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Marine viruses are the most abundant biological entities in the oceans
shaping community structure and nutrient cycling. The interaction
between the bloom-forming alga Emiliania huxleyi and its specific
large dsDNA virus (EhV) is a major factor determining the fate of
carbon in the ocean, thus serving as a key host-pathogen model
system. The EhV genome encodes for a set of genes involved in
the de novo sphingolipid biosynthesis, not reported in any viral
genome to date. We combined detailed lipidomic and biochemical
analyses to characterize the functional role of this virus-encoded
pathway during lytic viral infection. We identified a major meta-
bolic shift, mediated by differential substrate specificity of virus-
encoded serine palmitoyltransferase, a key enzyme of sphingolipid
biosynthesis. Consequently, unique viral glycosphingolipids,
composed of unusual hydroxylated C17 sphingoid bases (t17:0) were
highly enriched in the infected cells, and their synthesis was found
to be essential for viral assembly. These findings uncover the bio-
chemical bases of the virus-induced metabolic rewiring of the host
sphingolipid biosynthesis during the chemical “arms race” in
the ocean.
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arine photosynthetic microorganisms are the basis of oceanic

food webs. Despite the fact that their biomass represents only
approximately 0.2% of the photosynthetic biomass on earth, they fix
nearly 50% of the biosphere’s net carbon and greatly influence
the global biogeochemical cycles of major nutrients (1). The
coccolithophore Emiliania huxleyi (Prymnesiophyceae, Haptophyta)
is a cosmopolitan eukaryotic unicellular alga that dominates the
modern oceans, forming large oceanic blooms that cover thousands
of square kilometers (2). E. huxleyi accounts for approximately one-
third of the total marine CaCOj; production, derived from its in-
tricate calcite skeleton (3). In addition, E. huxleyi is a major emitter
of the climate-bioactive gas dimethyl sulfide, which can affect cloud
formation (4, 5).

E. huxleyi’s massive annual blooms in the North Atlantic are
routinely infected and terminated by E. huxleyi virus (EhV),
a specific nucleocytoplasmic large double-stranded DNA virus.
EhV belongs to the coccolithoviruses (6), a subset of the Phy-
codnaviridae that infect a wide range of microalgae (7). These
viruses, with genomes encoding up to 600 proteins and a high
burst size, require substantial amounts of building blocks to fa-
cilitate their replication and assembly. To fulfill these metabolic
requirements, a coordinated modulation of host metabolism is
induced during viral infection to produce the required building
blocks for viral production (8).

A unique emerging feature, from recent marine metagenomics
studies, revealed high prevalence of viral encoded auxiliary
metabolic genes (AMGs). These viral genes may expand their
host metabolic capabilities during infection (9, 10). AMGs are
thought to represent critical, rate-limiting steps of host metabolism,
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and expression of these genes during infection is believed to be
critical for the ecological success of the virus (11). AMGs have
been found to be involved in photosynthesis (12, 13), the
pentose phosphate pathway (14), phosphate regulation (15),
sulfur metabolism (16), sphingolipid (SL) metabolism (17, 18),
and DNA/RNA processing (19, 20). Although a wealth of ge-
nomic resources of marine microbial origin is now available, a
fundamental understanding of the biochemical characteristics
of these virally encoded metabolic genes is lacking, and their
functional role in rewiring host metabolism and in viral repli-
cation cycles remains underexplored.

SLs are essential structural components of eukaryotic mem-
branes and critical signaling lipids in diverse cellular pathways
(21). In addition, SLs are potential key regulators in the life cycle
of obligatory intracellular pathogens, such as viruses (22-25).
The de novo synthesis of SLs is initiated by the rate-limiting
enzyme pyridoxal 5'-phosphate (PLP)-dependent serine palmi-
toyl transferase (SPT; EC 2.3.1.50). SPT catalyzes the conden-
sation of palmitoyl-CoA and L-serine to yield 3-ketosphinganine
(3KDS; 3-ketodihydrosphingosine), a committed intermediate of
the SL biosynthesis pathway (26). 3KDS is subsequently reduced
to sphinganine (SA; dihydrosphingosine), followed by N-acyla-
tion by a (dihydro)-ceramide synthase (CerS). Ceramide is
formed by the desaturation of dihydroceramide (27) and can be
further modified to form complex SLs, including glycosphingolipids
(GSLs). The predominance of 18 carbon sphingoid bases in most
plants and mammalian SLs is consistent with SPT’s preference
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Viral SPT is highly expressed at early stages of infection. (A and B) E. huxleyi cultures were infected with EhV201 lytic virus and compared with

