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related prasinovirus was confirmed by PCR am-
plification and sequencing of a conserved region
encoding its major capsid protein (fig. S4).
However, the <78% amino acid identity in the
major capsid protein and the fact that some
regions of the genomewere not identified in spite
of the high sequence coverage in the virome
indicate that this Antarctic prasinovirus is distinct
from OtV5. The change in the viral community
composition before and after ice melt, observed
with five different search strategies, was con-
sistent with the quantification of virus particles
(fig. S2) and probably reflects changes in phys-
ical factors and host community (6).

Restricted metabolic activity under the ice
promotes lysogeny in large Antarctic phages (15)
but may allow the lytic replication of ssDNA vi-
ruses with small genomes, which are more abun-
dant in the spring sample. The high prevalence of
genes involved in photosynthesis and other cellular
metabolic processes in phages and viromes has led
others to propose that these genes might facilitate
the expansion of their hosts into new ecological
niches (25–27). Similarly, the increase we ob-
served in the Antarctic summer virome of genes
involved in carbohydrate and amino acid metabo-
lism, respiration, and stress responses suggests that
theymayhelp the infected host to better survive the
changing environmental conditions after the ice
cover melts (fig. S6). Host expansion will also
favor virus populations; for example, the phycod-
navirus expansion we have observed in the sum-
mer sample is probably a consequence of a
Prasinophyceae green alga bloom. Scales of the
prasinophyte Pyramimonas geledicola, the dom-
inant phytoflagellate in someAntarctic lakes, have
been observed as associated with large viral parti-
cles (28) in Antarctica. The progressive reduction
of Lake Limnopolar ice cover during December
provided better radiation transmission to the water
column triggering the growth of phytoplankton
just under the ice sheet. The algal bloom was
detected in December both by a clear chlorophyll
a peak and a reduction in light adsorption below
1 to 2 m (fig. S7), suggesting that it may represent
the early expansion of the algal host of the
phycodnavirus that dominated the lake in Janu-
ary (summer sample).

The viral assemblage of Lake Limnopolar re-
ported here is unexpected by comparison with
other aquatic environments. First, in contrast with
other known aquatic viromes, this Antarctic lake
viral community is not dominated by bacterio-
phages infecting prokaryotes (12, 21) but by
viruses known to infect eukaryotes, including
ssDNA viruses related to animal and plant viruses,
and dsDNA viruses infecting algae. Second, un-
described ssDNA viruses possibly belonging to
distinct viral families were found. Third, unprece-
dented taxonomic diversity and high genetic rich-
ness in this Antarctic lake illustrates that high virus
diversity may be found in systemswhere biological
diversity in other taxa is low (2, 3, 19). Finally, we
found that melting of the ice cover in summer leads
to a change in this Antarctic viral community from

small ssDNA to large dsDNA viruses. Altogether,
the Lake Limnopolar virome sheds light into the
largely unknown community of viruses populating
Antarctic freshwater ecosystems.
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Viral Glycosphingolipids Induce
Lytic Infection and Cell Death
in Marine Phytoplankton
Assaf Vardi,1* Benjamin A. S. Van Mooy,2 Helen F. Fredricks,2 Kimberly J. Popendorf,2
Justin E. Ossolinski,2 Liti Haramaty,1 Kay D. Bidle1†

Marine viruses that infect phytoplankton are recognized as a major ecological and evolutionary driving
force, shaping community structure and nutrient cycling in the marine environment. Little is known about
the signal transduction pathways mediating viral infection. We show that viral glycosphingolipids regulate
infection of Emiliania huxleyi, a cosmopolitan coccolithophore that plays a major role in the global carbon
cycle. These sphingolipids derive from an unprecedented cluster of biosynthetic genes in Coccolithovirus
genomes, are synthesized de novo during lytic infection, and are enriched in virion membranes. Purified
glycosphingolipids induced biochemical hallmarks of programmed cell death in an uninfected host. These
lipids were detected in coccolithophore populations in the North Atlantic, which highlights their potential as
biomarkers for viral infection in the oceans.

