80

Microbial biomass
nitrogen

H2=061 ¢

interspecific comparisons, However, a focus on
fhe shared and unique aspects driving ecological
interactions among many different species with a
commmunity genetics perspective justifies genomic
investigation of nonmode! foundation species (e,
Zosiera and Sofidago spp ) (14, 1) that support
diverse communities but lack the necessary map-
ping resources or genomics tools.

Community heritability (F°c), the tendency
of related individuals within a species to suppart
similar ities of organisms and
processes, provides a bridge linking ecological
interactions and genomics (2, 4). For example,
regardless of where a replicate clone of an indi-
vidual tree genotype was planted in a common
garden, it accumulated a similar arthropod com-

Canopy arthropod

G / community
J e
¥

L
HY, =0.60

Soil microbial
community

H*.=0.70

Fig. 1. C and

| tree of Populus angustifoti

of i
show broad-sense heritability (H). Slgmfliam heritability of the canopy arthropod community, soil
microbial community, trophic interactions between birds and insects, and soil nutrient pools demon-
srrate how trait variation in 2 foundation tree can structure communities and ecosystem processes
(H?¢ for community traits; H for single ecosystem trait} (4-6). Because soil microorganisms mediate
many ecosystem processes, including litter decomposition and rates of nutrient mineralization, the
formation of these communities may feed back to affect plant fitness. Solid lines indicate known
interactions; dashed lines indicate possible interactions. Quantitative genetic patterns such as these
argue that genomic approaches will enhance our understanding of how interacting community mem-

bers influence ecosystem processes.

genetic maps (10) have been transterred 1o other
Popudies and Sakix species (i.e., aspen and wilow)
(11, 12), thereby bridging genetic resources be-
tween these species (Fig. 2). Similar links between
Eucalyptus globulus and a community of her-
bivorous arthropods and mammals have been
established with the identification of quantitative
tmit loci (QTTLs) involved in plant defensive chem-

icals (13). It is important to note that this line of
inquiry is in its infancy, especially as it pertains to

munity that was significantly different from other
replicated tree genotypes. Overall, tree genotype
accounted for about 60% of the variation in the
arthropod community (i.e., 7 = 0.60) (Fig. 1)
Because these analyses confirm a genetic basis
for community phenotypes, they link community-
level traits with plant genetic maps and genome
sequences (Fig. 2), that iz, they reveal genomic
locations where genes underlying species inter-
actions may reside. For example, foliar arthrapod
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and soil microbial community phenotypes as
well as ecosystem phenotypes (eg., rates of
litter decay and soil nitrogen mineralization
processes) covary with plant leaf chemistry,
especially levels of condensed tannins and
phenalic glycosides (16-18). Given the impor-
tance of condensed tannins and lig; in energy
flow and nutrient cycling, now that their genes
are being identified (/0), we can extend our under-
standing of the functional drivers of ecosystem
processes in natural forests (76, 19).

A genomics perspective can further add 1o our
understanding of community structure and eco-
system processes by elucidating the specific genes,
alleles, and epigenetic mechanisms that underlie
community heritability and ecosystem pheno-
types (Fig. 1) associated with mapped traits in
foundation species (Fig. 2). When interspecific
interactions have fimess consequences for one or
more species, selection occurs within a commu-
nity context (4). Foundation species imposing
selection on other community members are ex-
pected to cause genetic differentiation amang
communities (20). This process provides the sim-
plest explanation for significant heritability in
community phenotypes (2, 4). It also suggests
that when allelic or genomic variation within
foundation species with phenotypic effects ex-
hibit population genetic structure, interacting
species will also show populatian level structure
to a degree defermined by the concordance of
their life cycles (20) For example, the aphid,
Pemphigus beiae, has evolved two life cycles. In
a natural hybrid zone of Populus angustifolia x
P fremoniii, where trees are highly susceptible,
aphids altemnate between their primary tree hosts
and their herbaceous secondary hosts, Rimex and
Chenopodium spp. In contrast, in the adjacent
zone of pure B angustifolia, trees are more re-
sistant and aphid survival is lower. In these habi-
tats, aphids live year-round on the roots of their
secondary host; this is a simpler life cycle
Reciprocal transfer experiments show that these
life cycles are maintained in the field (21}, which
supports the hypothesis that aphids and their tree
hosts penetically covary. The theoretical predic-
tion (20) that differential population genetic struc-
ture arising from these associations should be
identifiable by statistical covariance between neu-
tral markers in each species remains to be tested.
interactions and their
inn by the heritable traits
of an individual, species within the community
undergo continuous evolutionary change (22). For
example, the mumalism between ectomycorrhizal
fungi and trees commonly affects other speci
both directly and indirectly However, litl
known about the molecular mechanisms regulat-
ing the inieractions between the host plant and
these fungi. Joint analysis of whole genome se-
quences and transcriptional profiles of the Laccaria
bicalor fungus and its P richocarpa host (23)
shows that the fungal genome encodes 28 pre
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Genetic
map

Candidate gene

assessment Mapping of traditional

* SNP analyses in nalural phenctypes
populations —assns (sex, dormancy, dissase

* Malecular signatures. resislance, laaf chemistry,
of selection 556 Shanalogy)

« Gena functional analysis 1

Community and ecosystem
phenotypes

(arthropod and microbial community
composition, Irophic interactions,
nitrogen cycling)

Fig. 2. Traditional phenotypes (ie., those expressed in the individual or population) can be used as a
bndge for ing the molecular of and ecosystem phenotypes. First, ge-
nomic regions controlling traditional phenotypes are identified with QTL analysis and/or genetic asso-
ciation studies. Candidate genes from these intervals are identified from the genome sequence and
anchored to genetic maps with sequenzﬂagged markers like SIITIP'E sequence repeats (SSRs). Second,
these candidate genes are assessed for their i in with high-resolution

genetic inferactions that have resulted in these
quantitative patterns.

As the above studies emphasize, quantifying
the genetic covariance among species is key to
understanding the evolution of communitics and
ecosystemns (2. Thus, the information gained by
studying multiple inferacting genomes will inform
larger questions than understanding any one ge-
nome alone. With the sequencing of the Popnlus
trichocarpa genome (JD) and with Evcalypius in
progress, we are now in a position to understand
how genes in these foundation tree species, di-
rectly and indirectly, affect the evolution of their
associated forest communities and mediate eco-
system processes. Multiple genomes and genomic
tools are becoming available for diverse organisms
that interact with Populus, including the mycor-
rthizal fungus, Laccaria bicolor (24), with other
mycorrhizal, pathogen, and endophytic bacteria
in progress (Table 1). This integrative approach
iz being used in the study of microbial symbiotic
communities in animals. Here, genome se-
quencing has revealed that these microbial

undergo evolutionar
reductions in genome size, resulting in abltgme
associations driven by complementary metabolic
pathways (23).

Although integrating interactions among foun-
dation species at the genomic level is no small
task, it is far less lmpnﬁmg than understanding the
of all species in an ecosystem. A

association mapping in natural p searching for si f selection such as sel sweeps,
enhanced local linkage di;equiﬁbrium, and/or rates of synonymous and nonsynonymous polymarphisms.
Third, genes with evidence for assaciations and recent selection are then subjected to functional anal ysis,

focus on genome-based interactions among foun-
dation species provides scientists with a realistic
approach for g the ecology and evolu-

including transgenic overexpression and knockouts and transcriptome analysis. Fourth, genes
for traditional phenotypes can be linked to community and ecosystem phenotypes through studies in
common gardens and natural populations. SNP, single-nucleotide polymorphism.

viously undeseribed, small secreted proteins that
are highly induced upon establishment of the
nyeorhizal murualism. Similarly, the P grichocarpa
genome contains homologs of proteins important
in in other
species (24). ldentified candidate penes controlling
the establishment and maintenance of this rela-
tionship allow for detailed studies of genetic co-
variation among species (4, 20},

A genomics approach to ecosysiem processes
is especially important because these processes
represent the combined effects of interactions
among multiple species, environmental variation,
and camplex feedback mechanisms that can be

plant itself. The heritability of specific commu-
nity and ecosystem phenotypes (Fig. 1) suggests
that a genomics approach may link the covarying

tion of complex ecosystems, Without such an
overview, ecosyslems may seem intricate beyend
description, except as random or stochastic as-
semblages of communitics. A merger of ge-
nomics with community and ecosystem ecology
may uitimately provide an understanding of how

Table 1. Links for ongoing and completed genome sequencing projects for Populus and other
organisms that were specifically selected for sequencing due in part to their ecological associations
with Populus.

Species

Populus trichocarpa
Laccaria bicolor

URL for Sequencing Project

www.ornlgov/scifipge
hitp:/fmycor.nancy.infa Fr/IMGC L accariaGenome/about laccaria.ftml
cdlib.

Glomus intraradices p:ilrep .-mum, le=3173& Ibnl
Padllus involutus W igi e i <p . it
www.jgi.doe. P: html

difficult to partition or d in an evolu-
tionary context. Understanding the molecular basis
(and expression) of plant and subsequent com-
mumty traits may simplify our understanding of

larici-populing
Microbial

community in

decaying Populus

www.jgi.doe.

17.html

that affect ¥ pro- bi
cesses In tum, these processes may feed back AR . e i F——
have fitness for the individual ex-  * pltda ¥ AR, =fme ome.m
5 3 619
ressing those traits. Fi ample, the condensed W
Presang (haee el bt Seratia hitp:#igenome jgi-psf.org/finished_micrabes/serpr/serpr.home. html

tannins that affect trophic interactions, sull mi-
crobial leaf litter de

and soil nitrogen mineralization rates (6, /6) may
also feed back to affect the fimess of the host

proteamaculans 568
home.html

3P jgi-psf.org/draft_mic /st
maltophilia R551-3
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complex natural ecosystems are formed and
maintained through evolutionary time.
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PERSPECTIVE

From Genotype to Phenotype: Systems
Biology Meets Natural Variation

Philip N. Benfey"* and Thomas Mitchell-Olds*

The promise that came with genome sequencing was that we would soon know what genes do,
particularty genes involved in human diseases and those of importance to agricutture. We now have the
full genomic sequence of human, chimpanzee, mouse, chicken, dog, worm, fly, rice, and cress, as well
as those for a wide variety of other species, and yet we still have a lot of trouble figuring out what
genes do. Mapping genes to their function is called the “genotype-to-phenotype problem,” where
phenatype is whatever is changed in the organism when a gene’s function is altered.

function has been made. Studying the

effects of medifying individual genes in
mode] organisms such as Drosophila, Caeno-
rhabditis, and Arabidopsis has allowed several
thousand genes to be associated with phenotypes.
Through similarities in the encoded protein
sequence, we have also managed to identify the
general finction of many genes, classifying them
as enzymes, receptors, transcription factors, and
so forth. Another informative approach has heen
to compare genes descended from the same an-
cestor across many different organisms. In bacte-
ria, this comparative genomics approach has
been used to map genes shared among orga-
nisms that have similar phenotypes, resulting
in the assignment of putative function to these
genes (1) And yet we stll do not know the
function of a large number of the genes in either
plants or animals, and we still cannot predict wi
any accuracy what the effect will be of modify-

Subsumn'ﬂ] progress in identifying gene

which are 100 subile to be identified by experi-
mental manipulations; hence, it may be impos-
sible to determine the function of some genes.)
Equally daunting is starting with a phenotypic
variant and trying to predict what genes are l.k:ly
to be mvolved. The problem is licated by

treme phenotypes. Some combinations result in
enhanced traits, whereas other combinations are
deleterious to fitness in specific environments.
Phenotypic alterations are usually in matters of
amount, rather than in the presence or absence
of a trait. The field of statistical genetics has de-
veloped sophisticated tools to map such quanti-
tative traits to regions of chromosomes. The
chromosomal regions are known as quantitative
trait loci (QTLs) and are described in terms of the
percentage of the variation of a trait that can be
atributed to each region.

What has been generally missing is the con-
text in which to place these percentages asso-
ciated with QTLs. What does it mean, at the
cellular or molecular level, that a particular al-
lelic polymorphism has a large or small effect
on a trait? This is where the complexity of the
underlying cellular networks comes into play.
Until recently, most molecular processes oc-
curmring within cells were described i terms of
linear pathways. A signal received by a cell
would be itted by a linear series of molec-

the fact that most phenotypes of medical or agri-
cultural interest are “complex,” which means that
more than one gene, in addition to environmental
factors, contributes to expression of the pheno-
type. Not that single-gene traits are necessarily
uninteresting for medicine or agriculture, but
these were easier for geneticisis to decipher, Now
we are left with multigene traits that are harder to
work out.

The difficulty in mapping genctype to phe-
notype can be traced to several causes, including
inadequate description of phenotypes, too litle
data on genotypes, and the underlying complex-
ity of the nerworks that regulate cellular func-
fions. Recent technical advances for acquiring

ing the activity of an ized gene, even
when it has been assigned to a functional class.
(Indeed, natural selection may act on effects,

*Depariment of Biology, Duke University, Durham, NC 27705,
USA. ZInsitute for Geneme Sciences and Policy-Center for
Systems Biology, Duke Universty, Durbam, NC 27708, USA
“To whom carrespendence should be addressed. &mal:
philip.benfey@euke.ctu

B ide data hold promise for improve-
ments in genotyping and phenotyping. It is
particularly exciting to contemplate the applica-
tion of these advances to the myrad of infer-
esting phenotypes found in nature. This natural
wariation is generated by additive and epistatic
effects of alleles across multiple genes, resulting
in many individuals with phenotypes near the
population memn, and a minority showing ex-

wlar interactons, ultimately resulting in a response
such as a change in gene expression. The field of
systems biology is expanding this view, replacing
the linear pathways with interconnected net-
works. These networks frequently look like the
“hub-and-spoke” configurations of airline routes,

When viewed from the perspective of a network
in which there are preferred and altemative
routes, the magnitudes associated with quantita-
tive trait loci take on new meaning. Because of
the hub-and-spoke erganization of the major air-
line routes, a snowstonn in Chicago can result in
disruption of 35% of transcontinental air traffic,
whereas a snowstorm in Des Moines might only
cause a 2% change.

This analogy illustrates another way in which
systems biology is changing the way we think
about biological processes. The relative impor-
tance of the different cities is a function of the
dynamics of transcontinenial air traffic, not of the
cities” infrinsic size or location. A city that is cen-
tral for one airline’s network is frequently pe-
ripheral for another airline’s network. Although
the dynamics of metabolic networks have been
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studied for some time, it is only recently that the
dynamics of signaling and transeriptional net-
works have come under scrutiny. To study the
dynamnics of a system requires perturbing it and

insights of systems biology to bear on natura!
variation and vice versa. In outbred lat

not mean that we will need to sequence every

such as humans or many wild plants, the variance
to each ic locus is influ-

then ohserving how it reacts 10 the perturbation.
One way of perturbing a biological system is by
changing the extemal stimuli that it perceives. A
culture of bacteria can be given a new source of
carbon, or a plant can be transferred from dark to
light conditions. Alternatively, the genome can
be altered and the effects observed. In traditional
genetics, a primary goal is 10 knock out the ac-
tivity of individual genes and assess the effects on
the organism. From a network perspective, the
major disadvantage of this approach is that it is
often difficult to infer the normal functioning of
the system from disruptions that completely re-

A B

enced by two factors: how frequently the allele
appears in the population, and what the allele
does to an individual. Also, the genetic loci that
contribute variation to a given phenotypic trait
may vary from one population to another; hence,
quantitative genetic analyses always are specific
1o a given reference population. Finally, when
experiments have limited statistical power 10
detect QTLs, then the loci that achieve statistical
significance will vary from one experiment 1o
another, on a random basis. Ultimately, however,
identifying and analyzing the loci that interact
to give rise to natural variation will allow us to

s,

./.

*—— 0

Fig. 1. Ways in which a hypothetical network could control flower form and color among Mimulus
species. The widespread species M. guttatus (A) has large, yellow flowers. In contrast, the flowers of
. laciniatus (B) are typically 75% smaller than these of M. guttatus. Other species show elevated
expression of red anthocyanin pigments (C), as in this hybrid between subspecies of 1. luteus. Changes at
various points in the network (represented by differing widths of the connections [arrows] between
network nodes [circles]} could be responsible for this natural variation. [Photos by ). Modliszewskil

move a gene. Although perturbations with less
drastic effects can be identified through tradition-
al genetics (2), they are the norm among the
alleles that contribule to natural variation. In the
past, this has been idered a disadvantage of

better understand how networks give rise to
phenotypes.

Technologies either exist or are visible on
the horizon that are likely to make natural vari-
ation ible 10 systems biology approaches.

natural variation: that the genetic variation occurs
at multiple loci, each making only a small con-
tribution to the complex trait. However, for
understanding the dynamics of a system, these
smaller dispersed effects can hecome a major
advantage. Linking genetic changes to small per-
turbations in the network may allow us to under-
stand how tuning of the network can produce
different cutcomes (Fig. 1).

It sounds great in theory, but there are issues
to be reckoned with before we can bring the

Methods for sequencing DNA have become
much faster and cheaper A billion bases of
DNA (about a third of the human genome) can
now be sequenced for under $10,000 and in a
matter of days. The goal for human diagnostics
is 10 get 1o the $1000 genome, and this seems to
be atiainable within 5 years, For the study of
natural variation, inexpensive and rapid DNA
sequencing means that we will soon be able 10
have complete sequence information for all of the
genotypes in a papulation. Hopefully, this does

in the lation; rather, sampling
methods will be developed to determine the ex-
tent of variation within the population, and then
informative penames can be fully sequenced
The other major transformation is the use of
a host of technologies to improve the precision
and breadth of phenotyping. Several studies have
shown the value of precise phenotyping in QTL
analyses. For example, to identify genes involved
in asthma, researchers required highly specific
diagnostic guidelines rather than more general
ones (3). The technologies that are beginning to
be applied 1o natural vadation nclude fine-scale,
real-time microscopic and macroscopic imaging
(), as well as genome-wide RNA, protein, and
metabolite profiling. Together, these technologies
are likely to redefine what we call a phenotype. In
the past, a phenotype was generally a one-
dimensional property: the height of a pea plant,
the eye color of a fruit fly, or the glucose level of
ahuman. In the future, phenatype will be a “high-
dimensional” entity: the combination of merpho-
logical, transcriptional, protein, and metabolic

readouts d with a particular bi
of alleles.

How do network models of genotype-
h Sationshi with quantitat

‘penetic models of trait variation? Several groups
have begun to combmne known information on
metabolic and regulatory networks with whole-
genome expression data, with the goal of pre-
dicting organismal phenotypes (5-7). These
mathematical models quantify a causal relation-
ship from genes o gene producis 1o phenatypes,
and they can model causal infusences of genes that
are efther monomorphic or polymorphic. In con-
trast, traditional quantitative genetic models deal
anly with segregating genetic varation, and thus
causal effects of monomorphic loci are invisible to
quantitative genetic analysis. There is great poten-
tial for a synthesis of network and quantitative
genetic modeling to include network topologies
and whole-gename expression data.

Can information from genetic networks pre-
dict which genes contribute to complex trait vari-
ation? Although available information on the
genes that underlic QTLs is limited, several
studies have examined a related question: the
factors that influence maies of protein evolution
among species. The best single predictor of the
rate of amino acid change in proteins is the level
of protein expression (8), with highly expressed
genes evolving more slowly. Several studies find
that genes on the network periphery are more
likely to contribute to disease or show pattems of
rapid or adaptive evolution (9-13), suggesting
that peripheral proteins may be more likely to
influence complex trait variation. However, not
all studies support this conclusion (/4), and there
is substantial variation around this trend.

Now we can retum o the hub-and-spoke
analogy of natural variation in networks. Natural
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Fig. 2. Systems biology approaches can be applied to natural variation in wild relatives of
Arabidopsis, such as this Boechera population on the continental divide in Montana (USA).

knockowts of hub proteins often will be lethal,
whereas small changes in the function of hub
proteins may have pleiotropic effects on multi-
ple trits. For our airline analogy, intermittent
thunderstorms in Chicago have a difterent effect
on air traffic than that of a snowstorm that shuts
down the airport entirely. Similarly, weakly dele-
terious alleles may sepregate at low frequency in
populations and coniribute to disease and in-
brceding depression (15). In contast, gcncu:
networks may toleraie sub:

parent. This latter outcome has been attributed 1o
epistasis, which traditionally has been interpreted
as the effect of genes in a pathway in which the
‘modification of one gene overrides any effect of
the modification of a second gene. It is now clear
that epistatic interactions among loci play a
central tole in complex trait variation (16, I7)
and indeed can arise from a broad range of net-
work architectures, with or without feedback
mechanisms (1§). As with induced mutations,

peripheral proteins, so natural allelic series m
these genes may span a broad range: from small
10 large effects on phenotypes. Advances in phe-
notyping technology will increasingly enable
saturating QTL screens to identify the natural
allelic series that influence network function and
that modulate the normal range of network
functions we seek to understand in human health
and agricultural production.

Analyses of natural variation have great po-
tential to dissect the genetic networks controlling
important biological processes. QTL approaches
begin with functional polymorphisms influenc-
ing complex traits, which can be identified and
manipulated via high-throughput techniques. Be-
cause these QTLs segregate within extant

epistatic i involving natural variants
may illuminate the function of biological net-
works (19). However, one disadvantage of using
natural genetic variation is that we are limited 10
variants that are polymorphic in the studied popu-
lations. As high-throughput technologies advance,
future samurating QTL smdies of natral popula-
tions may be able o reveal most of the ways that
network fimction can be modified

Although much of the focus on natural varia-
tion has been on human diseases, model plant
systems are likely to play an important role in the
future synthesis of systems biclogy and quanti-
tative genetics (Fig. 2). Unlike humans and most
other . many plants are experimentally
tractable and allow easy control and quantifi-
cation of envxmnmcnw. mﬂum:es Plants are

populations, many of them may be ecologicall
advantageous in nature. Breeders of both plants
and ammals long ago discovered that cross:ng

amenable 1o h ng and to dis-
section of complex phmorypec mto lheu' physi-
ological components, which tend to be more
Tobust to i hecause

with traits
results in far greater improvement than predicted
(hybrid vigor) but frequently produces the oppo-
site effect: offspring that are not as fit as cither

their physiologies can tolerate more variation than
animals. Available natural variation can be aug-
mented by direct crosses, recombinant inbred
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lines, association panels, and completely se-
quenced genotypes, which provide a genome-
wide catalog of polymorphic alleles.

Between the methods of systems biology
and the resources inherent in natural variation,
we expect to see insights into the networks that
control biological processes such as growth and
development. Out of this should come major
progress in mapping genotypes o phenotypes.
However, much remains to be done. Current
methods rarely provide genome-wide analyses
at the level of individual cell types or tissues,
thus diluting or even losing critical information.
This is particularly true when d lly
sensitive phenotypes are analyzed with whole-
genome methods such as microamays. Genes
that are expressed highly in a few cell types are
not detected when an entire organ or organism is
the starting point for these analyses. Nevertheless,
the integration of systems hiology with quantita-
tive genetic studies of natural variation may fulfill
at least part of the promise of genomics fo let us
know what genes do
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Molecular Phylogenetics
of Mastodon and Tyrannosaurus rex

Chris L. Organ, 1z Miry H. Sdmellmr,5 4 Wenxia Zheng, Lisa M. Freimark,®
56e

Lewis C. Cantley,® John M. Asara

as old as 68 million years have been detected

by using mass spectrometry (1, ). A BLAST
search of the resulting peptide sequences found the
highest similarities between the collagen peptides
obtained from extracts of Trannosaues rev fossil
bone and those of birds (Gafhus gallus) and between
mastodon (Meammmed americamen) and other mam-
mals, including elephant (Laxodonta affioana). We
performed phylogenetic analyses to infer the
evall relationships of the T. rex [Museum of
the Rockies (MOR) 1125] and mastodon (MOR
605). The results extend our knowledge of trait evo-
lution within nonavian dmnosaurs mnto the macro-
molecular level of biclogical organization.

We used 21 extant organisms in the analyses.
Collagen a1(T) and a2(T) protein sequences from
19 extant organisms (3) were obtained from the
National Center for Biotechnelogy Information
(NCBI) and ENSEMEL databases. Collagen al(T)
and a2(1) peptide sequences from ametacarpal of
Alligator mississippiensis were cblained by mi-
crocapillary liquid chromatography tandem mass
spectrometry (LCMS/MS) with an fon trap mass
spectrometer using the Sequest algorithm (/, 2)
and the Paragon alporitun (7). Ostich colagen se-
q here (£, 7). Sequ
from alligator (Crocodilia) and ostrich (Aves) rep-
resent 63% and 43% of the full-length collagen
al(T) protein available for other onganisms, respes-
tively. The collagen al(T) and a2(T) sequences for
elephant (L. afvicana), tenree (Echinops telfaird), and
green anole (dnolis carolinensis) were ob-
tained by using gene translations from online

Pmlcjn sequences from bone-derived collagen

tance methods were wsed to generate evolu-
tionary trees (6), In the Bayesian analysis, the
posterior distribution of tnees reconstructed all
extant groups in generally agreed-upon rela-
tionships (the posterior probability of clades
ranged from 0.80 to 1.00), with the exception
of preen ancle (4. carolinensis), which is in-
fered here to lie at the base of amniotes in-
stead of grouping as the sister taxan to alligator
and binds (archosaws) (Fig. 1). LCMSMS
fram tryptic digests produces fagmentary pro-
tein sequence data, however, we found -

with less support {approximate likelihood ratio test;
alRT = 0855 for Elephantinac and 0.872 for
Afrotheria). Maximum parsimony analysis also
groups mastodon, elephant, and tenrec together
(fig. S1, B to D). For the T rex sample, we used
five peptide sequences from collagen a1(T) and one
fram collagen a2{T) (7, 2, & for a total of 89 amino
acids (Fig 1). The T rex clusters within the Ascho-
saura (posterior probability of 0.92), more closely
related to birds (chicken and cstrich, 0.9) than al-
ligator, although a lack of informative sites in the
ostrich and T’ rex leaves Dinosauria unresolved,
The likelhood tree is identical o the Bayesian tree,
except for higher support at these locations in the
trez (al.RT = 0.969 for Archosauria and 0.907 for
Dinosauria). Branch lengths (expected mtes of
change per site) indicate a relatively stable and
uniform rate of evolution, lacking evidence for a
deviation from a malecular clock. Maximum par-
simony analysis also groups the 7 rec with the
chicken and ostrich, although bootstrap support is
low (fig. S1, B to I). Neighbar joining groups the
T rex with the birds, but miscalculates the branch-
ing order and misplaces alligator, mastodon, and
several extant organisms (fig. S1, B to D).

The slight disagrecment hetween the distance
results compared with the Bayesian, likelhood, and
‘parsimony results (al! three of which are concordant)
are predictable given that distance methods perform
poorly for taxa with large amounts of missing data
(9). Nevertheless, there is congrience between three
out of the four methods for the mastodon and four

equivocal suppon (posterior probability of 100}
uniting mastodon with elephant as members
of Elephantinae, which together group with
tenrec (£ telfairi) as members of the mam-
malian group Afrotheria (7). Masdnum likeli-
hood produces the same groupings, although

Fig. 1. Inferred evolutionary relationships of major verte-
brate groups hypothesized from collagen a1(l} and w2 )
protein data by using a Bayesian approach. The node {bi-
furcation) labels are measures of support, which indicate the
propartion of trees in the posterior distribution to containing
the node. Branch lengths are in expected changes per site.

out of four methods for the 77 rex despite the prob-
lem of missing sequence data, The recovered se-
quences contain informative phylogenetic signal
consistent with predictions based on genetic and
morphological data for masiodon (20, 17 and on
morphological data for T rex (12, 13).

These results suppont the endogenous origin of
the preserved collagen molecules and confirm the
prediction based an morphology that, ifbomolecules
could be retrieved from a nonavian dinosaur, they
would share a higher degree of smilarity with binds
than with other extant vertebrates. Our findings sug-
gest that molecular data from long-extinet organisms
may have the potential for resolving relationships
at critical areas of the veriebrate evolutionary tree
that have, so far, been intractable. The findings
presented here also bolster the use of morphology
in phylogenetics because our results are consis-
tent with sudies on the evolutionary relationships
of fassil forms that rely on morphology (12, 13).
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Synchronizing Rock Clocks

of Earth History

K. F. Kuiper,** A,

Calibration of the geological time scale is achieved by i

Deim:n,3 F. ). Hilgen,’ w. |<1'iigsmar|,l P.R. Henne,“

1. R. Wijbrans®

dating, but these techniques yield discrepancies of ~1.0% or more, limiting our ablmy to
reconstruct Earth history. To overcome this fundamental setback, we compared astronomical and
“OAr/7Ar ages of tephras in marine deposits in Morocco to calibrate the age of Fish Canyon
sanidine, the most widely used standard in “*Ar*Ar geachronology. This calibration results in a
more precise older age of 28.201 + 0.046 million years ago (Ma) and reduces the “Ar/**Ar
method’s absolute uncertainty from ~2.5 to 0.25%. In addition, this calibration provides tight

for the

gene successions, resulting in a mutually

ical tuning of pre-Ns

consistent age of ~65.95 Ma for the CretaceousiTertiary boundary.

courale and precise measurament of geo-
Alommhammfmmﬁr
ing Earth’s history. Numerical calibmtion

of the geological time scale (GTS) [for example,
GTS2004 (1] is currently based on two indepen-
dent techniques: astronomical tuning of cyclic sedi-
mentary sequences, which provides a very accurate
and high-resolution age mode! for the youngest Ne-
ogene part of the time scale, and mdimsolcplc dating
for older time intervals. However, the various tech-
niques ofen vield statistically different ages when
applied to the same stratigraphic horizons (2, 3),
The radioisotopic dating technique most wide-

ly applicable to the late Cenozoic is the *“Ar™Ar

“Faculty of Geosciences, Cepartment of Earth Sclences, Utnecht
University, Budapestlaan 4, 3584 €O Utrecht, Netherlands.
“raculty of Earth and Life Sciences, insfitule of Earth Sciences,
virije Universiteit Amsterdam, De Boelelaan 1085, 1081 HV
Amsterdam, Netherlands. “Serkeley Geothrenclagy Center,
2455 Ridge Road, Berkeley, CA 94709, USA. “Department of
Earth and Manetary Science, Uriversity of California, Berkeley,
CA 94720, USA

Table 1. Recalculated ages of K-T boundary and early Paleocene geomagnetic
polarity-reversal boundaries, in Ma. The “*Ar/*’Ar ages of (36-38) are
recalculated relative to the astronomically calibrated age of FCs (28.201
0.046 Ma). An age of 28.02 Ma for FCs (4) is adopted in GTS2004. Reversal
ages in GTS2004 are based on age calibration by spline fit of selected
calibration points, including the K-T boundary with an age of 65.5 Ma.
Recalculated radioisotopic ages are given with full error estimate. Details on
the revised astronomical tuning are given in Fig. 4.

method. With carefil atiention to experimental de-
sign, it is possible 1o achieve analytical precision of
0.2% or better; however, the absolute accuracy of
the technique is liméted to ~2,5% (4, 5), mainly
‘because of uncertainties in the ages of standards
and radioactive decay rates (6).

Several attempts have been made to improve the
technique’s accuracy by calibrating the ““Ar™Ar
dating method to the astronomical method. How-
ever, (hese atiempls were limied by uncerizniies in
identifying the location of

phenccrysts extracted from numerous silicic tephra
layers intercalated in an astronomically tuned open
marine succession from the Messinian Melilla Basin
in Marocco, This basinal succession grades laterally
into a marginal carbonate complex; the coarse-
grained tephra are derived from the nearby
volcanic complex (18, £1). The astro-
nomical tning of the basinal precession-related
marl-diatomite cycles is accomplished indirectly,
because the sedimentary cycles lack the expression
of characteristic details related to precession ampli-
tude and precession-obliquity mterference that are
common in Mediterranean saprope! sequences (/2).
Selected plmldm:c foraminiferal bioevents known
he throughout the Medi
have been identified in the Melilla sections and
are comrelated to well-tuned Mediterranean ref-
erence sections (Fig. 1) (1) that form the core of
the standard Neogene time scale (12, 13). The
number of sedimentary cycles at Melilla be-
tween these biostratigraphic markers is consistent
with the number found in these reference sections
(11, 12). This indirect approach allows astronom-
ical dating of each tephra layer (Fig. 1).
Uncertainties in the astronomical ages of the
radioisotopically dated tephra horizons are con-
tingent on (i) the applied astronomical solutions,
including values for tidal dissipation and dynam-
ical ellipticity; () emors in interpolation resulting
from the of a constant

boundaries and their correlaion to the astronomical
polarity time scale (7), assumptions regarding
constancy of sedimentation mates (7), complicatons
associated with the use of geochronometers such as
biotite (recoll, open-system alteration) and plagio-
clase {excess argnrl) (&, pmb]ms mmi with

rate between two astronomically tuned calibra-
fion points [in this case, cycles are precession
tuned and errors are therefore much less than
21 thousand years (ky)]; and (iii) the lag between
the orbital forcing and sedimentary expression
(we assume that the lag is zero). No exact error

multigrain king complex-
ifies in age distributions) (3), or uncertainties in
astronomical time control (3, 9).

We avoid these drawbacks by applying the
single-crystal Ar™Ar daing method to sanidine

The astronomical ages

can be calculated, but taking these uncertainties
into account and provided that the tuning and
comrelation itself is correct, we estimate that the
uncertainty in the astronomical ages for the
volcanic ash layers is £10 ky.

number of precession cycles from the nearest 100-ky eccentricity maximum/
minimum. The age is then calculated by adding or subtracting this number
multiplied with the 21-ky precession period to or from the age of the nearest
eccentricity maximum or minimum. The astronamical error includes, under
the assumption of a correct correlation to the 100-ky eccentricity maximum
or minimum, the uncertainty in the 405-ky eccentricity cycle in astronomical
solution (+40 ky) [figure 25 in (35)] and an additional error of £15 ky for the
uncertainty in the exact position of reversal boundaries. Chron, time interval

for the reversal boundaries and K-T boundary are calculated by counting the

between polarity reversals of Earth’s magnetic field.