noninfected control cells. Host cell abundance (A) and extracellular viral production (B) are shown. (C and D) Temporal expression patterns analyzed by qRT-
PCR during EhV infection of the viral gene vSPT (C) or the host E. huxleyi-encoded hSPT (D). (E) Western blot analysis using vSPT antibody against protein
extracts from control or throughout the course of viral infection. M, protein ladder. (F and G) SPT enzymatic activity assay performed in vitro using three
different fatty acyl-CoAs (C14-CoA, C15-CoA, and C16-CoA) and radiolabeled Ser as substrates of protein extracts from control (F) or viral-infected cultures (G).
Results are the average + SD of two biological replicates of one experiment. A similar trend was observed in two additional experiments with similar settings.

for saturated fatty acyl-CoAs with 16 carbon atoms, combined
with the abundance of palmitoyl-CoA (28-31).

SLs form an integral structural component of membranes of
numerous viruses, including EhV (24, 32-36). The EhV virion
comprises at least two internal lipid bilayers (37, 38), which are
composed largely of virus-specific GSLs (vGSLs) (8, 34, 35).
Genome analysis of EhV has revealed a set of putative SL bio-
synthetic genes that have not been described in any other viral
genome (17, 18, 39). These virus-encoded genes are close homologs
of the host genes responsible for the de novo synthesis of ceramide.
Transcriptome analysis during lytic viral infection of E. huxleyi in-
dicated rapid induction of these viral genes at very early stages of
infection and accumulation of the lipid product vGSLs (8). These
findings suggest the involvement of virus-encoded enzymes in the
synthesis of vGSLs. These lipids are produced exclusively during
viral infection and are known to act as a signaling lipid to induce
host programmed cell death (PCD) (35).
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The co-occurrence of host and virus-encoded SL biosynthetic
pathways raises fundamental questions regarding their biochemical
regulation during infection and their functional role in the viral
replication cycle. In the present work, we identified some of the
basic metabolic strategies used by EhV to manipulate its host SL
metabolism that facilitate viral assemble and egress.

Results

Viral SPT Is Expressed at Early Stages of Infection. To gain a better
understanding of the regulation and coordination of de novo SL
synthesis during viral infection, we assessed the coexpression of
viral SPT (vSPT) and host SPT (hSPT). Exponential cultures of
E. huxleyi (strain CCMP374) were infected with E. huxleyi-spe-
cific virus EhV201 to induce a lytic infection. Cultures infected
with EhV201 showed growth arrest at 24 h post infection (hpi)
and subsequent lysis, whereas the control cells continued to grow
exponentially (Fig. 14). The release of viruses to the culture

Ziv et al.


www.pnas.org/cgi/doi/10.1073/pnas.1523168113

L T

/

1\

=y

medium, as assessed by flow cytometry, was apparent already at
9 hpi and peaked at 32 hpi (Fig. 1B). Quantitative RT-PCR
(qRT-PCR) analysis revealed a rapid induction of vSPT tran-
scription at early stages of infection (Fig. 1C). A 100-fold in-
crease in vSPT gene expression was detected in the cells a few
minutes after infection (T = 10 min). This rapid induction was
followed by a profound accumulation of the transcript within the
first 3 h of infection, then a continuous rise to 10%-fold at 24 hpi.
In contrast, a significant decrease in the ASPT mRNA level (P <
0.05, ¢ test) was observed already at 3 hpi (Fig. 1D).

To examine the expression level of the vSPT protein, we raised
a polyclonal antibody against a synthetic peptide of the vSPT
(Materials and Methods). Western blot analysis using protein
extracts from microsomal fractions revealed a ~100-kDa band
corresponding to the predicted size of vSPT (96 kDa), which was
present exclusively in cell lysates of infected cells (Fig. 1E). To
validate the vSPT antibody, we subjected the excised band to
MS analysis (Materials and Methods and SI Appendix, Fig. S1).
The specific vSPT band was visible in protein samples from the
early stages of infection starting at 3 hpi, and reached a maxi-
mum level at 14-24 hpi (SI Appendix, Fig. S2). At later stages of
infection (32 hpi), rapid turnover of vSPT was observed, possibly
implying that vSPT expression is highly controlled during in-
fection (Fig. 1E).

Taken together, the foregoing findings indicate that a key step
in modulation of the de novo SL pathway of the infected cell is
mediated by the induction of vSPT at both the RNA and
protein levels.