Marine phytoplankton are the basis of
marine food webs and are responsible
for nearly half the global carbon-based

net primary production (1). The coccolithophorid
Emiliania huxleyi (Prymnesiophyceae, Hapto-
phyte) is a cosmopolitan unicellular photoautotroph
whose intricate calcite skeletons account for about
a third of the total marine CaCO3 production.
E. huxleyi forms massive annual blooms in the
North Atlantic that have been shown to be infected

and terminated by lytic, giant double-stranded
DNA containing coccolithoviruses (2, 3), a
subset of the larger Phycodnaviridae group that
infects microalgae (4). As the most abundant bio-
logical entities in aquatic environments, viruses
turn over more than a quarter of the photosyn-
thetically fixed carbon, thereby fueling microbial
food webs and short-circuiting carbon export to
higher trophic levels and the deep sea (5, 6). In
addition, marine viruses stimulate the lateral trans-
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fer of genes from one host cell to another, which
contributes to the diversification and adaptation
of plankton in the oceans (7).

Very little is known about the molecular mech-
anisms and signal transduction pathways mediat-
ing phytoplankton cell death by marine viruses.
However, it was recently shown that lytic viral
infection of E. huxleyi induces hallmarks of auto-
catalytic, programmed cell death (PCD), includ-
ing metacaspase expression and caspase activity,
whichwere required for successful viral replication
(8). The recent availability of genomic resources
for an E. huxleyi host (9) and E. huxleyi lytic virus
strain 86 (EhV86) (10) provides an unprecedented
opportunity to explore cellular pathways triggered
during execution of viral infection and to gain in-
sights into the origin of PCD in these unicellular
photoautotrophs. The genome sequence of EhV86,
the type strain for the Coccolithoviruses, revealed
an unexpected cluster of putative sphingolipid bio-
synthetic genes (10), a pathway that has not been
described in a viral genome. Recent phylogenetic
evidence for the transfer of seven genes in the
sphingolipid biosynthesis pathway between E.
huxleyi and EhV86 suggests a critical role in host-
virus interactions (11). De novo sphingolipid bio-
synthesis is initiated by serine palmitoyltransferase
(SPT) (12) and leads to ceramide production, a po-
tent inducer of PCD in animals and plants (13, 14).
The EhV86-encoded SPT gene is expressed dur-
ing infection (10, 15) and encodes an active SPT
with a unique biochemical preference for myristoyl–
coenzymeA (myristoyl-CoA) as a substrate, when
expressed heterologously in yeast (16). Nonethe-
less, it is not knownwhether these lipids play any
functional role during infection of E. huxleyi.

We examined the polar membrane composi-
tion of uninfected and EhV86-infected sensitive
(Ehux374) and resistant (Ehux373) E. huxleyi
strains during the course of lytic infection. Using
high-performance liquid chromatography with elec-
trospray ionization mass spectrometry (HPLC/ESI-
MS) (17, 18), we compared the lipid composition
of uninfected and infected host cells. We detected
glycosphingolipids (GSLs) in uninfected host cells
that appeared to be composed of predominantly
hydroxyl-sphingoid bases derived from palmitoyl-
CoA (Fig. 1A). These host sphingoid bases are
consistent with the expected products of the host
SPT, which utilizes palmitoyl-CoA, and are com-
mon in plants (19). However, the lipids from
EhV86-infected Ehux374 had unique GSLs yield-
ing fragmentation ions that were indicative of mul-
tiply hydroxylated sphingoid bases derived from
myristoyl-CoA (Fig. 1B and fig. S1). These

sphingoid bases are the expected products of the
viral SPT, based on its preference for myristoyl-CoA
(16). The virus-induced myristoyl-base GSLs were
absent in uninfected cells and were unique to lytic
viral infection (Fig. 1B). Both resistant and suscep-
tible hosts produced significant concentrations of
host palmitoyl GSLs, which were structurally dis-
tinct from the viralmyristoylGSLs (Fig. 1,A andD).