Westerhald Westerhold S Swisher " "
Chron / Boundary  GT52004 (@) et al. (39) cral g DmnsTuel g et Ry donim
Option 1 Option 2 ol G 36, 3 TR
Reversal C28n (o) 64.128  64.028 % 0013 64385+ 0013 64060 616 64.698 + 0.055 (61.663)
Reversal C29n y) 64432 64.205 4 0014 64572 £0016 64670 619 64.884 + 0,055 (64.835)
€29n (o) 65.118 64.912 + 0.015 65.282 + 0.016 65.549 65.4 65.724 + 0.055 (65.702)
KT 65.500.30 65280+ 0.010 65.680 0010 65777 6581+ 014" 6598 +0.108 65.957 + 0.040 (65.940)
65.81 = 0.12¢
65.99 = 0.12¢
65,84 2 0,165
*Melt rock of Chicwlub aater. tSanidine of Z coal. tSanidine of 1Z coal. GHaltian tektites, IIBracketed ages tuned to Va03_R7 (44).
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The “Ar™®Ar dating of the Melilla tephra was
performed in parallel at the Berkeley Geochronology
Center (BGC) and the Vrije Universiteit Amsterdam
(VU) (14). In general, “Ar™Ar ages measured in
both labomtories are equivalent within 26 analytical
error (table S1), thus confinning a lack of significant
imerlabortory bias at this level of confidence. These
results can be convented to an astronomically cal-
ibrated age for Fish Canyon smidine (FCs) by
treating the Melilla sanidines as astronomically dated
standards and FCs as the unknown (Fig. 2). After
incorporating all known sources of error [analytical
errors, uncertainty i the astronomical age, and a
decay constant of 5.543 & 0.020) * 107° year™
(15)], the intercomparison yielded an age of 28 198+
0.044 million years ago (Ma). This approach in-
volves the K total decay constant, but is insensitive

Fig. 1. Astronomical
calibration of Messinian
Messadit section in the
Melilla-Nador Basin and
“ar*ar ages of inter-
calated tephra. The cycles
are tuned to the 1a2004;,
solution (35). The main bio-
stratigraphic marker events
registered within the studied
sactions and used for high-
resolution  correlations are
(1) Globorotaba miotumida
group first regular occur-
rence (FRO), (2} G nicolae
first common occurrence
(FCO), (3} G nicolae last oc-
curence (L0), (4} G obeso
FCO, )

arostaensis - sinistralidextral
coiling change, and (6}
N. acostoensis first sinistral
influx (11, 12, 43). The
phase relation of the sed-
imentary cycles to orbital

is
using the exact position of

Messadit
(Morocco)

bioevents and characteristic
planktonic foraminiferal
faunal changes associated
with the sedimentary cy-
clicity in the pre-evaporite
Messinian Sorbas basin
(43). Homogeneous marls
in the Moroccan sections
correspond to sapropels in
Sorbas and other Mediter-
ranean sections (11). As-
tronomical ages for the
tephras are derived by lin-
ear interpolation between
two astronomically tuned
poiits {that i, three-quarters
of the height from the base:
of the homogeneous inter-
val in each cyde is come-
lated to the insolation

Lithology

[ Marls
Evaporiles

Sapropel
N Tephras

[=—] Diatomite/Laminite
[ Dark blue clay

=] Halimeda-algae packstone

o the value used or iis uncertainty. A compilation of

the underlying activity data and data updated with
new values for other constants led Min ef af. (5) to
determine a value of (5463 + 0.214) 107 year™
and showed the conventionally accepted eror to be
overly optimistic by an order of magnitude. None-
theless, from this substantially less accumte (but
more realistic) value we calculate an indistinguish-

able age (with negligitly increased uncertainty) of

28201 + 0.046 Ma for FCs. We propose that this
result should be the age and uncertainty for FCs,
rather than the widely used age of 2802 =056 Ma
(). Our age is 065% older than the previous one,
although given the larger unmm) cf 'lle carlier
value the two ages arc le.

cause of iis complex crystallization history, lengthy
residence time of zircon, and/or age bias due to Pb
loss [for ::\camp]e see (16-18)). Comparison of
conventional ’Ar™Ar and U/Pb ages for diverse
rock types over more than 3 billion years of geo-

logical time demonstrates a systematic offset, in
which the U/Pb ages are older by 0 10 1% than the
A1 Ar ages for the same rocks (/9), although
scatter in the offset suggests that some of the dif-
ferences may result from interlaboratory biases
or geological complexities. Mundil e af (20}
presented U/Ph (zircon) and *"Ar™Ar ages for a
suite of volcanic rocks between 130 Maand 2.1 Ga;
these results are Ikely free of detectable bias due to

Comparison of our result with the U/Ph zcon
age for the Fish Canyon Tuff is meaningless be-

geological (for example, magma
residence time of the zrcons, differential closure
femperatues, or excess "CAr) or interlaboratory

Sorbas / Nijar basin ~ Summer 65°N Part of **Ar/®Ar ages
(Spain) composite La2004y 1 20 analylical error
max min

iz

m

&
LLE LN

BGC *

VU ¢

6.0

B C3An.in
P o@me
: B w

X
@

6.7

®

68 Mes-d
@

st

C3An.2n
o

6.9

7.0

Age (in Ma)

maximum). Weighted mean “®Ar/*°Ar ages of tephra intercalated in the Messadit section and analyzed in BGC and VU are shown, calculated relative to
an age of 28.02 Ma for FCs (4) (table S1). The 25 error bars include only analytical uncertainties of samples and standards.
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errors, and vielded an age of 28,28 +0.06 Ma for
FCs (21). Thus, our astronomically tuned FCs
age of 28.201 Ma is consistent at the 95% con-
fidence level with normalization of the **Ar™Ar
to the U/Pb system.

Further confinnation of consistency between
the *As™Ar and U/Pb systems based on the pro-
posodmvbod‘”mpma%ecfl:(k comes from
comparisan of U/Pb and *“Ar™’Ar ages of chon-
dritic meteorites, such as Acapulco (22) and
Allende. A ~0.8 to 1% bias between the most
accurate “*Ar/®Ar (23, 24) and U/Ph (25, 26)
ages has classically been interpreted as evidence

Fig. 2. Astronomically

Combined 28.201 +0.012Ma

for slow cooling afier partial melting at 4555.1 +
1.3 Ma (Acapuleo) and formation at 4366.6 +
1.7 Ma (Allende), as determined by UrPh dating,
With the revised age for the FCs, the K/Ar and
U/Pb systems approach concordancy and instead
suggest that the parent body of these metcorites
cooled rapidly after fonnation, as suggested by
(U+ThyHe (27) and IXe (28, 29) sdies.
ammu:aﬂymhb:mnl]?c: age thus rJ.nn
inates the d d offset of the i
calibrated **ArAr and UPb dating systems in
many voleanic rocks. It also has implications for

3 million years (My). Numerous studies in the past
two decades have demonsirated apparent consist-
ency between the A Ar method and the astro-
nomical dating approach in both sedimentary and
wolcanic seitings, starting from a younger age for
FCs or other standards (table S3). This implies
that the new FCs age is not consistent with many
of these results. For example, recalculating some
“Ar™ Ar dates for the Matuyarma Bruhnes reversal
relative to our age for FCs yields mdiolsotopic ages
older than the astronomical age [table 53 and
references in (14)] However, the most recent and

ages of s over the past

ic polarity

calibrated FCs age. The — MSWD 0.78; prob 1.00; n=346
A Ar ages of the ash a06°]
ooy cibwg £ oo
age for FCs by using the & noigs £
Melilla sanidines as asto- = 200 | 3
nomically dated stan- & £
dards and the FCs as the 3 - = ‘E
unknown. Instead of do- g o
ing this eerdse for each e 100 —per 55 164 20016 Ma
‘tephra horizon separately, MSWD 0,74, prob 0,95,
we included all reliably = n=167
(bath kotopic and astro- 0
nomical) dated tephra to i T

272 276 28.0 284 2838

prevent an a priori bias
to one of the astronomical-
ly dated tephra. However,
the calibrated age & an
inverse-variance

BGC: ¢ —

Astronomically calibrated FCs (Ma)

VU « —  Combined: —

weighted
mean age; thus, tephra mesd, with the highest number of replicate analyses and the most precise
data, dominates the final outcome. We include only the single-crystal fusion data (displayed here with 10
analytical error), and ages with P > 0.1. Incremental heating experiments on selected sanidine fractions
confirm the thermally undisturbed nature of the samples (14). We calculate an astronomically calibrated
FCs age for each experiment propagating only analytical uncertainties. The weighted mean FCs age and
standard analytical error for BGC and VU data are displayed separately and as a combined-age probability
diagram. The 28.201 + 0.012 Ma age for FCs is converted to an intercalibration factor of R™®%,,, of

43644 + 0.0018 for a T,

at 6.500 Ma. This translates to 28.201 + 0.046 Ma, including decay-constant

uncertainties and the uncertainty in the astronomical ages of +10 ky.

Fig. 3. Photo of the
upper part of the Zumaia
section below the San
Telmo chapel Both the
100-ky limestone beds
29 to 42 of (33} and the
large-scale clusters of
precession-related basic
cycles that mark succes-
sive 405-ky eccentricity
maxima are indicated
(see also figs. 53, ato o).
The phase relation with
eccentricity is unambig-
vous: The marly intervals
in between the 405-
and 100-ky limestone
beds often reveal dis-
tinct precession-related
cycles, MKhsmrListem
with ecces

maxima because eccentricity determines precessional amplitude. Eccentridty minima are

marked by weakly developed precession-related cycles and are dominated by limestone beds.

Cuar datn (30), which sug-
gested that the transition may have been diachro-
nous, ae in agreement with our inercalibration.

An i it application of the astronomically
calibrated  An™ Ar method is to provide constraints
for the astronomical tuning of pre-Neogene se-
quences. The prime, first-order target for tuning
these older sequences is the 405-ky carth-orbital
cccentricity cyele (31, 32). Our method reduces the
absolute from ~2.5% (or ~1600 ky at
65 Ma) to potentially <025% (or <165 kyat 65 Ma),
because the uncertainties in absolute amounts of
radiogenic “’Ar and K in the primary standard
and the branching ratio of the K decay constant
ane ciroumvented using the astronomical age of the
Melilla sanidines as the basis for calculating the
“Ar™Ar age. The use of equation 5 of (4) enables
caleulation of the age of an unknown based on an
age for the standand determined by means ofher than
the K-Ar system, and requires only knowledge of
the total K decay constant (that is, not the branch-
ing matio). [Full cquaucns are provided in (14)].

We improved age resolution
by examining the GTS2004 age of 65.5 Ma for the
Cretaceous/Tertiary (K-T) boundary, which marks
one of the most important biotic crises in Eanth
history The K-T boundary section at Zumaia,
Spam, which magnetostratigraphically covers the
interval from the younger part of polarity interval
€29 well into C26r, has been astronomically
‘umed and the boundary has been assigned an age
of 65,777 Ma (33). The astronomical age of (33) is
unceriain for two reasons: (i) the use of the poten-
tially unstable very-long-period 2.4 My eccentricity
cyele as the starling point for the tuning; and (i)
the matching of basic marllimestone cyele pack-
ages [the E-cycles of (33)] to successive 100-ky
ecoentricity minina in the curve, which is
less certain (and stable) than the 405-ky eccentricity
minima (fig. $2).

According to (33), the 405-ky cyele is not ex-
pressed, or only very weakly present at Zumaia.
Nevertheless, this cycle can be identified on
photographs, in the field, and in the lithologic log
of Zumaia of {33) through differences in the thick-
ness and expression of mar's intercalated between
100-ky limestone beds (Fig. 3 and fig. $3). Details
of the cycle p.mern confirm the phase relations
between the cycles and eccentricity as
inferred by (33). Small-scale precession-related cy-
cles are less well developed in the limestone beds of
eccentricity-related cycles, indicating that these
beds mdeed correspond 1o eceentricity minima be-
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cause eccentricity modulates the precession signal’s
amplitude.

The K-T boundary at Zumaa lies at the base of
a prominent limestone-dominated interval that

Fig. 4. Tuning of the K-T boundary section at
Zumaia. Modified tuning of the Zumaia section
following (33} that is consistent with the pro-
posed i ibration and takes the of
the 405-ky eccentricity cycle into account. Close
inspection of the lithologic log suggests that cycle
bundles 1 to 14 should be tuned one 100-ky
eccentricity minimum older than in (33) if the
Va3 _R7 solution i used for the tuning (note that
the differences with the La2004 solution are larger).
Crosses to the right of the lithological column mark
midpoints of limestone-dominated parts of the
100-ky cycle that correlate with 100-ky eccentric-
ity minima. The boundaries between the 100-ky
cycles represent midpoints of the more marly in-
tervals. Solid lines mark correlation lines in inter-
vals in which the identification of the ~100- and
405-ky cycles is rather straightforward; dashed
lines mark correlation lines in intervals in which
the identification of the 405-ky cyde is less clear
but supported by the number of ~100-ky and
precession-related cycles. A conservative estimate
of the absolute uncertainty in the 405-ky cycle
around 65 Ma is +40 ky (35). The estimated un-
certainty of ~165 ky in the astronomically calibrated
“AdPAr method at the KT boundary gives a
combined estimate of £200 ky. This is suffident to
pinpaint the correct 405-ky maximum, because the
astronomically calibrated “*Ar”Ar ages (Table 1 and
table 54) for the K-T boundary camespond closely to
a 405-ky eccentricity minimum, leaving no space
for tuning the K-T boundary interval ane 405-ky
eccentricity minimum older (KT ~66.4 Ma) or
younger (K-T ~65.6 Ma). Starting from the eccen-
tricity tuning, the astronomical age of the K-T
boundary arrives at 65.957 or 55.940 Ma for the
La2004 and Va03_R7 solutions, respectively, using
the average precession period (21 ky) at that time
and the number of precession-related cycles (2.5)
below cycle 2b, the oldest tuned 100-ky eccentric-
ity minimum.

corresponds to a 405-ky eccentricity minimurm,
Successive 405-ky minima have ages of ~65.2,
~656, ~66.0, md ~66.4 Ma; thus, the challenge is
to identify the carrelative minimum, The error in

Llﬁmln%l

VaD3_R7 La2004

RESEARCH ARTICLE I

the astronomical solution is on the order of 40 ky
at 65 Ma [(34) and figure 25 in (35)]. To pinpoint
this minimum, we recaleulated published #Ar™Ar
ages for the K-T boundary interval with our as-
ronomical FCs age of 28,201 Ma.

Single-crystal saidine At Ar dates an teph-
a horizons are available for the same magneto-
stratigraphic interval in continental sections in
Montana (36). Haitian K-T boundary tekfites and
Chixulub crater melt rock have also been dated by
the “Ar™ Ar technique (37, 3§). These ages recal-
culated relative to our FCs age of 28201 Ma range
from 65.8 1o 66.0 Ma (Table 1 and table S4). We
regard the single-crystal sanidine ages of 65.84 Ma
[ofZ coal (36)] and especially 65.99 Ma [of IZ coal
(36)] as the best estimates. These ages are consid-
erably greater than the ages reported in GTS2004,
which are hased on sea-floor anermaly profiles mi-
merically calibrated by means of a limited mumber
of isotopically dated tie points, including the K-T
oundary af 65.5 Ma, using an age of 28.02 Ma for
FCs, This appioach pins the K-T boundary down 1o
the 405-Ky eccentricity minimum around 6.0 Ma.
Using this calibration as the starting point, the Zumaia
section of (33) was retuned, taking the newly rec-
ognized 405-ky cycle into account (Figs, 3, 4). The
resultant astronomical ages for the K-T boundary
and magnetic reversal boundaries are in good agnee-
ment with the revised “Ar*Ar ages (Table 1).

In principle, the revised astronomical age of
~65.95 Ma for the K-T boundary can be shifted
upward or downward by one 405-ky ecceniricity
cyele, resulting in ages of either ~65.56 or ~66.4 Ma
(for example, see fig, $4). However, the astronom-
ically recalibrated “®Ar®Ar ages allow us 10 ex-
chude these ages for the K-T boundary (Table 1 and
table S4). Westerhold ef al. (39) similarly linked
the K-T boundary to a 405-ky eccentricity mini-
mom using Fe and magnetic susceptibility records
of Ocean Drlling Program cores from the Pacific
and Atlantic Ocean and including the Zumaia
section in their astrochronological framework. Their
preferred tuning options result in ages of 65.28 Ma
(opton 1) or 65.68 Ma (option 2) for the K-T
boundary. A third option (66.08 Ma) was added for
consistency with our astronomically calibrated age
for FCs, but this option i less favored, because it
results in a relatively old age of 56.33 Ma for the
PaleoceneFocene boundary, an age that is difficult
o reconcile with existing, though limited, radio-
isotopic constraints, even when recalculated against
our astronomical FCs age. However, our Zumaia
ming results in one extra 405-ky cycle compared
with (39) for the interval between the K-T bound-
ary and the top of the normal polarity interval of
C28n. Such differences must be resolved before
a tuned Paleacene time scale can be finalized.
Nevertheless, our intercalibration firmly links the
KT boundary 10 the 405-ky eccentricity minimim
around 66 Ma.

An age of ~66.0 Ma for the K-T boundary was
previously incorporated in the polasity time scale of
Cande and Kent (#40). However, this seemingly
identical age was interpreted to be a spurious result
from the chemical preparation of volcanic ashes
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found iniercalaied in coal beds. Redating of the
sanidine in these ash beds (using an age of 27.83 Ma
for the FCs} led to a revised age of ~65.0 Ma for the
K-T boundary, which was adopted in (41). The
same single-crystal sanidine dates now provide an

age of ~6595 Ma, relative to our FCs age of

28.201 Ma.
We argue that our astronomically calibrared FCs
age 0f 28,201 Ma should be i in the next

standard GTS 10 recalculate all other “Ar/¥Ar ages
afierit by independ h
studies. Only in this way is a mutually consistent

age calibration of the GTS assured. Morcover, our

integrated approach may lead 1o a stable time scale
with unprecedented accuracy, precision, and resolu-

tion that will not be forced to undergo any further
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Sign Change of Poisson’s Ratio for
Carbon Nanotube Sheets

Lee ]. Hall,* Vitor R. Coluci,” Douglas S. Galvio,” Mikhail E. Kozlov,* Mei Zhang,**

Sdcrates O. Dantas,® Ray H. Baughmant

Most materials shrink laterally like a rubber band when stretched, so their Poisson’s ratios are

positive. Likewise, most materials contract in all dit
decrease density when stretched, so they have positive linear compressil

when ically d and

lities. We found that

the in-plane Poisson’s ratio of carbon nanotube sheets (buckypaper) can be tuned from positive
to negative by mixing single-walled and multiwalled nanotubes. Density-normalized sheet
‘toughness, strength, and modulus were substantially increased by this mixing. A simple model
predicts the sign and magnitude of Poisson’s ratio for buckypaper from the relative ease of
nanofiber bending and stretch, and explains why the Poisson’s ratios of ordinary writing paper are
positive and much larger. Theory also explains why the negative in-plane Poisson’s ratio is
associated with a large positive Poisson's ratio for the sheet thickness, and predicts that
hydrostatic compression can produce biaxial sheet expansion. This tunability of Poisson’s ratio
can be exploited in the design of sheet-derived composites, artificial muscles, gaskets, and

chemical and mechanical sensors.

en stretched, most materials contract

in both lateral dimensions to decrease
stretch-induced volume change. The

ratio of percent lateral to percent ap-

plied tensile elongation is the Poisson’s ratio.
Some rubbers have Poisson’s ratios of about 0.5
for both lateral directions, so their volume does not

iably change upon stretching. In very rare

materials the sum of Poisson’s ratios for lateral
dimension changes exceeds unity, so they increase
density when stretched and, inversely, expand in at
least one direction when hydrostatically com-
pressed (7). 1fa lateral dimension expands during
stretching, the associated Poisson’s ratio is neg-
ative and the material is called auxetic (2). Recent
interest in this counterintuitive behavior originated
from pioneering discoveries that partially collapsed
foams and honeycombs (2, 3), fibrillar polymers
(4), and polymer composites (5) can be auxetic.

Poisson’s ratio was unknowingly used 2000
ears ago in the empirical selection of cork for
wine bottle stoppers. Cork stoppers have a near-
zero Poisson’s ratio for radial directions when
subjected to orthogonal uniaxial stress (). A pos-
itive Poisson’s ratio makes a stopper difficult to
insert but easy to remove, and the reverse occurs
for a negative Poisson’s ratio.

Carbon nanotube sheets (buckypaper) were
fabricated (7, & by filmation of aqueous dis-
persions of single-walled nanotubes (SWNTSs)
(#) and multiwalled carbon nanonibes (MWNTSs)
(1) produced by chemical vapor deposition, a
technique reminiscent of anciemt methods for
making writing paper by drying a fiber shury.
The SWNTs are seamless cylinders of graphite
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about 1 nm in diameter, and the MWNTSs consist
of about nine concentric SWNT shells having an
outer diameter of about 12 nm (8). Scanming elec-
tron microscopy shows that bundles of the SWNTs
{diameter about 20 nm) and largely unbundled
MWNTs are intimately commingled in sheets
comprising both nanotube types.

The Poisson’s ratios of SWNT and MWNT
buckypaper were initially detenmined by using
an optical microscope to measure the change in
sheet width as a function of stretch in the sheet
length direction. More accurate Poisson’s ratio
measurements resulted from recording movies of
the movements of reflective particles on the sheet
surface during constant-rate deformation. Image
correlation software was used to derive the rel-
ative displacements of about 7000 particles per
movie frame and corresponding strains in lateral
and tensile directions (§). The thickness-direction
Poisson’s ratio was obtained from scanning elec-
tron micrographs showing sheet thickness versus
applied in-plane tensile strain (&),

The in-plane Poisson’s ratio was positive
(about 0.06) and little changed until the MWNT

*WacDiarmid NanoTech Institufe, University of Texas al
Dallas, Richargson, T 75083, USA. *Instinto de Fisica “Gleb
Wataghin,” Universidade Estadual de Campinas, Unicamp
13033-970, Campinas, S& Paulo, Brazl. *Departamenta de
Flsica, Universidade Federal de Juiz de Fara, UFF 36036-
330, Juiz de Fora, Winas Gerais, 3razlL

*Present address: Department of Industrial Engineering,
Florida State University, Tallahassee, FL 32306, USA.

1Ta wham comespondence should be addressed. E-mall:
ray.baughman @uidallas. edu

content reached 73 weight percent (wt %). Fur-
ther addition of MWNTSs decreased the Poisson’s
ratio to —0.20. A highly nonlinear dependence of
Young's modulus, strength, and toughness on
MWNT content was also cbserved, with maxi-
mum density-normalized value between compo-
sitional extremes, although electronic conductivity
and density were approximately a linear function
of MWNT content (Fig. 1, A and B, and fig. S1),
Perhaps important for applications, the charac-
terized buckypaper comprising both SWNTs and
MWNTs had up to 1.6 times the maximum
strength-to-weight ratio, 1.4 times the maximum
modulus-to-weight ratio, and 2.4 times the max-
imum toughness of shects comprising only
SWNTs or MWNTs (Fig. 1, A and B, and fig.
S1). Large positive Poisson’s ratios were observed
for the thickness direction (0.33 and 0.75 for
SWNT and MWNT sheets, respectively).
Annealing the nanotube sheets at 1000°C in
argon for 15 min did not eliminate the sharp
change from positive 10 negative in-plane Pois-
son’s ratio at 77 10 80 wit % MWNTS, indicating
that any residual surfactant in the huckypapcr is

REPORTS I

where the experimentally observed in-plane Pois-
son’s ratios are lage and positive and theoretical
calculations predict the possibility of either positive
or negative in-plane Poisson’s ratios (1/-20)
Although entropy and associated thermally driven
deviations from in-plane alignment may produce
negative in-plane Poisson’s ratios for nanofiber bio-
logical membranes and related structures (17, 21),
persistence lengths of about 0.1 num at wom tem-
peranure for even unbundled SWNTs (/8) mean
that similar entropic effects are not important for
determining the Poisson’s ratios of buckypaper.
A simple mode! was developed that predicts
the observed negative and positive in-plane
Poisson’s ratios for sheets of different compo-
sition, as well as a much larger positive Poisson’s
ratio in the thickness direction (Fig. 1C and fig.
$2). This model captures key structural features
of the carbon nanotube sheets: (i) isotropic in-
plane mechanical properties; (if) nanotubes
preferentially oriented in the sheet plane, but
positively and negatively deviatng from this
plane by an average angle y; and (iii) freedom to
undergo stress | uldumi elongation as a result of

unimportant. Although hysteretic
curves were seen upon high-strain unloading and
reloading, with hysteresis loop width decreasing
with decreasing MWNT content and decreasing
strain increment for the loop, the Poisson’s ratio
was essentially constant over these curves.

‘The negative in-plane Poisson’s ratio of MWNT
‘buckypaper sharply contrasis with that reporied
‘previously for ordinary paper, made cither commer-
cially or by an ancient method like the ane we used,

Fig. 1. (A) Measured in-plane Pois-
son's ratio (black dashes) and density-
normalized Young's modulus (blue
triangles) versus MWNT content in
SWNT-MWNT sheets. Inset Effect of
Poisson’s ratio sign on transverse cur-
vature for a bent sheet strip. (B}
Measured density-normalized tensile
strength (black squares) and density
(blue dashes) versus MWNT content
in sheets. {€) Model for nanotube
sheets, where meandering nanotubes

In-plane Polsson's ratio

are represented by zigzag chains. (D}
Relationships between in-plane and
thickness-direction Poisson’s ratios as a
function of indicated average nanotube
orientation angle y for SWNT (black
curve) and MWNT (red curve) sheets
having the force constant ratios R that
vield the measured Poisson's ratios
(squares). Paisson’s ratios to the right
of the blue line provide negative linear
compressibilities. The error bars in (A}
and (B) correspond to +5Ds of measure-
ments on different samples.
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bes and chang-
ing the angle between intersecting nanotubes.
This mode! can also be applied to other fiber
networks having similar structure to buckypaper.
Although periodic network models have been
previously deployed for fiber sheets (13), the
mode! structures have high in-plane anisotropy,
so unceriainty in the sign of the Poisson’s ratio
results from the need to average in-plane proper-
ties to obtain those for isotropic sheets.
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In our model, each meandering nanotube {or
nanotube bundle) is represented by a zgzg chain
parallel to the sheet plane (with angle of -y between
the struts and the basal plane). Zigzag chains in one
nanotube sheet layer connect via noncovalent
interactions with those in adjacent layers at the
extremes of the zigs and zags, where torsion about
the contact enables change in the angle of
intersection between nanotubes. The ratio of the
force constant for angle bend to the force constant
for changing the inter-nanotbe torsional angle is R.
These force constants for angle bending at zigzags
(ks) and torsion between contacting nanotubes (kr)
are effective values, arising in the intractable real
structure from the energy needed to straighten
meandering nanotubes and change the angles
between intersecting nanotubes (22).

Expressing the total energy needed for a
given tensile strain in terms of angle bend and
torsional angle changes, and minimizing this
energy subiect to the constraint that all layers have
the same tensile-direction and width-direction
strains (8), provides in-plane (v, ) and sheet thick-
ness direction (vy) Poisson’s ratios of v; = [R -
3 sin® ¥}/[3(R + sin® y)] and vy = [R + 3 sin® )/
[3 tan” (R + sin” )],

These equations predict the observed v and vy
{v; =-020and v; = 0.75 for MWNT sheets; v; =
0.06 and v3 = 0.33 for SWNT sheets) for MWNT
sheets with ¥ = 42° and R = 067 and for SWNT
sheets with y = 50° and R = 228, The predicied y
values are consisient with average angles from x-ray
diffraction of 41.7% for MWNT sheets and 45.0°
for SWNT sheets, as well as previous diffraction
measurements for similar SWNT sheets (23).

The above equation for the in-plane Poisson’s
ratio can be expressed as v, = (1 - i3 + ), where
B = (3 sin” yUR = (ks y. IF the approxi-
mation that nanotube stnits are rigid s eliminated

(&), we obiain the same dependence of v; on B, but
with i = 3k /s, where kg is the force constant for
r.kmganm of the nanotube (or nammbe m)
via a bination of nanotube }
(changing ¥ in the present model) and strut
fons. Using a different model, which
includes a host of structurl and force constant
parameters in b, the above dependence of v, on fi
has been predicted for sheets of ordinary paper (12).
Why do cellulose-based paper (/6), SWNT
paper, and MWNT paper provide such different
measured in-plane Poisson’s ratios {about 030,
006, and ~020), even when they are similarly
handmade by removing water from sedimented
fiber mats? Insights result from first considering the
basic types of deformation that lead to extreme
positive and negative in-plane Poisson’s mtios.
Stretch-induced increases in nanotube length with-
out change in the angle between intersectng
nanotubes provides the most negative Poisson’s
ratio (-1, comespending o an infinite k-/kg ar k-/ksn
for the above simplified models). Streich-induced
decreases in the angles between intersecting nano-
tubes increase Poisson’s ratio, producing a Poisson’s
ratio of 1/3 when [f vanishes. To visualize this, note
that two neighboring nanotube layers in the Fig.
1C model are coupled like the struts of a wine
rack. If rotation between struts dominates, as in an
ardinary wine rack, the Poisson’s ratio is positive. If
torsional rotation of struts is blocked and the
struts are stretchable but not bendable, increases
in strut length produce a negative Poisson’s ratio.
To understand the nanoscale arigin of the major
differences in Poisson’s ratio for nanotube fiber
mats, consider that beam bending in response 10
tensile stress has the same effect for increasing
Poisson’s ratio as does torsional rotation. In the wine
rack analog, a positive Poisson™s ratio would result if
the hinges are welded ta struts to prohibit torsional

Fig. 2. Scanning electron micrographs of (A) ordinary paper made from wood pulp fiber (19), (B)
SWNT buckypaper, and (D) MWNT buckypaper. (C} An atomic force micrograph (tapping mode, z-range
contrast) of MWNT buckypaper.

rotation and the struts an: much easier to bend than
to stretch, Nanotube beam bending in response o a
tensile stress within the sheet plane changes the
produces a comesponding increase in Poisson’s
Tatio, similar o the response when there are changes
in torsional angle for the model of Fig. 1C. If fiber
beam bending is the predominant deformation that
changes the effective angle between intersecting
fibers, and if fiber deviation from in-plane orien-
tation is neglected, then [j = 3kp/ksp, where the force
constants for fiber bending and tensile fiber
clongation are kg and kg, respectively (8). Using
this approximation, Perkins (12) predicted that the
in-planc Poisson’s ratio of paper sheets will be
positive, with a v between 0.259 and 1/3, which is
consistent with observations,

Why then do we see a negative Poisson’s
ratio of ~020 for MWNT sheets and a much
smaller positive Poisson’s ratio of 0.06 for
SWNT sheets? We provide evidence that these
large changes in Poisson’s ratio arise from changes
in the ratio of beam bending to beam stretch force
constants, The tubular nanofiber form and the
degree of coupling between SWNT walls are
important. The MWNTs we used have an outer
diameter of about 12 nm, contain about nine
walls, and are largely unbundled in the sheets;
the SWNTs have an average diameter of about
1.0 nm (24, 25) and a wide distribution in bundle
diameters, with an average around 20 nm.

Consider kg and kg for a perfectly straight
SWNT having strut length Z: & = 3nC(/L)’ and
ks = 2nCr/L, where C is the product of the
graphene sheet Young's modulus and sheet thick-
ness, and r is the radius of the SWNT (1§, 26)
The largest geometrically possible value of /L
is sin(60°)/2, which comesponds to the physi-
cally unreasonable case where each layer within
the nanotube sheet comprises straight nanotubes
that are close-packed within the layer. From i =
i/ = @2)(rL)” for the perfect SWNTand v, =
(1 - BYG + P), this hypothetical buckypaper of
perfectly stright, infinitely long, unbundled SWNTs
cannot have a Poisson's ratio below 0.04. Because
the value of B for buckypaper-like sheets com-
prising long circular solid fibes is the same as
fora SWNT when the effective Young's modulus
for bending equals that for tension, the predicted
vy is also 0.04 or higher—and likely much higher,
‘because buckypaper-like sheets of ordinary paper
do not have fibers that are close-packed in a plane.

Low mechanical coupling between the com-
ponent SWNTs nested within MWNTs and
between SWNTs in bundles withm the buckypaper
outer and inner walls is indicated for MWNTs by
the sword-in-sheath type of mechanical failure and
the ease of pulling the nner nanotubes from a
MWNT (27, 26). Because the following calcula-
tions treat only the in-plane Poisson’s ratio, we here
approximate the stnichure as comprising successive
layers of bundled SWNTs or largely unbundled
MWNT (like that shown in Fig. 1C, but with y =
), with stretch force constant ksp, to accommodate
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sireich force reduction due to nanotube meander-
ing. This structure provides a volume per strut of
D7 5inf120°) and a calculated density of pey. =
W[D'L sin120°)], where W is the strut weight
per unit length and D” is the sum of the covalent
diameter of the nanotube and the 0.34-nm van der
Waals diameter of carbon (). By equating calcu-
lated sheet densities to the observed sheet densities,
interjunction lengths of 54.3 nmn and 39.5 nm are
calculated for the MWNT and SWNT sheets, re-
spectively. Although these distances seem shorter
than suggested by the micrographs of Fig. 2, note
that the micrographs are for the sheet surface (the
face originally in contact with the filter membrane)
and do not provide the junction density and cor-
responding 7 in the buckypaper interior.

(2/3)"2, which implies y < 35.3°, However, the
average 7 needed for achieving these properties
will decrease as a result of in-plane nanofiber me-
andering, because only the tensile strain component
resulting in thickness change affects va.