Viral Infection Induces a Change in the Substrate Specificity of SPT.
To determine the possible metabolic role of vSPT in rewiring the
SL biosynthetic pathway, we examined SPT enzymatic activity
during the course of viral infection. Activity and substrate utili-
zation of hSPT and vSPT enzymes were evaluated using radio-
labeled serine and nonlabeled fatty acyl-CoAs with different
carbon chain lengths as substrates. Constitutive SPT activity was
detected in microsomal fractions of control cell extracts using
palmitoyl-CoA (C16) as a substrate (Fig. 1F). Interestingly, hSPT
also used pentadecanoyl-CoA (C15) and heptadecanoyl CoA
(C17) as substrates, albeit to a lesser extent (<50%) compared
with palmitoyl-CoA (C16) (SI Appendix, Fig. S3A4). In contrast,
viral infection induced a shift in substrate preference by SPT,
with a significant increase in activity with C14-CoA and C15-
CoA as substrates (P < 0.01). This elevated activity gradually
increased and correlated with vSPT expression level, reaching a
maximum at 24 hpi (Fig. 1E).

At the time of maximal vSPT expression (14-24 hpi), the ac-
tivity with C15-CoA was twofold to threefold higher in infected
cells compared with controls. The activity with C14-CoA was also
markedly induced during the peak of vSPT expression, albeit at
significantly lower activity levels than with C15-CoA (P < 0.01,
t test). No activity was detected after the addition of myriocin, a
potent inhibitor of SPT (40), verifying the specific SPT enzymatic
activity (SI Appendix, Fig. S3 A and B). No major change in
activity was detected when C16-CoA and C17-CoA were used as
substrates during the first 24 hpi (Fig. 1G and SI Appendix, Fig.
S3B). At later stages of viral infection, SPT activity was markedly
reduced in all substrates, concomitant with a sharp decrease in
vSPT protein abundance.

To identify the metabolic products of SPT enzymatic activity,
we incubated the microsomal fractions of cell extracts from either
control cells or infected cells (12 hpi) with different acyl-CoAs and
D;-'*N-serine. The resulting sphingoid bases from this in vitro
enzymatic activity assay were extracted and analyzed for the
production of labeled 3KDS by LC-MS (SI Appendix, Fig. S3 C
and D). The production of labeled C16-3KDS was evident only
in samples from infected cells. Both control and viral-infected
samples produced C17-3KDS and C18-3KDS, although the
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C17-3KDS-to-C18-3KDS ratio was higher in infected cells,
indicating greater SPT activity with C15-CoA as a substrate
in these samples. The incorporation of the Ds-'>N-serine into
3KDS was completely abolished in the presence of myriocin,
further validating the involvement of SPT enzymatic activity in
the synthesis of these compounds. These results indicate the
involvement of vSPT in the remodeling of host SL synthesis
during viral infection through the use of shorter acyl-CoAs as
substrates for long-chain base (LCB) synthesis. This may suggest
that viral infection leads to the preferential formation of C16 and
C17 sphingoid bases by SPT in infected cells.

Viral Infection Is Dependent on SPT Activity. To determine whether
SPT has a functional role in viral replication, we inhibited de
novo SL biosynthesis at different time points of viral infection by
myriocin. In the presence of myriocin, the growth of E. huxleyi
control cells was arrested during the first 48 h, but resumed after
72 h (Fig. 24). Preincubation with myriocin led to complete in-
hibition of extracellular viral accumulation and synthesis of viral
DNA, as assessed by the presence of the mcp gene (Fig. 2 B and
C). Interestingly, during the first 12 h of infection, myriocin did
not suppress viral replication (Fig. 2 C, Inset) or the growth
pattern of the infected host (Fig. 24). To further clarify the
specific role of the vSPT during viral infection, we added myr-
iocin to the infected culture at 20 hpi, when vSPT is highly
expressed and active. Extracellular accumulation of virions was
strongly suppressed in a dose-dependent manner (SI Appendix,
Fig. S4). These results indicate that de novo SL biosynthesis is
required for EhV virion assembly or egress.