To ascertain the origin of the myristoyl GSLs,
viruses were purified using a cesium chloride
(CsCl2) density gradient and ultracentrifugation.
Identical myristoyl GSLs were dominant compo-
nents of the lipids extracted from purified EhV86
viruses (Fig. 1C); host palmitoylGSLswere absent.
These observations indicate that the viral GSLs
are a component of the membranes packaged

with this virus. Although GSLs are distributed in
some prokaryotes, they have not been found in
phytoplankton or microalgal viral membranes
(20). Proteomic analysis of the EhV86 virion de-
termined that 23 out of 28 proteins are predicted
to be membrane proteins (21), which corrobo-
rates our observations ofGSLs andmembrane struc-
tures. Sphingolipids, such as GSLs, are common
constituents of membrane lipids, which may form
lipid rafts in eukaryotes. For example, lipid rafts
may be involved in the entry and budding of HIV
and hepatitis C, yet their role is not well understood
(20, 22). Transmission electron microscopy (TEM)
micrographs of infected Ehux374 cells revealed
viral particles within intracytoplasmic vacuoles,
consistent with this type of strategy (Fig. 1B, inset).

1Environmental Biophysics and Molecular Ecology Group,
Institute of Marine and Coastal Sciences, Rutgers Uni-
versity, 71 Dudley Road, New Brunswick, NJ 08901, USA.
2Department of Marine Chemistry and Geochemistry,
Woods Hole Oceanographic Institution, Woods Hole, MA
02543, USA.

*Present address: Department of Plant Sciences, Weizmann
Institute of Science, Rehovot 76100, Israel.
†To whom correspondence should be addressed: bidle@
marine.rutgers.edu
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Fig. 1. Production of viral GSLs in EhV86-infected E. huxleyi cells and in purified EhV86 virions.
Summed ion HPLC/MS chromatograms showing relative abundances (normalized to an internal
standard) of GSLs extracted from (A) susceptible Ehux374, (B) Ehux374 infected with EhV86 52
hours post infection, (C) purified EhV86 on a CsCl2 gradient, and (D) resistant Ehux373 infected
with EhV86 52 hours post infection. (Insets) TEM micrographs of respective treatments. Arrows in (B)
depict intracytoplasmic vacuoles (C) that contain viral particles (V).
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The accumulation of viral GSLs in Ehux374
during EhV86 infection was accompanied by a
reduction in cell abundance, a severely compro-
mised photochemical quantum yield of photo-
system II (PSII) (declining to 0.22 after 48 hours),
and an ~30-fold induction in caspase specific ac-
tivity (Fig. 2). Induction of this biochemical PCD
marker occurred concomitantly with de novo syn-
thesis of viral GSLs and viral replication (reach-
ing 3 × 108 virus/ml), leading to the demise of
Ehux374 at the onset of the lytic phase 25 hours
post infection. Although elevated viral GSLs were
detected at 3.5 hours in EhV86-infected cultures,
presumably because of the presence of free viruses,
de novo production of viral GSLs began after the
first 12 hours (Fig. 2D, inset), trailing gene ex-
pression dynamics of the virally encoded SPT at
2 hours post infection (15). In late infection (>50
hours), caspase specific activity andGSLproduction
exceeded levels seen in uninfected cells or in
resistant Ehux373 cells by a factor of >100 (Fig.
2, C and D). Linear regression demonstrated a high
correlation (R2 = 0.815) between viral GSL produc-
tion and caspase specific activity over the course
of lytic viral infection (fig. S2). In contrast, the
EhV86-resistant strain Ehux373 exhibited slightly
better growth than control, uninfected Ehux374
cells (Fig. 2A).Only trace levels of viralGSLswere
detected in infected Ehux373, probably originating
from the viral inoculum (Figs. 1D and 2D).