The observed continuous tunability of Pois-
son’s ratio, modulus, strength, toughness, density,
and electrical conductivity ofnmxombeshm could
be useful for appli as could mect i prop-
efty optimization using mixnures of nanotubes, How-
ever, the change of Poisson’s ratio from positive
to negative is especially mteresting and unexpected.
This tunability, which we can now explain, could
be exploiied in the design of sheet-derived com-
sors, and chemical sensors where analyte absorption

ical stresses. Even shap

To predict the Poisson’s ratio of buck we
calculate the elongation foroe constant kg, (8) from
e observed Young's modulus Yaceording 10 kg =
2Y sn{120°)(1 ~ v,). Alihough this little affects
the results, v, in this cquation is the self consistently
calculated value instead of the measured value. The
kg for the MWNTs is the sum of bending force
constants for all component SWNTs nested within
the MWNTs, and the & for SWNT bundles is de-
rived from the measured average Young's modulus
for bending (¥g) 20-nm-diameter SWNT bundles
(50 GPa) {29), using the force constant for bend-
ing a solid cylindrical rod, kg = 3nR"Yu/(4L%)
(26). The predicted Poisson’s ratios are - 0.17 for
MWNT buckypaper (versus the cbserved —0.20)
and 017 for SWNT buckypaper (versus the
observed 0.06). Increasing ¥y to 81 GPa de-
creases the calaulated v, for SWNT buckypaper
10 the observed value, and this ¥y is within the
range of experimental uncertainty for Yg (29).

These results indicate that large negative
Poisson’s ratios can be achieved by using large-
diameter MWNTs having as many interior walls as
possible. Although all nanotube walls contribute
additively 1o kg, only the outer wall contributes to
kep unless the MWNTs are exiremely long.
Likewise, decreasing the separation between
effectively welded inter-nanotube contacts (such as
by increasing sheet density) can decrease Poissan’s
ratio. However, the effects of these siructure changes
are not simple, because increasing ki and decreasing
L can decrease nanotube meandering between junc-
tons, and this decrease of meandering can provide a
positive contribution 1o ks,

Negative Poisson’s ratios are somcumes ac-

are affected, because bending a thick nanotube sheet
strip will result in either convex or concave lateral
deformation (Fig. 1A, inset), depending on the
sign of the in-plane Paissen’s ratio.
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Stretchable and Foldable Silicon

Integrated Circuits

Dae-Hyeong Kim,* Jong-Hyun Ahn,?* Won Mook Choi,™ Hoon-Sik Kim,? Tae-Ho Kim,?
Jizhou Song,® Yonggang Y. Huang,*t Zhuangjian Liu,® Chun Lu,® John A. Rogers™

We have developed a simple approach to high-performance, stretchable, and foldable integrated
c1rcuns The systems integrate inorganic electronic materials, including aligned arrays of

by much rarer
negative linear compressibilities and negative
area compressibility—meaning that a material

of single crystalline silicon, with ultrathin plastic and elastomeric substrates. The

deslgns combine multilayer neutral mechanical plane layouts and "wavy" structural configurations
in silicon complementary logic gates, ring oscillators, and differential amplifiers. We performed

expands i either one or two orth L direc-
tions when hydrostatic pressure is applied (1), A
negative linear compressibility is the inverse of
another strange property, increasing density when
elongated in a direction where linear compress-
ibility is negative, and both require that 1 — v, —
vy < 0. Using the above equations for v, and vy
a function of & and ¥ for the mode! of Fig. 1C,
negative in-plane compressibility (Fig. 1D), neg-
ative area campressibility for the sheet plane,
and stretch densification are predicted for cos y >

thr analytical and ¢

modeling of the mechanics and the electronic

behaviors of these integrated circuits. Collectively, the results represent routes to devices, such as
personal health monitors and other biomedical devices, that require extreme mechanical
deformations during installation/use and electronic properties approaching those of conventional

systems built on brittle semiconductor wafers.

equal to established technologies that use

rigid semiconductor wafers, but in light-
weight, foldable, and stretchable formats would
cnable many new applications. Examples include

R ealization of electronics with performance

‘wearable systems for personal health monitoring
and therapeutics, “smarf” surgical gloves with
integrated electronics, and electronic eye-type
imagers that incorporate focal plane arrays on
hemispherical substrates (1-3). Circuits that use
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organic (4, 5) or certain classes of inorganic (6-13)
electronic materials on plastic or sieel foil sub-
strates can provide some degree of mechanical
flexibility, but they cannot be folded or stretched.
Also, with few exceptions (1/-13) such systems
offer only modest electrical performance, Stretch-
able metal interconnects with rigid (/4) or streich-
able (/5-/7) inorganic device components represent
altemnative strategies that can also, in certain cases,
provide high performance. In their existing forms,
however, none of these approaches allows scaling
10 circuit systems with practically useful levels of
functionality.

We present routes 1o high-performance, single-
crystalline silicon complementary metal-oxide
semiconductor (Si-CMOS) integrated circuits
({ICs) that are reversibly foldable and -habl

mechanical properties would otherwise preclude
their use in such applications.

Figure 1A schematically summarizes the key
steps for forming ultrathin, foldable, and stretch-
able circuits and presents optical images of rep-
resentative systems at different stages of the

nonfunctional regions of the circuits and the
thin P layer into the underlying PMMA. Im-
mersion in acetone dissolves the PMMA by flow
of solvent through the etch holes to release ul-
trathin, flexible circuits in a manner that does not
degrade the propertics of the devices. These sys-

process. The procedure begins with spin-casting
a sacrificial layer of poly(methylmethacrylate)
(PMMA) (~100 un) followed by a thin, substrate
laver of polyimide (PI) (~1.2 pm) on a Si wafer
that serves as a temporary carrier (see supporting
online material). A transfer printing process with
a poly(dimethylsiloxane) (PDMS) stamp (20, 21)
delivers to the surface of the PI organized arrays
of n- and p-doped Si nanoribbans (Fig. 1B, inset)

tems can be i d as flexible, free-standing
sheets, or they can be integrated in wavy lay-
outs on elastomeric substrates 1o provide fully
reversible stretchability/compressibility (Fig.
1A). The schematic cross-sectional view at the
bottom right illustrates the various layers of this
S1-CMOS/PI system (total thickness ~1.7 pm).
The ultrathin circuits exhibit extreme levels of
bendability, as illustrated in Fig. 1C, without

with integrated contacts, separ. formed from

These systems combine high-quality electronic
materials, such as aligned armays of silicon nano-

ribbans, with ultrathin and elastomeric sub

™ wafers. d stages specially
designed for this printing enable multilayer regis-
tration with ~2 pm aceuracy (72). Depositing and
Si0; (~50 nm) for gate dielectrics and

in multilayer neutral mechanical plane designs and
with “wavy” structural layouts. High-performance
n-and p-channe! metal-oxide semiconductor field-
effect ransistors (MOSFETs), CMOS logic gates,
ring oscillators, and differential aplifiers, all with
electrical properties as good as analogous systems
built on conventional silicon-on-insulator (SOT)
wafers, demonstrate the concepts. Analytical and
finite element method (FEM) simulation of the
mechanics, together with circuit simulations, re-
veal the key physics. We implement single

crystalline silicon because it provides excellent
electronic propertics, including high electran and
hole mobilities. Commedity bulk silicon wafers
(18), for cost-sensitive applications, or SOI wa-
fers provide the source of the ultrathin pieces of
Si that are required. Vacuum-evaporated mate

rials such as nanocrystalline Si (/¥), which also
enable high performance, might offer further
advantages in cost. The same approaches to
stretchable and foldable integrated circuits re-
ported here can be used with these and other
related classes of materials. The strategies re-
poried here are important not only for the Si-
CMOS circuits that they enable but also for their
straightforward scalability to much more highly
imtegrated systems with other diverse classes of
electronic materials whose intrinsic brirtle, fragile

*Department of Materials Science and Engineering, Bedkman
Institute, and Frederick Seitz Materials Research Labaratory,
uUniversity of llingis at Urbana-Champaign, 1304 West Green
Street, Lrbana, IL 61801, USA. “School f Advanced iMaterials
Science ang Engineering, Sungkyunkean University, Suwon,
A40-746, Karea. “Department of Mechanical Science and
Engineering, University of Winois at Urbana-Champaign, 1206
West Green Street, Urbana, IL 61801, USA. “Departments of
Chemistry, Electrical and Computer Engineering, University of
Wines at Uibana Champaign, 1304 West Green Sireet, Urbana,
IL 61801, USA. of Civl and Envir

interconnect crossovers, and Cr/Au (5/145 nm)
for source, drain, and gate electrodes and
interconnects yield fully integrated Si-CMOS
circuits with performance comparable to similar
systems formed on SOI wafers (fig. S1). Figure
1C shows an image of an array of Si-CMOS in-
verters and isolated n- and p-channel MOSFETs
(n-MOSFETs and p-MOSFETs, respectively)
formed in this manner, siill on the carrier sub-
strate. In the next step, reactive ion etching forms
a square array of small holes (~50 um diameters,
separated by 800 um) that extend through the

'

A Cast thin polymer (P1) on a
sacrficial layer {PMMA) on
a carrier substrate

e Pl
e PMMA
carrier
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Print n, p doped Si
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+

it

'
Dissclve sacrficial layer;
release to yleld ultrathin, D
flexible CMOS circults
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“ransfer to POMS to yield ‘wavy',

Engineering and Mechanical Engineering, Northwestem Un'-
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CMOS wireults

p ing the electronic properties (fig. $2).
There are iwo primary reasons for this behavior.
The first derives from clementary bending
mechanics in thin films, where the surface straing
are determined by the film thickness, ¢, divided
by twice the radius of curvature associated with
the bending, 7 (22). Films with = 1.7 pun can be
bent 1o r as small as ~85 um before the surface
strains reach a typical fracture strain (~1% in
tension)) for the classes of high-performance in-
«organic electronic materials used here. A second
and more subtle feature emerges from full anal-
ysis of the bending mechanics in the material
stacks of the circuits, The results indicate that the
neutral mechanical plane, which defines the
position through the thickness of the structun:
‘where sirains are zero for arbitrarily small #, lies in

Fig. 1. (A) Overview of the
fabrication process for ul-
trathin CMOS circuits that
exploit silicon nanoribbons
and enable extreme levels of
bendability {third frame from
the tap) or fully reversible
stretchabilityicompressibility
(bottom frame on the left)
and schematic cross-sectional
view with neutral mechanical
plane indicated with a red
dashed line (bottom frame
on the right). (B to D) Op-
tical images of circuits on the
carrier wafer and magnified
views of a single CMOS in-
verter (inset) (B), on a thin
rod after removal from this
carrier (C), and in a wavy con-
figuration on PDMS (D).

Pl

ofch hole

M matal |
A naSi(planE 4... SHO)
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the electronic device layers (fig. $3). In other
words, the high moduli of the electronic materials
move the neutral mechanical plane from the
geometric midplane, which lies in the PI, to the
device layers. The illustration at the bottom right
of Fig. 1 indicates with dashed red lnes the
approximate locations of this neutral mechanical
plane in different regions of the system. This
situation is highly favorable because the fracture
strains of the materials used in the circuits are
substantially lower than those for fracture or
plastic deformation in the P1 (~7%). Two

disadvantages of such circuits are their lack of

streichability and, for ceriain applications, their
low flexural rigidity. These limitations can be
circumvented by implementing extensions of con-
cepts that achieve streichable, wavy configura-
tions of sheets and ribbons of silicon and gallium
arsenide (15, 16), in a procedure illustrated in the
bottom frame of Fig. 1A. The fabrication begins
with removal of the ultrathin circuits from the
carrier substrate using a PDMS stamp, evaporat-
ing a thin layer of Cr/8i0; (3/30 nm) onto the
exposed PI surface (i, the surface that was in

REPORTS I

contact with the PMMA), and then generating
—OH groups on the surfaces of the $i0, and a
biaxially prestrained PDMS substrate (ep. =
€4 = &, Where the x and y coordinates lie in
the plane of the circuit) by expesure to ozone
induced with an ultraviolet lamp. Transfer print-
ing the circuit onto the PDMS substrate, followed
by mild heating, creates covalent linkages to
form strong mechanical bonding between the Si
CMOS/PICESIO; and the PDMS. Relaxing the
prestrain induces compressive forces on the cir-
cuits that lead 1o the formation of complex wavy

releass

siretch along x

Fig. 2. (A) Wavy Si-CMOS inverters on PDMS, formed with various levels of
prestrain. (left, e, = 2.7%; center, e, = 3.9%; right, ey, = 5.7%.} (B}
Structural confiquration determined by full 30 FEM of a system formed with
£pre = 3.9% (left) and perspective scanning electron micrograph of a sample
fabricated with a similar condition (right). (C) Optical images of wavy Si-CMOS
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inverters under tensile strains (31) along the x and y directions. (D) Measured
(red and black} and simulated (blue) transfer characteristics of wavy inverters
(left), and n- and p-channel MOSFETs (solid and dashed lines, respectively, in
the left inset). Measured {solid circles) and simulated (open squares} inverter
threshold voltages for different applied strains along x and y (right).
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Fig. 3. (A) Optical image of an array of stretchable, wavy three-stage CMOS ring
oscillators (top left) and magnified views of a typical osdllator at different applied
strains (31) oriented along the direction of the red arrow (right frames). Measured
umeand lrequemydumln mspansesulanomlhmratdlﬂemmapplned strains. (B)

amplifier ; output characteristics for various
s&aln values (bottom left); optical images ofa wavy differential amplifier in its as-
fabricated state {top right} and under applied strain in a direction along the red
arrow (bottom right).
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pattemns of relief by nonlinear buckling processes.
The location of the neutral mechanical plane in
the device layers, as noted previously, facilitates
the nondestructive bending that is required to form
these wavy patierns. Circuils in this geometry
offer fully reversible stretchability/compressibility
without substantial strains in the circuit materials
themselves. Instead, the amplimudes and periods
of the wave pattems change 10 accommodate
applied strains (£, in any direction in the plane
of the circuit), with physics similar to an accordion
bellows (23). Figure 1D presents an optical image
of a wavy Si-CMOS circuit on PDMS, formed
with a biaxial prestrain of ~5.7%. The thickness
of the PDMS can be selected to achieve any
desired level of flexural rigidity, without com-
promising stretchability.

The lefl, middle, and right frames of Fig. 2A
show optical micrographs of wavy Si-CMOS
inverters formed with e, = 2.7%, 3.9%, and
5.7%, respectively. The wave stuctures have
complex layouts associated with nonlinear buck-
ling physics in a mechanically heterogeneous
system. Three features are notable. First, the waves
form most readily in the regions of smallest
flexural rigidity: the interconnect lines between
the p-MOSFET and n-MOSFET sides of the
inverter and the electronically inactive parts of
the circuit sheet. Second, as £y, increases, the
wave structures begin to extend from these loca-
tions to all parts of the circuit, including the
comparatively rigid device regions. Third, the
etch holes, representative anes of which appear
near the centers of these images, have a strong
influence on the waves. In particular, waves tend
to mucleate at these locations; they adopt wave
vectars oriented tangential to the perimeters of
the holes as a result of the traction-free edges at
these locations. Cracks form, most commonly in
the metal electrodes near the etch holes, when
local strains rise to levels ~1 to 2% greater than
the local prestrain. The maximum prestrain is
~10% (fig. S4; higher values lead to cracking
upon release. The first two behaviors can be
quantitatively captured using analytical treatments
and FEM simulation, the third by FEM. Analysis

Fig. 4. (A} Image of a foldable ultrathin Si-CMOS
circuit that uses an encapsulating layer of PI, wrapped
around the edge of a micrascope cover slip. The inset
shows a coarse cross-sectional schematic view. (B}
Images of twisted {top} and bent (bottom inset) wavy
SCMOS circuit that uses a dual neutral plane design.

indicates, for example, that the p-MOSFET and
1-MOSFET regions (Si0,/metal/SiO,/S¥PI,
~005 um/0.15 um/0.05 wm/0.25 pm/1.2 um)
adopt periods between 160 and 180 pm and
that the metal interconnects (Si0,/metal/SiO./P1,
~0.05 um/0.15 pm/0.05 prm/1.2 pm) adopt pe
riods between 90 and 110 pm, all quantitatively
consistent with experiment. Figure 2B shows the
results of full, three-dimensional (3D) FEM mod-
eling, together with a scanning electron micrograph
of a sample. The correspondence is remarkably
good, consistent with the deterministic, linear
clastic response of these systems. (Slight differ-
ences are due to the s:nsitivily of the buckling
pattems to the precise location and dclmlcd

exhibited by the inverters are as high as 100 at
supply voltages (Vpp) of 5V, consistent with
circuil simulations that use the individual tran-
sistor responses. The right frame of Fig. 2D
summarizes the voltage at maximum gain (Fy)
for different €,y along x and y. Tensile strains
parallel to the transistor channels (ie., along v)
tend to reduce the compressive strains associated
with the wavy structures in these locations (fig.
§3). The complex, spatially varying strain dis-
‘tributions and the practical difficulties associated
with probing the devices make simple explana-
tions for the associated changes in electrical
properties elusive. They also frustrate conclusive
statements. on the slightly different observed

shxps of the etch holes and some
in the mechanical properties of the varous
layers.) Both the analytics and the FEM indicate
that for epe up to 10% and 0% < egp — Epe <
10%, the material strains in the device layers remain
below 0.4% and 1%, depending on the region of
the circuit and the metal, respectively (fig. S4).
Figure 2, C and D, shows images and
electrical measurements of inverters under differ-
ent tensile, uniaxial applied strains, for a wavy
circuit fabricated with €5, = 3.9%. As might be
expected, the amplitudes and periods of waves
that lic along the direction of applied force
decrease and increase, respectively, to accommo-
date the resulting strains (fig. 85). The Poisson
effect causes compression in the orthogonal
direction, which leads to increases and decreases
in the amplitudes and periods of waves with this
orentation, respectively. Electrical measure-
ments indicate that the SiCMOS inverters work
well throughout this range of applied strains. The
left frame of Fig. 2D shows measured and simu-
lated transfer curves, with an inset graph that
presents the electrical properties of individual
n-MOSFET and p-MOSFET devices with chan-
nel widths (#) of 300 pum and 100 pm, respec-
tively, 1o match cumrent outputs, and channel
lengths {Z.) of 13 um. These data indicate ef-
fective mobilities of 290 em”/Vs and 140 em/Vs
for the n- and p-channel devices, respectively; the
an/off matios in both cases are >10°. The gains

The inset at the top shows a coarse cross-sectional view. Optical micrographs of inverters at the center
(bottom left) and edge (bottom right} of the sample in the twisted configuration shown in the top frame.

strain of the p-channel and n-channel
devices (fig. 85). Generally, we speculate that the
overall tensile and compressive strains in these
systems increase and decrease the electron
mobility, respectively, with opposite effects on
‘hole mobility (24-26), consistent with analysis of
measured transistor data using standard long-
channel MOS device models (27). Tensile
strains in the x direction (i.e., perpendicular to
the channels) cause opposite mechanical strains,
due to the Poisson effect, and therefore also op-
posite changes in the clectrical properties. At the
level of the inverters, the changes in the tran-
sistors cause decreases and increases in ¥y, with
paralle]l and perpendicular strains, respectively.
Individual measurements of the trnsistors at
these various strain states enable simulations of
changes in the inverters (fig. $5); the results, also
included in the right frame of Fig. 2D, are con-
sistent with experiment. The devices also show
good behavior under mechanical/thermal cycling
(up to 30 cycles) (fig. $6)

More complex stretchable circuits can be fab-
ricated using these inverters as building blocks.
Figure 3A shows aptical images, clectrical mea-
surements, and stretching tests on Si-CMOS ring
oscillators that use three inverters identical to
those in Fig. 2. The mechanical responses are
qualitatively consistent with considerations de-
scribed in the discussion of the inverters. The
electrical measurements indicate stable oscilla-
tion frequencies of ~3.0 MHz at supply voltages
of 10 V, even under severe buckling defonma-
tions and strains of 5% and larger. The measured
frequencies were 2.9 MHz, 3.0 MHz, 3.1 MHz,
and 2.9 Mhz for 0%, 2.5%, 5%, and 0% applied
strain, sespectively, Fommilating detailed explana-
tions for these relatively small shifis is difficult,
for reasons similar to those outlined in the dis-
cussion of the inverters. The expecied strain-
induced anizotropy in transport {28) must also be
considered. More general classes of circuits are
also possible. Figure 3B shows a differential
amplifier (29) for a structural health monitor that
integrates four components: a current source (three
transistors with I = 30 um and 7 = 80 ym), a
current mirror (two transistors with L, = 40 pm,

= 120 pum; and L. = 20 pm, W = 120 pm), a
differential pair (two transistors with L. = 30 um
and # = 180 pm), and a load (two transistors
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with L= 40 pm and #'= 80 um). The right frame
shows an optical image of the corresponding
wavy circuit {fig. $7). This amplifier is designed
to provide a voltage pain of ~1.4 for a 500-mV
peak-to-peak input signal, Measurements at
various tensile strains along the red arrow show
gains that vary by less than ~20%: 1.01 without
applied strain (0%s, black), 1.14 at 2.5% strain
(red), 1.19 at 5% strain (blue), and 1.08 afier
release (0%e, green).

Although the ultrathin and wavy circuit de-
signs described above provide unusually good
mechanical propertics, two additional optimiza-
tions can enable further improvements. Domi-
nant failure modes observed at high applicd
SITAINS (£ — Epre = ~10%) or degrees of bend-
ing (r < ~0.05 mm) are caused by delamination
of the device layers and/or fracture of the metal
interconnects. A simple design modification
that addresses these failures involves the depo-
sition of an encapsulating layer on top of the
completed circuits. Figure 4 {llustrates a repre-
sentative layout that includes a thin (~1.2 pm)
layer of PI on top of an ultrathin $i-CMOS/PI
circuit. The resulting systems are extremely
bendable, which we refer to as foldable, as dem-
onstrated in the PI/SI-CMOS/PI circuit tightly
wrapped over the edge of a microscope cover
slip (thickness ~100 ym})in Fig. 4A. Even in this
configuration, the inverters are operational and
exhibit good electrical properties (fig. S8). Such
foldability is enabled by the good adhesion of
the PI layer and its encapsulation of the under
lying layers p ing their ination. Also,
the PI layer shifis the metal interconnects at the
neutral mechanical plane without moving this
plane out of the silicon layers in other regions of
the circuits (fig. 58). Such designs can also be
incorporated in wavy configurations to enable

t ility/compressibility. The b
system presents, however, another challenge.
As mentioned previously, the bendability of the
Si-CMOS/PUPDMS is influenced strongly by
the thickness of the PDMS, Systems that are
both streichable and highly bendable require
the use of thin PDMS. Relaxing the prestrain
when using a thin PDMS substrate, however,
results in an unwanted, overall bowing of the
system rather than the formation of wavy cir-
cuit structures. This response occurs because of
the very low bending stiffness of thin PDMS,
which in turn results from the combined effects
of its small thickness and extremely low mod-
ulus compared with the PI/SI-CMOS/PL, Neu-
tral mechanical plane concepts that involve the
addition of a compensating layer of PDMS on
top of the PI/Si-CMOS/PI/PDMS system can
avoid this problem. Figure 4B illustrates this
type of fully optimized, dual neutral mechan-
ical plane layout (i.e., PDMS/PL/Si-CMOS/PI/
PDMS) and its ability to be streiched and bent.
The optical micrographs at the bottom left and
right of Fig. 4B illustrate the various configura-
tions observed under extrere twisting and stretch-
ing of this system.

The strategies presented here demonstrate the
degree to which extreme mechanical properties
(ie., stretchability and foldability) can be achieved
in fully formed, high-performance integrated cir-
cuits by the use of optimized structural con-
figurations and multilayer layouts, even with
intrinsically briule but high-performance in-
organic electronic materials. In this approach,
the desired mechanical properties are enabled by
materials (e.g., PDMS, thin PL and their multi-
layer assemblies) that do not need to provide any
active electronic functionality. Such designs offer
the possibility of direct integration of electronics
with biological systems, medical prosthetics and
monitoring devices, complex machine paris, or
with mechanically rugged, lightweight packages
for other devices. Further development of the
mechanical concepts o provide, for example, ex-
panded ranges of stretchability (36), 1o extend
such electronic systems 1o other material types,
and 1o exploit them in new classes of devices all
appear 10 represent promising directions for fu-
ture research,
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Near-Field Plates: Subdiffraction
Focusing with Patterned Surfaces

Antheny Grbic,'* Lei ]iav'lg,z Roberto Merlin®

Using a patterned, grating-like plate to control the electromagnetic near field, we demonstrate
focusing well beyond the diffraction limit at ~ 1 gigahertz. The near-field plate consists of
only capacitive elements and focuses microwaves emanating from a cylindrical source to a spot
of size = A/20 (half-power beamwidth), where % is the free-space wavelength. These plates will
find application in antennas, beam-shaping devices, nonradiative wireless power-transfer

systems, microscopy, and lithography.

wavelength apertures 1o obtain resolutions
beyond the diffraction limit (), the electro-
‘magnetic near field has enjoyed continued scien-
tific interest. Much of the current attention stems

Sinc: it was first proposed 1o use sub-

from the wark showing that a negative refractive
index slab behaves as a perfect lens by focusing
both the near- and far-field components emanating
from a source (2). Following this work, negative
refractive index and negative permittivity (3-6)
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superlenses have been experimentally verified at
microwave, infrared, and optical frequencies. Re-
cently, a related but alternative approach was in-
troduced, which relies on pattemed, grating-like
surfaces, to obtain subwavelength resolutions
(7, 8). These surfaces, referred to as near-field
plates, can be implemented at arbitrary frequencies.
We now present a microwave implementation of
this

A near-field plate is a subwavelength-
structured device that acts as a modulated,
nonperiodic surface reactance (it consists of
only inductive and capacitive ¢lements). The
surface reactance is designed to set up a
highly oscillatory clectromagnetic field that
converges at a prescribed focus in the near
field, Depending on their design, near-field
plates can focus the field of a plane wave (8)
or, as shown here, a finite source. Further,
they can be tailored to produce focal patterns
of various symmeries and shapes. As com-
pared with slabs with negative material parame-
ters, near-field plates only require single-layer
processing. The plate reported here was fab-
ricated through standard photolithographic
methods.

Given that near-field plates provide strong
spatial confinement of electromagnetic waves,
Ihey hold pmnus: fur near-field sensor and

as well as i
tive wircless power truaferecice () and bean-
shaping millimeter-wave and optical devices.
Methods for confining electromagnetic ener-
gy 1o subwavelength dimensions have been
extensively studied in near-field microscopy
(10-12). In particular, near-field probes such
as tapered waveguide apertures and metallic
and dielectric tips have been used (/3). Near-
field plates offer some distinct advantages over
these methods. Unlike conventional probes,
the spatial spectrum of the focus can be easily
manipulated, because it is determined by the
plate’s patterned surface. Moreaver, near-field
plates offer a larger operating distance (a depth
of focus) (7). The extended spatial spectrum
provided by standard near-field probes is only
available very close to the small tip or ap-
erture, as a result of the strong divergence of
the radiation. In contrast, near-field plates ex-
pand the region of the extended spatial spec-
trum to a length scale, which is, in practice,
comparable ta that of the resolution. Finally,
we note that, similar to slabs with negative
material parameters and metallic tips, near-
field plates can resonantly amplify the field at
the plate’s surface and therefore at its focal
plane (8).

*Radiation Laboraory, Depariment of Elecirical Engineering
and Computer Science, Lnversity of Michigan, Ann Arbor, MI
481092122, USA. *Frontless fn Optical Ceherent and Ulira-
fast Science Center and Department of Physics, University of
Wichigan, Ann Arbor, M 48109-1040, USA.

*To whom comespondence should be addressed. E-mail:
agrbic@umich.egu

There are four basic steps to design a near-
field plate (§). The first step is to use back-
propagation to find the field at the surface of
the plate (aperture field) that produces the
desired focal pattern. Back-propagation con-
sists of phase-reversing the propagating spec-
trum and restoring the evanescent spectrum
(7, &). The second step involves finding the
current density on the plate needed to produce
the desired aperture field, which is computed
by solving an integral equation representing
the boundary condition at the plate’s surface
(8). Next, the required surface impedance of
the plate is found by taking the ratio of the
aperture field to the current density. Lastly, a
physical implementation of the surface im-
pedance is realized. This final step requires
careful design consideration and the proper
choice of material parameters, appropriate o
the frequency of operation.

experimental setup (Fig. 1) results ina
field that is two dimensional (2D). In our geom-
etry, the electric field depends on the coordinates
¥ (parallel to the plate) and z (normal to the plate)
but does not vary in the x direction (the direction
of field polarization, parallel to the antenna). In
(7), it was shown that an aperture field of the
form
Flnz=0) = M{)” 0
can focus in the near field, where f(y, z = 0) is
the aperture field, M{y) is a function that has
one or more poles with nonzero components in
the spatial complex plane, i is the imaginary unit,
and gp is a constant related to the resolution Ay
through

n
Ay~ — 2
e @

In the case where M(y) has a single pole, its
imaginary component defines the focal length.

Fig. 1. Schematic showing
the experimental setup. The
figure shows the coaxially fed
dipole antenna {cylindrical
source) and near-field plate
inside a parallel-plate wave-
quide. The top ground plane
has been removed for clarity.
The nearfield plate consists
of an array of interdigitated
capacitors printed on an elec-
trically thin microwave sub-
strate. Also shown is a contour
plot of the simulated electric
field on the image side {loga-
rithmic scale). The dashed white:
line denctes the focal plane.
The three central elements of
the near-field plate are shown
in the inset; #, = 15.0 mm,
W, = 7.5 mm.

ground
plane

The aperture field we consider here is given by
the following expression

_ LlL cos{goy) +

Flanz=0) 1) y]sinfwﬂ @

This aperture field was shown in (&) 1o produce a
focus at a distance z = L from the plate, with the
field profile

Sna=p) = omgu I )

which has a null-to-null beamwidth of Ay = 2"

A passive near-field plate was then &
signed to produce the aperture field of Eq. 4.
Specifically, the designed near-ficld plate fo-
cuses the field emanating from s-polarized,
electric field components E, = E, = 0, cy-
lindrical source (the dipole antenna in Fig. 1)
oscillating at 1.027 GHz to a subwavelength fo-
«cus with a full width at half maximum (FWHM)
of /18, This value should be compared with
#/2.78 for the diffraction-limited case. The
positions of the focal plane and antenna were
both chosen to be at a distance of .= 3/15 from
the near-ficld plate, as shown in Fig. 1. The
near-field plate was designed to operate in a
parallel-plate waveguide environment (a 2D
scattering chamber). In accordance with im-
age theory, the top and bottom ground planes
act as mimors and make the finite-height near-
field plate and the source appear as though
they were infinite in the x direction. The mi-
crowave source used in the experiments was a
coaxially fed thin wire dipole antenna, which
acted as a vertical line current. The outer
conductor of the coaxial feed was attached to
the bottom ground plane, whereas the center
conductor, which acted as the dipole antenna,
was attached to the top ground plane. The
width of the near-field plate, in the y direction,

near-field
plate
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was chosen to be roughly one free-space wave-
length: W= 2922 mm.

The current density on the near-field plate was
obtained from the aperture field £, (Eq. 3), by
numerically evaluating the integral equation (/4)

£, = MolEins(y = OJL[L cos{gey) -+ ysin(goy)]
N 7=y

_ fegmy A g

= Easl) = o[ B OVH = iy

(5)

which represents the boundary condition at the
surface of the near-field plate (§). Here, n, = 120x
ohms is the wave impedance of free space, ky =
2n/h,, ., is the current density on the plate, Ay is
an amplification factor, and £,,.{ ) is the electric
field incident on the nearfield plate from the
antenna

Ene(3) = ’%"I‘Hé”(\/ﬁﬁ) (6)

where , is the cument amplitude of the antenna
and Hna) is the zeroth-order Hankel finction of
the second kind (a time-harmonic progression of
€™ is assumed, where w is the radial frequency
and £ isthe time). The desired surface impedance,
Neteas Was found by taking the ratio of the
aperture field to the current density: Napod ¥) =
En YIL¥).

For this particular near-field plate design,
the amplification factor was set to My =2 and
o = 10k to yield a resolution of = A/20. To
emulate a continuously varying surface imped-
ance, we discretized the plate into n = 39 sep-
arate clements of width W, = 3/40 and height
120 (Fig. 1). We determined the imped-

A 02 0.8
0.6
0
0.3
2
0.01 0.08
zfh

Fig. 2. Mormalized plots of the electric field (im-
age side). Contour plot of the experimental (A)
and simulated (B) electric field amplitude. The
focal planes are denoted by the dashed white
lines. (C) Normalized intensity along the focal
plane of the near-field plate. The red curve shows
the electric field resulting from the coaxially fed
antenna in the absence of the near-field plate.

www.sciencemag.org

ance of each element (Zy,.) using the prop-
erly normalized surface impedance (M.,
evaluated at the center of each strip from Eq. 5:
Zawi() = : f;}, ‘The impedance cle-

ments found through this procedure are all capac
itive (15). This was expected, given that the mu-
tual impedance matrix defining the u:.ectrmngnm
interaction between the impedance elements is
predominantly inductive for s-polarized radiation.
These inductive rmumal impedances resonate with
the capacitive impedances Zy, and result in an
aperture ficld that is A = 2 times higher in
amplitude than the field incident on the plate
The near-field plate was implemented as an
array of interdigitated copper capacitors printed
on an electrically thin microwave substrate, as
shown in Fig. 1 (I5). The operating frequency of
the fabricated near-field plate was 1.027 GHz,
which was 2.7% higher than the design quul:ncy
of 1.0 GHz. This frequency diff

REPORTS I

field between the plate and focal plane show
wery good agreement between the simulation and
the experiment. Figure 2C compares the simu-
lated and measured electric field intensity along
the focal plane, located roughly at /15 (2.0 cm)
from the near-field plate. The main peaks in the
two plots exhibit a FWHM of A/18. Fourer
ransforming the experimental focus reveals that it
is composed of spatial frequencies in the range
~10k =< &, = 10k, To emphasize the namowness
of the focus, we plotied an additional curve il-
lustrating what the beanmwidth of the electric field
would be if the near-fild plate were not present.
The resolution (FWHM of the focus) was found
to decrease from its best value of W20.0 at
1.025 GHz to /9.3 at 1.065 GHz (15). At fre-
quencies below 1.025 GHz, the focal pattem
exhibited multiple peaks.

This work demonstrates the feasibility of
implementing passive surfaces that can focus

sistent with etching tol fated with

the fabrication of the near-field plate, as vbe.l as
with variations in the parallel plate

is con- energy 1o extreme
b length di At infrared and vis-

‘ble light ﬁequmc.es, such structures could be

d with ic (inductive) and

height in which it was tested.