SPT is the key rate-limiting enzyme in SL metabolism, re-
sponsible for the de novo synthesis of LCBs (sphingoid bases),
which form the backbone of all diverse SLs species. The length of
the sphingoid base carbon chain is determined by the fatty acyl-
CoA substrate used by the SPT enzyme. To assess SPT activity in
vivo during viral infection, we quantified the chain lengths of the
LCBs in infected cells compared with controls. The amount of
LCBs (5.05 + 1.15 pmol/pg protein) did not change significantly
during the exponential growth of control host cells (Fig. 2D). In
contrast, viral infection led to a 2.5-fold increase in LCBs (12.5 +
3 pmol/pg protein) at 48 hpi. Interestingly, the increase in
LCBs during infection was highly specific for C16 and C17
LCBs, accounting for 8% and 35% of the total LCBs, re-
spectively, produced after 48 h of viral infection (Fig. 2E). These
data corroborate the results obtained in the in vitro SPT activity
assay (Fig. 1G). In contrast, 95% of the LCBs from uninfected
E. huxleyi were composed of C18 (Fig. 2E), in agreement with
the high activity detected using palmitoyl-CoA (C16) as a sub-
strate (Fig. 1F). An additional 4% was attributed to C17 LCBs,
consistent with the moderate SPT activity observed with penta-
decanoyl-CoA (C15). Application of myriocin reduced C18 LCB
levels by 35%, and completely abolished virus-induced C16 and
C17 LCBs (Fig. 2E).

Taken together, these data indicate that viral infection is de-
pendent on SPT enzymatic activity and leads to a shift in the
substrate specificity of SPT to form unique sphingoid base products
composed of C16 and C17 chains.

Viral Infection Induces Metabolic Remodeling Toward the Production
of Hydroxylated Sphingoid Bases. To further characterize the
chemical nature of virus-induced C17 sphingoid bases, we ana-
lyzed the various LCB species during viral infection. LC-MS
analysis indicated a clear induction of trihydroxylated C17 LCB
(t17:0) in infected cells, which was completely absent in the
control (Fig. 3 4 and B and SI Appendix, Table S1). At 24 hpi,
t17:0 accounted for 10% of the total LCB, and continued to
accumulate to the level of 27.5% at 48 hpi, reaching levels of
4 pmol/pg of protein (Fig. 3C). The induction of t16:0 and t18:0
was also apparent, although at lower levels (6% of total LCB at
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Fig. 2. Viral infection induced a shift in the substrate specificity of in vivo SPT activity, which is required for viral assembly. (A and B) E. huxleyi cultures were
infected with EhV201 lytic virus and compared with noninfected control cells in the presence or absence of 1 uM myriocin. Host cell abundance (A) and
extracellular viral production (B) are presented. (C) Quantification of viral infection by intracellular viral DNA, as estimated by qRT-PCR using primers for the
mcp gene with (dotted line) and without (solid line) 1 uM myriocin. (D) Quantification of total LCB during the time course of infection. (E) LCBs grouped
according to carbon chain length during infection with (dotted line) and without (solid line) 1 pM myriocin, as estimated by LC-MS. The results presented are
the average + SD of three biological replicates of one representative experiment. A similar trend was observed in an additional experiment.

48 hpi). Myriocin treatment completely abolished the production
of t16:0, t17:0, and t18:0 LCBs in infected cells (Fig. 3B and SI
Appendix, Table S1), indicating that these LCBs are the result of
de novo LCB synthesis rather than derived from the recycling of
SLs by the salvage pathway. In contrast, the abundance of the host
LCBs was only mildly affected by myriocin (Fig. 34 and SI Ap-
pendix, Fig. SS), suggesting a low turnover rate for these lipids. The
most abundant sphingoid base in E. huxleyi control cells was d18:2,
which accounted for 66% of the identified LCBs (Fig. 34 and S/
Appendix, Table S1). This is in line with a previous study describing
sialic GSL, which is composed of a d18:2 LCB conjugated to a
C22:0 fatty acid and a monosaccharide sialic acid head group in
E. huxleyi (34). In addition, we detected significant amounts (6%) of
d19:3, which was previously identified as the abundant LCB back-
bone of E. huxleyi host GSL (41). The levels of these sphingoid
bases did not change significantly during the exponential growth of
E. huxleyi cells or during viral infection (SI Appendix, Fig. S5).
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The virus-induced t17:0 was putatively identified as C17-phy-
tosphingosine (C17-phytoSO). To elucidate its putative structure,
we compared the LC-MS properties of this LCB with a commercial
standard of C17-phytoSO (Avanti Polar Lipids). Both the sample
and the standard were derivatized with o-phathaldelyde (OPA)
and analyzed by high-resolution LC-MS (SI Appendix, Fig. S6).
The two compounds had a similar mass (M + H] 480.3131 vs.
480.3129), similar retention time (15.38 vs. 15.36), and similar
MS fragments (SI Appendix, Fig. S6).

We further determined that the C17 LCBs are a linear chain
rather than an iso-branched chain (42). In our LC-MS analysis,
iso-branched C17-SA had a significantly different retention time
than straight-chain C17 SA (SI Appendix, Fig. S74). When known
standards were added to the sample, the virus-induced C17:0 SA
showed the same retention time as the straight chain C17 SA
(and different than the iso-branched C17-SA). In addition, the
virus-induced t17:0 LCB had an identical retention time to the
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C17-phytoSO (SI Appendix, Fig. STB). These data strongly sup-
port C17-phytoSO as the suggested structure.