We monitored the ability of viral GSLs to
modulate host physiology after purification from
EhV86-infected Ehux374 cells by preparative
HPLC and addition to uninfected Ehxu374 at
various concentrations (Fig. 3). The viral GSLs
suppressed cell growth comparedwith control cells
treated with dimethyl sulfoxide (DMSO, a solvent)
and control cells treated with phosphatidylglycerol
(PG), which had a similar HPLC retention time

(Fig. 3A). The cells treated with viral GSLs ex-
hibited a dose-dependent induction of cell death
above a threshold concentration (>0.06 µg/ml).
Induction of cell death compromised photosyn-
thetic efficiency of PSII (Fig. 3A) and resulted
in elevated in vivo caspase activity for about 20
to 25% of Ehux374 cells treated with 0.3 and
1.5 µg/ml of viral GSLs after 48 hours (Fig. 3B).
The induction of in vivo caspase activity was
assessed by cell staining with the fluorescently
labeled caspase probe, VAD-FMK conjugated
with fluorescein isothiocyanate (FITC), and flow
cytometric analysis (Fig. 3B) (18). Likewise, 18
and 56.2% of the cells at these two concentra-
tions were positively stained with SYTOX, a DNA
binding fluorescent indicator of compromised cell
membrane integrity (Fig. 3C); this observation is
consistent with previous findings of late stages of
PCD in phytoplankton (23). Only 5.6 to 10.3% of
cells were positively stained with VAD-FMK-
FITC in the control treatments and in cells that
were treated with a sublethal GSL concentration
(e.g., 0.06 µg/ml), which indicated minimal
induction of PCD. Likewise, a visual comparison
of control (DMSO or PG) and GSL treatments
revealed massive cell lysis only at GSL concen-
trations >0.06 µg/ml (Fig. 3C).

Given their potent ability to trigger E. huxleyi’s
PCD response in a dose-dependent manner and
their presence in purified EhV virions, we propose
that viral GSLsmay be part of a timingmechanism
for viral release. In such a mechanism, host lysis is
dependent on the accumulation of viral myristoyl
GSLs to a critical effective concentration, above
which host PCD is induced. According to our
measurements, an EhV86 virion contains ~0.1 to
0.3 fg of myristoyl GSLs. At a typical burst size
of ~800 to 1000 viruses per cell (8), an effective
intracellular concentration of about 80 to 300 fg

per cell is reached at the peak of the lytic phase;
this concentration is consistent with the 100 to
200 fg per cell observed at the onset of lytic in-
fection and PCD activation (>50 hours post
infection) (Fig. 2, C and D, and fig. S3). Given
that ceramide enrichment in cell membranes can
serve to modulate entry and release of viruses
(20, 22), GSL enrichment in intact EhV86 virions
and the profound accumulation of viral GSL dur-
ing lytic phase may suggest a similar mechanism
for the timed release of EhV86 virions.

We hypothesize that such bioactive molecules
have the potential also to elicit cell death in sur-
rounding, uninfected cells under natural bloom
densities and, hence, may serve as a bloom ter-
mination signal. It has been suggested that in-
duction of PCD in E. huxleyi can act as a “viral
exclusion” strategy (8, 24) to limit production of
viruses during infection and, ultimately, their prop-
agation through clonal populations. We calculated
the “sphere of influence” distance around a given
lysed cell that would contain an adequate viral GSL
concentration to induce PCD in surrounding cells.
Using our measurements of viral GSL concentra-
tions (~200 fg per cell) and a threshold concentra-
tion of 0.2 µg/ml to induce PCD and cell lysis (fig.
S4) and assuming the GSL is isotropically dis-
persed, we estimated that a sphere with a diameter
of a few hundred micrometers would be sufficient
to elicit cell death. Given thatE. huxleyi blooms can
reach about 100,000 cells/ml (25) and that cells
clearly respond to external GSL application (Fig.
3), it is plausible that GSLs act as intercellular
signals. Similar findings were recently reported
for diatom-derived oxylipins found to act as info-
chemicals either to potentiate PCD or to induce
resistance in sublethal doses (26, 27).