Figure 2, A and B, shows contour plots of the
experimental and caleulated electric field at
the operating (1.027 GHz) and design (1.0 GHz)
frequencies, respectively. The electric field am-
plitude has been normalized to its largest value
at a given z. The plots show very good agree-
ment between the measurements and finite ele-
ment computations, which took into account all
electromagnetic interactions as well as the losses
associated with the finite conductivity of the
capacitors. The relative magnitde of the electric
field contour is the same for both plots, and the
minima and maxima of the highly oscillatory

B 09
< 06
0.3
02
Sh 0.09
B 4
08
% 086
5 04
02
0
04  -02 02 04

0
y/n

diclectric (capacitive) materials (6),
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Ancient Asteroids Enriched in
Refractory Inclusions

J. M. Sunshine,* H. C. Connolly Jr.,*** T. ]. McCay,® 5. ). Bus,® L. M. La Croix®’

514

Calcium- and aluminum-rich inclusions (CAls) occur in all classes of chondritic meteorites
and contain refractory minerals predicted to be the first condensates from the solar nebula.
NHHﬂlrared spectra of CAls have strong 2-micrometer ahsarptnns attributed to iron

spinel. Similar

are present in the telescopic spectra of

several as!ermds, modeling indicates that these contain ~30 + 10% CAls (two to three times

Survival of these

that of any

, large (50- to 100-kilometer diameter)

CAl-rich bodies suggests that they may have formed befom the injection of radiogenic *°Al into

the solar system. They have akso experienced only modest post-accretionary alteration. Thus, these
asteroids have higher concentrations of CAl material, appear less altered, and are more ancient than
any known sample in our meteorite collection, making them prime candidates for sample return.

alcium- and aluminum-rich inclusions
' (CAIs) found within all chondritic mete-

orites are arguably the oldest rocks in our
collections and are used to define the start of the
solar system (/). These millimeter-to-centimeter
size objects contain refractory minerals that are
the first phases predicted to condense from a gas
of solar (or enhanced solar) compasition. The
highest abundance of CATs is found in CO chon-
drites (<13 volume %), but CV3 chondrites contain
the most diverse range of CAI types with abun-
dances of up 1o 10 volume % (2). Busbine ef al.
(3) identified CAls on two dynamically related
asteroids, 387 Aquitania and 980 Anacostia, that
they argued contain CAI abundances of 5 1o 10%,
similar to that observed in CV3 metecrites. Be-
cause the early solar nebula evolved quickly arnd

abundant mafic minerals, CAls can thereby be
remotely identified on asteroid surfaces ().
CAls are generally classified, on the basis of
petrography and geochemistry, into three major
groups: type As, Bs, and Cs (5). Of these, only
fluflly type As (FTAs) were not melted by a tran-
sient heating event before accretion (6). Type As
and related inclusions are found in all classes of
chondrites and are therefore thought to have been
well dispersed within the asteroid accretion zone.
Refractory minerals similar to those found in
FTAs have also been identified in a Stardust sam-
ple collected from comet 81P/Wild 2, providing
evidence that these materials were widely distib-
uted throughout the solar system (7). Recent
models of the evolution of protoplanetary disks

was spatially it is
assume that asteroids with higher mmmmmcm
of CAls should exist. Here, we provide evidence
for the existence of several such CAl-rich aster-
oids from multiple parent bodies.

Near-infrared telescopic spectral surveys have
widely been used to identify mafic silicates on
the surfaces of asteroids and to infer the compo-
sition of the asteroid population as a whole. The
only mineral contained in CAls that has strong
absarptions in the 1-to 2-4um region is aluminous
spinel (MgAl:Q,, sensu stricto). If aluminous
spinel (in solid solution with hercynite, FeAl;Oy)
contains as little as tenths of a weight percent of
FeO, its spectrum includes a strong, characteristic
2.um absorption feature. In the ahsence of

Department of Asiranomy, University of Maryland, College
Park, D 20742, USA. Department of Physical Sciences,
Kingboraugh Cammunity College of the City University of
New York, Sreaklyn, NY 11235, USA. *Lunar and Planetary
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“Depariment of Earh and Planeiary Sciences, American
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“Depariment of #lineral Sciences, Mational Museum of Natural
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Sinstitute for stronomy, University of Hawall, Hilo, HI 96720,
USA. "Depariment of Geolagical Sciences and Engineering,
University of Nevada, Rena, NV 89557, USA.
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pred::! ‘widespread, outward transport of such
materials around the midplane
(a') In contrast, type Bs and Cs are restricted to

CV3 meteorites and more likely represent local-
ized processing of minerals within restricted por-
tions of the nebula (9).

To support our analysis of asteroid spectra,
we collected representative spectra from CAls
within the Allende CV3 meteorite (Fig. 1) (16).
Spectra of three type Bs, three FTAs, and one
amoeboid olivine aggregate (AOA) were col-
lected (Fig. 2). The major minerals in FTAs are
melilite and spinel, often with abundant alteration
phases such as nepheline and hedenbergite,
whereas type Bs contain spinel, melilite, fassaite,
anorthite, and minor amounts of alteration phases.
Both types have minor and varying amounts of
perovskite, hibonite, and metal phases. The spectra
of both FTA and type B CAls are dominated by
absorptions at 2 pm, However, the spectra of
FTAs exhibit much stronger 2-pum absorption fea-
tures than do the spectra of type Bs. This stronger
absorption is consistent with the higher FeO can-
centraions in aluminous spinels in FTAs: ~3 1o 14
weight percent (wi %) compared with <0.4 w1 %
in type Bs. Given that abundamt FeO is ef
fectively excluded from CAI minerals during
condensation, the FeO must have been intro-
duced into the CAls during an alteration event.
Although some FeO can be introduced into type
A and B CAlsthrough gas/solid exchange within
the nebula, the observed carrelation between FeQ
content in spine! and the abundance of alteration
phases between CAI-types imply that the FeO en-
richment is dominantly post-accretionary.

To verify the identifications of Burbine ef al.
(3) and locate additional spinel-rich asteroids, we
combined visible spectra (11, 12) and near-
infrared data obtained with the SpeX instrument
at the NASA Infrared Telescope Facility (/3).
SpeX data of Aquitania and Anacostia are

3509-HC15
=

USNM 3509

Fig. 1. Smithsonian sample 3509 of the CV3 meteorite Allende sawed into ~1-cm-thick slabs (a
centimeter-sized cube marked “T" is included for scale). Refractory inclusions suitable for both thin
sectioning and crushing into powders were identified as shown here for slabs 5 and 6. After recording
their locations, CAls were cored out from slabs, and both thin sections and thick butts were produced. Part
of the remaining sample was carefully excavated to avoid contamination from matrix materials and

crushed inte powders for spectral measurements.
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dominated by a strong 2-um absorption feature
and confirm the previous data (Fig. 3A). On the
basis of their unique compasitions and general
location, it was suggested that these two asteroids
(100- and 85-kan diameter, respectively) are
genetically related (3). Shortward of 0.75 pum,
the spectra of these two asteroids are also strongly
red-sloped, as are a larger number of nearby
objects (74). This cluster of asteroids, ncluding
Aquitania and Anacostia, was proposed as the
Watsonia family (/5). We measured the near-
infrared spectra of other members of the Watsonia
family. Some, in particular 599 Luiza (Fig. 3B),
have spectra that include strong 2-um absorp-

tions, supporting the hypothesis of a breakup of a
larger body.

Visible data also suggest a second proup of
strongly sloped asteroids, the Henan family (/5),
which was originally identified dynamically (/6).
Near-infrared SpeX data of ~10 much smaller
(10 10 15 km), and thus fainter, Henan family

ids also contain 2-yum absorptions (Fig. 3B),
suggesting the existence of a second spinelrich
asteroid family. In addition, we have identified a
third spinel-rich body, the 45-km diameter as-
teroid 234 Barhara (/7). The spectrum of Barbara

is dominated by a strong 2-ym at similar

1o those of Anacostia and Aquitania (Fig. 3B).

Fig. 2. Spectra of Allende compo- 08
nents. CAls indude FTAs (red), type
Bs (blue), and an AOA (green).
Spectra of CAl-free matrix materials 05
{orange) and a bulk Allende sample
(21} {black) are also shown. All sam-
ples are of <384um powders and 04
were measured at RELAB, Brown
University's NASA-Keck facility (40).

Reflectance
8

0.6 09 12 15 18 21 24

Wavelength (pm)

387 Aquitania

387 Aquitank
599 Lulsa ~ Watsonla

a8 1858 Lobachovskij -- Henan
4426 Roerich ~ Henan

5840 Raybrown — Henan

04 Lo

os 10 15 20 25
Wavalangth (um)

1a 15 20 25
Wavolangth (pm)

Fig. 3. (A) Visible near-infrared spectra of asteroids 387 Aquitania (red) and 980 Anacostia (orange)
from Burbine et al. (3) compared with the current higher—spectral resolution Small Main-Belt Asteroid
Spectroscopic Survey (SMASSII) fvisible) (11, 12) and SpeX (near-infrared) (13) data. (B} Combined
SMASSI| and SpeX data for the asteroid 234 Barbara (green) and representative asteroids from the
Watsonia and Henan families (table S1). All spectra are dominated by strong 2-um absorptions. The
observing conditions for these data and other members of the Watsonia and Henan families are given in

table 51.
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Although they favored a link between spinel-
rich asteroids and CAls, Burbine ef al. (3) could
not definitively rule out an alternative spectral
interpretation: that the spinel was igneous in ori-
gin and due to the spinel group mineral chromite
(FeCr,0,). Spectra of FeO bearing aluminous
spinels are distinet from that of chromites (18, 19).
Chromite spectra include a strong absorption at
1.3 pm, and the reflectance is lower from 2 10
2.5 pm than it is for FeO-bearing aluninous
spinels. Spectra of Watsonia and Henan family
members and Barbara lack strong 13-um fea-
tures and increase in reflectance beyond 2.1 pm.
Therefore, we conclude that the asteroids contain
FeO in aluminous spine! rather than chromite. The
strong 2-um absorptions in these asteroid spectra
do not require that the asteroids are dominated by
aluminous spine] but rather that spine! is the only
mineral with significant near-infrared absorptions.
In meteorites, abundant aluminous spinels are
only observed in CAls, and spinel s the anly phase
in CAls that has strong near-infrared absorption
features (207); yet in Allende, CAls contain only
10 1o 30 vohume % aluminous spinels.

To further test the link between CAls and
aluminous spinel-rich asteroids and to determine
the abundance of CAl materials on these aster-
oids, we modeled the asteroid spectra using end-
members collected from Allende. In addition to
the spectra of FTAs and type B CAls (Fig. 2), we
measured spectra of a sample of matrix materials
extracted from Allende. We first used these CAls
and CAl-free matrix spectral endmembers to
model the spectrum of an aliquot taken from the
Allende standard reference powder, a homog-
enized 2.6-kg sample of the bulk meteorite (21}
Modeling the bulk Allende powder requires the
use of radiative transfer theory to account for
the multiple scattering among particles that are
mtimately mixed. This nonlinear effect is ad-
dressed with Hapke radiative transfer theory
{22), which can be used to convert reflectance
spectra to single-scattering albeda (23). As shown
in Fig, 4, we were able to reproduce the spectrum
of the Allende bulk powder as a combination of
CAT-free matrix and either FTA or type B CAls
(or more likely a combination of both). In the
least-squares solution, the bulk Allende spectrum
can be modeled with 11% FTA and 89% CAl-free
matrix or 10% type B CAls and 90% CAlfree
matrix. These derived abundances of ~10% CAls
are in excellent agreement with the known
abundance of CAls in CV3 meteorites (2).

Burbine ef al. (3) argued that the regoliths of
Aquitania and Anacostia are relatively immature
and that intact CAls would thus be preserved on
their surfaces. With these assumptions, they mod-
cled their asteroid spectra as linear cambinations
of a CALand bulk Allende and derived a CAIabun-
dance of 5 to 10%. Recent flybys of several as-
teroids indicate that a modem regolith is likely to
be composed of a highly comminuted mixture of
all materials (24-26). Furthermore, given the sim-
{larity in the strengths of CAls and matrix mate-
rials, it is unlikely that intact CAls could exist in
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present-clay regoliths. Therefore, to model spectra
of asieroids covered in mature intimaiely mixed
regolithe, we used nonlinear radiative transfer
theory (22), as we did for our laboratory data of
Allende (23). We estimated the absolute albedos
for Barbara, Aquitania, and Anacostia from mea-
surements made by the Infrared Astronomical
Satellite (27). The relatively small Henan family
asteroids have unknown albedos, and thus the
abundance of CAls on their surfaces cannot be
reliably determined with radiative transfer theory.

We initially modeled the asteroid data as
nonlinear combinations of CAl-free matrix and
either FTAs or type B CAls. However, it is clear
even from visual comparisons (Figs. 2 and 3) that

the asteroid spectra are sloped relative to the
laboratory data (28). To account for this slope in
our modeling, we used the spectrum of asteroid
2448 Sholokhov, a member of the Watsonia fam-
ily, which has a generally featureless but sloped
spectrum (fig. S1) (29). In addition, it is evident
that more olivine is needed (compared with
Allende) to explain the 1-um absorptions in the
spectra of the asteroids and to brighten the spectra
in the 2-un region. Despite these additional com-
‘ponents, no satisfactory fits to the asteroid spectra
are achievable with the use of an; b of

Reasonable matches to the spectra of Barbara,
Aquitania, and Anacostia—particularly in the
near infrared—are achieved with models that
include FTAs (Fig. 5B and Table 1). Models of
all three asteroid spectra require greater slopes
than in the Allende spectra. The relative differ-
ences in the slope components amonyg these as-
teroids, generally well modeled by the spectrum
of Sholokhov, probably represent different de-
grees of space weathering (28). The MgO-rich
olivine and CAl-free matrix abundances also

materials and type B CAls (Fig. 5A). With type B
CAls, models for all three asteroid spectra include
absorptions at 2 um that are too weak.

Fig. 4. Spectrally, with the use of a1
radiative transfer theory to account
far multiple scattering, bulk Allende
(21) (black) can be created from the 012

sum of its parts as intimate mixtures
of ~90% CAl-free matrix (orange)
and ~10% FTA (pink) or ~10%
type B CAls (blue). These spectrally
derived abundances are consistent
with the percentage of CAls ab-
served in Allende (36).

Bulk Allende

iz 15 s
‘Wavelength (pm)

234 Barbara

0p 12 15 18 21

‘Wavelength (pm)

28

98 os 12 15 8

Wavelength (pm)

21 24

Fig. 5. Radiative transfer models of CAl-rich asteroid spectra using spectral components from
Allende (Fig. 4), as described in the text. (A} Models using type B CAls result in poor matches to the
asteroid spectra (in particular, the 2-um absorptions that are too weak). (B} Although errors exist in
the visible, models with 30 = 10% FTAs (Table 1) generally match all three asteroid spectra,

including the near-infrared absorptions.

ially among the asteroids: Barbara
has a substantial olivine component, Anacostia
requires only CAl-free matrix, and Aquitania has
both. Alteration is widespread in almost all prim-
itive planetary materials (2), and the variation in
olivine content among the asteroids probably re-
flects differences in their alteration histories.
Enrichment in elivine relative to Allende sug-
gests that the asteroids Barbara and Aquitania
have experienced less alteration than Allende,
whereas Anacostia may be as altered as Allende,

Alteration of most chondrites, which occurs
dominantly in accreted bodies and to a lesser
extent in gagsolid exchange in the nebula, is also
responsible for the enrichments in FeO observed
within aluminous spinels in CAls. FeO in alumi-
nous spinels is essential for producing the ob-
served 24um absorptions in their spectra. Whereas
the mechanism that mobilized PeO within these
d remains
a mystery, a likely source is the ubigquitous oli-
vine in chondrites that accreted along with CAls.
The specific materials and the timing of accretion
affect the extent of such reactions and may
explain the variability observed between indi-
vidual meteorites, even within meteorite groups.
This variability also provides a reasonable expla-
nation for the mferred differences in olivine abun-
dance among the CAl-rich asteroids. The FeO
enrichment in the CAI minerals within these as-
teroids is evidence that these objects were aque-
ously altered and/or thenmally metamorphized,
although the activity was short-lived and altera-
tion was modest compared with that observed in
miny chondrites.

Despite these variations in alteration histories
that manifest as differences in other spectral
components, the near-infrared absorption fiea-
tures of all three asteroids are well modeled with
22 to 39% FTAs. Our modeling therefore
indicates that these asteroids contain 30 = 10%
CAls, substantially more than the 10% seen in
CV3 meteorites. Spectrally, these asteroids rich
in CAI materials are inconsistent with type B
inclusions, which are unique to CV3 meteorites
and probably represent localized events in the
nebula. Instead, the asteroids appear to be dom-
inated by the minerals contained in type A inclu-
sions, which are ubiquitous in all chondritic
classes. The CAl-rich asteraids thus contain bath
a different diswibution and a higher abundance of
CAI minerals than CV3 meteorites, Furthermore,
we have identified three different CAl-rich parent
bodies, including asteroids with diameters of ~50
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Table 1. Abundances derived from modeling the spectra of CAl-rich astel

Modeled Fluffy type A CAl-free Slope (2448
asteroid <Al {het) Allende matrix Sholokhov)
234 Barbara 22% 0% 38%
387 Aquitania 25% 16% 33%
80 Anacostia 39% 1% 50%

1o 100 kan. The CAl-rich aseroids are thus a dis-
tinct group of bodies that likely are not represented
in our meteorite collection,

The existence of these objects allows us to test
hypotheses for the timing of events in the early
solar system. If these asteroids had accreted
during the first few half lives of *Al (~720,000
years) with ~30% CAI material that contains
canonical **Al/*"Al ratios, these asteroids would
have melted (30). Yet melting experiments of
carbonaceous chondrites (3/) show no evidence
that aluminous spine! is substantially enriched
during melting. This strongly suggests that the
CAl-rich asteroids have not undergone substan-
tial melting or differentiation, consistent with their
affinity 1o FTAs. We cannot nule out the possi-
bility that these asteroids accreted with additional
materials that prevented igneous differemtiation
[e.g., abundant ice (32)], as the 3-{um spectra of at
least one of the asteroids is indicative of minor
hydration (33). It is also passible that these aster-
oids experienced an anomalous thermal history
related to collisional breakup and reassembly, yet
this seems improbable given the number and size
of CAl-rich asteroids,

A plausible explanation for the survival of
CAl-rich asteroids is that they do not contain
canonical ®Al/*7Al abundances. Indeed, some
refractory inclusions in meteorites contain sub-
stantially lower-than-canonical A1 values or are
even devoid of %Al (34), suggesting that *°Al
may have been injected into the solar nebula
same time after the onset of CAI formation (35).
The alternative explanation—that the injection of
541 was spatially variable—is inconsistent with
the occurrence of CAl-nch asteroids across the
inner mainbelt and the dominance of the ubig-
uitous FTA-like CAI minerals in these asteroids.
If these CAl-rich asteroids accreted from **Al-
poor materials, they may record an early period
of solar system history when refractory materials
were prevalent but hefare the injection of Al
into the solar system. Thus, these asteroids have
two to three times more CAl material, appear less
altered, and arc more ancient than any known
sample in our meteorite collection, making them
prime candidates for sample retumn,
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Human-Induced Arctic Moistening

518

Seung-Ki Min, Xuebin Zhang, Frands Zwiers*

The Arctic and northern subpolar regions are critical for climate change. Ice-albedo feedback
amplifies warming in the Arctic, and fluctuations of regional fresh water inflow to the Arctic Ocean
modulate the deep ocean circulation and thus exert a strong global influence. By comparing
observations to simulations from 22 coupled climate models, we find influence from anthropogenic
greenhouse gases and sulfate aerosols in the space-time pattern of precipitation change over high-
latitude land areas north of 55N during the second half of the 20th century. The human-induced
Arctic moistening is consistent with observed increases in Arctic river discharge and freshening
of Arctic water masses. This result provides new evidence that human activity has contributed

to Arctic hydrological change.

retic and northem subpolar regions play
Aa key role in determining the effects of

human-induced forcing of the climate
system and are expected 1o be affected more
strongly than other regions. Polar amplification
due to meridional heat transport and positive
ice-albedo feedback results in more rapid wann-
ing at high latitudes than at lower latitudes.
Arctic ecosystems, which are very vulnerable
changes, are iencing the
impacts of climate change sooner and more
strongly than elsewhere (/-3). Freshwater in-
flow into the Arctic Ocean is a critical factor in
determining ocean convection in the subarctic
seas, affecting the Atlantic Ocean meridional
overtumning circulation (MOC) and thus the
global climate (4, 5).

Observational studies show that precipi-
tation and river discharge have increased in
the Arctic region during the past 50 years,
together with ocean freshening (3, 5-7). Most
recent global climate models (GCMs) project
northern high-latitude precipitation ncreases
and MOC weakening in the future (§). Nev-
ertheless, the question of whether humans
have contributed to the observed Arctic pre-
cipitation increase has, until now, remained
unanswered.

Human influence on the climate has been
detected in surface temperature at global and
regional scales and in free atmospheric tem-
perature, tropopause height, sea level pressure,
ocean heat content, and surface and atmospher-
ic humidity at global scales (9-11). Detecting
preciptation response to external forcing is mare
challenging for several reasons: The signal-
to-noise ratio is lower, global precipitation
changes may be constrained by changes in the
atmospheric energy balance that results in a
smaller precipitation change per unit climate
forcing from greenhouse gases than from
other agents (9, 12), and the local nature of
precipitation makes it more difficult to devel
op spatiotemporally complete data sets (12).
Nevertheless, the effects of external forcing
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on global land precipitation totals (13-15)
and of anthropogenic forcing on the zonal
distribution of global land precipitation (/6)
have been detected in observations. Here, we
demonstrate a detectable anthropogenic in-
fluence on the observed change in Arctic land
precipitation over the latter half of the 20th
cenmury,

Many Arctic watersheds extend farther
south than the area that is traditionally con-
sidered as the Arctic region (3). The Canadian
and Eurasian Arctic flowing watersheds in
particular extend to south of 50°N. For the
purpose of this analysis, we consider latitude
55°N as the southern boundary for the Arctic.

This includes most of the Arctic-flowing river
basins in both North America and Eurasia
while excluding regions with mid-latitude cli-
mate regimes as much as possible.

We used monthly precipitation amounts
from the Global Historical Climatology Net-
work (GHCN) data set (/7), compiled and
quality controlled at the National Oceanic and
Atmospheric Administration’s National Climatic
Data Center. Because the availability of station
data is limited before 1950, we restricted our-
selves to the time period from 1950 to 1999,
Canadian stations in the GHCN have many
missing values in the 1990s, We therefore re-
placed Canadian data in the GHCN with 495
adjusted precipitation records (/8). The result-
ing combined pan-Arctic daia set has reason-
ably good spatial and temporal coverage and
benefits from adjustments for many known
precipitation measurement issues (15). Never-
theless, uncertainty remains because of the dif
ficulty in measuring precipitation in this region.
Monthly precipitation anomalies relative 1o 1961
to 1990 were subsequently calculated and gridded
at the 57 % 57 latitude-longitude resolution before
the analyses (/8).

We used climate simulations obtained from
the Coupled Model Intercomparison Project
phase 3 (CMIP3) archive and directly from
modeling centers. They included ANT simula-

Precipitation Trends (1950-99)

0.01 mm doy” per 50 yeers

Fig. 1. Large-scale precipitation trends (0.01 mm day™" per 100 years) during 1950 to 1999 from
the observations (0BS) and ALL, ANT, and NAT simulations. Large-scale precipitation variation is

represented by the first five spatial EOFs of 5-year mean pr

from the CTL si

(18). Areas with less than 40 years of observations are marked with white space.
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tions with historical anthropogenic forcing
from greenhouse gases and sulfate aerosols,
NAT simulations with reconstructed natural (vol-
canic and solar) external forcing, and ALL

lations with both anth ic and nat-
ural extemal forcing. Control (CTL) simulations
were also used when estimating the natural in-
temal variability of precipitation. Details of each
group are summarized in table S1. All simula-
tions were interpolated to the same 5° = 5° grid
as used for the observations and were masked
to mimic the availability of the observational
data (18).

We used the five leading spatial EOFs (em-
pirical orthogonal functions) computed from
the S-year mean precipitation fields of the
multimode! CTL simulations (18) to represent
the large-scale precipitation variation in the
region. These EOFs account for 52% of the
total CTL simulation variability of 5-year mean
precipitation. We projected 5-year mean pre-
cipitation anomalies from the observations and
from the ALL, ANT, and NAT simulations onto
those EOFs.

Figure 1 shows the large-scale precipita-
tion trends during 1950 to 1999, The observed
change is characterized by an overall increas-
ing trend topether with a decreasing trend over
the easternmost part of Eurasia, as has been
previously reported (3, 6, 16, 19). The overall
multimodel mean trend under ANT forcing
resembles that which is observed, but with
smaller amplitude. It is also consistent with
projected future precipitation change under
much stronger greenhouse warming (). The
ALL trend has a pattern very similar to the
ANT trend, whereas the NAT trend exhibits a
pattern of opposite sign.

We compared the observed and simulated
space-time variation of precipitation (composed
of ten 5-year means, each represented in the
five EOF space) using the standard optimal

detection approach (20-22). This method ex-
presses the ohservations (y) as a sum of scaled
response patiems or “fingerprints” (X) estimated
from forced GCM simulations plus internal
variability (£): y = XB + £, We regressed the
observations onto the multimodel mean ALL,
ANT, and NAT patterns separately to identify
observed precipitation responses 1o individual
forcing factors (“one-signal analysis™). To ex-
amine the relative contribution of natural and
anthropogenic forcings to the observed pre-
cipitation variation, we also conducted a “two-
signal analysis” by regressing observations
onto the ANT and NAT patterns simultaneously

tated
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the scaling factors B lies above zero. The robust-
ness of the detection results is also examined
by inflating estimated intemal variability by a
factor of two.

Figure 2A shows the one-dimensional scal-
ing factors and their 90% confidence ranges
estimated with and without doubling model-
estimated internal variability. ANT is clearly
detected in the one-signal analysis. Although
ALL is also robustly detected, NAT is not de-
tectable. The two-signal analysis results indi-
cate that the Arctic precipitation response to
ANT forcing can be separated from that of
NAT and that the response to ALL forcing in

(20). These scale the model-si
fingerprints to best fit the observations. The
scaling factors f were estimated using the to-
tal least squares method (2J) so as to account
for sampling erors in the model-simulated
fingerprinis.

The two independent estimates of intemal
wvariability needed in the estimation and 1est-
ing of the scaling factors were obtained using
both forced and unforced multimode! simu-
lations. Only the multimode! mean values for
ALL, ANT, NAT, and CTL simulations respec-
tively were removed from the runs that make
up these ensembles when estimating the space-
time internal variability covarance matrices,
thereby accounting for intermodel variability in
the forced response (/8). Our detection analy-
ses were conducted in a space spanned by the
first 14 space-time EQFs of the first of the two
50-dimensional covariance matrices (five princi-
pal components for each of ten 5-year periods)
obtained in this way, Our detection results are
insensitive to reasonable variations in the num-
ber of space-time EOFs, as are the results of
fhe residual consistency test (22) that was used
to compare simulated and observed infernal var-
tability. Detection of the response to extermnal
forcing is claimed when the 5 to 95% range of

&=

the ot is a manifestation of the re-
sponse to ANT forcing (also see fig. SI). A
two-signal analysis that uses ANT and NAT
simulations from the same group of the models
produced similar results (fig. S2 and suppor-
ting online text). The temporal evolution of the
spatial patierns of precipitation change in bath
observations and simulations (fig. 83) shows
similar zonal variations, suggesting that these
zonal variations are important contributors to
our Arctic domain detection result, just as me-
ridional variation between zonal means is key
to detection on the global scale (16). Detection
results using Arclic average precipitation are
less robust (fig. $4). However, detection analy-
ses of precipitation averaged meridionally over
three large subregions of the Arctic to retain
only very large scale zonal variation in land pre-
cipitation yield results similar to those from the
full analysis, which underscores the impor-
tance of considering the zonal pattern of Arctic
precipitation change in the detection analysis
(fig. S4 and supporting online text)

It should be noted that for the ANT re-
sponse, the 5 1o 95% scaling factor range lies
above 1, with a best-guess value of about 3
(Fig. 2A), suggesting that the multimodel en-
semble Arctic precipitation response to ANT

Scaling factor ()

A One~Signal Two~Signal B One-Signal Two—-Signal
0 o wn 0
» A o anT
15 "o AT 15
10 10 Sw 1]
% °
~ ) 8
5 + 1 + i B T | T s
1 : 1 5 o SO, 1O * 1
1 : 1 i3 : 4
o 2 o @ o i o
@ i
% -5 -5

Fig. 2. Best estimates of the scaling factors and their 5 to 95% un-

certainty ranges from one-signal and two-signal space-time analyses of
1950 to 1999 Arctic precipitation anomalies with (A) raw observations
and (B} observations from which AO-related variability has been re-
moved. In the one-signal analysis, observed precipitation anomalies are
separately regressed onto the multimodel mean precipitation anomalies
of all available ALL, ANT, and NAT simulations, respectively. In the two-
signal analysis, observed precipitation anomalies are regressed onto the

multimodel mean precipitation anomalies from ANT and NAT simulations
simultaneously. The first 14 space-time EOFs have been retained in the
optimal detection analysis, which explains 55% of total internal variance
of the 50-dimensional analysis vector (five principal components for ten
S-year periods). Dashed error bars represent the estimated uncertainty
range when model-simulated variability is doubled. The asterisks (%)
indicate that the residual consistency test (22) is passed only if model-
simulated variability is doubled.
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forcing is generally underestimated. This is con-
sistent with other studies indicating that models
undersimulate precipitation responses to external
forcing (13-16, 23).

The Arctic Oscillation (AD) is an important
contributor to Northem Hemisphere climate
variability (Z, 3). The prolonged positive AO
phase during recent decades is in accord with
precipitation changes over Europe and the
Arctic (3, 24, 25). Although modeled AO re-
sponses to anthropogenic forcing are generally
weaker than observed (25, 27), some studies
suggest anthropogenic influences may have
been a factor (¥). To test the sensitivity of our
detection results to the possible effect of AD
fluctuations, we repeated our detection analy-
ses on observed precipitation seres that ex-
clude variability linearly related to the AQ. We
did so by linearly regressing the observed
gridded monthly precipitation ancmalies onio
the AO index, defined as the first principal
component of the monthly mean sea level
pressure anomalies north of 20°N (25) and by
retaining only the regression residuals for de-
tection analyses. The detection results obtained
in thisway (Fig. 2B) are improved: The scaling
factors are closer to one, and model-simulated
variability agrees better with observed. This in-
creases confidence in our detection result be-
cause it demonstrates human influence on
aspects of Arctic precipitation change that are
not related to a component of circulation change
that has been associated with model structural
uncertainty. Nevertheless, it remains difficult w0
assess the effects of model structural uncertainty,
as well as that of observational uncertainty, on
our results.

Our results indicate that anthropogenic forc-
ing from greenhouse gases and sulfate acrosols
combhined has contributed to the observed high-
latimde precipitation increase during the lat-
ter half of the 20th century. We also find that

odel-si precipitation 1o an-
thropogenic forcing are weaker than in the
observations. This implies that model-projected
future precipitation change may also be too
weak, which would have imporant implica-
tions for the development of adaptation strat-
egies: It is possible that future Arctic Ocean
freshening and MOC slowdown could occur
more quickly than indicated by cumently avail-
able GCM stmulations (7). Recent studies show
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Efficient Inhibition of the Alzheimer's
Disease B-Secretase by
Membrane Targeting

Lawrence Rajendran,” Anja Schneider,” Gearg Schlechtingen,** Sebastian Weidlich,*

Jonas Ries,® Tobias Braxmeier,™* Petra Schwille,® Jérg B. Schulz,® Carnelia Schroeder,

Mikael Simons,® Gary Jennings,” Hans-Joachim Knélker,™* Kai Simons**

B-Secretase plays a critical role in P-amyloid formation and thus provides a therapeutic target

for Alzheimer's disease. Inhibitor design has usually focused on active-site binding, neglecting the
subcellular localization of active enzyme. We have addressed this issue by synthesizing a
membrane-anchored version of a i-secretase transition-state inhibitor by linking it to a sterol moiety.
Thus, we targeted the inhibitor to active p-secretase found in endosomes and also reduced the
dimensionality of the inhibitor, increasing its local membrane concentration. This inhibitor reduced
enzyme activity much more efficiently than did the free inhibitor in cultured cells and in vivo. In
addition to effectively targeting f-secretase, this strategy could also be used in designing potent drugs

against other protein targets.

that Arctic sea ice is declining suk
fasier than indicated by model simulations
(28, 29).

References and Notes
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key molecule in the pathogenesis of
AA!zheimer‘s disease (AD) is the B-

amyloid peptide (Af), which, either in
its soluble oligomeric form or in the plaque-
associated version, leads 1o neurodegeneration
(). AP is liberated from the membrane-spanning
f-amyloid precursor protein (APP) by sequenti
proteolytic processing using p- and y-secretases.
P-Secretase activity is conferred by a transmem-
brane aspartyl protease, also termed BACE- |
(p-amyloid cleaving enzyme 1), which cata-

lyzes the rate-limiting reaction in the genera-
tion of A (2). B-Secretase cleavage of APP
occurs predominantly in endosomes, and en-
docylosis of APP and f-secretase is cssential
for p cleavage and AP production (3-7). The
low pH of endosomes is optimal for -sccretase
activity. Conversely, a-secretase cleavage of
APP, which precludes production of the toxic
AP peptide, occurs at the plasma membrane
(8). Both p- and y-secretase are thus propi-
tious therapeutic targets (/, 9). However, in
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view of the multiple functions of y-secretase,
p-secretase might be the preferred therapeutic

and C). The failure of the N-terminally linked
inhibitor to inhibit B-secretase also suggested

target (0. that proper orientation of the inhibitory peptide

Several transition-state inhibitors have been  was essential for inhibition. Similar results were
designed to block the ite of the - 1 obtained in a bl cell Lne (fig. 85).
enzyme (11, 12). Many of these have shown ing of an ofherwise sol- lated

potent activity against the purified ectodomain
of f-secretase or the reconstituted enzyme
(11, 13). Nonetheless, many fail in cellular as-
says (14, I5). A critical issue in designing
inhibitors against the enzyme is to direct in-
hibition to the subcellular compartment where
the enzyme is active. Here, we tested the ef-
ficacy of a membrane-tethered version of an
otherwise soluble inhibitor that is targeted to
endosomes via endocytosis.