We further analyzed the composition of ceramides and GSL
by LC-MS to examine incorporation of the virus-induced t17:0 into
complex SLs. We observed an induction of phytoceramides (Fig.
4A) and glycosyl phytoceramides (Fig. 4B) during viral infection.
The analysis revealed a marked induction of viral GSLs (t17-vGSLs)
composed of a t17:0 LCB and N-acylated with FAs composed of
h22:0, h22:1, or h24:0. Interestingly, although t17:0/h22:0 was
the most abundant t17-vGSL (SI Appendix, Figs. S8-S10), its re-
spective ceramide could not be detected, suggesting rapid glyco-
sylation of this viral ceramide intermediate.

To assess the functional role of C17-phytoSO in the viral
replication cycle, we inhibited the de novo SL synthesis pathway
and supplemented the infected cells with exogenous C17-phytoSO.
Cells with myriocin (250 pM) were supplemented with exogenous
C17-phytoSO (400 nM) and then exposed to viral infection. Al-
though myriocin treatment resulted in reduced viral release, appli-
cation of C17-phytoSO led to a recovery of viral production (Fig. 5).

Ziv et al.

The finding that C17-phytoSO could rescue viral assembly while
SPT was inhibited, indicates the unique ability of the virus to use
C17-phytoSO to complete its replication cycle.

Taken together, these results demonstrate that viral infection
is mediated by a rewiring of SL biosynthesis to produce unique
C17-phytoSO as the main backbone for vGSLs.

Discussion

The recent wealth of genomic information derived from the
marine environment has revealed the high prevalence of virus-
encoded AMG, previously thought to be restricted to the ge-
nomes of their hosts (9, 10). EhV is an exceptional case, because
it encodes for an almost complete biosynthetic pathway for the
de novo synthesis of ceramides that is homologous to its host.
This remarkable phenomenon, not seen in any other known viral
genome (17, 18), prompted us to explore the nature of the meta-
bolic rewiring imposed by the virus expressing these genes. Specif-
ically, we aimed to explore the mode of action and coordination by
which the viral-encoded enzymes act orthogonally to the host
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pathway, to gain insight into the function of SLs during host-virus
dynamics. Since these host-virus interactions control the fate of vast
E. huxleyi blooms in the ocean, the outcome of this biochemical
“arms race” has a profound ecological and biogeochemical imprint.

We characterized the metabolic rewiring of SL biosynthesis
during viral infection and uncovered the biochemical basis for
the production of novel virus-specific lipids (Fig. 6). This meta-
bolic shift induced by viral infection was based on down-regu-
lation of host gene expression while the viral genes are highly
up-regulated, along with alterations in the substrate specificity of
SPT activity. The outcome of this metabolic remodeling is the
production of virus-specific SLs composed of t17:0 sphingoid
bases. These virus-specific SLs are essential for viral assembly
and infectivity.

Virus-Encoded SPT Is Responsible for Biosynthesis of Unique SLs. Our
data show that viral infection induces a shift in LCB profile of
the host cell. We suggest that the virus-encoded SPT is re-
sponsible for this redirection of the host SL metabolism to
produce C17 LCB during lytic viral infection. We provide several
lines of evidence to support these conclusions. First, the vSPT
gene is up-regulated by orders of magnitude higher than hSPT at
early phase of infection, whereas its host counterpart is down-
regulated. Second, SPT of uninfected cells has no activity toward
C14-CoA as a substrate and only marginal activity with C15-
CoA, suggesting that hSPT cannot use these substrates efficiently.
It was previously shown that the heterologous expression of vSPT
from EhV in yeast results in greater in vitro activity with C14-CoA
than with C16-CoA (43). Third, there is a clear correlation be-
tween the expression of vSPT protein, the in vitro SPT activity by
utilization of Cl14- and C15-CoA, the accumulation of newly
produced short-chain (C16-C17) sphingoid bases, and the dy-
namics of viral infection. The specific involvement of vSPT in the
formation of viral SLs is further corroborated by its sensitivity to
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myriocin (S Appendix, Fig. S3), which also suppressed viral as-
sembly and release in a dose-dependent manner (SI Appendix,
Fig. S4).