Because of their potent bioactivity and unique
chemical signature, we also propose virus-derived

Fig. 2. Onset of the lytic
phase during EhV86 in-
fection is mediated by in-
duction of caspase activity
and viral GSL production.
Viral infection dynamics
of susceptible Ehux374 or
resistant Ehux373 strains
asmonitored by the follow-
ing parameters: (A) host
abundance; (B)photochem-
ical quantum yield (Fv/Fm)
of PS II , a proxy for photo-
synthetic health; (C) cas-
pase specific activity via
normalized cleavage of
IETD-AFC in cell extracts;
and (D) de novo synthe-
sis of viral, myristoyl GSLs.
Data in (A) to (C) is derived
from four to six biological
replicates for infected cul-
tures. Analytical error for
GSL measurement is from
two independent exper-
iments, each analyzed in triplicate.
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GSLs can act as a novel biomarker for viral in-
fection of natural phytoplankton assemblages.
We collected natural plankton for GSL analyses
during a cruise in the North Atlantic along 65°W
between 43°N and 33°N duringApril of 2008.We
used concentrations of 19′-hexanoyloxyfucoxanthin
(19′-hex), a pigment marker for prymnesiophytes,
including coccolithophores, as a proxy for host
abundances (Fig. 4). Palmitoyl GSLs, similar to
those seen in uninfected Ehux374 cultures, were
observed throughout the North Atlantic transect
at stations characterized by high 19′-hex pigment

concentrations, which we postulate are indica-
tive of healthy coccolithophore populations. In
contrast, at a local minimum in 19′-hex pigment
concentrations, we observed aGSLmoleculewith
an HPLC retention time and mass spectrum that
was consistent with the myristoyl GSL observed
in EhV86-infected cultures ofEhux374 (compare
Fig. 1, Fig. 4, and fig. S3). Together with our
laboratory-based findings showing viral GSL
production during viral lysis and its incorpora-
tion into virions (Fig. 1, 2), the observation of a
putative viral GSL at the 19′-hex minimum is

suggestive of virus-induced demise of a natural
E. huxleyi population at this location. Detected
expression of some host and viral sphingolipid
biosynthetic genes in natural E. huxleyi popula-
tions corroborate our findings (28). On the basis
of the diagnostic preference of the viral SPT for
myristoyl-CoA (16), these viral GSLs may serve
as a proxy for viral infection of coccolithophore
populations in the sea. Currently, biomarkers to
quantify active viral infection in the oceans are
lacking, which hinders our understanding of the
role and activity of viruses and virus-mediated

Fig. 3. Application of purified viral
GSL to uninfected E. huxleyi cells
mimics infection by inducing PCD.
Dose-dependent induction of cell death
in uninfected Ehux374 cells over 72 hours
by application of purified GSLs. (A) Cell
abundance (bars) and photochemical
quantum yield of PS II (circles). Error
bars, standard deviation of four bio-
logical replicates. (B) In vivo caspase
activity (measured by flow cytometry).
Cytograph plots represent the fluo-
rescence distribution of 5000 cells 48
hours post treatment and after stain-
ing with VAD-FMK-FITC (CaspACE). The
percentage of positively stained cells
is given. The dashed line represents
the threshold fluorescence above which
cells are positively stained (as determined
by unstained cells for each treatment).
(C) Viral GSL-treated cultures exhib-
ited massive cell lysis after 72 hours.
The percentage of SYTOX-positive cells,
which serves as a proxy for dying cells,
is given. Control treatments consisted
of DMSO (solvent) or phosphatidyl-
glycerol (PG).
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processes in the oceans. We posit that future
studies will elucidate the relative importance of
biotic (viral infection as in this study) and abiotic
[phosphorus limitation (17)] stress conditions, in
shaping community structure of marine microbes,
through the detection of different classes of stress-
specific lipids.