Endocytosis is essential for p-secretase ac-
tivity (3-7); we thus tested whether the inter-
nalization of fi-secretase inhibitors was needed
for activity. To this end, we assayed the actvity
of a nonpermeable transition-state peptide in-
hibitor of p-secretase in a cellular assay, where
the production of a-secretase, [i-secretase—cleaved
ectodomains of APP (sAPPa, sAPPJ, respectively)
and A was followed. The free inhibitor inhib-
ited both recombinant and soluble [i-secretase
(11, 13) (fig SI) but failed to inhibit p cleavage
in cells (Fig. 1 and fig. 82). Because most of the
B cleavage occurs in endosomes {3-7, 16), suf-
ficient amounts of the free inhibitor might not
reach this compartment.

We reasoned that membrane tethering
would render the soluble inhibitor competent
for endocytosis and deliver the inhibitor 1o en-
dosomes. Hence, we coupled a sterol molety as
a membrane anchor via a polyglycol linker to
the C teminus of the inhibitory peptide (fig
53} via solid-phase synthesis (see supporting
online material). On the basis of the length of
the peptide cleavage domain of APP (/A4 re-
gion of APP-770) (i7), the appropriate length
of the linker for inhibition of f-secretase was
estimated to be about 89 A. The steral-linked
inhibitor was more active than the free inhibitor
in inhibiting  cleavage (Fig. |, A and C) and
AP production (Fig. 1D). Because the free in-
hibitor coupled to the polvglycol linker but
lacking the sterol moiety was inactive, we con-
cluded that the sterol moiety, not the polyglycal
linker, was critical for effective p-secretase
inhibition (fig. S4). Likewise, another control
where the sterol group was N-terminally linked
1o the inhibitor was also inactive, ruling out a
direct influence of the sterol moiety (Fig. 1, A
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ternalization of the inhibitor (Fig. 2C), whereas
overexpression of either soluble green fluo-
rescent protein (GFP; Fig. 2C) or wild-type
dynamin (fig. $6) did not alter internalization
of the inhibitor. The internalized inhibitor ac-

in endosomes that also harbared

Thus, membrane

uble inhibitor leads 10 a considerable increase
in efficacy.
Having shown that the L hored

APP and BACE-1 (Fig. 2D), which showed
that sterol-anchoring efficiently directed the

inhibitor to end as low

inhibitor blocked f-secretase more efficiently
than did the free inhibitor in cultured cells, we
proceeded to demonstrate that the membrane-
anchored inhibitor was indeed transported to
the endosomes where f cleavage occurs. For
this purpose, we synthesized a fluorescent
derivative of both the sterol-linked and the
free inhibitor, This labeled inhibitor was equal-
ly active against B-secretase (Fig. 2A) and
was rapidly endocytosed (Fig. 2B). Inhibition
of endocytosis through the use of a mutant
dynamin (DynK44A) markedly reduced in-
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as 0.1 pM were sufficient to block the ap-
pearance of the p-cleaved ectodomain of APP
in the cells (Fig. 2, E and F) (5). In contrast, the
free inhibitor was not internalized, nor did it
inhibit the production of f-cleaved ectodomain
(Fig. 2E). Although sterol-linked mhibitors de-
creased f cleavage of APP, they concomitantly
increased a cleavage (Fig. 1, B and C, and fig.
S4). Inhibition of endocytosis also produced the
same effect (3, 4, &), suggesting that membrane-
anchored inhibitor targeted the active [i-secretase
in endosomes.

c

-
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SAPPu

(CTF  — -
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e
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Fig. 1. Sterol-linked inhibitor inhibits [}-secretase cleavage of APP and AP production. Hela-swAPP
cells were treated with test compounds (200 nM) and the medium was analyzed for (A} p cleavage
(i.e., the p-cleaved ectodomain, sAPPP) and (B} a cleavage (i.e., the a-cleaved ectodomain, sAPPa)}
by electrochemiluminescence (ECL) assay {6). Cell viability values in (B} are from Alamar Blue
assay. (C) sAPPf levels were detected by immunoblotting cell lysates from the samples, using the
sAPP[-specific antibody ANJ) (6). Full-length APP (FL-APP), sAPPa, and [i-cleaved C-terminal
fragment (B-CTF) were analyzed by immunablotting with 6E10 (lower and side panel). Longer
exposure (side panel) reveals a clear reduction in [--CTF levels in the sterol-linked inhibitor lane.
FL-APP levels serve as the loading control. (D) Sterol-linked inhibitor inhibited secretion of A
peptides (AR40, Ap42) as measured by ECL assay. Inhibitor data are expressed with respect to
DMSO control; DMSO data are expressed as percent-untreated control. ECL results shown are rep-
resentative of more than four independent experiments and are expressed as means + SD (sAPPf), P <
0.001; ABAO, P = 0.008; AB42, P = 0.01; sAPPa, P = 0.003).

www.sciencemag.org SCIENCE  VOL 320 25 APRIL 2008

521



522

An added advantage of using a sterol as a
membrane anchor is that the inhibitor not only
is inserted into the membrane plane, but may
also be enriched in sterol-rich domains. Cho-
lesterol appears o be arisk factor for AD (18),
and cholesterol-sphingalipid domains in cel
lular membranes, termed rafis (6), function as
sites for the amyloidogenic cleavage of APP
(19, 20). p-Secretase is enriched in these mi-
crodomains (6, 19, 28). By linking the inhibitor
10 a sterol, we may have not only targeted it to
endosomes, but also enriched the inhibitor in
raft domains in these compartments. To deter-
mine whether targeting 1o raft domains pro-
moted the inhibitory effect or was sufficient
to simply anchor the inhibitor to the mem-
brane, we synthesized inhibitors with differ-
entanchors—palmity], myristy!, and oleyl (fig.
83)—with different affin: for membranes
and raft microdomains (2/). The oleyl-linked
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inhibitor was much less active in inhibiting p-
secretase than were the saturated chains, the
18-carbon palmitate being intermediate in action
between the sterol and the 14-carbon myristate
(Fig. 3A).

To test whether this inhibition comrelated
with raft partitioning, we used scanning fluo-
rescence correlation spectroscopy (sFCS) and
avalanche photodiode (APD) imaging on sup-
ported bilayers exhibiting a raft-like liquid-
ordered (lo¥non-raft-like liquid-disordered (1d)
phase separation (fig. S7). Partition coefficient
measurements revealed that the sterol-linked
inhibitor and the palmityl-linked inhibitor par-
titioned into raft domains more readily than did
the oley! counterpart (Fig. 3B). Thus, rafio-
philic anchors of P-secretase inhibitors enhance
their inhibitory potential.

To determine whether sterol-linked nhib-
itors were also effective in vivo, we used triple

5min

[i-cleaved ectodomain

m

Sterol-linked Inhibitor

transgenic Drosophila expressing human wild-
‘type APP, f-secretase, and presenilin as a model
system. These flies show age-dependent neu-
rodegeneration, a shortened life span, and semi-
lethality and can be rescued by il
treatment with secretase i
study whether the sterol-linked inhibitor at-
tenuated toxicity in these flies, we compared
the eclosion rates of transgenic larvae that had
been fed the sterol-linked inhibitor to those of
solvent-treated controls (Fig. 4A). Treatment
of larvae with the sterol-linked inhibitor in
creased survival rates; hence, the compound
not only inhibited f-secretase effectively in
cell culture, but also reduced toxicity in vivo.
To test whether the steral-linked inhibitor also
efficiently inhibited Af production in mam-
mals, we injected the inhibitor qmmolamca]ly
into the hippocampus of APPsw/PSAEY mice
(23) and compared the result with mice in-

Cantrol GFP

Fiig. 2. Sterol-linked inhibitor is internalized into endesomes containing
APP/f-secretase. (A) Rhodamine-labeled, sterol-linked inhibitor also in-
hibits fi cleavage and A production. Medium of Hela-swAPP cells treated
with inhibitors (2 pM) was analyzed for P cleavage, Af40, and cell
viability (percent survival) as described for Fig. 1. Results pre;enled are

p ive of three i and are expi d as
means + 5D (sAPP, P < 0. 001; AB40, P = 0.014). (B) Hela-swAPP cells
were treated with 2 pM rhodamine-labeled, sterol-linked inhibitor {red}
for various times indicated. (C) Dynamin mutant {DynK44A-GFP), but not
control GFP, inhibits internalization of the rhodamine-labeled sterol-linked

.

inhibiter. Arrows indicate reduced internalization of the inhibitor in
dynKddA-transfected cells. (D) Internalized sterol-linked inhibitor colocal-
ized with internalized APP (green) and fi-secretase (white) in endosomes
(arrows indicate representative spots). (E} i-cleaved ectodomain staining
in free inhibitor- or the sterol-linked inhibitor-treated cells (white) (6). (F)
Cells were treated with different concentrations (inset) of the sterol-
linked inhibitor as shown. Note that [-cleaved ectodomain {white) levels
are already undetectable at 0.1 uM levels. DAPI (4°,6™-diamidino-2-
phenylindole) staining (blue) indicates nuclei in (8), (O, (E), and (F.
scale bar, 10 um [(8), (C), (D), and (F)].
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jected with either the free inhibitor or the
salvent control, dimethy! sulfoxide (DMSO).
The sterol-linked inhibitor was indeed more
effective than the free inhibitor in inhibiting
AP production (Fig. 4B).

Thus, membrane anchoring markedly in-
creased the potency of a i-secretase inhibitor.
By anchoring the inhibitor to the membrane,
we achieved two goals: (i) The inhibitor be-
came endocytosis-competent and gained ac-
cess to endosomal [-secretase; and (i) we
reduced the dimensionality of the otherwise
soluble inhibitor, thereby enhancing the in-
teraction between the inhibitor and the en-
zyme (24). Reaction rates hetween solutes and
membrane receptors can be enhanced by re-
ducing the dimensionality of the solute via non-
specific adsorption (24), and here this model
has been realized in designing drug candi-
dates. This model also explains why such a
membrane-anchored version of the inhibitor
would be superior 10 a soluble but membrane-
permeable inhibitor. If tethered molecules (e.g.,
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. 3. Raft partitioning of inhibitors enhances
their inhibitory potential. (A} Hela-swAPP cells
were treated with 20 nM or 200 nM test com-
pounds for 4 hours; medium was harvested and
analyzed for sAPPR (6). Percent inhibition of [
cleavage is shown as mean + 5D {sterol versus
oleyl, P = 0.009). Palmityl, Myristyl, and Oleyl
represent the anchor modifications of the inhib-
itors via palmitylation, myristylation, or oleylation,
respectively. (B) Raft partitioning of oleyl-, palmityl-,
and sterol-anchored inhibitors. Partition coefficients
of inhibitors with different linkers and BODIPY-
cholesterol (Bodipy-Chol) into non—raft-like liquid
disordered (I} and raft-like liquid ordered {lo)
phase were obtained by scanning FCS and APD
imaging.
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inhibil for the treat-
s disease. Because we used a

the enzyme and the inhibitor) were partitioned  effective f et:
within microdomains, both the i ment of Alzhei
and the i times of the

would be increased (25), as we have observed.
By choosing sterol as a membrane anchor, the
inhibitor is enriched in the vicinity of raft-
associated f-secretase, thus enhancing their
interaction. The increased potency of the
sterol-linked inhibitor confinns that the lipid

; and the subcellular localizati
of p-secretase regulate its activity (6, 20). The
concomitant increase in production of the
neuroprotective a-cleaved ectodomain high-
lights the advantage of such an inhibitor, which
may explain the efficacy observed in the trans-
genic fly model (22).

This work represents a proof-of-principle
for a new approach in the design of more

A e

s GALASAPP.
UAsmacEESTIO

(5
.

oMS0 G1erok-inked

Fres Inhbios
Inniior

Fig. 4. Sterol-linked inhibitor rescues the le-
thality of transgenic flies and inhibits the pro-
duction of AP in transgenic AD mice. (A} The
eclosion numbers of flies, treated with either
sterol-linked inhibitor (4 uM) or DMSO, were de-
termined and their ratio versus the total amount
of eclosed flies was calculated (percent hatched
flies). Results are expressed as means + SD of
four experiments (**f < 0.01 for APP/BACE flies,
***p < 0.001 for APP/BACE/PRESENILIN flies; 7*
test). (B) Transgenic mice were stereotaxically
injected with solvent alone (DMSO), inhibitor
without sterol anchor (free inhibitor), or steral-

transition-state analog against f-secretase, it
was imperative 1o target the inhibitor to endo-
somes where it was active. However, this prin-
ciple could alsa be used to design strategics to
develop inhibitors against other membrane pro-
tein targets that are active at the plasma mein-
brane and/or in intracellular compartments.
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Plastin 3 Is a Protective Modifier of
Autosomal Recessive Spinal
Muscular Atrophy

Gabriela E. Oprea,™** Sandra Kréber,™* Michelle L. McWhorter,® Wilfried Rossoll,®
Stefan Miller,® Michael Krawczak,® Gary ). Bassell,® Christine E. Beattie,” Brunhilde Wirth12:3+

Homozygous deletion of the survival motor neuron 1 gene (SMN1} causes spinal muscular
atrophy (SMA), the most frequent genetic cause of early childhaod lethality. In rare
instances, however, individuals are asymptomatic despite carrying the same SMVI mutations
as their affected siblings, thereby suggesting the influence of modifier genes. We discovered
that unaffected SANI-deleted females exhibit significantly higher expression of plastin 3
(PL53) than their SMA-affected counterparts. We demonstrated that PLS3 is important for
axonogenesis through increasing the F-actin level. Overexpression of PLS3 rescued the

axon length and outgrowth defects associated with SMN down-regulation in motor neurons
of SMA mouse embryos and in zebrafish. Our study suggests that defects in axonogenesis
are the major cause of SMA, thereby opening new therapeutic options for SMA and similar
neuromuscular diseases.

pinal muscular arophy (SMA}), a com-

mon autosomal recessive neuromuscular

disease, is caused by homozygous mu
tations of the survival motor neuron 1 gene
(SMN1), whereas the severity of the disease is
primarily influenced by the number of SMN2
copies (). SMN2, which usually occurs in one
to four copies per genotype, produces insuf-
ficient full-length SMN transcript and protein
1o rescue the SMA phenotype (2-4). How-
ever, asmall proportion of individuals homo-
zygous for the absence of SMNI are fully
asymptomatic despite carrying an identical

number of S4N2 copies as their affected sib-
lings, suggesting the influence of modifier
genes (5-8). Usually, SMA-affected siblings
are very similar in terms of their age at onset
and the progression of disease (9). Between
families, however, the SMA phenctype varies
between type [ {most severe form, patients
unable to sit or walk) and type IV (adult form,
mild muscle weakness) (10, 11). Reduced lev-
els of SMN cause degeneration of @ motor
neurons (MNs) in the spinal cord, leading to
muscle weakness and atrophy in SMA patients
(20). Moreover, SMN depletion causes several

A B
Fam Na. 182
LB Na. aw BW
3 AR
LB Na.
330 M 34
Fam o #67 " e
LB No. - - - T12011 - TBW
; | 3 ﬁu_dg% p c e
LBNo.  Bw BN BW TI23 BW T BW i’;g
1808 TERN I T 250 uk
38
Fig. 1. Analysis of PLS3 expression in SMA-discordant families. (A} Pedigrees of f 2
SWA-discordant families showing unaffected (gray) and affected (black) S#vi- 7§
deleted siblings. BW, LN, and T are internal lab codes. —, not available. (B) (Top) &

sqRT-PCR of PLS3 and HPAT (control) in SMA-discordant families. (Middle) Western
blot analysis of PLS3 protein, SMN, and f-tubulin (control). (Bottom) qRT-PCR of
PLS3 transcript relative to cyrlophilin B (PPIB). Data are mean + SEM {error bars). U,
unaffected; II, type Il SMA; IIl, type IIl SMA. Equal PLS3 expression was observed in
both native blood and LBs (exemplified by individual 783).
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anomalies, including aberrant MN axon path-
finding, reduced growth velocity, reduced growth
cone sizes, and anomalous calcium-channe!
clustering in the growth cone (12-14). SMN is
a housekeeping protein involved in small nu-
clear ribonucleaprotein biogenesis and splicing
(15, 16) that also plays a role in axonal growth,
neuromuscular junction fonmation, and the trans-
port of RNA aleng axens (12, 17, 18). The de-
tailed molecular pathogenesis of SMA, however,
is still unknown.

We identified six SMA-discordant families
with eight fully asymptomatic females who had
inherited the same SMN 1 and SMN2 alleles as
their affected siblings (Fig. 1A and table $1)
(5, 19). To identify SMA modifier genes, we
first carried out a transcriptome-wide differ-
ential expression analysis using total RNA
from the lymphoblastoid cell lines (LBs) of
four SMN/-deleted siblings from family no,
482 (Fig. LA), together with two unrelated type
Tand wao type I1I SMA patients. The uarelated
type I and III SMA patients were included to
exclude differentially expressed transcripts
caused by different SMN levels. In total, 18
transcripts showed a greater than threefold dif-

Uinstitute of Human Genefics, University of Cologne, 50931
Cologne, Gemmany. ‘institute of Genetics, University of
Cologne, 50931 Colagne, Germany. Cenfer for Molecular
Hedice Colagne, University of Colagne, 50931 Calegne,
Gesmany. “Centre for Molecular Neurobiolegy and Depariment
of Meuroscience, The Chio State University, Columbus, OH
43710, USA. *Emory University School of edicine, Depart-
ment of Cell Blology, Aanta, GA 30322, USA. “institute of
Medical Informatics and Stafistics, Christian-Albrechis Univer-
sty of Kel, 24105 Kiel, Germany.

*To whem comespondence should be addressed. E-mail:
brurhilde wirth@uk-koeln.de
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ference in expression (table $2). However only
plastin 3 (PLS3, T-plastin or T-fimbrin; MIM
300131, Xq23) exhibited statistically differ-
ent transcription levels in the affected and

in LBs was induced by Epstein-Barr virus trans-
formation by showing that it was also ex-
pressed in native white blood cells (individual

REPORTS I

PLS3 expression in blood iz rare (fig. S2 and
table S3A), However, 16% of type I to Il SMA.
patients (six females and ten males) highly

783 in Fig. 1B). The of PLS3 was

ffected siblings of all SMA-discordant fam-
ilies (Student’s £ test = 5.560, resampling P <
107", thereby rendering PLS3 the sole can-
didate for modifying SMA. All unaffected
SMNI-deleted siblings revealed high PLS3
expression (mean = SEM = 1298 + 0.385),
whereas all but one affected male showed no
expression (Fig. 1B). Previous reports have
implied that PLS3 is not expressed in the
hematopoietic system at all, but only in solid
tissucs, including the spinal cord (20). We
ruled out the possibility that PLS3 expression

Fig. 2. PLS3 and SMN asso-
ciate in a large protein com-
plex. (A) HEK293 total cell
lysates (lane 1 at left) and
murine spinal cord {lane 6 at
right) were immunoprecipitated
(IP) with anti-PLS3 antibody
(lanes 3 and 4) and Western
blotted with anti-SMN antibody.
(B) Recombinant PLS3-V5 pro-

A

HEKZ3 Iysato
Negative control
P PLS3
PPLS3

—
o b

also d at the protein level (Fig. 1B and
fig. S1).

To test whether PLS3 expression was unique
10 SMA-discordant families, we used both semi-
quantitative reverse transcription polymerase
chain reaction (sqRT-PCR) and quantitative
RT-PCR (qRT-PCR) to analyze 98 RNA sam-
ples from the native bload of healthy controls
and 101 RNA samples from LBs of unrelated
type I to 11l SMA patients. PLS3 was highly
expressed in only 5% of the healthy controls
(three females and two males), confirming that

TNT negative control
P GST.SMN

Supernalant
1P nagative control

THT PLE3-VS

Negatie control
Spinal cond iysats

{Hoavy chain 75—

]
&
]

123 4

tein produced in vitro using TnT
Quick Coupled Transcription/

Translation System (Promega) system (lane 1) was incubated with

5 6 12348

P d PLS3 (fig. S2 and table S3B), and
the difference between controls and SMA pa-
tients was highly significant (Fisher’s exact
P = 0.0018). Three of the six highly express-
ing female patients for whom clinical data
were available had only very mild and slowly
progressing SMA, despite carrying only two
SMN2 copies (table S4A). In contrast, the dis-
case phenotype of the 10 highly expressing
SMA males correlated with the SMN2 genotype
as expected (lable $4B). These findings suggest
that PLS3 is a gender-specific SMA modifier
whose protective effect may not be fully pene-

WB: actin

(GSTHSMN, immunoprecipitated with anti-GST beads (lane 3), and analyzed by Western

blotting with anti-V5 antibody. (C) Total murine spinal cord lysates were resolved onto BN-

PAGE gels and stained with anti-PLS3 antibody. The first-dimension gel was followed by a
second SDS-PAGE and Western blot (WB) analysis, allowing the identification of proteins belonging to common protein complexes. Arrows denote the

~500-kilodalton Pls3-Smn-actin complex, and
and the asterisk indicates putative Pls3 dimer.

denote the ~200-kilodal

7 -

- | WB: SMN

Pls3-Smn complex. Number signs indicate monomeric form,

Type Type B
Lontrol sample L] Type ! Type i 2
Fall o of o of oy FEIT pw e oLl
Hae idin Iasi E-E - £
&G &HEH ST = % W 1
L N e actin e —————] 'O o :
PLEX & ¢ -- "% * = PLS3 + - + - + - Biae Ta. o
smn | SN
C o
2 E5,2
sgisid
g hegLEe
iy 3 4
S £E§§§§§ 5
'S P[s P[Ss P § P -cl----“-|-..
. Umle‘uadl Aecied Fhulwin Crochalasin ERETRL]
)‘|w
3. PLS3 influences the G/F-actin ratio in vivo. G/F-actin levels in (A) SMA- Coatrol sample %
discordant family no. 482, (B) SMA patients, and (C)} HEK293 cells after Phallo- Cytochs B 20|
overexpression or knockdown of PLS3 and/or SMN as indicated. (A} to {O) (Left) L"P"'"FD g 5‘;
actin input. (Right) Western blot analysis of G-actin fractions in the supernatant g o
(5) and F-actin fractions in the pellet (P). A phallaidin-treated sample served ™ |~ == =/ [ ”;

as a positive control for F-actin; a cytochalasin D-treated sample served as a
negative control +, PLS3 expression; —, no expression. The bar charts show

the quantification of G/F-actin levels. Data are mean + SD (error bars). *P <

0.05; =*P < 0.01; ***P < 0.001.

wwwsciencemag.org  SCIENCE

VOL 320 25 APRIL 2008

525



I REPORTS

526

trant, thereby pointing toward an interaction
with additional unknown factors.

All our attempis to identify the molecular
basis of the differential PLS3 expression ob-
served in blood (supporting online material
text and figs. 83 to 85) provided no unequiv
ocal answer as o whether the expression of
PLS3 in blood is regulated by cis- or trans-
acting factor(s).

PLS3 was highly expressed in the human
fetal and adult spinal cord (fig. 86). In rat pheo-

Fig. 4. PLS3 is involved in
axonogenesis and rescues the
axon length in SMA MNs. (A)
{Left) Confocal microscopy of
neuronal differentiated PC12
cells after transfection as indi-
cated above the panel (see fig.
§10 for efficiency). The anti-
bodies that were used are indi-
cated. (Right) Measurements of
maximum neurite length in PC12
cells {0 = 100 neurites) after
transfection and nerve growth
factor differentiation for three
days. (B) (Top) Primary MNs
isolated at day E13.5 from WT
(Smn™; SMNZ"*), heterozygous

' SHNZ™), and SMA
SMNZ*™) embryos,
cultured for 7 days and immu-
nostained with anti-Tau. (Bottom)
The bar chart shows the mea-
surement of axon length from
WT, heterozygous, and SMA
mouse embryos, which were
mock-, GFP-, or PLS3 transduced.
(€) (Top) Lateral view of zebrafish
embryos treated with control MO,
smn MO, PLS3 RNA, and smn
MO + PLS3 RNA. Motor axons
were visualized with znpl anti-
body at 36 hours post fertil-
ization. The arrow indicates a
severely truncated motor axon
in an smn morphant, and the
arrowhead indicates a mild ven-
tral branch in a PIS3 injected
embryo. The bar chart illustrates
that embryos were classified as
severe, moderate, mild, or no
defects, as previously described

chromocytoma 12 (PC12) cells, Pls3 expres-
sion significantly increased during neuronal
differentiation (fig. $7), suggesting a role for
Pls3 in this process. At the protein level, PLS3
and SMN associated in vivo in both human
embryonic kidney-293 (HEK293) cells and
the mouse spinal cord (Fig. 2A). However, no
direct interaction was detected in an in vitro

ull-down assay between the recombinant
PLS3 and SMN proteins (Fig. 2B), suggesting
the involvement of other proteins. Blue-native—

W G e

L 4 ~

(24), and the percentage for
each group is shown. (A) to ()

Data are mean + SD {error bars).
=P <107,

polyacrylamide gel electrophoresis (BN-PAGE),
followed by a second-dimension SDS-PAGE,
from murine spinal cord extracts revealed that
Pls3, Sm, and actin are part of a ~500-kilodalton
complex and that Pls3 and Srm alone were also
present in a second complex of ~200 kilodaltons
that was not visible on the Western blot after first-
dimension BN-PAGE (Fig. 2C).

PLS3 binds and bundles actin filaments
{(21). Monomeric globular G-actin subunits as-
semble into filamentous F-actin polymers,

Nemarte kg fpm)
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Bundled F-actin accumulates at the distal ex-
tensions of growth cones and filopodia (22).
Actin cytoskeleton dynamics [G-actin/F-actin
(G/F-actin) ratio] plays a major role in axon
growth, pathfinding, and branching (22). To
investigate the polential function of PLS3 in
axonal growth and pathfinding, we examined
the relation between the G/F-actin ratio and
the PLS3 level. Unaffected SMNI-deleted
siblings who highly expressed PLS3 had siﬁ—
nificantly increased F-actin levels (P < 107")
in LBs, as compared with their affected sib
lings who lacked PLS3 expression (Fig. 3A)
A comparizon between type | and type III
SMA patients who either do or do not express
PLS3 revealed that only PLS3 (but not SMN)
has a significant effect on F-actin levels (P =
0.0029) (Fig. 3B). Similar resulls were ob-
tained by knocking down and/or overexpress-
ing PL.S3 or SMN in HEK293 cells (Fig. 3C).
These data support the view that PLS3 mod-
ifies SMA pathogenesis through stabilizing the
growth cones by elevating the F-acting level,
as is required for axonogenesis (22).

In neuronal differentiated PC12 cells, both
endogenous Pls3 and Smn showed diffuse
staining in the cytoplasm (especially under the
membrane corlex) and accumulated in growth
cones and varicosities along the neurites (fig.
S8, A and B). Triple-label experiments with Pls3,
Srm, and actin in primary murine MNs revealed
that endogenous Pls3 and SMN colocalize and
are enriched in granules throughout the axons of

cultured for 7 days, and assessed for axonal
length with antibodies to Tau (anti-Tau) (Fig.
4B). SMA MNg exhibited a significant re-
duction in axon length compared with cells
from either WT or heterozygous embryos
(both P < 10°), confirming previous find-
ings (13). The detrimental effect of a reduced
SMN level on axonal length was significantly
rescued (P < 10’5) by PLS3 overexpression,
and axons reached lengths comparable to
nontransduced or Pls3-transduced MNs from
WT and heterozygous embryos (Fig. 4B)
However, as shown in humans, a certain
amount of SMN seems to be required for full
rTescue.

Finally, we investigated the modifying ef-
fect of PLS3 in vive by knocking down zebra-
fish smn with antisense merpholina (MO} and
by co-overexpression of human PLS3. Human
and zebrafish PLS3 are 86% identical. It has
been shown that decreased levels of smn
result in motor axon-specific outgrowth de-
fects (such as truncations and ectopic branches,
that can only be rescued by WT SMN, but
nat by mutated A7SMN) (12, 24), and per-
turbations due to reduced levels of smn can
be clearly visualized (24). Whereas PLS3 over-
expression in zebrafish embryos using 200 pg
of PLS3 RNA revealed a slight but nonsig-
nificant increase in mild and moderate axon
defects compared with controls, the co-injection
of smn MO (9 ng) and PLS3 RNA (200 pg)

i y rescued the aberrant axonal out-

MNs and accumulate at F-actin-rich growth
cones (fig. S8C).

When the functional role of Pls3 was in-
vestigated in neuronal-like PC12 cells, both a
Pls3 and an Smn knockdown had a dramatic
effect on maximum neurite length, compared
with control-treated cells (both P < 107%) (Fig
4A). Overexpression or knockdown of PLS3
in PCI12 cells had no effect on SMN ex-
pression levels or on the cellular location of
SMN (Fig. 4A and fig. S10). Furthermore, the
growth cone morphology was affecied by Pls3
depletion (column 3 and inset in Fig. 4A). In
contrast, PC12 cells overexpressing PLS3
exhibited significantly longer neurites (P <
10’5) than did control cells (Fig. 4A). Some
10% of neurites overexpressing PLS3 were
markedly elongated, and 30% of them showed
cytoplasmic hairlike projections (fig. 59). Sirmil-
taneous overexpression of PLS3 and knock-
down of Smn led to a highly sipnificant rescue
(P<107h of average neurite lengths as com-
pared with Smn-deficient cells (Fig. 4A).

To further assess the modifying role of PLS3
in SMA pathogenesis, we used a mouse model
for severe SMA carrying two human SMN2
copies on a null Sma background (23). MNs
were isolated from SMA (Smn © SMNITY),
heterozygous (Sma™ " SMN2"), and wild-
type (WT) (Sma* | SMN2**) E13.5 embryos,
transduced with a lentivirus expressing either
green fluarescent protein (GFP) or PLS3-GEP,

growth (P < 107 in comparison with sma
MO alone (9 ng) (Fig. 4C), suggesting that
PLS3 plays a modifying role in the zebrafish
SMA model as well. To further elucidate its
functional role, we also knocked down pls3 in
zebrafish embryos. Whereas 9 ng of pls3 MO
resulted in only 40% knockdown, without a
phenotypic effect on motor axons, a higher
dose of pls3 MO (12 ng) resulted in 90% le-
thality. This detrimental effect was partially
rescued by co-injection of human PLS3 RNA,
indicating that the knockdown was specific
and that pls3 plays an essential role in early
zebrafish development Co-injection of both
sm and pls3 MO (9 ng each) also led to full
embryonic lethality, suggesting a synergistic
effect of the two proteins.

Taken together, our data provide evidence
that PLS3 acts as a protective modifier of SMA_
The capability of PLS3 to rescue the detri-
mental effects of reduced SMN levels on axon
growth supports the view that axon biclogy is
crucial for SMA pathogenesis and that pro-
teins stabilizing the axon can modify the dis-
case phenotype. As yet, we neither know the
cause of the rare PLS3 expression in blood,
nor do we understand the gender-specificity of
the SMA protective effect of PLS3, but we
may speculate that the same regulatory ele-
ments that are active in blood are responsible
for the modified expression of PLS3 in the
spinal cords of unaffected SMN/-deleted fe-

REPORTS I

males. The fact that PLS3 can protect against
SMA provides an opportunity to identify
regulatory mechanisms that influence the
PLS3-SMN complex in MNs. Such knowl-
edge would add insights into the molecular
pathogenesis of SMA, as well as that of other
related MN diseases, and may help to identify
targets for the therapy of these devastating
disorders.
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Role of C. elegans TAT-1 Protein in
Maintaining Plasma Membrane
Phosphatidylserine Asymmetry

Monica Darland-Ransom,” Xiaochen Wang,* Chun-Ling Sun,’* James Mapes,*
Keiko Gengyo-Ando, Shohei Mitani,” Ding Xue't

The ical distribution of phosphalipids on the plasma is critical for cell
integrity and physiology and for regulating mtra:elluLarsngnahnq and important cellular evenrs such as
clearance of apoptotic cells. How phosp blished and d is not fully

understood. We report that the Eamorhubdms eiegans P type adenuslne triphosphatase homolog, TAT-
1, is critical for maintaining cell surface asy {PS). In animals deficient in
tat-1, PS is abnormally exposed on the cell surface, and no:maLly living cells are randomly lost through
a mechanism dependent on PSR-1, a PS-recognizing phagocyte receptor, and CED-1, which contributes
to recognition and engulfment of apoptotic cells. Thus, tat-1 appears to function in preventing
appearance of PS in the outer leaflet of plasma membrane, and ectopic exposure of PS on the cell
surface may result in removal of living cells by neighboring phagocytes.

lass [V P-type adenosine triphosphatases
(ATPases) are putative aminophospholipid
translocases (APLTS) that are suggested o
promote the inward movement of aminophospho-

lipids such as phosphatidylserine (PS), resulting
in the restriction of PS to the inner leaflet of the
plasma membrane (/-3). There are six Caeno-
rhabditis elegans homologs of the human amino-

Fig.

DIC

Annexin V Hoechst Merge

phospholipid translocases (fig. S1A) (4), which
‘were named the faf genes as transbilayer amphi-
path transporters. To investigate the functions of
these €. elegans tar genes, we used the RNA
interference (RNAD) method to reduce their
expression and examined whether RNAI treat-

ment of the faf genes altered PS distrbution in
C. elegans germ cells with an annexin V-based
staining protocol that specifically labels surface-
exposed PS in C. efegans germ cells (3).

In wild-type C. elegans, no PS staining was
observed on the surface of normal germ cells (Fig.
1A}, whereas about 60% of apoptotic germ cells
were labeled by amexin V (5). In ra-/(RNAi)-
treated animals, PS staining was observed on the
surface of many nomal germ cells (Fig. 1B).
These PS-stained germ cells appeared not io be

"Department of Molecular, Cellular, and Oevelopmental
giology, University of Colorado, Boulder, CO 80309, USA.
*Department af Physiclogy, Tekyn Women's Medical University
Sehool of Medicine and Core Research for Embryanic Science
and Technelogy {CREST), Japan Science and Technology Agency
{151, Tokyo, 162-8666, Japan.