The rapid induction of vSPT expression at early stages of in-
fection (Fig. 1C) is in line with previously reported transcriptomics

= Control

6.0E+8 | ®400nM C17-PhytoSO

* * % * %

4.0E+8
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Extracellular viruses (Viruses/mL)

0.0E+0

Infected cells
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Infected cells

Fig. 5. Exogenous application of C17-phytoSO can alleviate viral pro-
duction in myriocin-treated infected cultures. Myriocin-treated control
and infected cultures were supplemented with either DMSO (gray bars) or
400 nM C17-phytoSO (black bars) and assessed for extracellular viral pro-
duction at 48 and 72 hpi. Results are the average + SD of three biological
replicates. Statistical significance was determined using the Student t test.
*P < 0.05; **P < 0.01.
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data (8, 44, 45). Interestingly, during later stages of lytic in-
fection (>32 hpi), transcription levels of vSPT remained high,
whereas vSPT protein levels and activity were both markedly
decreased (Fig. 1 £ and G). This decoupling may imply a
possible host defense mechanism to suppress virus-induced SL
synthesis, but requires further work to resolve the role of vSPT
as a potential target.

Ziv et al.

The “Missing Link"”: Viral-Encoded Sphingolipid Pathway Lacks 3KDS
Reductase. In the present study, we have demonstrated the direct
involvement of the vSPT enzyme in rewiring host ceramide
synthesis. However, the viral genome also encodes for CerS and
dihydroceramide desaturase, which awaits further characterization.
The missing link in this pathway is the enzyme 3KDS reductase,
which is absent from the viral genome (18). Interestingly, our
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transcriptomics data indicated that the host 3KDS reductase is not
down-regulated as is the rest of the pathways, but rather up-regu-
lated during viral infection. Thus, we suggest that the host 3KDS
reductase can reduce short-chain KDS, albeit with somewhat
lower efficiency, as inferred from myriocin-sensitive accumula-
tion of 3KDS with C16 and C17 carbon chains only during viral
infection (SI Appendix, Fig. S11). It is noteworthy that whereas
3KDS is usually rapidly metabolized to SA by 3KDS reductase, it
accumulates when this enzyme is partially inactivated in Arabi-
dopsis, leading to the accumulation of free phytoSO (t18:0) and
4-hydroxy-3KDS (46).

Virus-Induced SLs Are Composed of Unique Hydroxylated Odd Chain
Sphingoid Bases. We have putatively identified t17:0, the most pro-
nounced metabolic product during viral infection, as C17-phytoSO.
Previous reports (34, 35) have suggested a different ceramide
backbone for vGSLs from the proposed t17:0/h22:0, which is
composed of C16 LCBs; however, recent developments in the
sensitivity of targeted lipidomic methodologies that enable ac-
curate determination of vGSL mass, fragments, and retention
time, along with our biochemical analysis of SPT activity, have
led us to suggest this t17:0-based structure. Nevertheless, our
data clearly show the use of C14-CoA as an alternative potential
substrate for SPT during viral infection. Thus, even though we
cannot exclude the production of vGSLs composed of C16 LCBs,
we present two main lines of evidence indicating that the t17-vGSLs
(composed of t17:0 LCBs) is indeed a highly abundant form of this
class of SLs. These include (i) a detailed LC-MS analysis of both
vGSLs and LCBs after hydrolysis of the complex SLs, showing an
accurate mass of expected fragments (<5 ppm error) when com-
pared against known standards, and (i7) SPT activity data showing
high utilization of C15-CoA as a preferential substrate during the
course of viral infection.

Furthermore, a previous report indicated a fourfold increase
in C15 saturated fatty acids during EhV infection (47), indicating
a redirection of host metabolism to the synthesis of C15-FA. This
metabolic shift enables the availability of the required substrate
(C15-CoA) for vSPTs to synthesize C17 LCBs. Interestingly,
we also observed an elevation of C18-phytoSO during viral in-
fection. C18-phytoSO was recently shown to be catabolized in a
unique pathway into C15 fatty acids in yeast and mammalian
cells (48). We identified the E. huxleyi homologs of the two en-
zymes, DPL1 and MPOI, involved in the recycling of CI18-
phytoSO into C15 acyl-CoA, and our transcriptome data (4, 8)
indicated that both genes are expressed during E. huxleyi growth
and infection. Thus, we propose this recycling pathway as a po-
tential metabolic route, enabling the production of C17 LCB
during viral infection.

Proposed Functional Role for the Virus-Specific SLs. The production
of unique short-chain sphingoid bases also has been reported for
the human SPT subunit SPTLC3, which confers altered substrate
specificity toward C14-CoA, thus producing C16-sphingoid bases
(49, 50). Sphingoid bases with shorter carbon chains are less
hydrophobic and thus are likely to exhibit different biophysical
properties, which might influence their subcellular localization
and distribution in membranes.