Although the origin of PCD in unicellular
organisms is still unclear, its functional conserva-
tion among phylogenetically diverse phytoplankton
lineages suggests key evolutionary and ecological
drivers in aquatic environments (29). The retention
and expression of a nearly complete, virus-based
sphingolipid biosynthetic pathway, along with its
requirement for viral replication and regulation of
the host cell fate, now underscores the pivotal
role of a chemical-based, coevolutionary “arms
race” in mediating host-virus interactions.
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We report a high-quality draft sequence of the genome of the horse (Equus caballus). The genome
is relatively repetitive but has little segmental duplication. Chromosomes appear to have
undergone few historical rearrangements: 53% of equine chromosomes show conserved synteny to
a single human chromosome. Equine chromosome 11 is shown to have an evolutionary new
centromere devoid of centromeric satellite DNA, suggesting that centromeric function may arise
before satellite repeat accumulation. Linkage disequilibrium, showing the influences of early
domestication of large herds of female horses, is intermediate in length between dog and human,
and there is long-range haplotype sharing among breeds.

Asone of the earliest domesticated species,
the horse, Equus caballus, has played an
important role in human exploration of

novel territories. Belonging to the order perisso-
dactyla (i.e., odd-toed animals with hooves), the
genus Equus radiated into 8 or 9 species around
three million years ago (1). Members of the fam-
ily equidae exhibit diverged karyotypes (2) and
variable centromeric positioning (1). With over
90 hereditary conditions, which may serve as mod-
els for human disorders (3, 4) (such as infertility,

inflammatory diseases, and muscle disorders),
the horse has much to offer as a model species.

DNA from a single mare of the Thoroughbred
breed was sequenced to 6.8× coverage [supporting
online material (SOM) text], resulting in a high-
quality draft assembly (designated EquCab2.0)
with a 112-kb N50 contig size (SOM) and a 46-
MbN50 scaffold size (tables S1 andS2), and>95%
of the sequence anchored to the 64 (2N) equine
chromosomes. The 2.5- to 2.7-Gb genome size is
somewhat larger than the dog genome (2.5 Gb)

and smaller than the human and bovine genomes
(2.9 Gb) (5–7). Segmental duplications (8) make
up <1% of the equine genome, and most are
intrachromosomal duplications such as are seen
in many other mammalian genomes (SOM). Re-
petitive sequences, many equine-specific, make
up 46% of the genome assembly (SOM). The
predominant repeat classes include long inter-
spersed nuclear elements, dominated by L1 and
L2 types (tables S3 and S4) (19% of bases), and
short interspersed nuclear elements, including the
recent ERE1 and ERE2 and the ancestral main
immunogenic regions (7% of bases). Compari-
son of horse and human chromosomes reveals
strong conserved synteny between these species
(fig. S1). Indeed, 17 horse chromosomes (53%)
comprise material from a single human chromo-
some (in the dog, it is 29%).

One unexpected feature of the horse genome
landscape was the identification of an evolution-
ary new centromere (ENC) on chromosome 11
(ECA11), captured in an immature state. Several
ENCs have been generated in the genus Equus
by centromere repositioning (a shift of centro-
meric position without chromosome rearrange-
ment) (1). Mammalian centromeres are typically
complex structures characterized by the presence
of satellite tandem repeats. ENCs are believed to
form initially by unknownmechanisms in repeat-
free regions and then progressively acquire ex-
tended arrays of satellite tandem repeats that may
contribute to functional stability (9). The centro-
mere of ECA11 resides in a large region of con-
served synteny in many mammals, where the
horse is the only species with a centromere
present, strongly suggesting that this centromere
is evolutionarily new. The ECA11 centromere is
the only horse centromere lacking any hybrid-
ization signal in fluorescence in situ hybridization
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