*These authers contribute equally to this werk.

110 whom comespondence should be addressed. E-mail:
ding xue@eolorado.edu

1. Exposure of PS5 on the surface of C elegans germ cells
in tat-i—deficient animals. Exposed gonads of the following
hermaphrodite adult animals were stained with annexin V (5):
(A) wild-type animal (N2), (B} tat-1 RNAi-treated N2 animal,
() tot-1(tm1034} animal, and (D) tot-3tm1275) animal. Im-
ages of differential contrast interference (DIC), annexin V stain-
ing, Hoechst 33342 staining, and the merged image of
annexin V plus Hoechst 33342 staining are shown. Scale bars
indicate 6.5 pm.
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apoptotic cells or damaged cells because they
lacked the raised buttonlike morphology and the
condensed Hoechst 33342 DNA staining pattem
that are characteristic of apoptotic germ cells and
were not stained by propidium iodide, which
stains necrotic or damaged cells (6, 7). RNAI of
the other faf genes (faf-2, tat-3, fat-4, tal-5, and
tar-6) did not result in PS staining on the surface

of living germ cells (table S1). Thus, reduction of
the #ai-1 activity alone appears to be sufficient o
disrupt asymmetrical PS distribution on the sur-
face of €. elegans germ cells.

To confinn the RNAI results, we isolated a
deletion allele of far-f (m1034) and a deletion
allele of far-3 (ml275) (4). The twi-I{eml034)
Tutant contains a 597-base pair (bp) deletion plus

REPORTS I

a 1-bp insertion in the faf-/ locus that is predicted
o cause a frame shift and an early siop afier exon
five (fig. SI1B) and would remove the ATPase
domain as well as 8 of the 10 putative trans-
membrane domains of TAT-1. The far-3(imi275)
mutant has a 446-bp deletion and a 7-bp inser-
tion that removes parts of the fisst two exons of
the rar-3 gene and is likely a null allele (fig. S1B).

Fig. 2. Random loss of neurons g
and muscle cells in tat-I—deficient o -
animals through a mechanism me- = AR e > ——
diated by psr-1 and ced-1. An e e P A -«
integrated GFP reporter line, bzfs8, a
labels six touch-receptor neurons
and an integrated GFP reporter B il i D
i i t
B R, s
rons or muscle cels that were scored ~ O7/#8 hiad o
areindicated with black or gray circles  taf-1(tm1034); bals8 19% 80%
(Rand ). The presence of neurons or o s o). poten 19
the number of muscle cells was scored ) v o
by using a Nomarski microscope with ~ PS"-1(1m469); bzis8 % 0% s
EDiﬂUleSﬁel'[C& The percentages of  tat-1(tm1034); psr-1(tm469); bziss 2% 50% e
animals missing one or More neurons cod-1{a1735); bzis 0
(B) or the percentages of animals with ek a0 = 76-80
a certain range of muscle cell num- ced-1(e1735); tal-1(tm1034); bzis8 0 0% QTS
bers (D} are shown. At least 200 ani-  ced-3(n2433); bzisd [} 20% = 65-70
mals were scored for each strain. The -  bris8
average muscle cell number and £ad-3(a2433); (ol {im1034); g L
standard error of mean (SEM) are indicated for each strain (inside the bar graph} and are derived 0%
WT et ceck1 ced-1;

from at least four independent experiments (50 animals were scared in each experiment).

Fig. 3. PS exposure on the surface
of the PLM touch cells and PLM
cell loss in animals with cell type—
spedficknockdown of thetat-1 gene.
Animals carrying an integrated trans-
gene harboring Py, ANV:-GFP and an
extrachromosomal array containing
PreesmChermy and P vector (A}
Of P smCheny and P Aat-1IR
(B} were subjected to heat-shock
treatment at 30°C for 35 min. Two
hours later, L2 transgenic larvae were
examined with use of a Nomarski

g pse fant;
par rar1

ANV::GFP mCherry/GFP

(Zeiss, Gétinger, Germany) micre- € % PLM cells showing D
scope with epifluorescence. The pres- Strain surface ANV::GFP Strain % PLM cell missing
ence of the PLM cell indicated byan - “p  *pior 14 10% (64) P o 7 VEGIOT, L1 4% (50)
amowhead) is revealed by the expres- P . S 5 =

: a7 vector, L2 10% (64) P ac.7 VECtOT, L2 4% (67)
sion of manomeric Cherry protein "< o% (64! P tor, L3 3% (66)
(mCherry) from PecsmCherry. PS mec-7 vector, L3 5% (64) mec-7 Vector, %
exposure on the surface of the PLM — p st 148, L1 50% (65) P rAat-11R, L1 13% (55)
i ‘wmﬁ;ﬁ’ I“mﬁif'agf(‘: P e, AA1- IR, L2 57% (84) Prac. A8l 1R, L2 15% (62)
ing. ani Im - %
mgm% o MS‘J;‘: s P A8l 1IR, L3 60% (51) P A8I-1IR, L3 19% (62)
image of mChemyANV:GFP are ced-1(e1735); P a0 Aat-T1IR, L1 7% (60)
shown. Scale bars indicate 10 pm. (€ Quantification of the percentage of the PLM cells ced-1(e1735); P pqp Aat-TIR, L2 4% (61)
showing surface-exposed PS. (D) Quantification of the percentage of the PLM cells lost. L1, 12, 00d-1(01735); P pc.7tat- 117, L3 39% (60)
and L3 indicate three independent transgenic lines for each indicated construct (all contain =
PrnecsmCherry). Animals carrying these arrays were then crossed into the ced-1(e1735) or the psr-1{tmd69); P .. Aat-11R, L1 4% (61)
psr-1(tm469) mutant to generate the mutant strains carrying the same arrays. Numbers in psr-1(tmd69); P, Aat-1IR, L2 5% (60)

At : . - Pmeo- g

parentheses indicate the number of animals scored. Each animal has two PLM cells (PLML and PSE-1{tMA69); P g, Aat-1IR, L3 7% (61)

PLMR).
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tat-Itm1034) and tat-3(mi275) animals are
viable and superficially indistinguishable from
each other Both mutants display a low pene-
trance of lethality and dumpy (Dpy) phenotypes.
tat-1{om]034) animals also have increased num-
bers of spontancous males.

When we stained exposed gonads of the
tat-1 {tm1034) and tar-3(imf 275) animals with an-
nexin V, all germ cells in fas-I(m1034) animals
displayed strong PS staining on their surface (Fig.
IC). No gemm cells from the tat-3(tmi275)
animals were stained by annexin V' (Fig. 113).
Germ cell staining for PS in fat-I(tmi034)
animals was stronger and more widespread than
that in ar-/ RNAi animals (Fig. 1, B and D) and
was not affected by loss of the C. elegans phos-
pholipid scramblases (SOM iext and fig. S2),
some of which promotes PS extealization in
apoptotic cells (). Taken together, these results
suggest that fas-/ is essential for keeping PS from
the outer leaflet of plasma membrane and provide
in vivo evidence that a memmber of the aminophos-
pholipid translocase family functions to restrict PS
1o the inner leaflet of the plasma membrane, pos-
sibly by promoting inward movement of PS from
the outer leaflet

A study using a fusion protein containing green
fluorescent protein and ammexin V (GFP::AnxV)as
a PS sensor reached the opposite conclusion that
tat-1 promotes extemalization of PS in C. elegans
apoptoic cells (§). We think that the difference
between the two studies could result from the
relatively weak binding of GFP=AnxV in vivo to
surface-exposed PS and a high-staining back-
ground (SOM text and fig, S3). The optimized ex
vivo PS-staining protocol that we used generated
strong and specific PS staining (fig. $3) (5), and
we did not observe reduced PS staining of
apoptotic gemm cells in the tat-1(om ] 034) mutant
(SOM text and fig. $4), indicating that far-1 does
not promolte externalization of PS in apoptotic
cells,

Because externalization of PS is a conserved
event during apoptosis and has been proposed to
serve as an engulfinent signal to trigger phago-

Fig. 4. localization of
TAT-1 to plasma mem-
brane of C. elegans germ
cells. Gonads from a
tat-1(tmI034); bais8 ani-
mal (A) and a tat-1
(tm1034); smis142; bzis8
animal (B were dissected
out and stained with M2
monodanal antibodly (anti-
FLAG) (4). smis142 is
an integrated transgene
carrying Py stat-2:flag.
Images of C. elegans
gonads with fluoresce-
in isothiocyanate (FITCY
staining {anti-FLAG) and

Anti-FLAG (FITC)

cytosis of apoptotic cells (3, 9, /1), we examined
whether loss of the fas-i activity affected apo-
plosis or removal of apoptotic cells in C. elegans.
The tat-1(mi034) mutation did not affect the
numbers of embryonic cell corpses present in
various embryonic stages in which most somatic
cell deaths occur or the numbers of germ cell
corpses in the gemm line (fig. S5), suggesting that
tar-] alone does not have a detectable role in
apoptosis or removal of apoptotic cells, However,
we observed that some cells were missing in the
tat-I(tmi034) rutant and therefore used inte-
grated transgenes carrying various GFP reporters
that label specific cells or cell types to help iden-
tify the missing cells in the far-] mutant. For
example, the bzis8 transgene specifically labels
six touch-receptor neurons (/7). In tat-1(om1034);
h2Es8 animals, all six touch cells were randornly
lost in a certain percentage of animals (from 1% to
9% depending on the specific touch cells), and
19% of animals lost at least one touch-receptor
neuron (Fig. 2, A and B). Touch-receptor neurons
were rarely missing in bzs8 or tar-3(ond275);
bzIs8 animals. A similar percentage of animals
(24%) were missing at least one cell in insi79;
tat-1(6m1034) animals, in which 16 neurons were
laheled by the P, jgfp reporter (fig. 6, A and B)
(12). Again, all neurcns labeled by inls{79 were
randomly lost, and such cell loss was not seen in
inlsi79 or inls]79; tat-3(tml275) animals, The
missing-cell phenatype of the far-I(tml034)

have more than 80 muscle cells. Thus, loss of the
tai-1 activity but not loss of the fat-3 activity causes
indiseriminate cell loss in various cell types.

We then examined whether nommal somatic
cells also expose PS in the fat-! (tm/ 034) mutant.
The ex vivo gem-cell PS-staining protocal can-
not be applied 1o stain somatic cells, which are
enclosed by a hard, impermeable eggshell. Ex-
pression of a secreted annexin V-GFP fusion
similar o the one used by Zullig ef af. (§) in the
tat-1 (m 1034} mutant did not reveal obvious sur-
face PS exposure in normal somatic cells, pos
sibly because of competition for binding to the
amexin V-GFP fusion and high background
staining. We therefore generated cell type-specific
knockdown of the tar-/ gene by expressing a
tat-! mverted-repeat (TR) RNAI consiruct in six
touch cells under the control of the €. elegans mec-7
promater (P Aai-IIR). This construct generales
double-stranded RNA (dsRNA) that reduces gene
expression in vivo (4). A high percentage of
the posterior latema! microtubule (PLM) touch cells
(50 to 60%) in transgenic animals carrying
PpeeAat-1R and expressing a secreted annexin
V-GFP fusion under the control of heat-shock
promoters (P, ANV::GFP) displayed ANV::GFP
on their surface (Fig. 3, B and C). In contrast,
transgenic animals carrying a control vector and
Pup ANVEGFP had a low percentage of PLM
cells (5 to 10%) labeled by ANV::GFP, which may
e nonspecific staining (Fig. 3, A and C). Further

mutant was not restricted ; hypodermal,
epithelial, and muscle cells were randomly lost as
well. For example, wild-type animals contain an
average of 80 body-wall muscle cells (labeled by
the ecls4251 transgene) with a range from 71 to
90 muscle cells in individual animals (Fig. 2, C
and D) (J3). In far-J (pnd 034} animals, the average
number of muscle cells was reduced to 77 (P <
0.0001, unpaired ¢ test), ranging from 65 to 90
mmuscle cells, with 23% of animals containing less
than 76 muscle cells and 15% of animals having
more than 80 muscle cells. In comparison, only 3
to 6% of wild-type or tat-3(tm 1275 animals have
less than 76 muscle cells, and 43 to 47% of them

Anti-FLAG (FITC)/DAPI

FITC/4",6 ~diamidine-2-phenylindole (DAPI) staining are shown. The mosaic pattern of FITC staining in (B)
may be due to partial germline silencing of the smis142 transgene (25). Scale bars indicate 6.5 um.

more, in Is carrying P iai-1IR,
13 to 19% of the PLM ncurons were missing,
whereas in transgenic animals carrying the con-
ol vector faw PLM neurons (3 to 4%) were lost
(Fig. 3D). Together, these results demonstrate that
reduction of fat-1 activity may cause inappropriate
PS exposure on the surface of somatic cells and
the random loss of these cells.

We investigated the cause of random cell loss
in the far-Jind 034) mutant. PS or oxidized PS
exposed on the surface of apoptotic cells can act
as a signal to trigger phagocytic removal of apo-
potic cells (5, 9, 15, 16). A loss-of-function
mutation (#n469) in the C. elegans psr-] gene,
which encodes a PS-binding phagocyte receplor
(3, 17), rescued the missing cell phenotype in the
tag-1 muwtant and the P, »faf-1IR animals (Figs.
2, B and D and 3D, and fig. S6B). psr-J has a
minor role in C. elegans in removing apoptotic
cells (17), which likely contain multiple engulf-
ment signals, but appears to have a major role in
the fai-] mutant 1o mediate removal of normal
cells with surface-exposed PS. Similarly, a loss-
of-function mutation (¢/735) in the ced-I gene,
which iz important for recognition and engulf-
‘ment of apopiotic cells (/8), or a loss-of-function
mutation (n2433) in ced-3, which encodes the
key cell-killing caspase in € elegans and coop-
erates with the phagocytosis process to kill cells
(19-21), suppressed the missing cell phenatype
of the fa- mutant (Fig. 2, B and D, and fig.
S6B). Thus, cells in the far-} mutant are lost
through a phagocytic mechanism that is used to
remove apoptotic cells.
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We examined the cellular localization of
TAT-1 by expressing a TAT-1 fusion protein
tagged at its carboxy! terminus with a FLAG epi-
tope under the control of the fat-1 gene promoter
(Pous stat-1 :flag). Several extrachromosomal
transgene armys and an ntegrated transgene
(smls142) camying P jtat- WETE genet-
ated and all fully rescued the missing cell pheno-
type of the faf-Iftmi034) mutant (lable S2).
smlsl42 also partally rescued the genn cell PS
exposure defect of the fat-1tm ! (034) mutant (fig.
7). Immunastaining of gonads from the smfs 142
animals using a monoclonal antibody (M2) to the
FLAG =p1|ope revealed that TAT-1 localizes

Ly on the pl. anc (Fig. 4).

Class IV P-type ATPases have been sug-
gested 1o promote translocation of aminophos-
pholipids [PS and phosphatidylethanolamine
(PE)] fram the outer leaflet to the inner leaflet
of plasma membrane and thus may have a role in
maintaining asymmetrical distribution of PS and
PE on the lipid bilayer (3, 22, 23). However, in
multicellular organisms, mulitiple members of
this ATPase family exist (at least 14 were iden-
tified in marmmals), which prevents genetic anal-
ysis of their in vivo functions (3, 22, 24). Our
findings thus provide important in vivo evidence

that a member of the aminophospholipid translo-
case family is involved in maintaining PS asym-
metry on plasma membrane and that disruption
of such PS asymmetry can result in indiscriminate
removal of affected cells by neighboring phagocytes.
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Vaccinia Virus Uses
Macropinocytosis and Apoptotic
Mimicry to Enter Host Cells

Jason Mercer and Ari Helenius*®

Viruses employ many different strategies to enter host cells. Vaccinia virus, a prototype poxvirus,
enters cells in a pH-dependent fashion. Live cell imaging showed that fluorescent virus particles
associated with and moved along filopodia to the cell body, where they were internalized after
inducing the extrusion of large transient membrane blebs. p21-activated kinase 1 (PAK1} was
activated by the virus, and the endocytic process had the general characteristics of
macropinocytosis. The induction of blebs, the endocync event, and infection were all critically

in the viral

dspendenl on the presence of exposed. h

which suggests

that vaccinia virus uses apoptotic mimicry to enter cells.

differ from other animal viruses in their
large size and complexity (£). For humans,
the most dangerous is variola virus, the causative
agent of smallpox and one of most devastating
h in history. The develop of new
antiviral strategies against poxviruses will re-
quire detailed information about their replication
eycle (2).
During replication, two infectious forms of
vaceinia are produced: mntracellular mature virus
(MV} and extracellular enveloped virus (EV).

Poxvimsee are enveloped DNA viruses that

ETH Zurich, Insfiiute of Biochemisiry, Schafmatisirasse 18,
ETH Hénggerberg HAM £6.3 Zurich, Switzerland

*To whom carrespondence should be addressed. E-mail:
ari helenfus@be biol ethz. ch

‘The binding of MVs 1o cells involves cell-surface
glycosaminoglycans (3), and MVs have been
ohserved hinding to actin-containing fingerlike
protrusions (4). The viral envelope can fuse di-
rectly with the plasma membrane (3), but produc-
tive entry occurs mainly by low pH-dependent
endocytosis into lange uncoated vacuoles (5).

To follow the entry of individual virions, we
generated MVs with an enhanced yellow fluo-
rescent protein (EYFP)-tagged core protein
[EYFP-CORE-MVs (6)]. When added 1o cells
expressing enhanced green fluorescent protein
(EGFP)-actin or enhanced cyan fluorescent
protein-actin, virons that bound 10 filopedia
‘moved toward the cell body (Fig. 1A and movies
S1 to $3). As seen with other viruses (7), the
movement was uninternipted, with a ratc ap-

proximating that of actin retrograde flow (1.05 =
0.38 pm/min, fig. S1).

‘When MVs reached the cell body, a dramatic
change occurred in the plasma membrane: A
large, roughly spherical bleb (diameter 2 +
0.57 um; #1 = 42 blebs) extruded at the site of
contact with the virus, followed by the forma-
tion of further blebs along the cell body. Each
bleb remained extended for 10 + 2 s (a = 42)
before actin accurulated on the membrane, and
the bleb retracted within 18 3 s (n = 42) (Tig
1B, movies $4 to $6, and figs. 52 and 83). Bleb
retraction and cortical actin reassembly coin-
cided with virus entry. Blebbing peaked 30 min
after vims addition (Fig. 1C). The fraction of
blebbing cells increased with the multiplicity of
infection (MOI), while the number of blebs per
blebbing cell remained in the range of 75 to 125
(Fig. 1, D and E, and fig. S4). Thus, a single
incoming MV induced a generalized state in the
cell that promoted bleb formation along the
entire cell body.

To test whether blebbing was needed for
infection, we used blebbistatin, an inhibitor of
myosin [l-dependent blebbing (). Infection was
quantified with EGFP-expressing MVs (EGFP-
EXPRESS-MVs) and fluorescence-activaied cell
sorting (FACS) (fig. S5) (6). Blebbistatin pre-
vented the formation of MV-induced blebs (fig.
S6) and inhibited infection by 65% (Fig. 1F),
which suggests that bleb formation was involved
in productive entry.

In addition to actin, blebs contained Racl,
RhoA, ezrin, and cortactin (Fig. 1G), which are
important for plasma membrane blebbing under
other conditians (%) and for MV entry (4). MV-
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Fig. 2. PAKL is re- A | PAX1AIRNA sd MV iteciity
quired for blebbing

and MV entry. (A} *i‘w
(Top} cells treated with 5% i
mack (), uiferase (), 15
ortwo PAKL sRNAsvere 3 40
infected with EGFP- n
EXPRESS-MVs. Add by- o
pass (6) of PAK1 siRNAs

is shown (gray bars).
Infedtivity was deter-

mined by FACS {6) Data sPAXY
are means of triplicate
experiments + SD. {Bat- P )
tom) Immunoblots of L

PAK1 and actin. (B}

Wild-type (WT), AID-, or AID L107F PAK1-expressing cells were
infected with EGFP-EXPRESS-MVs. Transfected cells (red) were
scored for infection (green}. Actin staining is in blue. Data are
means of triplicate experiments + SD. Scale bars, 4 um. (C)
Phosphorylation of PAK1-threonine 423 (T423) was deter-
mined at the indicated time points after infection. Data are
means of triplicate experiments + SD. (D) WT, AID-, or TA
PAK1-expressing cells were infected, and transfected cells were
scored for blebbing. Data are means of triplicate experiments & SD.
(E) Cells expressing EGFP-PAK1 were infected and analyzed by
confocal microscopy. Images are displayed as a maximum

FFFF

PAK1 diminution

projected z stack of 10 confocal slices (6). Actin staining is in red. Scale
bars, 4 um. (F) Pretreated cells were infected with EGFP-EXPRESS-MVs.
Lysates were analyzed for PAK1 phosphorylation. Data are means of
triplicate experiments + SD. Treatments were as follows: untreated (-),
staurosporin (STAU), genistein (GENI), wortmannin (WORT), cytochalasin

Fig. 1. Virion movement and membrane perturbation
during MV entry. (A} EYFP-CORE-MVs were added to cells
expressing GFP-actin. Arrowheads highlight virions. Scale
bars, 2 um (movies 51 to S3). (B) Imaging was performed
as in (A). The virion of interest is indicated by the white
arrowheads. The actin patch at the site of bleb collapse is
indicated by a black arrowhead. Scale bars, 2 um. (movies
54 to 56). (€) Infected cells were fixed at the indicated
times and scored for blebbing. Data are means of triplicate
experiments + SD. (D} Cells infected at varying MOIs (0.01
to 10} were fixed 30 min after infection and blebbing cells
were quantified (for images, see fig. 54). Data are means of
triplicate experiments = SD. (E) Blebbing cells from (D}
were analyzed for the number of blebs per cell. Results of
triplicate experiments are shown. (F} Confluent blebbistatin-
treated cells were infected with EGFP-EXPRESS-MVs. In-
fection was determined by fluorescence-activated cell sorting
(FACS) (6). Data are means of triplicate experiments = SD.
(G) Fluorescently tagged proteins were visualized in un-
infected (uninf) and infected (inf) cells. images are dis-
played as a maximum projected z stack of 10 confocal slices.
Scale bars, 2 pm.
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D (CYTO), latrunculin A (LATR), jaspakinolide (ASP), EIPA, and blebbistatin
(BLEB). (G) Cells expressing WT or C/A PAK1 and pretreated with STAU,
GENI, WORT, or EIPA were infected with EGFP-EXPRESS-MVs. Trans-
fected cells were scored for infection. Data are means of triplicate
experiments & SD.

25 APRIL 2008 VOL 320 SCIENCE www.sciencemag.org



induced blebbing resembled that observed
during cell motility, eviokinesis, and apopiosis
(911}

Our investigations into the cellular factors
required for MV blebbing and entry first fo-
cused on p2l-activated kinase 1 (PAKI), an
essential factor for MV infection. PAKI is a
serine-threonine kinase with a central role in cell
motility (/2). To validate the requirement for
PAKI in infection, we used two small interfer-
ing RNAs (siRNAs), which gave 82 and 76%
knockdown of PAK| protein (Fig. 2A, bottom)
Infection was reduced by 74 and 68%, respec-
tively (Fig. 2A, top). PAKI autoinhibitory
domain (AIDD) inhibited infection by 83%, where-
as an mactive AID (AID L107F) caused only a

5% reduction in infection (Fig. 2B). When MVs
were added to cells, phosphorylation of threo-
nine 423 of PAK1, which is essential for macro-
pinocytosis (/3), was detected (Fig. 2C).

Acid-mediated bypass (6) of PAKI siRNA
demonstrated that PAK] was required for pre
fusion events (Fig. 2A, gray bams). PAKI was
also needed for blebbing: PAK1-AID reduced
blebbing by 94%, whereas constitutive active
(C/A T423E) PAK] increased blebbing by 53%
(Fig. 2D). Additionally, PAKI localized into mem-
brane blebs during infection (Fig. 7F).

Next, several perturbants were tested for effects
on blebbing and infection, including dominant-
negative (D/N) and C/A Racl, C/A Arf6, and
D/N dynamin-2, as well as inhibitors of RhoA,

REPORTS I

dynamin-2, PKC, serine, threonine, tyrosine- and
Pl 3-kinases (PI3Ks); Na'/H™ exchangers and
macropinocytosis: endosomal fusion; actin dy-
namics; and blebbing.

Many perturbants inhibited bath blebbing and
infection, confiruing that the two processes are
linked. Both were dependent on tyrosine, serine-
threonine, and PI3Ks; Na'/H" exchangers; actin;
Racl; and PAKI (Figs. 2 and 3, figs. 56 to S8,
and table S1). After acid bypass, the inhibitors
failed to block infection, indicating that each
affected pre-fusion steps (Fig. 3C, pH 50). By
pass of menensin and bafilomycin Al has been
demonstrated (5). C/A Arf6 inhibited infection
by 78% (Fig. 3D), whereas D/N dynamin 2 and
dynasore had no impact (Fig. 3E and fig, S7).

A Kinase inhibitors and MV infectivity B Actin effectors and MV infectivity Bypass of inhibitors of MV infectivity
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Fig. 3. MVs use macropinocytosis to enter cells. (A and B) The effect of kinase
infribitors and actin effectors on infectivity was assayed with FACS (6). Data are
means of triplicate experiments + SO. (C} Acid-mediated bypass was performed
on inhibitor-treated infected cells. Infection was scored by FACS (27). Data are
means of triplicate experiments + SD. Abbreviations are as in Fig. 2F. (D and E}
Cells expressing WT or mutant (C/A or D/N) Arfé or Dyn 2 were infected with
EGFP-EXPRESS-MVs. Cells were analyzed as in Fig. 2B (28). Data are means of
triplicate experiments + SD. Scale bars, 4 um. (F) Activation of Racl was as-
sessed at the indicated times [Cytoskeleton, Denver, CO {6)]. Data are means of
triplicate experiments + SD. (G) Experiments were performed as in Fig. 2F and
analyzed as above. Inhibitors are abbreviated as in Fig. 2F. (H) Experiments were

performed as in Fig. 2G. Data are means of triplicate experiments + SD. (I} WT,
DiN-, or CJA Racl-expressing cells were infected with MVs. Transfected cells
were scored for blebbing. Data are means of triplicate experiments + SD. (J}
Cells pretreated with EIPA were infected with EGFP-EXPRESS-MVs and analyzed
by FACS (8). Data are means of triplicate experiments & SD. (K} MV-infected
cells were pulsed with 488-dextran 10 min before being harvested. Cells were
analyzed by FACS (6) Untreated (negative control) and PMA (positive control)
are shown. Data are means of triplicate experiments + SD. (L) EYFP-CORE-MVs
were intemalized in the presence of 70-kD 568-dextran or S68-transferrin (Tfn).
Cells were visualized for virions (green) and dextran or Tfn (red). The effect of
EIPA treatment was assessed in parallel Scale bars, 4 pm.
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Racl, a regulatory guanosine triphophatase of
PAK, was activated during MV entry (Fig, 3F).
Staurosporin, genistein, wortmannin, and 5-N-
ethy!-N-isopropyl-amiloride (EIPA) prevented
activation of PAKI and Racl, whereas actin
effectors and hlebhisiatin did not (Figs. 2F and
3G). C/A Racl and PAKI restored infection in
the presence of staurosporin and genistein but
not wormannén or EIPA (Figs. 2G and 3H), These
results are consistent with the need for tyrosine
and possibly serne—/hreonine kinase, PI3K and
Na'/H" exchange upstream of PAKI and Racl,
and downstream PI3K and Na'H" exchange
activity. Additionally, D/N Racl inhibited bleb-
bing 84%, and (YA Racl increased hlebhing
30% (Fig. 31). Although activated during infec
tion {fig. SRA), RhoA inhibition did not prevent
blebbing (fig. S8B) but accelerated infection
as previously demonstrated (fig. 88, C and D)
(4. 14).

With this perturbation pattem, it was likely
that MVs were using macropinocylosis (table
S1 and Fig. 3) (I3, J6). Sensitivity to inhibitors
of Na'/H" exchangers is a characteristic of this
pathway (/7). With 85% inhibition of infectiv-
ity, EIPA was the most efficient inhibitor tested
(Fig. 31).

Consistent with macropinocytosis, intemaliza-
tion of 488-dextran was elevated fivefold within

Sge

P
i (FeiPs mer)

Fald sctivation
{rulativa to unifectssd calls)
° M

10 vertical slices (x-z plane). Scale bars,
infectivity (white bars) of untreated, delipidated, or MVs relipidated with the
indicated lipids were analyzed by FACS (6). Data are means of triplicate experi-
ments + SD. (D) Plaque formation by untreated, delipidated, and delipidated/
rellp'dated MVs. Dau are means of :ripu:m experiments & SD. (E} Untreated,

(6). Data are means of trip-
licate experiments + SD.
(B) Cells were infected with
untreated or delipidated
EYFP-CORE-MVs (green}
and feed 30 min or 8
heurs after virus addition.
Cells were stained for
actin {red), and visualized.
Y 4 f’f:?‘ (Bottom) Maximum z pro-

k. & jection of 10 horizontal
“Treamemt . slices (xy plane). ﬂop)

Maximum z projection of

2 um. (C) Binding (black bars) and

and

30 min of MV addiion (Fig. 3K)
showed that MVs co-intemalized
phase (568-dextran), but not a clathrin-mediated
(568-transfierrin), marker (Fig. 31)

MVs may use macropinocytosis because of
their large size. With few exceptions (/8), path-
ogens the size of vaccinia are not intemalized by
clathrin- or caveolin/raft-mediated endocytosis.
However, MVs are comparable in size to apoplotic
bodies that are macropinocytosed by profes-
sional phagocytes and other cell types (19, 20).
The uptake of apoptotic debris is triggered by
surface-exposed phosphatidylserine (PS) (19).

The MV membrane has been shown to be
enriched in PS (36%) (24, 22), and PS is required
for infectivity (23). When exposed to 647-ANXS,
a PS-hinding protein, EYFP-CORE-MVs are
stained, indicating that PS is exposed on the
MV surface (fig. S9). When MV PS was masked
with ANXS, infectivity (white bars) was inhibited
by 90% without affecting binding (black bars)
(Fig. 4A, virions ANX 5). Binding and infectiv-
ity were nat affected when cells were pretreated
with ANXS (Fig. 4A, cells ANX 5).

To assess the role of viral PS, we treated
MVs with Nonidet-P40 (NP-40), which causes a
total loss of viral lipid and a dramatic drop in
infectivity at a concentration of 0.5% or higher
(fig. S10) (21, 24). Extracted virions could bind

Microscopy

MVs were used to infect cells. Lysates

were analyzed for Racl activation 'with a Racl G-LISA Activation Assay [Cyto-
skeleton (6)]. Data are means of triplicate experiments + SD. (F) BSC40 mono-
layers were infected with WT MVs. 24 hours after infection, cells were stained with
ANXS (green) to visualize apoptotic cells and propidium iodide {red) to visualize
necrotic cells (red/yellow). Shovm are a viral plaque (left) and cells between
plaques {right). Scale bars, 50 um.

cells, but they did not induce blebbing or entry
(Fig. 4B, 30 min), After 8 hours, extracted MVs
were still at the cell surface with no evidence of
viral cytopathic effects, MV entry, or replication
(Fig. 4B, 8 hours).

Using established methods (27), we restored
phosphatidylcholine (PC) and varying amounts
of PS (0, 10, or 50 mol %) to delipidated viruses.
Restoration of PS was confirmed by ANXS bind-
ing (fig. $9). Relipidated MVs bound cells nor-
mally (black bars), but only PS-reconstituted
viruses exhibited restored infectivity and plaque
formation (Fig. 4C, white bars, and Fig. 4D) (21).
Liposomes containing another negatively charged
lipid, ganglioside GM, did not restore infectivity.

Additionally, delipidated MVs were highly
attenuated for Racl activation, whereas PS-
relipidated MVs (50 mol %) restored Racl ac-
tivation to control levels (Fig. 4E). Thus, viral PS
might be analogous to cellular PS in the elim-
ination of apoptotic badies.

Finally, we analyzed whether vaccinia-
infected cells underwent apoptosis or necrosis,
Cells at the edge of viral plaques displayed ex-
posed PS (green), a hallmark of apoptosis (27
wheteas few cells were necrotic (red) (Fig. 4F,
left), suggesting that late-stage vaccinia-infected
cells undergo apoptosis. Cells between plaques
were neither apoptotic nor necratic (Fig. 4F,
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right). MV spread is therefore likely to be con-
nected with apopiosis and a preprogrammed mac-
ropinocytic response of neighboring cells to
apoptotic bodies.

Vaccinia MVs use macropinocytosis and
apoplotic mimicry to enter hast cells. There are
several advantages of using this entry strategy.
First, it permits endocytic intemalization of par-
ticles 100 big for other viral endocytic mecha-
nisms. Second, it allows the virus to enter many
different cell types, because PS-mediated clear-
ance of ic material is common to most
cells (79, 26). Finally, by mimicking an apoptotic
body, MVs may avoid immune detection as they
spread to surrounding cells, because macropino-
cytosis afapopmlic debris suppresses the activa-
tion of innate unmun:  responses (26). The lack
of
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Encoding Gender and Individual
Information in the Mouse

Vomeronasal Organ

Jie He," Limei Ma,* SangSeong Kim,* Junichi Nalai,” C. Ron Yu'*

The mammalian vomeronasal organ detects complex chemical signals that convey information
about gender, strain, and the social and reproductive status of an lndmduiL How these signals are

encoded is poorly understood. We

ic mice the calcium indicator

G-CaMP2 and analyzed population responses of vomeronasal neurons to urine fram

idual

animals. A substantial portion of cells was activated by either male or female urine, but only a
small population of cells responded exclusively to gender-specific cues shared across strains and
individuals. Female cues activated more cells and were subject to more complex hormonal
regulations than male cues. In contrast to gender, strain and individual information was encoded
by the combinatorial activation of neurons such that urine from different individuals activated

distinctive cell populations.

heromones are a group of chemicals crit-

ical for social communication in many ani-

mal species (/, 2) Information on sex, strain,
social rank, reproductive status, and terrestrial
ownership is represented in the complex phero-
mone componenis in urine and bodily secretions.
In mice, detection of such complex chemical
signals by the vomeronasal organ (VNO) and the
olfactory epithelium plays an imporiant role in
triggering endocrine changes and cliciting innate
territorial aggression and mating behaviors (3-5).
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The rodent VNO expresses more than 250 re-
ceptors that detect pheromones and transmit the
signals to the brain (6-17). It is not well under-
stood how these neurons encode information
about gender and individuals. Urine contains
hundreds or even thousands of substances, only a
handful of which have been identified as putative
pheromenes (/2-16). The complexity of natural
pheromone signals poses a challenge o our un-
derstanding of what information is transmitted to
the vomeronasal neurons (17, 18).