Another important feature of the unique viral SLs compared
with the host-derived SLs is their hydroxylated LCBs. In-
terestingly, E. huxleyi and EhV encode for several putative LCB
hydroxylases that are highly expressed at early stages of infection
(8, 39). Hydroxylated LCBs as phytoSOs are highly abundant in
plants and fungal membranes (31), and have a significant impact
on the biophysical characteristics of the membrane in which they
are embedded. Multiple hydroxylations of the ceramide back-
bones of SLs have been associated with increased stability and
decreased permeability of membranes, as well as better mem-
brane resilience to environmental stress conditions (51-53). The
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EhV-specific vGSL has a ceramide core consisting of a trihydroxy
LCB (t17:0) and C22-C24 hydroxylated fatty acids. Thus, the
enrichment of GSLs with a multihydroxylated ceramide back-
bone in the EhV membranes may confer a structural requirement
to maintain the integrity of the viral particles and may affect their
decay rate under UV stress in the upper ocean and atmosphere
(54). Furthermore, these bioactive lipids can regulate other cellular
processes, such as induction of PCD, which has been shown to be
structurally and stereochemically specific (55-58). In agreement,
vGSLs have been found to act as signaling lipids to induce algal host
PCD (35). Moreover, EhV have been shown to interact with
E. huxleyi lipid rafts, which are membrane microdomains enriched
with GSLs, sterols, and proteins (59). These findings provide an in-
teresting link between the unique structure of SLs induced by EhV
and their involvement in the timely induction of cell death processes
during viral infection.

SLs may represent a general requirement for the life cycle of
other viruses. This is in line with the up-regulation of host SL
metabolism by the hepatitis C, dengue, and West Nile viruses,
which is known to be essential in their replication cycle (32, 60,
61). Because EhV is the only virus known to encode SPT, its
dependence on virus-specific SLs provides a unique case of co-
evolution of a biosynthetic pathway and diversification of its
metabolic products. The unique bioactive lipids derived from
EhV-infected cells provide sensitive biomarkers for assessing this
host-pathogen interactions during algal blooms in the oceans
and its possible impact on marine food webs (34, 35, 41, 62, 63).
Given that E. huxleyi-EhV interactions have an important eco-
logical role in controlling the fate and cycling of carbon and
sulfur in the ocean (4, 64), our results may provide new insights
into the chemical arms race during this interaction, and its po-
tential impact on large-scale biogeochemical processes.

Materials and Methods

Chemicals and Internal Standards. All chemicals were purchased from Sigma-
Aldrich unless specified otherwise. Liquid chromatography-grade solvents
were purchased from Merck and Bio-Lab. Lipids and internal standards were
purchased from Avanti Polar Lipids. The iso-C17 SA was a kind gift from
Howard Riezman (University of Geneva) and Andreas Zumbuehl (University
of Fribourg). The lipid internal standards were added to the extraction so-
lution used in the initial extraction step.

Culture Growth and Viral Infection Dynamics. Cells of the noncalcifying
E. huxleyi strain CCMP374 were cultured in F/2 medium (65) and incubated at
18 °C under a 16:8-h light/dark illumination cycle. A light intensity of 100 uM
photons-m™2.s™! was provided by cool-white LED lights. All experiments
were performed with exponential-phase cultures (5-10° to 10° cells-mL~").
The virus used for this study was E. huxleyi lytic virus EnV201 (6). In all in-
fection experiments, E. huxleyi was infected with a 1:100 volumetric ratio of
viral lysate to culture (multiplicity of infection of 1:1 viral particle per cell).
For time course experiments, sampling was performed every few hours (as
specified), starting at 10 min after infection (i.e., 0.2 hpi).

Inhibition of SL Biosynthesis. For the SPT inhibition experiments, myriocin
(Enzo Life Sciences) in DMSO was added to cultures directly at different time
points (1 h before infection, at infection, or at different times after infection
up to 20 hpi) along with infection with EhV201 to reach a final concentration
of 1 uM unless specified otherwise. An equal volume of DMSO was added
to all control cultures. Culture conditions were identical to those de-
scribed above.

In Vitro SPT Activity Assay. The SPT activity assay was done as described
previously (66) with minor modifications. Pellets of a 300-mL culture of 10°
cells/mL was sonicated with 400 uL of lysis buffer without sucrose mono-
laurate (SML) but with PLP, then centrifuged at 30,000 x g for 30 min at 4 °C.
The resulting pellet was resuspended in lysis buffer with SML. The protein
content of the microsomal fraction was determined by the BCA assay
(Pierce). For each reaction, 250-300 pg of protein was used, and the assay
was performed at 18 °C with gentle shaking for 1 h, followed by lipid
extraction as described previously (66). Samples were analyzed for '*C
incorporation into the SL fraction by a scintillation counter. The data
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shown are the average of at least two technical repeats of three
biological replicates.