Each vomeronasal neuron expresses only one
of the ~250 estimated pheromane receplor genes
(6-9, 19, 20), and the receptor’s activation
e1e'vaws intracellular calcium (21). To wsua]me

induced activity in a large popul
of neurons, we generated 1610-G-CaMP2 trans-

genic mouse lines (22-24). When crossed to
animals carrying the OMP-IRESATA allele (25),
G-CaMP2 expression was restricted to the neu-
rons in the olfactory system (Fig. 1, A and B, and
Movie S1). Electrophysiological properiies of
the G-CaMP2-expressing VNO neurans, as well
as their response lo pheromones, were in-
distinguishable from those of the controls (fig.
81). The projection patterns of the sensory
neurons and the innate mating and aggressive
behaviors of the G-CaMP2 were also
indistinguishable from those of wild-type and
littermate control animals (figs. S2 to §5).

In VNO slices prepared from 2- 1o 6-month-
‘old male or female animals, application of diluted
urine elicited an increase in fluorescence in ~30
o 40% of G-CaMP2-paositive neurons, some of
which showed gender-specific responses (Fig
1C and Movies 82 and 83). We did not observe
significant differences between slices from male
and female animals in detecting the gender-specific
cues. Prolonged applications of urne elicited
protonged calcium increases (Fig. 1D). This non-
adaptive nature of the responses was in agreement
with electrophysiological recordings reported pre-
wviously (17, 26). In addition, the responses were
dose dependent and were blocked by 2-APB and
U71344, inhibitors of signaling pathways down-
stream of pheromone receptor activation (24, 27)
(Fig. 1, C and D, and fig. 87). Thus, the ex-
pressian of G-CaMP2 provided us an casy and
sensitive method 1o examine population responses
of VNO neurons to multiple urine samples.

Initial analyses of VNO neuron response 10 male
and female urine pooled from multiple individuals
of the CSTBL/ strain showed that ~15% of G-
CAMP2-positive cells responded to both male and
female urine. About 8% and 12% of the cells
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responded specifically to pooled male or female
urine, respectively (Fig. 1C), suggesting that urine
contained cues that were recognized by the VNO
neurons to discriminate gender. To determine
whether the gender-specific cues were shared
amang different individuals, we used ndividual
urine from three strains (CBA, C57BL/6, and CD-1)
to stirmulate the same VNO slices. The activation
patterns of the VNO were analyzed both visually
(Fig. 1E} and using heat map plots (fig. S6 and Fig.

Fig. 1. Detection of A
urine-elicited responses
in the VNO of G-CaMP2—
expressing mice. (A) Ex-
pression of G-CaMP2 in
theneuronsofthemain ol
factory epithelum (WOE),
the vomeronasal organ
(VNO), and their axonal
projections to the olfac-
tory bulb (0B). (B) Two-
photon image of a VNO
slice used in an imaging
experiment. (C) VNO re-
sponses to pooled C57BL/
& female urine (green) o
male urine (red). The
VNO slice (from a 4-
month-old male) was
stimulated with female
urine (F.U.) under con-
trol (1), treatment with
50 uM 2-APB {c2), and
recovery (c3) conditions
and male urine {c4, MU).
Merge shows cells that
respond to both male
and female urine (cS).

Merge

C6 shows the response traces of the three cells indicated in ¢1 to ¢5. (D)
Fluorescence changes for a neuron responding to female urine applied for 10
(black), 20 (red), and 30 (blue) seconds, 10 s application following 2-APB

Fig. 2. VNO responses
to individual male and
female mouse urine.
(A) Heat map of 134
VINO neurons from a sin-
gle slice from a 3-month-
old male} that responded
to male and female urine
from C57BL/6 (B6), CBA,
and CD-1 strains. (B and
€} Principal components
analysis of the data shown
in two-dimensional plots
for PC1 and PC2 in (B},
and PC1 and PQ3 in {C).
Urine from males and
females is labeled with
black and red, respec-
tively. (D) Hierarchical
cluster analysis of re-

2A). In ~2100 G-CaMP2-positive cells (a total of
eight slices from six animals), 5.0% (n = 106) were
activated by one or more male ur les but not

the same sex but not the other (Fig. 2A) Cells that
responded to all male samples, the male urine-
ific cells (MUSCs), d less than 1% of

by fermle urine, whereas 9.5% (n = 200) were
activated by at least one female sample. However,
‘most of these cells respanded only to a subset of the
sex-specific sumples, suggesting that they could not
contribute unequivocally to gender discriminaton.
Only a very small population of cells

exclusively to urine samples from all individuals of

Color Key

sponses shown in (A} is
plotted as a dendrogram
based on distance ob-

-
i

tained from Pearson correlations between responses to different urine applications.

Distance
04 80 0818 12 118

T

CBA.1
CBA 2.

the G-CaMP2-expressing neurons (1= 20, 0.95%).
The female urine-specific cells (FUSCs), which
responded exclusively to all the female samples,
constitnted 2.6% (= 54) of the cells, We did not
observe obvious differences in the percentage of
MUSCs and FUSCs in male or fernale VNO slices
(table S1). This was consistent with the previous

D 1o

AFIF (%)

treatment (black dot), and recovery (black dash), respectively. (E) The patterns
of activation of a VNO slice by six different urine samples from different sex
and strain animals are color-coded and shown in a merged picture.
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studies of ph p
liitle sexual dimorphism in their expression patierns
(6-9). The MUSCs amd FUSCs were found in both
G, and Gz layers in the VNO (table S2).

es, which showed

We applied cluster and principal components
analysis (PCA]) 1o identify the major variables that
contrbuted to the differences in urine signals.
Cluster malysis of the 134 responsive cells in Fig. 2

REPORTS I

showed that the patterns of activation were
grouped according to gender (Fig, 2DD), Within
each group, the samples were further grouped by
strain, In PCA, the first principal component (PC1,

A
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Fig. 3. Hormone of sex (A} to urine
from two C57BL/6 males and castrated males in a VNO slice from a 2-
month-old female. Two cells with differential responses are indicated. (B)
Respanse traces of the cells indicated in (A). (C} A heat map showing all
identified MUSCs, none of which responded to castrate urine. (D}
Responses to female urine collected from a C57BL/6 mouse after
injection of pregnant mare serum gonadotrophin in a VNO slice (from
a 3-month-old male). Responses to urine collected on day 1 and day 4

A Nondittermata Males

89 responsive calls

C MHC Poptide Rasponse

Fig. 4. Response of VNO neurons to different individuals and to MHC
peptide. (A and B) Heat maps and pie charts of responses to urine from
non-littermates (A) and littermates (B). The pie charts show percentages
of cells activated by different numbers of urine samples. (C) Response
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are shown. Three cells with differential responses are indicated. (E}
Response traces of the cells marked in (A). (F) A heat map showing the
identified FUSCs (19 cells from two slices from a 3-month-old male and a
2-month-old female). Group A cells were activated by estrous urine from
all three strains. Group B was activated by both estrous and diestrus
urine, but not castrate urine, Group C responded to estrus, diestrus, and
castrate urine. &, §, and © represent male, female, and castrate animals,
respectively; E, day 1 (estrus); D, day 4 (diestrus).

B Littermate Males

caq 71 responsiva cells.

7.5%

10°M 1M MU, FU.
AAPONRETF

patterns of a VNO slice to urine from a C57BL/6 male, a C57BL/6 female,
and 107" M AAPDNRETF peptide, identified in the C57BL/6 strain. (D) A
heat map for the resp the resp . The slice was
from a 2-month-old female.
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~35% of variance) separated the urine by gender.
Interestingly, strains of the males were separated
by the second principal component (PC2, 18% of
variance) (Fig. 2B), whereas strains of the females
were separated by PC3 (13%) (Fig. 2C). Analyses
of multiple slices from both male and female
animals produced similar results.

Each principal component is a linear sunima-
tion of contribution by different cells in the group.
Although MUSCs and FUSCs only represented
<10% of all responding cells, they had the highest
coefficient values and contributed a weighted
average of >30% to PCI (fig. S8). Further
analyses by removing the MUSCs and FUSCs
from the PCA pool showed that this “virtual
knockout™ compromised gender discrimination.
Without MUSCs and FUSCs, urine samples
were no longer segregated according to gender
(fig. S9B). Removing equal mumbers of cells that
were activated only by subsets of sex-specific
urine samples or rmoving equal numbers of ran-
dom cells had linle impact on segregation ac-
cording to gender (fig. 89, Cto F). Thus, despite
their small numbers, the MUSCs and FUSCs
appeared essential for gender discrimination.

The MUSCs and FUSCs must recognize
gender-specific cues emitted by individual mice
Aliering the sexual characteristics of an animal
should affect the expression of such cues, We thus
analyzed the patiems of activation by urine from
castrated C57BL/6 males. Castrate urine activated
more cells than male urine (Fig. 3, A and B, and
fig. S10Y, but it no longer activated the MUSCs
(Fig. 3C). Concurrent with the loss of response
from MUSCs, a number of cells that did not
respond to any male urine were activated, some
of which were FUSCs (Fig. 3F and fig. S10)

In contrast to MUSCs, female-specific cells
recognized cues that were regulated by more com-
plex hormonal states, such as estrus cycles. We
induced ovulation and collected urine daily from
the same female mice throughout their esirus cy-
cles. Urine from different time points dusing the
estrus cycle elicited distinet patterns of activation
(Fig. 3, D to F). Estrus urine activated more cells
(fig. S11), and some of the additional cues were
shared across individuals of different strains, These
cues thus activated additional FUSCs (Fig. 3F and
fig. S10)

In addition to gender, urine also provides
information. that identifies individuals. Indeed,
our experiments showed that no two urine sam-
ples elicited identical pattems of activation. The
activation pattems in the VNO distinguished not
only gmdcr but also the strains of the animals

of the neurons (Fig. 2A). A combinatorial code
predicts that urine from similar animals activates
more common cells and fewer unique cells and viee
wversa. We examined the responses 1o urine sam-
ples from littermaie and non-littermate CSTBL/6
males. For ~36% of the

Jitterrety

urinary proteins that are known to be genetically
detenmined (30, 31). Using a combinatorial code
to represent individuals and straing is likely to be
advantageous because 100 to 200 receptors can
provide a virually unlimited coding space. In

cells were shared by all four male urine samples
(Fig. 4A), whereas for linermate urine, this num-
ber increased 1o ~87.5% (Fig. 4B). Concurrent
with the increase in shared cells, the number of
cells responding to single urine samples decreased
from 25% to ~8.3% (Fig 4, A and B). These
observations were consistent with the prediction
of a combinatorial code for individual identities,

If individuals are identified by the combina-
torial activation of VNO neurons, are there cells
providing unique identifications for the strains?
Recent evidence suggests that the MHC class [
peptides may serve as strain-specific signals by
directly activating the VINO newrons (£6). Because
cach peptide is unique to a specific strain, one
expects to find strain-specific cells that are acti-
vated by urine samples from different individuals
of the same strain. Analyses of the activation
patterns in our experiments, however, did not
provide evidence for such strain-specific cells, even
when the analyses were expanded to ~12,000
neurons (also see Fig. 2), We further :mpﬂrﬂi
responses elicited by strain-specific MHC class [
peptides to those by urine of the same strain.
Figure 4, C and D, shows one such experiment
with AAPDNRETF, a MHC class | peptide
identified in the C57BL/6 strain, and urine from
male and female CSTBL/6 mice. The peptides
indeed elicited responses from a subset of VNO
neurons, but the cells activated by urine and by
the peptides did not overlap.

Our experiments demonstrate that the mouse
'VNO encodes information of gender and individual
in urne pheromones with two distingt strategies.
Gender i encoded by a small percentage of dedi-
cated newrons, the MUSCs and FUSCs. Because
the VNO expresses ~250 pheromene receplors, the
MUSCs comespond 0 ~2 o 3 receptors, This
result, together with the finding of a single male-
specific peptide in the mouse exocrine gland (28),
suggests that a small number of testosterone-
dependent cues is required for male identification.
FUSCs represent a larger percentage of cells
(~3%). The number difference in gender-specific
cells may reflect the more complex physiology and
hormonal regulation in female animals

Individual information, on the other hand, is
encoded by the combinatorial activation of VNO
neurons rather than dedicated cells that respond

(Fig. 2D). Furth i fmml.hesm:
sirain were disti and such dis

ip lly to class | MHC peptides. Fragments
of the MHC 1 were found in consider-

was significantly larger than varistions amang re-
peated applications of the same sample (fig. S12).

How are individuals distinguished? The prin-
cipal components PC2 and PC3 were composed
of a large population of cells. More than 50% of
responding cells showed activation by multiple
samples, suggesting that individual information
could be encaded by the combinatonal activation

able amounts in urine (29), but it has never been
demonstrated that MHC class I peptides exist in
detectable free form in urine (29). It remains
possible that the skin or body glands may contain
these peptides as natural ligands instead. Phero-
mone signals in urine that identify strains may
result from the expression of a set of pheromones
or the camiers of pheromenes, such as the major

contrast, about gender and ceriain
hormone-regulated states is perhaps better served
by dedicated cells, because the information is
largely shared by animals of different strains as a
result of common physiology.
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Rare Structural Variants Disrupt
Multiple Genes in Neurodevelopmental
Pathways in Schizophrenia

Tom Walsh, 1e ]nn M. M(Clellan,“t Shane E. M.ccaﬂhy," Anjené M. Mdingtan,‘*
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Schizophrenia is a devastating neurodevelopmental disorder whose genetic influences remain
elusive. We hypothesize that individually rare structural variants contribute to the illness.
Microdeletions and microduplications >100 kilobases were identified by microarray comparative
genomic hybridization of genomic DNA from 150 individuals with schizophrenia and 268 ancestry-
matched controls. All variants were validated by high-resolution platforms. Novel deletions and
duplications of genes were present in 5% of controls versus 15% of cases and 20% of young-onset
cases, both highly significant differences. The association was independently replicated in patients
with childhood-onset schizophrenia as compared with their parents. Mutations in cases disrupted

genes disproportionately from signaling networks controlling neurodevelopment, including
neuregulin and glutamate pathways. These results suggest that multiple, individually rare
mutations altering genes in neurodevelopmental pathways contribute to schizophrenia.

chiatric illness with severe individual,

family, and societal burdens, The illness
typically arises in late adolescence or early adult-
hood, with prevalence ~1% worldwide. The pheno-
type is heterogeneous and complex, with multiple
genes and environmental exposures ikely involved.
Farndly, twin, and adoption smdies all support a
strong genetic influence, although patterns of
inheritance are variable and not consistent with a
single monogenic Mendelian trait (1)

The present warking hypothesis for genetic
influences on schizophrenia is the “common
disease—common allele” model (2), in which the
illness is caused by combinations of common
alleles, each contributing a modest effect. We
propose an altemative model: that some muta-
tions predisposing to schizophrenia are highly
penetrant, individually rare, and of recent origin,

S chizophrenia iz a debilitating neuropsy-
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even specific to single cases or families (3).

Genomic microduplications and microdele-
tions, also known as structural variants or copy-
number variants (CNVs), underlie many serious
illnesses, including neurological and neurodevel
opmental syndromes (4). Previously, we found
a significantly increased frequency of de novo
deletions and duplications in children with autism
spectium disorders (5), suggesting that rare stouc-
tural variants collectively account for a larger
proportion of these disorders than previously
recognized. Direct methods for detection of mi-
crodeletions and microduplications can be used
for gene discovery in other psychiatric disorders
as well.

The hypothesis that chromosomal mutations
may cause schizophrenia is not new. Karyotypic
abnormalities have been detected in affected
individuals or families (6), including events that
led to the discovery of potential disease-causing
mutations in DISCI (7), PDE4B (7), and NPAS3
(8). Deletions at 22q11.2 are also associated with
schizophrenia (9). However, the ability to detect
structural mutations associated with schizophrenia
was historically limited to large events identifia-
ble by karyotype. The development of microamay-
based methods now enables the detection of
much smaller events. These methods have
revealed siructural mutations involving genes in

pathways in with
schizophrenia, including a deletion disrupting
NRANI in affected siblings (10), a de novo
duplication invalving APBAZ in ane patient (10,
and deletions containing CNINAP2 in two
unrelated patients (17},

If severe mutations leading to schizophrenia
arc individually rare, then cach individual mu-

REPORTS I

tation will be responsible for the disorder’s
occurrence in only one or a few patienis. The

overall involvement of rare mutations in the
ll.iaess can be tested statistically by omnpa.rmg

the collective frequency of rare varianis in cases
with their callective frequency among contrals
We examine whether rare structural mutations
throughout the genome are more frequent among
persons with schizophrenia than among un-
duals. We then examine wheth-
er genes disrupted by structural mutations in
cases are more likely than genes disrupted in
controls to encode proteins critical to brain
development,

Genome-wide scans for structural variants
greater than 100 kb were carried out on genomic
DNA of 418 individuals, including 150 persons
with schizophrenia or schizoaffective disorder
meeting DSMAIV criteria and 268 healthy in-
dividuals (controls) aged 35 years or older who
were free of signs of neuralogical or psychiatric
illness. Detailed clinical information regarding
the cases is provided in the supporting online
material [(/2) and table S1]. Distributions of
racial ancestries were the same in cases and con-
trols. Representational oligonucleotide micro-
array analysis 8SK probe microarrays were used
for event discovery. Illumina 550K microarrays
and NimbleGen 2.1M feaiure HD2 microarrays
were used 1o validate events and refine genomic
‘breakpoints (12). Stringent quality-control criteria
were applied o microarray data to obtain reliable
measures of intensity, to exclude false positives,
and to ensure that ascertaiment of structural var-
fants was consistent between cases and controls
(12). First, frequencies in cases versus controls
were compared for the 115 common variants
(ie., with frequency =>1%) that passed our quality-
control criteria and were verified by an indepen-
dent method. Frequencies of these common
wvariants did not differ between cases and con-
trols (fig. S1). Second, detection sensitivity of
rare variants was measured by simulating struc-
tural variants of various sizes at many different
genomic locales and screening for them in blind
tests. Detection sensitivity varied by event size
and locale but was the same in cases and controls
(fig. $2). Variants that were ultimately included
in this smdy passed all these qual
[see also (12)] and met our criteria for rare var-
iants, defined as those not previously described
on the Database of Genomic Variants, version 3,
29 November 2007 update (13). In the 418 cases
and controls, we identifierd and validated 53 pre-
vicusly unreported microdeletons and microdu-
plications, of sizes ranging from 100 kb to 15 MB.

Individuals with schizophrenia were more
than three times as likely as controls to harbor
rare structural variants that deleted or duplicated
one or more genes (Table 1, P = 0.0008).
Cases with onset of psychotic symptoms at
age 18 years or younger were more than four
times as likely as controls to harbor such var-
iants (Table 1, P = 0.0001). In contrast, there
was no significant difference in the proportions
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of cases versus controls carrying rare muta-
tions that did not alter any genes (table 52).

We tested the same hypothesis in an inde-
pendent series of cases and controls, using a
rigorously characterized cohort of youth with
childhood-onset schizophrenia (COS). COS is a
rare and typically more severe form of the illness
(14). Of the 92 patients in this cohort, 9 patients
known to harbor major chromosomal abnormal-
ities (15-17) were excluded from this analysis,
leaving 83 individuals, Given the heterogeneous
ancestries of the COS patients, we evaluated the
nontransmitted chromosomes of available par-
ents (n = 154) as controls, Parental relationships
were validated by genotyping multiple polymor-
phic markers. Because each parent contributed
one haploid nontransmitied genome to analy-
sis, the effective diploid sample size of our
control group was 154/2 ar 77. Genome-wide
scans for structural variants >100 kb and =20
single-nucleotide polymorphisms (SNPs) were
carried out on genomic DNA from COS cases
and their parents by Affymetrix 500K SNP
arrays (Nsp I and Sty 1 chips). All events were
validated by Agilent 185K or 244K amray
comparative genomic hybridization and by
custom bacterial artificial chromosome arrays
targeting genomic regions of segmental dupli-
cations (/8). Rare variants were defined by the
same criteria as for these in the original series.
Insofar as possible, genotypes from parents were
used to detenmine whether variants were de
nove or inherited.

In the COS cases, we identified and validated
27 previously unreported deletions and duplica-
tions in 23 individuals. A 2.5-MB deletion on
chromosome 2q31.2-q313 and a 183-kb du-
plication on ¥ql11.221 were not inherited from
confirmed parents and were therefore presump-
tively de novo; other events were either inher-
ited or of unknown origin. A 115-kb deletion
on chromesome 2p16.3 disrupting NRXNT was
found in identical twins concordant for COS.
Deletions in NRXN/ have been reported in other
patienis with schizophrenia (/0), mental retar-
dation (19), and autism (20). In additon, two
COS cases harbored the recurrent mictoduplica-

Table 1. Individuals with schizophrenia and controls with novel structural variants {SVs) of size

confidence interval.

tion of 500-kb on chromosome 16p11.2 that was
recently associated with autism and also was
detected in two individuals with bipolar disorder
(21, 22). As found with the 16p11.2 duplication
in autism (21, 22), some duplications and dele-
tions in COS patients were inherited from un-
affected parents.

Among the 83 individuals with COS, 23
(28%) harbored one or more rare structural var-
famts that deleted or duplicated genes; 4 indi-
viduals carried more than one such event (table
$3). Among the 77 controls constructed from non-
transmitted chromosomes of the COS cases
parents, 10 (13%) carried such varianis. As for
the original serics, individuals with schizophre-
nia were significantly more likely than controls
to harbor rare structural variants that altered
genes (Table 1, P= 0.03). The proportion of con-
trals harboring a rare deletion or duplication was
higher in the COS series than in the original
series. Schizophrenia of very young onsel is as-
sociated with more severe family history as com-
pared with schizophrenia of older onset (/4), so
parents of COS cases are likely to harbor more
genomic lesions related to mental 1llness as com-
pared with parents of persons from the general
population. The use of nontransmitted parental
chromosomes as controls is therefore likely to
be very ive. Deletions and duplicati
in COS cases and fheir parents were screened
with different platforms from those used in the
original series of cases and controls, but within
cach series, screening was the same for cases
and controls. Definitions and sizes of CNVs are
not yet identical across platforms (£3).

Structural mmrtations that disrupt genes (rather
than deleting or duplicating entire genes) may
be especially likely to have biological conse-
quences. Gene disruptions include premature
truncation, internal deletion, gene fusion, or dis-
ruption of regulatory or promoter elements (23).
Therefore, in our original series, we determined
the breakpoints of genomic deletions and dupli-
cations in cases and controls by high-density mi-
croarray analysis and genomic sequencing (/2).
Gienes disrupted by the breakpoints of cach event
were identified (Table 2). Individuals with

schizophrenia were significantly more likely than
controls 1o harbor rare structural variants that
directly disrupted one or more penes (Table 1).

Virtually every rare structural mutation de-
tected in our eriginal series was different. Some
deletions and duplications were multiple mega-
bases in size; other variants altered only one or a
few genes. Some evemts in unrelated patients
altered the same genes, but with subtly different
genomic breakpoints. For example, similar
structural variants on chromosome 18pll dis-
rupted genes LAMA! and PTPRM in a case in
the original series (Table 2) and in a case with
COS (table S3).

Next, we assessed whether the functions of
the genes disrupted in cases or controls might be
related to schizophrenia, From our original series,
for which disrupted genes were fully identified,
we compared genes disupled in cases versus
those disrupted in controls using PANTHER (24)
and Ingenuity Pathways Analysis (IPA) (25) clas-
sification systems. These programs enable one
to determine whether an experimentally derived
set of genes is overrepresented, as compared with
all known genes (26), in one or more functional-
ly defined pathways. The analyses are undirected:
that is, no a priori selection is imposed on the
pathways 1o be queried.

Genes disrupted by structural variants in our
series of cases were significantly ovemrepresented
in pathways important for brain development, in-
cluding neuregulin signaling, extracellular signal—
regulated kinase/mitogen-activated protein kinase
(ERK/MAPK) signaling, synaptic long-tenn po-
tentiation, axonal guidance signaling, imegrin sig-
naling, and glutamate receptor signaling (Table 3)
Of the 24 genes disrupted by microdeletions or
microduplications in cases, 11 penes—ERBBA,
MAGI2, DLG2, PRKCD, PREAG2, PTK2, CAVI,
GRM?7, SLCIA3, PTPRM, and LAMAI—were
components of one or more of these pathways.
Genes disrupted in controls were not overrep-
resented in any pathway. It is therefore im-
portant that this association was found only
for cases and not for controls, that this asso-
ciation was not the result of the larger number
of genes disrupted by case events [(/2) and

>100 kb. Obs, observations; OR, odds ratio; CI,

: Proportion 95% Propartion 95%
Subjects n Obs with S¥ Pt OR 9 Obs i Pt OR a
SVs that duplicate or delete genes SVs that disrupt genes

Cases 150 22 015 00008 337 164, 16 011 0012 279 126
691 6.18

Cases, onset <18 years 76 15 020 00001 482 218, 10 013 0007 354 La4,
9.90 .69

Controls 8 13 0.05 11 004

COS cases a3 23 028 0.03 257 113,
5.83

COS controls® 7 10 013

*€0S controls: nontransmitted chiomosomes from parents of COS cases. {lwo-tailed Fisher Exact Tests for comparisons of numbers of cases versus numbers of controls with event.
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table $4), and that the signaling pathways im-
plicated were specifically involved with brain
development.

Mutations in two genes, ERBE4 and SLCIA3,
are predicted to have particularly deleterious ef-
fects on function. For each of these genes, we
experimentally characterized mutant transcripls
in the affected individuals. The ERBBY gene,
which encodes a type | trmsmembrane tyrosine
kinase receptor for neureguling, is disrupted by a
399-kb deletion in one case (Fig. 1A). Using 3'
rapid amplification of cDNA ends, we deter
mined that the mutant allele produces an altemnate
transeript in which exons 1 to 19 are spliced to
198 base pairs (bp} of the intergenic sequence
located downstream of ERBB4 and the deleted
genomic region (Fig. 1B). The altemate transcript
is predicted to encode amino acids 1 to 767 of
ERBB4 followed by a novel extension of 15
amino acids, which would result in a protein

lacking most of the itracellular kinase domain
(Fig. 1C). The predicted mutant protein is likely
to function similarly to an engineered dominant-
negative ERBB4 (DN-ErbB4) (Fig. 1D}, which
causes defects in newronal migration (27) and
synaptic neurotrmsmission (28, 29).

SLCIA3, a gluamate transporter widely e

REPORTS I

lular signaling netwarks critical to neuronal cell
growth, migration, proliferation, differentiation,
apoptosis, and synapse formation (32). ERBB4
is a receptor for neuregulin (NRG1) and inter-
acts with MAGI2 at newronal synapses (33) and
with DLG2 (34). The NRG1-ERBB4 complex
helps regulate neuronal migration and di ffn'

pressed in glial cells, regulates n

ter ¢ ons at excitatory gl gic
synapses (307). Elevated levels of SLCIA3 mes-
sage have been described in postmortem thal-
amus tissue of individuals with schizophrenia
(31). The 503-kb deletion in another case dis-
rupts both SLCIAS and SKP2 and leads to a
chimeric transcript expressed in patient lympho-
blasts (Fig. 1E). The predicted fusion protein is
likely to differ in expression and function from
that of wild-type SLC1A3.

These genes and nine other genes disrupted
by structural variants in cases contribute to cel-

entiation, receptor

glial proliferation, and synaptic plasticity (35)
and is critical to the development of glutamate
networks (28, 29). GRM7 [a G protein-coupled
metabotropic glutamate receptor (36)] and
SLCIA3 [a glutamate transporter (30)] are also
involved with glutamate signaling, Glutamate is
the primary excitatory neurotransmitter (37) in
the human brain. Glutamate pathways coregu-
late intracellular signaling cascades, including
ERK/MAPK (38), nitric axide (39), and integrin
{40) signaling pathways: all of which play key
roles in the orchestration of newogenesis and

Table 2. Novel SVs in genomic DNA that delete (del) or duplicate (dup) genes in schizophrenia cases and controls. Chr, chremosome; hg18, human

genome assembly 18 (March 2006). Dashes indicate that no gene was disrupted by SV breakpoints.

chr Start (hg18) End (hg18) size (bp) Type ::;:L‘:‘::ﬂ:: “‘;‘;‘;;:’;L‘Z‘"l'" ok
Cases (n = 150)
1 144,943,150 146,292,286 1.349,136 del 1 NBPFI0 250
1 232.064.245 232,673,340 209,095 dup 3 SLC35F3, TARBPL 24
2 18,648,754 19,319,693 670929 dup 3 STONI-GTF2A1L 25
2 211792494 212191651 399,157 del 1 ERBBA 13
3 7077587 7310117 136,520 del 1 GRMT 7
3 53,056,517 53,191,698 135,181 dup 2 PRKCD 22
3 197,224,662 198,573,215 1,348,553 del 20 - 18
5 36,190,704 36,693,387 502,683 del 4 5KP2, SIC1A3 13
¥ 77,358,702 77,857,149 498,447 dup 2 MAGIZ, PHTF2 18
7 100,298,156 115,966,446 15,668,290 dup 82 SLC12A9, CAV1 18
ki 151,069,763 151,531,755 461,992 dup 4 PRKAG2, MLL3 15
8 142,025,432 142,393,948 368,518 dup 3 PTKZ2 12
9 2,013,316 3,118,374 1,105,058 dup 4 SMARCA2 >18
9 3104250 354,339 440,089 del 1 d 1
9 25,325,531 25,852,120 526,889 dup 1 3
1 33,260,389 33,540,102 279213 dup 2 HIPIS, Clloa P
1 83,680,969 83,943,977 263,008 del 1 biGz =
1 53,485,363 53,768,132 262,769 dup 1 - 18
18 7,070,926 7.565,943 495,017 dup 2 LAMAL, PTPRM 16
19 59,045,962 59,363,706 317,744 dup 13 T™MC4 16
22 32,048,581 32,715,286 666,705 dup 1 LARGE 13
3 57,772,954 57,772,954 dup entire Y 18
) 57,571,543 57,723,933 152,391 dup 19
Controls {n = 268)
1 99,984,742 100,204,503 219,761 del 2 FRRS1
2 8171653 8581679 410,026 del 1 :
3 79,667,848 81,408,551 1740703 del 1 ROBO1
6 95,730,630 96,143,673 413,043 del 1 MANEA
7 84.336,008 84,699,929 363,921 del 1 :
7 111,033,850 112,330,786 1300896 dup 6 Fj31818
7 127,083,558 127.422,101 330,843 del 1 swo1
B 8144616 11,755,764 3,611,148 del 20 T8
9 12,601,413 13.216,945 575532 dup 3 wPoz
12 24,583,650 25,248,947 665,297 dup 7 SOXS, LYRMS
12 29,793,043 29,990,037 196,994 del 1 TMTC1
16 69,395,935 69,748,827 352,892 del 2 HYDIN
22 30,898,828 31,191,488 292,660 dup 5 BPiL2
*Same individual.
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Table 3. Pathways and processes overrepresented
by genes disrupted in schizophrenia cases. No path-
ways were overrepresented by genes disrupted in
controls.

Pathway or process P value
Signal transduction® 0.012
Neuronal activities” 0.049
Nitric oxide signalingt 0.0002
Synaptic long-term potentiationt 0.0005
Glutamate receptor signalingt 0.003
ERK/MAPK signalingt 0.004
Phosphatase and tensin 0.007
homolag signalingt
Neuregulin signalingt 0.008
Insulin-like growth factor 1 0.008
signalingt
Axonal guidance signalingt 0.015
Synaptic long-term depressionf 0.017
G protein—coupled receptor 0.034
signalingt
Integrin signalingt 0.036
Ephrin receptor signalingt 0.042
Sonic hedgehog signalingt 0.044
“Undirected PANTHER analysis (170, fUndirected IPA (16).

neural circuitry (4/—45). Aberrations of NRG1-
ERBB4 pathways and of glutamate neuro-
circuitry have been implicated previously in
sehizophrenia. NRG] is anong the best supported

alitzoplicenia (7). Vit of ERBBA aid s
actions among genes in the NRG1-ERBB sig-
naling pathway have also been associated with
the illness (44-46).

In two independent cohorts, we found struc
tural variants altering genes to be more common
among individuals with schizophrenia than
among controls. Our design does not prove the
involvement with the illness of any specific var-
iant or even the involvement of any specific
gene. Rather, these results suggest that schizo-
phrenia can be caused by rare mutations that
disrupt genes in pathways of neurona! develop-
ment and regulation. This model suggests a new
approach 1o gene discovery for schizophrenia
and likely for other psychiatric disorders. Neuro-
developmental pathways invoive hundreds of
genes. A severe mutation in any one of these
genes may lead to a psychopathological pheno-
type. Furthermare, independent mutations in the
same gene or genomic region, such as 16pl12
or NRYN/, may lead to expression of different
neuredevelopmental phenotypes, ranging from
schizophrenia 1o autism to mental retardation
(16, 19-21) or to no clinical manifestation at all,
Variable expression may arise by different genetic
or epigenetic “second hits™ or simply by chance.

Gene discovery effons should focus on meth-
ods that allow detection of structural mutations
genome-wide in affected individuals. Any gene
harboring a deleterious structural mutation be-
comes a candidate gene to be screened by other
methods for additional, presumably smaller,

ERBB4

exon 1 2 3
B
ANVEFMDVTVGNI

TLSGMHGNEK *
. X NETCFETTEN ]

ERBBA exon 19 intergenic region

(NN w |
ERRB4 extracellular domain

vl ||
TM  kinase domain

D
EHBB4 kinase dumam

E
| |
1 2 ! 34586 7 8910 1 2
-
exan 2F i O e —
+———-HHHH-B
1 2"-155739!0
A L

E N FE B d & B

SKPzomnz  SLCIAS oxon 4
Fig. 1. Structural mutations in genomic DNA from schizophrenia patients leading to expression of
truncated ERBB4 and to expression of an in-frame fusion of SKP2 and SLCIA3. (A} Genomic structure of
the 399-kb deletion in £RBB4 in a schizophrenia case. (B) cDNA sequence of the mutant ERBB4 tran-
seript detected in the patient’s lymphoblasts, in which the sequence from exon 19 is spliced to the
downstream intergenic sequence, with encoded amino acids indicated above (47). (C) Domain structure
of the ERBB4 protein with the site of mutation indicated (*). TM, transmembrane domain. (D) Amino acid
sequence of the wild-type ERBB4 kinase domain as compared with that of mutant ERBB4 and of an
engineered dominant-negative ERBBA4 construct (DN construct) that disrupts signaling (27). The
predicted mutant protein has a truncated kinase domain and a novel 15 amino acid extension followed
by a stop. Kinase domain amine acids are highlighted in yellow. (E) Chimeric SKP2-SLCIA3 gene formed
by a 503-kb deletion in a schizophrenia case. The indicated fusion transcript, including exons 1 and 2 of
SKP2 (yellow) and exons 4 to 10 of SLCIA3 (blue), was detected in the patient’s lymphoblasts. The cDNA
sequence and encoded amino acids surrounding the point of fusion are shown. Arrows indicate locations
of primers used to amplify the fusion region by reverse transcription polymerase chain reaction.

: Jual

in unrelated i

explain a number of cases. The long-

This second analytic step would entail complete
analysis of variation of a limited number of
candidate genes in a very large number of cases
and controls. The underlying hypothesis is that a
gene harboring one mutation for an illness is
likely to harbor more than one mutation. Al-
though each mutation may be individually rare,
the total munber of discase-causing variants in a
gene relevant to the disorder may collectively

term goals are to identify all genes with mu-
tations leading to the illness and to develop
treatment and prevention strategies tailored
toward the remediation of the altered pathways.
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Metabolic Diversification—Independent
Assembly of Operon-Like Gene
Clusters in Different Plants

Ben Field and Anne E. Osbourn*

Operons are clusters of unrelated genes with related functions that are a feature of prokaryotic
genomes. Here, we report on an operon-like gene cluster in the plant Arabidopsis thaliana

that is required for triterpene synthesis (the thalianol pathway). The clustered genes are
coexpressed, as in bacterial operons. However, despite the resemblance to a bacterial operon,
this gene cluster has been assembled from plant genes by gene duplication, neofunctionalization,

and genome rather than by h

gene transfer from bacteria. Furthermore,

recent assembly of ope like gene clusters for

synthesis has occurred independently in

divergent plant lineages (Arabidopsis and oat). Thus, selection pressure may act during the
formation of certain plant metabolic pathways to drive gene clustering.

{terpenes protect plants against pests and
Tdisases and are also important drugs and
anticancer agents {/—4). Like sterols, these
ds are synthesized from the i id
pawwzly by cyclization of 2,3- omdosqualeﬂe
(1, 3). The Arabidepsis genome contains 13 pre
dicted oxidosqualene cyclase (0SC) penes (3, 5).
Of these, one encodes cycloartenol synthase (CAS),
which is required for sterol biosynthesis, and
another encodes lanosterol synthase (LAS), which
is conserved across the eudicots and whose func-
tion in plants is unknown (Fig. 14). The 11 re-
maining OSCs fall into two major clades (1 and IT)
(Fig. 1A). These OSCs produce various triterpenes

Department. of Metablic Biclogy, Jehn Innes Centre, Colney
Lane, Nomidh NR4 TUH, UK
*To whom comespendence should be addressed. E-mall:
anne.osbourng@bbsre ac uk

when expressed in yeast. However, their function
in Arabidopsis is unknown. The OSCs in clade [
have close homologs in other eudicots; those in
clade Il appear to be restricted to the Brassicaceae
family and show homology to a single OSC from
Brassica napus.

Oat (Avena spp.), a monocot that diverged from
the eudicots ~180 million years ago, produces
defense-related triterpenes known as avenacins,
The first commitied step in avenacin synthesis is
catalyzed by the OSC f-amyrin synthase (en-
coded by Sadi} (6). Sad! is hypothesized to
have arisen from a duplicated monocot CAS-like
gene after the separation of wheat and oat ~25
million years ago (6, 7). The second step in
avenacin biosynthesis is mediated by SAD2, a
‘member of the newly described monocot-specific
CYPSIH subfamily of cytochrome P450 enzymes
(CYP450s) (8). Sad! and Sad? are embedded in

a gene cluster that includes genes required for
acylation, glucosylation, and other sieps in the
pathway (2, 7). The avenacin biosynthesis genes
are tightly regulated and expressed only in the
oot epidermis, the site of accumulation of the
pathway end product (6, ). The avenacin gene
cluster lies within a region of the oal genome
lacking synteny with rice and other cereals (7).

We examined the genomic regions around
cach of the 13 Arabidapsis OSC genes in the
Arabidapsis genome to establish whether genes
for triterpene synthesis might be clustered (9).
Four OSC genes are flanked by genes predicted
to encode other classes of enzymes implicated in
secondary metabolism, These four OSCs all be-
long to clade I1, which appears to have undergone
accelerated evolution compared with other Ara-
bidopsis OSCs (Fig. 1A). We focused on aregion
containing four contiguous genes predicted to
encode an OSC (4r5g48011), wo CYP450s
(Ar5g48000 and Arigd7990), and a BAHD
family acyltransferase (ACT) (At5g47980) (Fig
1B). The expression of all four genes is highly
comelated (Fig. 1C) and occurs primarily in the
oot epidermis (fig. S1}, which suggests that the
genes are functionally related (10)

The OSC gene within thisregion, At5g48010,
converts 2,3-oxidosqualene to the triterpene thalianol
when expressed in yeast (11). However, thalianol
has not been reported in plants. We detected low
levels of thalianol in roots but not leaves of wild-
type Arabidapsis (Fig. 2, € and D), consistent
with the expression of Ar5g48070. Thalianol
was not detectable in root extracts of a mul! inser-
tion mutant of At5g48010 (thas!-I) (Fig. 2E),
which indicated that the ArSg#8010 gene product
[hereafter, named thaliano! synthase (THAS)] is
required for synthesis of thalianol in Arabidopsis
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roots, Overexpression of THAS in Arabidapsis
resulted in thaliano! accumulation in leaves (Fig.
2F) and in dwarfing (Fig. 3A). Mutations in the
gibberellin, brassinosteroid, and primary sterol
pathways can result in dwarfing (/2-14). However,
the dwarf phenotype of the THAS
lines was not rescued by applicati

of eibberelli

or brassinosteroid, and the sterol content of these
plants was not significantly altered (P > 0.03,
Student’s  test, = 3), which that thalianol

mutants [(Fig. 4A); wild type and thas)-1]. Be-
cause these peaks were dependent on THAS, this
d that thalianol (peak 1) is converted to

may be detrimental to pla.m prowth.

unknown downstream products in wild-type

Gas ch ¥
(GC-MS) analysis of wild-type root extracts re-
vealed additional peaks that were absent in THAS

Fig. 1. (A) Neighbor-
joining tree of Arabidopsis
and oat 05C enzymes (per-
cent bootstrap support in-
dicated). idopsts 0SCs

A

are indicated with Arabi-

At

dopsis Genome Initiative
gene codes. Those genes
residing in candidate meta-
bolic gene clusters are
starred. Oat OSC National
Center for Biotechnology
Information acaession num-
bers: SAD1 (CAC84558),
AsCS1 (CACBASS9). (B)
Map of the triterpene gene
cluster on Arabidopsis chro-

mosome 5. T-DNA inser-
tion mutants are indicated.

Atdg15240
Atag15370

A5g48010
51 At5yaB150
8500

drabidopsis planis (peaks 2a, 2b, 2c, 3a, and 3b).
Therefore, the coexpressed genes adiacent to
At5g48010 (THAS) were examined to determine

¥
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AB42600

18pe|y

Oat f-amytin synthass (SAD1)
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(€} Microarray expression
profiles of the genes in
Fig. 1B and the two im- ASCST
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Atsg47970 and. b d
(neither of which are 0.1 sebestiutions
implicated in secondary
metabolism). Absolute ex-
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'z 3). Data were retrieved / \V\<T/ /
fram Genevestigator (26). |
The genes in Fig. 18 were .—Q__ IHH{ !
highly coexpressed across At5g47880 \5947330 15348000 8010
392 microarray experi-  BADH acylianslerase  GYP705A5 (THAD) cvwmmz (THAH) OSC (THAS)
ments [average correlation e
coefficient ()= 0.86]. The E o
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whether they function in thalianol modification.
We analyzed transferred DNA (T-DNA) insertion
mutants in Af5g48000, which is immediately
adjacent to THAS. AtSgd8000 is predicted to
encode a CYP450 (CYP708A2) belonging to the
functionally uncharacterized CYP708 family, a
CYP450 family specific o the Brassicaceae (15).
Root extracts of mutants affected at ArSg/8060

(thahl-1 and thahi-2) showed increased thalianol
levels compared with the wild type (Fig. 4A and
fig. 83, A and B), which suggests that the CYP450
encoded by A5g4 8000 is required for conversion
of thalianol to a downsiream product. Furthermore,
we observed that peaks 2a to 3b were absent in
root extracts of thahl-1 (Fig. 4A) and, so, may
correspond to downstream pathway intermediates.

Tic EIC 228
A
‘Yeasl control
B Thallanol Thalianol
Yeast expressing Thalianol epoxide Thalianol epoxide
Al5g48010 (THAS)
cDNA
1N |
o]
Wwild type leaves
Arabidopsis
e b Ll
D Thalianol
Wild type roots
Arabidopsis
U LA ARt benmi
E
thas1-1
Al5g48010/THAS
knockout
Arabidopsis roots
—tPi Uv
F Thallanol
Arabidopsis THAS Thatiano!
overexpressing
line (leaves)
PN A e e
22 24 2 28 22 24 2 28
Time {mir) Time (min)

Fig. 2. Extracts from yeast and Arabidopsis were analyzed for triterpene content by GC-MS: TIC, total fon
chromatograms; EIC 229, extracted ion chromatograms at a mass-charge ratio (a2} of 229. Data are
representative of at least two separate experiments, each with triplicate samples. (A} Yeast empty-vector
control; (B) yeast expressing the Af5g48010 <DNA; (C and D) from wild-type Arabidopsis; (E} from an
At5g48010 (thas1-1) knockout line, (F} from an Arabidopsis line overexpressing THAS. The ion fragmen-
tation pattern of thalianol was as reported (fig. 52) (11). Thalianol epoxide, a product of bis-oxidosqualene
cyclization, was detected in yeast only. The chromatograms are scaled to the highest peak. Unlabeled

peaks are sterols.
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The second CYPA450 in this region (Ae5g47990)
(Fig. 1B) belongs to the CYPT705 family, another
g = A " £

spec
CYP450 family (16). The CYP705 and CYP708
families belong to the CYP71 and CYP8S clans
respectively, which demonstrates that 415g47990
is not a tandem duplicate of A15g48000. Null
insertion nmuants and RNA interference (RNA{)
knockdown lines for 4r5g47990 had enhanced
levels of peaks 2a and 2b relative to wild-type
plants (Fig. 4A and fig. $3, C and D). Peaks 2a,
2b, and 2c, with similar ion fragmentation patiems,
were identified as thalian-diol [(35,135,14R)-
malabarica-8,17,21-trien-3,7-diol] (fig. $4) and
are likely o represent different thalian-diol isomers.
Peaks 2a to 2¢ were not present in root extracts
of thasi-i, which confirmed that production of
thalian-diol depends on THAS (Fig. 4A). These
peaks were also absent from root extracts of
thahi-] (Fig. 4A), which implicated A(5g 48000
in thalian-diol hiosynthesis. Overexpression of
THAH with THAS in Arabidopsis leaves resulted
in conversion of thalianol to thalian-diol (fig. S6A),
and overexpression of THAH in fah!-1 restored
the thaliano! pathway (fig. S6B). On the basis of
these data, we concluded that 4r5g48000) encodes
thaliano! hydroxylase (hereafter, referred 1o as
THAH). Plants that overaccumnulate thalian-diol
are dwarfed (fig. S6B), which suggests that thalian-
diol, like thalianol, is detrimental to growth when
produced in the above-ground parts of the plant.

The increased levels of thalian-dicl in thad!-J
suggested that 4¢547990 was required for con-
version of thalian-diol 10 a further downstream
product. We observed that peaks 3a and 3b,
which are present in wild-type plants, are absent
in thas!-I, thah!-1, and thadl-I (Fig. 4A). These
two peaks were identified as isomers of desatu-
rated thalian-diol [(35,13S, 14R)-malabarica-
8,15,17.214etraen-3,7-diol] (fig. S5). Conversion
of thalian-diol to desaturated thalian-diol in-
wvolves introduction of a double bond at carbon
15 (Fig. 4). CYP450 enzymes can catalyze de-
saturation reactions of thiskind [see ref. (/7)]. On
the basis of these data, we concluded that
At5gd7990 encodes thalian-diol desaturase
(hereafter, referred 1o as THAD).

These data show that THAS, THAH, and
THAD are contiguous coexpressed genes encod-
ing biosynthetic enzymes required for three con-
secutive steps in the synthesis and modification
of thalianol (Fig. 4B). The fourth gene in the
cluster (Ar5g47980) is predicted to encode a
BAHD acyltransferase (ACT). As for THAS,
THAH, and THAD, this enzyme also belongs to
af : i i Lv v
At5g4 7980 has an expression pattemn very similar
to that of THAS, THAH, and THAD and is im-
plicated in secondary metabolism, it is likely 1o
be required for modification of desamrated
thalian-diol. However, we have not detected
acylated d d thalian-diol in Arabidopsis
root extracts. This may be because this com-
pound is further modified or sequestered or is
present at very low levels.
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Wildtype  THAS overexpressing Wild type THAS overexpressing
line line.
B
Wik typo I ——
thas?-1 {ASQE010 KO} =
than11 3 =—]—P=1xi0*
thad1-1 (ABge7900 KO} ——P=2x10%
A T
T e ——F—P=ax10*
15 16 18 19

17
Fiet length (mm)
Fig. 3. (A) Plants overexpressing thalianol synthase (THAS) are dwarfed. (B) Roots from 7-day-old
plants that accumulate thalianol (thah1-1) or thalian-diol (thad1-1) are significantly longer than
those of the wild type or thasI-1 (which lacks the entire pathway). Plants that overexpress THAS
and, thus, have elevated levels of thalianol also have significantly longer roots than the control.

The avenacin gene cluster in oat (Avenia spp.)
«confers broad-spectrum resisiance to fungal path-
ogens (2). We tested whether the Arabidopsis
thalianol pene cluster was also defense-related.
We challenged the roots of mutant and wild-type
plants with strains of fungal and bacterial plant
‘pathogens {Alernaria brassicicola, Bobyts cinerea,
and Psendomenas syringae pv tomato DC3000)
but saw no discemible differences in disease pro-
gression (fig. 57). However, examination of data
from a recent survey of genome-wide polymor-
phisms in Arabidopsis (18) revealed that the
thalianol pathway genes represent one of the
most conserved regions of the genome. This is
the hallmark of a recent selective sweep and
implies that this gene cluster confers an important
(and as vet unidentified) selective advaniage.

Genes for most metabolic pathways are not
clustered in plants. However, clustering facilitates
the inheri f beneficial f genes
(7, 19, 20); furthermore, disruption of metabolic
gene clusters can lead to accumulation of dele-
terious intermediates (21). The observations that
ectopic overaccurmulation of thaliano! (Fig 2A)
or thalian-diol (fig. S6B) lead to severe dwarfing
in Arabidopsis are consistent with a need for tight
coordinate regulation of the pathway. It is note-
waorthy that lines that accumulate elevated levels
of either of these compounds have significantly
longer roots than the wild type (Fig. 3B), which
suggests distinet and organ-specific effects of

Errar bars are + SE, n = 68 to 90 for three replicate experiments.

thalianol and thalian-diol on plant growth. We
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thast -1 |
I i J Thallanol hydroxylass
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|
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Fig. 4. (A} Detection of thalianol (1) and other pathway intermediates in root
extracts from wild-type and T-DNA insertion lines. TIC, total ion chromato-
grams; EIC 227 and 229, extracted jon chromatograms at aviz of 227 and 229,
respectively. (B) Scheme of the thalianol pathway showing the structures of 2.3-
axidosqualene, thalianol (1), thalian-diol (2a, 2b, and 2¢), and desaturated
thalian-diol (3a and 3b) (see figs. 52, 54, and S5, for respective ion
fragmentation pattems). The hydroxyl group introduced to thalianol by THAH
to give thalian-diol is drawn in red. GC-MS ionization data indicate that this

546

26 28

Time {min)

hydroxyl group is located at one of the four available carbon positions in rings B
or C. Peaks 2a to 2¢ are isomers of thalian-diol and are likely to differ in the
position of the hydroxyl group. Because of the low levels of these compounds in
Arabidopsis root extracts, we were unable to determine the predise position of
the hydroxyl group in these isomers by nuclear magnetic resonance. The
chromatograms are scaled to the highest peak. The peaks between 26 and 28
min (TICEIC) are plant sterols. The data are representative of at least two
separate experiments, each with triplicate samples.
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Fig. 5. Model of thalianol cluster evolu-
‘tion. The OSC tree is as in Fig. 1. Colored
circles next to each OSC indicate the pres-
ence of adjacent genes encoding specific
classes of other biosynthetic enzymes (see
key). The colored diamands indicate points
at which common ancestors of genes for
‘these other specific classes of enzyme are
hypothesized to have become located in
‘the vicinity of an ancestral 0SC gene. The
reconstruction minimizes the number of
rearrangement and gene loss events re-
quired to reach the present-day chromosom-
al arrangement. The product of At5g48010
{the OSC gene that lies within the function-
al gene cluster reported in this paper) is
indicated in bold. The existence of other
triterpene gene clusters is inferred by
association of other clade Il OSCs with
genes for other enzymes implicated in
secondary metabolism.

[ I I“Tel"le}

note that the four coexpressed genes within the
thalianol gene cluster have marked hmm:: H3
lysine 27 hylation, whereas the &

0sc
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This finding suggests that eukaryotic genomes
are rmpnb e of m]mr}mh!: plasticity and can as-
ki ] de novo, which

flanking penes do not (22), which suggests that
clustering may also facilitate coordinate regula-
tion of the gene cluster at the chromatin level
Although oats and Arabidopsis both contain
gene clusters for writerpene synthesis (the avenacin
and thalianol clusters, respectively), these two
gene clusters are unlikely 1o share a common
origin. This is supported by the fact that the oat
Sad! and Sad? genes do not have orthalogs in
Arabidopsis and are monocot-specific (6-8).
Furthermore, there is no evidence for horizontal
transfer of either gene cluster from microbes or
elsewhere, Phylogenetic analysis suggests that an
ancestral gene cluster formed in Arabidopsis
around the progenitor of the lineage-specific
OSC clade I (Fig. 5). Sequential rearmangements,
duplications, and gene loss presumably led 10
formation of the present-day thalianol cluster.
Cluster formation may have been accompanied
by the rapid ion and ional diversifi-

mises futrigning questions sbout the molecular
mechanisms and evolutionary pressures that have
acted to cause these gene clustering ammgements
10 assemble and become fixed. Comparative ge-
nomics will now enable us to trace the origins of
such gene clusters and so to gain insights into the
mechanisms that drive their formation. A further
intriguing question is concemed with why genes
for some metaholic pathways are clustered, whereas
others are not. Our identification of two triterpene
gene clusters [for thalianol in Arabidopsis (this
paper) and for avenacins in cat (2, 6-8, 10)] im-
plies that triterpene pathways may be predisposed
to gene clustering, There are two other examples
of gene clusiers for plant defense compounds
(for rice diterpenes and maize benzoxazinoids)
(19, 24, 25). As we learn more about why genes
for some metabolic pathways are clustered and
others are not, we may need to redefine our

of plant lism.

cation of the lineage-specific OSC clade I, along
with the lineage-specific CYP702/708, CYPT05,
and ACT gene families. In addition, whereas
THAS makes thalianol, the other OSCs in clade
11 produce different triterpene products when ex-
pressed in yeast (3, 5). Some of these OSCs may
be componenis of other funcéonal irfierpene gene
clusters (Fig. 1A), as suggested by genome-wide
coexpression of CYP450s (23).

An obvious assumption may be that gene
clusters of the kind that we have observed were
inherited from early evolutionary progenitar spe-
cies. However, our data clearly indicate that the
thalianol and avenacin gene clusters are the pro-
ducts of separate and recent evolutionary events.
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Mechanism of Self-Sterility in a
Hermaphroditic Chordate
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by a system of self-incompatibility (S1). A primitive

chordate (ascidian} Ciona intestinalis is an example of such an organism, but the molecular
mechanism underlying its SI system is not known. Here, we show that the SI system is governed by
two gene loci that act cooperatively. Each locus contains a tightly linked pair of polycystin
1-related receptor (s-Themis) and fibrinogen-like ligand {v-Themis) genes, the latter of which is
located in the first intron of s-Themis but transcribed in the opposite direction. These genes may
encode male- and female-side self-recognition molecules. The SI system of C. intestinalis has a
similar framework to that of flowering plants but utilizing different molecules.

slbhllgs (6 7). one- way cross-sterility and

in many hermaph ., in-
cluding flowering plants, which prevents
self-fertilization and promotes outcrossing (J).
Fertilization strategies based on the recognition
of self or nonself have been reported (2, 3).
Known SI systems include multiple proteins that
are encoded within a specific gene locus termed
the SI specificity-determining locus. The self-
recognition, or allorecognition, process requires a
male factor and a female factor, and both of these
factors must cosegregate chromosomally to en-
able suceessfitl inheritance of the allospecific inter-
action. Tight genetic linkage of the male and
fernale ST genes is a common key feature in the
previously characterized plant SI systems (4).
The invertebrate chordate Ciona intestinalis
has a highly evolved SI system. Interest in the
ascidian SI system dates back to the works of
Thomas Hunt Morgan {5-8). Quite a bit is known
about the Ciona SI system: (i) A selfnonself-
discrimination site resides on the egg’s vitelline
coat (VC), which is an acellular matrix sur-
rounding the egg (9). The VC shows higher
affinity to the nonself sperm than to the self
sperm. Fertility of sperm is closely related to its
capability to bind to the VC (9, 10). This suggests
that the male SI factor is expressed on the sperm
surface. (if) Acquisition of self sterility takes place
during oocyte maturation (/J). (i) The barrier
against self-fertilization is abolished by treatment
with mildly acidic seawater or by addition of
proteases (5). When treating eggs with weak acid
to allow self-fertilization (Fig. 1A}, Margan ob
served two types of cross-sterility, which is non-
self sterility between pametes from different
animals, within the obtained self-fertilized F,

S elf incompatibility (SI) is a system found
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cToss-st . In the case of cne-
way cross-sterility, the eggs are fertilized by
nonself-sperm, but no ferilization oceurs in the
opposite gamete combination. On the other hand,
no fertilization is observed in hoth gamete com-
binations in bidirectional cross-sterility. Oceur-
rence of one-way cross-sterility is unlikely to
be due to a crossover between the male and
female SI genes, which would soon disrupt the ST
system during a few generations. Instead, Morgan
introduced a “haploid sperm hypothesis” to
explain this phenomenon, which proposes that
SI specificity is determined by haploid expres-
sion in sperm but by diploid expression in eggs
(Fig. 1B) (6-8). According 1o this hypothesis, a
parent heterozygous at the SI locus (represented
as Afa) produces two populations of sperm (A-
sperm and a-sperm), either of which can fertilize
two types of homozygous eggs (A/A and a/a). In
contrast, sperm (A-sperm and a-sperm) from two
types of homozygotes (A/A and a/a) are unable to
fertilize heterozygous eggs (A/a), because hetero-
zygote eggs have (in the VC) both types of female
SI gene products,

We repeated Morgan's self-fertilization exper-
iment (Fig. 14) (12) and cbiained several baiches
of F, populations, among which were two batches
(H and G) that we analyzed in detail and obtained
noncontradictory results (figs. S1 and $2). Baich H
contained 23 self-fertilized siblings from a single
parent. We examined the pairwise sterility or fer-
tility of gametes from these 23 animals and one
nonsihling animal as a control in all the 576 (=24 %
24) combinations (fig. SIA). According to the
pattern of cross-ster: 23 selfed Fy siblings
were clustered into six distinct groups (fig. S1B)
Gametes were bidirectionally sterile within each
group, but reciprocal fentility and one-way ste-
rility were observed between different groups.
This grouping agreed well with that predicted
from an expanded version of the above-mentioned
genetic scheme based on the “haploid spean

thesis™ to two SI loci (des| das locus A
and B) system (Fig. 1C, also see fig. SIB).

We then undertook the positional cloning of
these two loci by scarching for genetic markers

that show a similar segregation patiem as that pre-
dicted from the above genetic scheme. Genetic
mapping using the H batch revealed that loci A
and B reside in chromosomes 2q and 7q, re-
les 81 and S2). Fine mapping was
the G and H batches, and the
candidate regions of loci A and B were finally
restricted to as narrow as 170 kilobase pairs and
1 megabase pair long, respectively (fig. 83). Locus
A appeared to contain only about 20 transcription
units (table 53). No overall synteny between these
two loci was observed with two exceptions.

Synteny was observed for a homolog of the

lian PKDI ( polycysiin-1) gene, i

gene for autosomal dominant polycystic kidney
disease (ADPKD), which was found in both loci
(Fig. 2A and figs. S4 and 85). We desipnated
these two PKD1 homalogs as s (spern)- Themis-4
(in locus A) and -B (in locus B), respectively.
(Themis is a Greek goddess who is the embodiment
of divine order, law, and custom and prokibits
incest) PKDI is a tansmembrane receptor and
interacts with PKD2 (polycystin-2), which is a
product of another causative gene for ADPKD and
structurally related to PKDI, to act as a calcium-
permeable cation channel complex (13, /4). Itis
thought that in this complex PKDI plays a roleto
maodulate the fon conductance of the PKD2 chan-
nel (15). PKD1 family members of other orga-
nisms are known to play key roles in fertilization,
For example, in sea urchin sperm, the acrosome
reaction requires activation of two PKDI orthologs
(REJ1 and REJ3, receptor for egg jelly) (16, 17)
REI3 is shown to bind physically to the sea urchin
PKD2 ortholog (suPC2) in the plasma membrane
over the acrosomal vesicle (18). Also, in flies, there
may be involvement of PKDI members in the
[pamete interaction process because disruption of
the PKD? gene results in male sterility without
affecting spermatogenesis (19). PKD1 family mem-
bers usually contain 11 transmembrane domains,
and s-Themis-B also contains these putative 11
domains. In contrast, s-Themis-A is a diverse
member and containg five transmembrane do-
mens. Boih versions of s- Themis are polymorphic
in the N-terminal hypervariable regions (fig. S6, A
and B; see supporting online text). For example,
only 29% of amino acids (42% of nucleotides)
were identical between two alleles of s Themis-B
shown in fig. S6B, whereas it is reported that
genome sequences derived from two homologous
chromosomes in C. intestinalis show more than
99% identity 10 cach other in coding regions at the
mucleotide level (20). A and B s-Themis are rela-
tively conserved in the C-terminal side of the RET
module and contain a signal peptide, an N-terminal
hypervariable region, an REJ module, and a
heterotrimeric GTP-binding protein (G protein)
coupled receptor protealytic site (GPS) domain in
the extracellular region and a lipoxygenase homol-
ogy domain in the cytoplasmic region (Fig. 2A.
and figs. $4 and S5). Transcripts of s-Thenms-4
and -8 were found in a testis cDNA library (21}
(also see table $3), which suggested that these
gene products are on spermatozoa.
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The other gene shared by both loci was a
fibrinogen-like gene (Fig. 2A and figs, 54 and
S5). In parallel with this genetic study, we are
currently identifying VC components in this spe-
cies by mass spectrometry-based proteomic anal-
ysis. Among about 20 proteins encoded in the
candidate region for locus A, the fibrinogen-like
molecule murned out 10 be the only one included
in the identified VC components (table S3; fi
S6C and S7). Similarly, another fibrinogen-|

e

protein encoded in the candidate region for locus
B was also found in the VC (figs. S6D and S7).
‘We thus designated these genes as v (vitelline coat)-
Themis-4 and -B. Both v-Themis proteins were
relatively small, consisting of a single fibrinogen-
a/ply-chain C-terminal globular domain, but
extremely polymorphic (fig. S6, C and D; see
supporting online text). This domain is known
1o be responsible for the selfnonself (pathogen)-
discrimination in the innate immunity system of a
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Fig. 1. Genetic studies on the SI system in C
intestinalis. (A} Schematic diagram of the breeding
of selfed Fy siblings. The double lines beside the
animals represent the diploid hypothetical SI gene.
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Combination
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horseshoe crab (22). The v-Themis genes locate
within the long first intron of respective s-Themis
genes, which are transeribed in the opposite di-
rection (Fig. 2B and figs. S4 and S5). The hyper-
wvariable regions of s-Themis and v-Themis were
adjoining in both laci.

Taking these findings together, we propose
that SI is controlled by two loci in €. intestinalis,
each of which contains a male determinant
s-Themis, and a female detenminant v-Themis
(Fig. 2C). s-Themis and v-Themis may have many
different alleles, and these genes comprise a sin
gle haplotype because of their extreme genetic
proximity. We propose that s-Themis factors act
as receptors that can specifically inferact with the
comesponding v-Themis encoded in the same
haplotype. It is possible that when these two
s-Themis receptors recognize respective autolo-
gous v-Themis ligands as self on the VC, a spern
regards the egg as self (deduction from the ge-
netic scheme shown in Fig. 10) and actively
weakens its binding ability to the VC in order to
detach. Previous cytological observations show
that self sperm can bind well to the autologous
VC initially, but it will detach within a few
minutes (¥, /). We speculate that such dura-
tion reflects the time consumed by sperm to exe
cute a series of self-recognition reactions. Ciana
savignyi, a close relative of C. intestinalis, is
reported to be a self-fertile species; however, selff
nonself discimination still takes place in this
species, resulting in a longer time requirement
for self-fe r cross-fertilization
(23). The PKDI signal is known to induce the
elevation of cytoplasmic [Ca’™'] via the PKD2
channel (24). It is possible that the elevation of
[Ca**] in the sperm cytoplasm may be involved
in these processes.

Histocampatibility in the colonial ascidian,
Bowvilus schiosseri, is controlied by a single
highly polymorphic locus, Fu/HC. Candidates for
Fu/HC genes (cFu/HC, fester) have been recently
discovered (25, 26). cFu/HC encodes an immu-

Artificial self-fertilization of an animal, which is heterozygous in the gene concerned, produces three types
of Fy siblings (two types of homozygotes and one heterazygote). (B} The " haplold sperm hypothesis”

originally proposed by Morgan. A predicted fertility or s‘tenllty for each combi

lobulin superfamily member containing epi-
dermal growth factor (EGF)-like repeats, whereas
fester is a Sushi damain-containing gene. Sushi
domains are also found in sp36, a mouse sperm
protein thought to be involved in binding sperm
1o the egg zona pellucida (27). Allorecognition
involved in the Borylles histocompatibility
be more complicated than that in the Ciana SI
system because the former includes an acquired
immunity-like mechanism mediated by mdividual
specific splice variants of fester (26). In another
solitary ascidian Halocynthia roretzi, we previ-
ously reporied a 70-kD VC protein, HrVC70,
of 12 EGF-like repeats, as a candidate

is shown

ina {3 x 3) panel (bottom). (C) Summary of the pairwise fertility or sterility between the selfed Fy siblings
(batch H) (see fig. 51 for details). The results summarized on the right show a nested pattern of the (3 x 3)
units shown in (B), left. This indicates that there are two S| lodi in Giona system (shown as A and B), both of
which function in the manner shown in (B). It should be noted that a self-recognition signal in either locus
A or B is not sufficient to block fertilization, but both signals are necessary for the establishment of
sterility. Two alleles in locus A (B) were indicated as A (B) and a (k). The bb homozygotes were absent in
the 23 siblings investigated (because of possible impairmentin development or growth) and are indicated

as NA (not available).

for the female ST factor (28). Possible involve-
ment of homologs of s-Themis—v-Themis in the
S1 system of H. rores=f remains to be determined.

In flowering plants, such as Brassicaceae,
pollen expresses S-locus cysteinesich protein
(SCR), a ligand for an S-locus receptor kinase
(SRK) that is expressed in stigma, and both
multiallelic genes are located i an S-locus,
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Fig. 2. Molecular mechanism of the S system. (A) Structures of s-Themis-A, v-Themis-A, s-Themis-B,
and w-Themis-B. s-Themis-A and -B are 5-pass and 11-pass transmembrane proteins, respectively.
RE], RE] module; GPS, G protein—coupled receptor proteolytic site; LH2, lipoxygenase homology
domain—2; fibrinagen C-term, fibrinogen a/p/y-chain C-terminal globular domain. (B) Schematic
genomic structure of v-Themis-A and 5'-terminal region of s-Themis-A on chromosome 2q, and of
v-Themis-B and 5'-terminal region of s-Themis-B on chromosome 7q (see figs. S4 and S5). v-Themis
locates within the first intron of the respective s-Themis. Met, predicted translation initiation site;
Stop, translation termination site. (C) A model of s-Themisiv-Themis—mediated S| system. We propose
that when both s-Themis-A and -B ("key holes”) on the sperm surface recognize respective v-Themis
("keys") on the VC as self, sperm detaches. Otherwise, sperm remains on the VC and then penetrates
through the VC to fertilize the egg.

which is inherited as one segregating unit (1), Itis
known that a specific interaction between SCR
and SRK in the same haplotype triggers SRK
amvaunn, which inhibits pollen tube clnng:mnn
in stigma and prevents self-fertil .

Taking these systems into account, we note that
a framework of an animal SI system observed

in C. intestinalis is strikingly similar to those of

ﬂﬂwcﬂng plants, although they utilize different
in their self ition strategies.
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