To determine the carbon chain length of the LCB produced by the vSPT, the
in vitro activity assay was performed with 5 mM Ds-'°N serine (DNLM-6863;
Cambridge Isotope Laboratories) and 50 pM acyl-CoA (C14-, C15-, or C16-
CoA), with or without myriocin (1 uM) in the reaction. The in vitro reaction
was performed with protein extracts from noninfected cells (control) and
from EhV201-infected cells (at 12 hpi). The resulting LCBs were extracted as
described previously (66) and directly subjected to MS analysis (LC-MS
analysis without derivatization).

LCB Analysis. Cellular sphingoid bases are usually N-acylated and conjugated
to different head groups. Because we were interested mainly in the cellular
sphingoid base profile as a surrogate marker for SPT activity, the analysis of
the LCB profile was simplified by performing an acid hydrolysis before the
LC/MS analysis (66). This step releases the LCBs by hydrolyzing the N-acyl
chains and head groups. Therefore, the reported concentrations of sphin-
goid base reflect not the free LCBs, but rather the total sphingoid base
content for all individual SL subclasses, including ceramides and GSLs. Total
LCBs (Fig. 2) was defined as the sum of all of the measured individual LCBs.

To determine the LCB in cell cultures, cultures were sampled for 48 h, in
addition to cultures in which SPT enzymatic activity was inhibited by 1 pM
myriocin. The inhibitor was added to the culture at time 0 (i.e., with the
virus), and the cultures were sampled at 6, 12, 24, and 48 hpi. The lipids were
analyzed as described previously (67) with some modifications (S/ Appendix,
Materials and Methods).

SL Analysis. Lipids were extracted from E. huxleyi cells infected with EhV201
and from noninfected cells harvested at 12, 24, 32, and 48 hpi in three
biological replicates of 50 mL. Lipid analysis was performed as described
previously (68) with some modifications (S/ Appendix, Materials and
Methods).

Putative Identification of the t17:0 Structure. Identification of the t17:0 LCB
was based on a comparison with a commercially available standard in terms
of accurate mass (<2 ppm difference between them), same retention time,
and similar fragmentation pattern of the OPA derivatives (S/ Appendix, Fig.
S6), as well as the free LCB (S/ Appendix, Fig. S7). The retention time of the
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virus-induced t17:0 matched the log retention time correlation with the
carbon chain lengths of C16-, C17-, and C18-phytoSO STD (S/ Appendix,
Fig. S6D).

C17 LCB was previously identified as the main LCB in Caenorhabditis
elegans, and the structure of these LCBs was resolved by NMR and shown to
be a C17 iso-branched chain (42). Whereas the mass of C17 iso-branched SA
is identical to that of linear C17 SA, the different structure affected the
retention time of the molecules in the LC analysis (S/ Appendix, Fig. S7A).
These results also may indicate a different retention time for straight and
iso-branched C17-phytoSO. The fact that OPA derivative of the t17:0 from
the viral-infected sample was similar to the OPA derivative of the C17-
phytoSO strongly points to the suggested structure. To further support this
conclusion, we performed a spiking experiment in which known standards
were added to the sample and analyzed together at the same matrix
of compounds (S/ Appendix, Fig. S7B). As shown in the chromatograms,
C17:0 SA produced during viral infection had the same retention time as
the commercial straight-chain C17 SA, but different from that of the iso-
branched C17 SA. Furthermore, the virus-induced t17:0 (nonderivatized)
showed an identical retention time to the commercial C17-phytoSO.

The putative identification of the most abundant t17-vGSL, mono-
hexosylcer(t17:0/h22:0) (S/ Appendix, Figs. S8-510) was verified according to
the fragmentation pattern of the molecule in both negative and positive
ionization modes of the LC-MS, as well as by MS/MS in the positive ion mode
showing the expected 304 fragment of the LCB t17:0, and clearly demon-
strated the loss of three hydroxyl groups from the LCB (S/ Appendix, Fig. S9),
further validating hydroxylation of the sphingoid base. The hydroxylation of
the fatty acid in the ceramide backbone was clearly evident in the fragments
identified by the negative ion mode, where the loss of hydroxyl group from
the fatty acid was observed (S/ Appendix, Fig. S10).
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